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Abstract. — Electron excitation collision strengths for fine-structure transitions involving the four lowest 3d°
terms (°S, *G, *P, *D) in vanadium-like ions Mn 111, Fe 1v, Co v and Ni v1 are calculated using R-matrix techniques.
All five sextet and quartet 3d°® target terms are included in the expansion of the total wavefunction. Fine-structure
collision strengths are obtained from an algebraic transformation of the reactance matrices. These collision strengths
are then averaged over a Maxwellian velocity distribution to obtain effective collision strengths as a function of electron
temperature. To our knowledge, these are the first published data for these processes.
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1. Introduction

New astronomical observations are revealing the presence
of trace metals in many types of astronomical objects. For
example, high-dispersion IUE observations of the brightest
of the hot stars showed absorption features from photo-
spheric Fe and Ni (Holberg et al. 1994); identifications in-
cluded V-like Fe 1v, and Ni became the second iron group
element to be positively identified in the photospheres of
the hot DA white dwarfs. Adelman et al. (1993) have anal-
ysed the abundances of elements such as Cr, Mn, Fe, Co
and Ni in early type stars from IUE high-dispersion spec-
trograms. Ruiz-Lapuente (1994) reviewed observations of
Type Ia supernovae at late phases, which cover from the
UV up to the infrared: calculations of spectra of different
Type Ia models have shown the need for further compu-
tations of collision strengths for forbidden transitions of
Fe 1-v and Ci 1-v ions. In SN 1992A, among the identi-
fied forbidden transitions giving rise to UV emission lines
in the HST spectra are the following V-like ions (Ruiz-
Lapuente et al. 1994): ’

Ferv 65—4D X 2567
Fe 1v 6S—4P ) 2836, 2829
Mn 1 %S—4D X 3087, 3094

The only available collision strengths in the literature
for V-like ions appear to be some unpublished results on
Fe 1v by one of the present authors (Berrington), and these
are referred to by Ruiz-Lapuente (1994) and in the bib-

liography survey by Pradhan & Gallagher (1992). These
earlier collision strengths were calculated as a by-product
of an ‘Opacity Project’ calculation (Sawey & Berrington
1992), and are in LS-coupling. The purpose of the present
paper is to extend these calculations to other V-like ions
and to calculate also for fine-structure transitions.

This work is part of an international collaboration
known as the IRON Project (Hummer et al. 1993, re-
ferred to as Paper I) to obtain accurate collision rates
for fine-structure transitions. Other papers in the JRON
project series include: the calculation of effective collision
strengths for infrared transitions in C-like ions (Lennon &
Burke 1994, Paper II), B-like ions (Zhang et al. 1994, Pa-
per III), F-like ions (Saraph & Tully 1994, Paper IV), O-
like ions (Butler & Zeippen 1994, Paper V), Fe 11 (Zhang
& Pradhan 1994, Paper VI); radiative transition proba-
bilities for Fe 11 (Nahar 1994, Paper VII); fine-structure
electron excitation of Ti-like ions (Berrington 1995, Paper
VIII), Cl-like ions (Pelan & Berrington 1995, Paper IX),
Si-like and S-like ions (Galavis et al. 1995, Paper X), and

~ some Al-like ions (Saraph & Storey 1995, Paper XI).

2. The calculation

The basic atomic theory, the approximations and the com-
puter codes employed in the IRON Project are described
in Paper L.

The calculation was carried out in LS coupling; colli-
sion strengths for fine-structure transitions were obtained
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using an algebraic transformation to intermediate cou-
pling, as described in Sect. 2.6 of Paper I; the so-called
JAJOM approach (Saraph 1978). This procedure makes
no allowance for the fine-structure splitting of the terms.
However, the 8S ground state is not split by fine-structure,
so the approximation should give good results for excita-
tion from the ground state.

In this calculation, all five LS sextet and quartet
terms (5S, 4G, *P, *D and *F) associated with the
15225%2p®3s23pf3d°® configuration are included in the tar-
get expansion, (cf. the corresponding Opacity Project cal-
culation (Sawey & Berrington 1992)). The target wave-
functions were constructed from 1s, 2s, 2p, 3s, 3p and 3d
orbitals as given by Clementi & Roetti (1974).

A refinement on the Sawey and Berrington calcu-
lation is that the 3d® target terms were represented
by configuration-interaction (CI) wavefunctions which in-
cluded correlation mixing from the 3p subshell, 3p*3d”7,
which improved the target term energy splitting relative
to experiment: see Table 1 for details. The theoretical term
energies thus obtained were used in the calculation with-
out further adjustment, partly because of experimental
uncertainties in in the energies for some of the states (see
also discussion Sect. 4). To be consistent with the CI tar-
get term description, configurations of the type 3p®3d®
and 3p?3d® were included in the collisional wavefunction.

Table 1. Term energies for the 3d® states included in the
R-matrix calculation for V-like ions, in Rydberg units. The
first row for each ion contains theoretical energies for the sin-
gle-configuration wavefunction; the second row contains ener-
gies for the CI wavefunction actually used in the collision cal-
culation; the third row is from the following tabulations: (1)
Corliss & Sugar (1975), (2) Corliss & Sugar (1977), (3) Kelly
(1987), (4) Corliss & Sugar (1981)

s 4@ P ‘D 4R

Mn 1

3d° .0 297 343 370 .499
+3p*3d” .0 .303 .310 .359 .477
(1) 0 .245 266 .295 .398
Fe 1v

3d° .0 .346 .400 .430 .580
+3p*3d” .0 .352 362 417 .555
(2) 0 .294 .322 .354 481
Cov

3d° .0 .391 452 486 .656
+3p*3d” .0 .397 411 472 628
(3) .0 .340 .373 409 .557
Ni vi

3d° 0 434 502 539 .727
+3p*3d” .0 .440 459 524 .698
(4) .0 .383 420 461 .626

K.A. Berrington and J.C. Pelan: Atomic data from the IRON Project. XII.

3. Results

Collision strengths were computed for each ion for the
required transitions over a sufficiently wide and fine energy
mesh, in order to be able to integrate over a Maxwellian
distribution to obtain the effective collision strength, from
which the excitation and de-excitation rate coefficients can
easily be obtained (Paper I).

Table 2 contains the effective collision strengths (1) for
the excitation from the S ground state to the *G, *P and
D terms. To a good approximation, collision strengths to
the fine-structure levels in the final states are in statistical
ratio, and may be obtained from the Y(6S—*L) values in
Table 1:

TS —* 1)

2J+1
T(685/2 —* LJ) = 1 (1)

(2L +1)
where L = 4, 1 and 2 for the *G, *P and *D terms re-
spectively. Note that collision strengths involving the *F
term are not tabulated as this is the highest energy term
included in the expansion of the total wavefunction and
lies above some omitted doublet terms.

Tables 4 to 7 are tabulations of YT for each fine-
structure transition involving the *G, 4P and 4D of each
ion. The range of temperatures chosen for each ion was +
1.0 dex of the temperature of maximum ionic abundance
given by Shull & Van Steenberg (1982).

Table 3. Key to the J level numbering scheme

LS term J level ; Label

63 %;1

‘G ;2 £:3 25 55
ip %;6 %; %;8

‘D 159 2510 2511 %512

4. Discussion

Collision strengths have been calculated using R-matrix
techniques for excitation from the 3d® S ground state to
the G, *P and *D metastable terms, and for fine-structure
transitions involving the 3d® 4G, 4P and D terms in V-like
ions. These appear to be the first such data in the litera-
ture, so it is not possible to compare against other workers.
However, it is known from other R-matrix calculations on
other ions that the method should be reliable, particularly
at low energies and temperatures. The most serious limita-
tion of the present work is the omission of any effects due
to doublet target states associated with the 3d5 configura-
tion, and with states above the 3d® manifold. States such
as 3d* 4s and 3d* 4p will give resonance structures below
their thresholds, and at higher energies channel coupling
effects, particularly with the odd-parity 4p states, would
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Table 2. Effective collision strengths for 3d°® S — *G, *P, and *D transitions in V-like ions. The row containing the ion symbol
indicates the values of log T' (Kelvin) for that ion. The left-hand column indicates the initial and final terms

Monm 34 36 38 40 42 44 46 48 50 52 54

65—4G 3.26 3.29 3.26 3.18 3.08 299 293 289 287 283 273
6s—4pP 1.14 1.17 115 1.10 1.04 098 094 0.91 089 0.89 0.87
65—*D 149 151 151 151 150 149 150 1.51 153 1.55 1.54
Fe 1v 36 38 40 42 44 46 48 50 52 54 5.6

65—4G 3.22 3.10 294 276 260 248 239 232 226 217 2.03
6s—*P 0.91 092 090 08 0.8l 077 0.75 073 0.73 0.73 0.71
65—*D 1.30 129 1.28 126 125 125 1.25 1.25 1.26 1.26 1.24
Co v 3.8 40 42 44 46 48 50 52 54 56 58

65—4G 2.71 2553 236 221 209 199 192 1.85 177 1.66 1.50
5s—*P 0.81 0.80 0.77 0.74 070 068 066 065 064 0.63 0.59
6s—4D 1.12 1.12 1.11 1.10 1.10 1.09 1.10 1.10 1.09 1.07 1.01
Ni vi 40 42 44 46 48 50 52 54 56 58 6.0

65—*G 193 185 1.76 169 1.62 157 152 146 137 126 1.11
6s—P 0.76 0.72 067 064 061 060 059 058 0.57 0.53 0.48
6s—4D 1.00 1.00 0.99 098 0.98 098 098 0.97 095 0.90 0.82

Table 4. Effective collision strengths (Y) for fine-structure transitions involving the *G, *P and *D terms in Mn 1. The row
containing the ion symbol denotes the values of log T (Kelvin) while the initial and final J levels are labelled as in Table 3. We

use the notation z % n to indicate the number z x 10% ™

Mn mr | 3.4 4.4 5.4 Mn | 3.4 4.4 5.4 Mn m | 3.4 4.4 5.4
2-3 2.694+0 2.3440 1.7040 4-5 3.564+0 2.92+0 2.2840 6-11 2.34—1 2.15—-1 3.48-1
2-4 5.43—1 4.03—1 2.49-1 4- 6 3.36—1 245—-1 2.15-1 6-12 1.90-1 1.53—1 9.82-2
2-5 7.40—2 4.66—2 2.66-—2 4- 7 2.82—-1 1.81-1 9.35-2 7- 8 9.38—1 8.04—1 5.76—1
2-6 1.71-1 1.05—1 4.88-2 4- 8 7.95-1 5.51-1 5.19-1 7-9 1.72—1 1.56—1 247-1
2-7 4.87—1 3.35—1 2.47-1 4-9 2.77—-1 2.76—-1 2.14-1 7-10 2.92—-1 2.63—-1 3.21-1
2-8 1.89—1 1.15—-1 8.77—-2 4-10 4.76—1 4.44—-1 3.30-1 7-11 3.63—1 3.07—-1 2.21-1
2-9 2.98—1 2.81—-1 2.09-1 4-11 7.87—1 7.52—-1 5.75—1 7-12 5.06—1 4.51—-1 6.23—-1
2-10 4.84-1 4.72—-1 3.52-1 4-12 1.1140 1.0840 8.71-1 89 1.50—-1 1.17-1 9.21-2
2-11 550—1 5.49-1 4.19-1 5-6 3.74—2 1.74—2 6.56—3 8-10 3.43—-1 2.81-1 3.13-1
2-12 2.58—1 2.55—1 2.00—1 5-7 5.53—1 4.07-1 4.07-1 8-11 6.01-1 5.22—1 7.26—1
3-4 3.37+0 2.9440 2.2040 5- 8 1.114+0 7.98—1 7.88-1 8-12 9.03—1 8.64—1 1.3040
3-5 5.26—1 3.73—1 2.50-—1 5-9 8.56—2 8.31-2 6.54—2 9-10 6.95—1 6.62—1 5.42-—1
3-6 3.03—-1 2.12—-1 1.53-1 5-10 3.51-1 3.35—1 2.63-1 9-11 1.57—-1 1.41-1 9.98-2
3-7 3.72—1 2.45-1 1.62-1 5-11 8.91-1 8.22—-1 6.39-1 9-12 1.18—1 1.02—-1 6.96—2
3-8 4.54—1 3.01-1 2.61-1 5-12 1.85+0 1.7740 1.4940 10-11 1.094+0 1.03+0 8.27-1
3-9 2.93—-1 2.79—-1 2.06—1 6-7 514—-1 4.58—1 3.48-1 10-12 2.88—1 2.44-1 1.68-1
3-10 5.96—1 5.77—-1 4.39-1 6- 8 2.99-1 2.35—-1 1.47-1 11-12 1.20+0 1.0840 8.40-1
3-11 6.33—1 6.17—-1 4.66—1 6- 9 7.78—2 7.60—2 6.04—2

3-12 5.97—1 5.90—1 4.69—1 6-10 1.65—-1 1.47—-1 1.79-1
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Table 5. Effective collision strengths (Y) for fine-structure transitions involving the *G, *P and *D terms in Fe 1v. The row
containing the ion symbol denotes the values of log T' (Kelvin) while the initial and final J levels are labelled as in Table 3. We
use the notation z + n to indicate the number z x 10¥ ™

Fewv | 3.6 4.6 5.6 Few | 3.6 4.6 5.6 Ferv | 3.6 4.6 5.6

2-3 1.40+3 2.80+2 3.10+1 4-5 6.56+2 1.33+2 1.58+1 6-11 1.82—-1 1.60—-1 3.68-1
2-4 7.67+2 1.53+2 1.66+1 4-6 1.324+2 1.83+1 2.05+0 6-12 1.17-1 8.19-2 5.42-2

2-5 1.62+2 3.23+1 3.47+0 4-7 7.18+1 9.9840 1.07+0 7- 8 1.80+1 2.8940 6.37—-1
2-6 4.70+1 6.53+0 6.95-1 4- 8 2.44+2 3.40+1 3.9140 7-9 1.36—1 1.16—1 2.59-1
2-7 1.98+2 2.74+1 3.00+0 4-9 1.87-1 1.72—-1 1.30-1 7-10 2.10-1 1.76—-1 3.01-1
2-8 1.59+2 2.20+1 2.34+0 4-10 | 3.19-1 2.67-1 2.00-1 7-11 2.34—-1 1.72-1 1.45-1
2-9 2.11-1 1.74-1 1.26-1 4-11 | 5.57—1 4.69—-1 3.58-1 7-12 3.63—1 3.06-1 6.33—1

2-10 | 3.31-1 2.84-1 2.10-1 4-12 | 7.52—1 6.68—1 5.85-1 8-9 9.58—2 6.69-2 6.92—2
2-11 | 3.71-1 3.33—-1 247-1 5- 6 3.30+1 4.5540 4.72-1 8-10 2.34-1 1.76-1 2.87-1
2-12 | 1.76—1 1.62—1 1.24-1 5-7 1.514+1 22740 5.45-1 8-11 4.33—-1 347-1 6.97-1
3-4 2.614+3 5.23+2 5.74+1 5- 8 6.04+1 8.70+0 1.51+40 8-12 6.56—1 6.00—-1 1.3640
3-5 6.42+2 1.2842 1.39+1 5-9 5.88—2 5.34-2 4.06—-2 9-10 4.75-1 4.26-1 3.77-1
3-6 14742 2.04+1 2.2140 5-10 | 2.38—1 2.12—-1 1.66-1 9-11 1.10-1 8.39—2 5.85-2
3-7 1.49+2 2.06+1 2.23+0 5-11 | 6.00—-1 5.05—-1 4.17-1 9-12 8.68—2 6.19—2 4.20-2
3-8 3.00+2 4.15+1 4.4940 5-12 | 1.2840 1.10+0 1.0540 10-11 | 7.57-1 6.59—1 5.62—1
3-9 1.96—-1 1.67—-1 1.24-1 6-7 6.64+0 1.164+0 3.32—1 10-12 | 2.14-1 1.52-1 1.04-1
3-10 | 4.18—1 3.60—1 2.64-1 6- 8 2.64+1 3.7440 4.68-1 11-12 | 8.62—1 6.93—1 5.64—1
3-11 | 4.33—-1 3.73—1 2.82-1 6- 9 5.18—2 4.83-2 4.31-2

3-12 | 4.04—-1 3.69-1 3.02-1 6-10 | 1.21-1 9.83—-2 1.66-1

Table 6. Effective collision strengths (T) for fine-structure transitions involving the *G, *P and *D terms in Co v. The row
containing the ion symbol denotes the values of log T' (Kelvin) while the initial and final J levels are labelled as in Table 3. We
use the notation z + n to indicate the number z x 10 ™

Cov | 38 4.8 5.8 Cov | 38 4.8 5.8 Cov | 38 4.8 5.8

3 1.38+0 1.06+0 '8.66—1 4-5 1.90+0 1.52+0 1.43+0 6-11 1.48—-1 1.40—-1 4.19-1
4 2.75—-1 1.68—-1 1.12—-1 4- 6 1.35—-1 8.41-2 1.65-1 6-12 7.25—-2 5.22—-2 3.55-2
5 3.97-2 2.09-2 1.15-2 4-7 1.14—-1 6.00—2 3.63-2 7-8 5.08—1 3.74—-1 3.04-1
-6 6.84—2 3.30—2 1.79-2 4- 8 3.21-1 1.93-1 4.30-1 7-9 1.12-1 1.00-1 2.85-1
7 1.96-1 1.17-1 1.76-1 4-9 1.33—-1 1.20-1 8.75-2 7-10 1.60—-1 1.44-1 3.14-1
8 7.76—2 4.80-2 8.07-2 4-10 | 2.22-1 1.84—-1 1.38-1 7-11 1.57-1 1.19-1 1.19-1
9 1.52-1 1.21-1 8.55-2 4-11 | 4.01-1 3.25—-1 2.56-1 7-12 2.73—-1 2.50-1 7.22~1
2-10 | 2.32—-1 1.95-1 1.44-1 4-12 | 5.32—1 4.70-1 4.75-1 8-9 6.23—2 4.67-2 6.43-2
2-11 | 2.61-1 2.26—-1 1.65-1 5- 6 1.62—-2 5.47-3 1.83-3 8-10 1.66—-1 1.34—-1 2.97-1
2-12 | 1.26—1 1.14—1 8.59-2 5-7 2.24—1 1.42-1 3.34-1 8-11 3.25-1 2.73-1 7.15-1
3-4 1.76+0 1.38+0 1.1840 5- 8 4.45—-1 2.80—-1 6.48-1 8-12 4.99—-1 5.07—-1 1.5740
3-5 2.76—1 1.81-1 1.44-1 5-9 4.26—-2 3.76—2 2.76-2 9-10 3.64—1 3.34—1 2.99-1
3-6 1.22—-1 7.14-2 1.01-1 5-10 | 1.70—1 1.49-1 1.17-1 9-11 7.75-2 5.75—2 3.95-2
3-7 1.50—-1 8.43—-2 1.04-1 5-11 | 4.20-1 3.50—-1 3.17-1 9-12 6.07—-2 4.27-2 2.84-2
3-8 1.84—1 1.09-1 2.24-1 5-12 | 9.18—-1 7.78—=1 8.79-1 10-11 | 5.69—-1 5.01—-1 4.34-1
3-9 1.36—-1 1.15—1 8.55-2 6- 7 2.76—1 2.23—1 1.94-1 10-12 | 1.46—-1 1.04—-1 7.33-2
3-10 | 3.01—-1 248-1 1.77-1 6- 8 1.64—1 9.97—-2 T.14-2 11-12 | 6.19—-1 5.10-1 4.29-1
3-11 | 3.06—1 2.56—1 1.99-1 6- 9 3.71-2 3.99-2 3.69-2
3-12 | 2.87—-1 2.60—-1 2.27-1 6-10 | 9.39—2 7.82—2 1.69-1
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Table 7. Effective collision strengths () for fine-structure transitions involving the *G, *P and *D terms in Ni vi. The row
containing the ion symbol denotes the values of log T' (Kelvin) while the initial and final J levels are labelled as in Table 3. We

use the notation ¢ + n to indicate the number z x 10% ™

Nivi | 4.0 5.0 6.0 Nivi | 4.0 5.0 6.0 Nivi | 4.0 5.0 6.0
2-3 1.12+0 &8.81-1 6.85—-1 4-5 17740 1.4140 1.20+0 6-11 1.26—1 1.30—1 5.23-1
2- 4 2.30—1 1.28-1 8.32-2 4- 6 8.70—2 5.53—-2 2.04-1 6-12 4.95—-2 3.79—-2 2.52-2
2-5 3.60—2 1.50—-2 8.23-3 4-7 8.86—2 4.47-2 2.99-2 7- 8 4.22—-1 3.19-1 2.46-—-1
2-6 5.14—2 2.39-2 1.33-2 4- 8 2.17-1 1.37-1 5.03-1 7-9 9.53—2 8.94-2 3.41-1
2-7 1.29—-1 7.99-2 2.14-1 4-9 1.02—1 9.02-2 6.28—2 7-10 1.33—1 1.29-1 3.54-1
2- 8 5.60—2 4.00—-2 9.94-2 4-10 1.71-1 1.39-1 1.02-1 7-11 1.20—-1 9.50—-2 1.15-1
2-9 1.11-1 8.95—-2 6.10—2 4-11 2.92—-1 2.39-1 2.04-1 7-12 2.22—1 2.25-1 9.16-1
2-10 1.76—1 1.45-1 1.07-1 4-12 4.09—1 3.62—1 4.50-—-1 8- 9 4.48-2 3.75—-2 7.14-2
2-11 2.00—-1 1.64—-1 1.21-1 5- 6 1.46—2 3.78—3 1.43-3 8-10 1.28—1 1.13—-1 3.44-1
2-12 9.61-2 8.57-2 6.41-2 5-7 147-1 9.50-2 4.14-1 8-11 2.61-1 2.33-1 7.78—1
3-4 1.4740 1.1840 9.53-1 5- 8 3.11-1 2.04—-1 7.44-1 8-12 4.24—1 4.83-1 1.93+40
3-5 2.64—1 1.57-1 1.17-1 5-9 3.20-2 2.80-2 1.98-2 9-10 2.96—-1 2.89-1 2.44-1
3-6 8.19—-2 481-2 1.20-1 5-10 1.29-1 1.11-1 9.12-2 9-11 5.44—2 4.20—-2 2.80-2
3-7 1.07-1 6.15—-2 1.16-1 5-11 3.22—-1 263-1 2.71-1 9-12 4.05—2 3.05—2 2.01-2
3-8 1.25—-1 7.96-—2 2.71-1 5-12 6.86—1 6.01-1 8.25-1 10-11 | 4.51-1 4.21-1 3.43-1
3-9 1.06—1 8.80—2 6.26—-2 6-7 2.27—-1 1.95-1 1.60-1 10-12 | 9.96—2 7.75—2 5.46-—2
3-10 2.21-1 1.80—-1 1.28-1 6- 8 1.38—1 8.01-2 5.59-2 11-12 | 4.73—-1 4.17-1 3.38-1
3-11 2.31-1 1.90-1 1.58-1 6-9 3.29—-2 3.92-2 3.35-2

3-12 2.21-1 1.98-1 1.95-1 6-10 7.83—2 6.60—2 1.88-1

be important. For this reason, V-like Cr 11 was omitted 14, 177

from consideration in this paper, as the 4s and 4p states
lie close to the 3d states for that ion. However, these effects
should diminish as we ascend the isoelectronic sequence.

A check was also made on the target term separations
used, which, as shown in Table 1, differered significantly
from observed separations. The calculation for Fe 1v was
repeated with term energies adjusted to match observed
thresholds. The biggest effect was on the 5S—*P transi-
tion, where the effective collision strength differed by 4%
at 4000 K. From this check, and from work on other ions
by the IRON Project, the accuracy of the effective colli-
sion strengths given in Tables 2 and 4 to 7 is estimated
to be better than 10%, with a greater uncertainty for the
fine-structure transitions involving the metastable states
given in Table 3.
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