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Abstract. Partial collision strengths for electron induced
transitions in the beryllium-like ion Fe XXII are calcu-
lated using the Belfast R-matrix programs (Berrington
et al. 1995). Our target has 98 fine structure states
1s?2nln'l' SLJ corresponding to n = 2 and n/ = 2,3,4.
The present calculation is carried out for electron impact
energies in the range 3.15 to 350 Ry. Below 115.185 Ry,
corresponding to the highest excited state of our model
ion, we use the Breit-Pauli version of the R-matrix code.
For energies between 116 and 350 Ry we use the non-
relativistic LS-coupling version of the R-matrix code to-
gether with JAJOM (Saraph 1978). When T exceeds
about ten million degrees one needs to take account of
contributions to the thermally averaged collision strength
T coming from electrons with energies in excess of 350 Ry.
We discuss a way of estimating these contributions. Values
of T are computed and tabulated as functions of logT" for
transitions between the 2s* 'Sy, 2s2p 3P§; 5, 2s2p 'P¢,
2p? 3Py 12, 2p? Dy and 2p? 'S, states. The tempera-
ture range 6.3 < log T' < 8.1 is centred on logT = 7.1
which, according to Arnaud & Rothenflug (1985), is where
Fe xx111 has maximum coronal abundance.
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1. Introduction

The present calculation is a contribution to the inter-
national IRON Project (Hummer et al. 1993; Paper I)
whose members are working to obtain reliable rate coef-
ficients for collisional excitation of fine-structure transi-
tions in positive ions induced by electron impact. Other
papers in the series are given in the section References,
while a complete list of IRON Project published papers

Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario N2L. 3G1, Canada
Mathematics Department, University of Nottingham, Nottingham NG7 2RD, UK

Département Gian Domenico Cassini, Observatoire de la Coéte d’Azur, BP. 4229, 06304 Nice Cedex 4, France
School of Science and Mathematics, Sheffield Hallam University, Sheffield S1 1WB, UK

and those in press is available at the Internet address
http://www.am.qub.ac.uk. The present paper is devoted
to the beryllium-like iron ion Fet?22,

The temperature dependent rate coefficient g(i — j)
for a transition between atomic levels with indices ¢ and
J and energy separation F;; is given in terms of the ef-
fective, or thermally averaged, collision strength Y (i — j)
by

q(i = j) = 20 %2ag hm* (Ry/kT)"/?

exp(—Eij/kT) T(l — j)/(2Jz + 1)
1/2

1)

where 2m/2ag hm ! = 3.610 10724 m? s~!. For energies
we use the Rydberg unit, which has the value Ry =
13.6058 eV, while the Boltzmann constant is given by
k =8.61710"° eV deg™!, the temperature T being in de-
grees Kelvin. The factor (2J; 4+ 1) is the statistical weight
of level 4.

Following Seaton (1953) we define the effective colli-
sion strength T as follows:

(2)

where Ej; is the energy of the colliding electron after
excitation has occurred. The energy dependent collision
strength Q(i — j) and cross section Q(i — j) are related
as follows:

T(i - j) = / Qi — f) exp(—B;/KT) d(E;/KT)

Qi — j)
2 1+ D2 )

where k; is the wave number of the colliding electron in-
cident on the target ion in level 1.

Eighteen years ago Bhatia & Mason (1981) used W.B.
Eissner’s distorted wave collision code, which originated at
University College London, to calculate collision strengths
for many transitions in Fe™22. Five years later Bhatia &

Qli—j) =
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Table 1. Chronological list of work on electron excitation of Fe XXIII

1976 Davis J., Kepple P.C., Blaha M., J. Quant. Spectrosc. Radiat. Transfer 16, 1043-1055
1977 Parks A.D., Sampson D.H., Phys. Rev. A 15, 1382-1392

1980 Clark R.E.H., Sampson D.H., Parks A.D., ApJS 44, 215-222

1980 Feldman U., Doschek G.A., Cheng C.-C., Bhatia A.K., J. Appl. Phys. 51, 190-201
1980 Goett S.J., Clark R.E.H., Sampson D.H., Atomic Data Nuclear Data Tab. 25, 185-217
1980 Sampson D.H., Clark R.E.H., Golden L.B., ApJS, 44, 193-213

1980  Scott N.S., Burke P.G., J. Phys. B. 13, 4299-4314

1980 Younger S.M., J. Quant. Spectrosc. Radiat. Transfer 23, 489-498

1981 Bhatia A.K., Mason H.E., A&A 103, 324-330,

1981 Sampson D.H., Clark R.E.H., Goett S.J., Phys. Rev. A 24, 2979-2994

1983 Mann J., Atomic Data Nuclear Data Tab. 29, 407-452

1986 Bhatia A.K., Mason H.E., A&A, 155, 413-416

1987 Norrington P.H., Grant I.P., J. Phys. B 20, 4869-4881

1988 Kim Y.-K., Desclaux J.-P., Phys. Rev. A 38, 1805-1808

1989 Qian W.-J., Kim Y.-K., Desclaux J.-P., Phys. Rev. A 39, 4509-4517

1992  Safranova U.IL., Vainshtein L.A., Kato T., Masai K., Phys. Scr. 46, 409-428

1992 Zhang H.L., Sampson D.H., Atomic Data Nuclear Data Tab. 52, 143-173

1998 Chen Guo-xin, Ong P.P., Phys. Rev. A 58, 1183-1194

Table 2. Exponents for the Fe™22 radial orbitals using analytic
forms similar to that shown in (4). The coefficients are fixed
by orthonormality conditions

nl rt r? r3 rd

3s  15.643784  7.599631  7.775178

3p 10.034376  7.495761

3d 7.745244

4s 3.304296 8.881686  5.709845 5.510196
4p 8.898516 5.698224  5.712733
4d 6.634467 5.641839
4f 5.756527

Mason (1986) extended their work to energies both be-
low and above those they considered in 1981; they gave
a comprehensive tabulation covering the interval from 15
to 350 Ry. In order to carry out thermal averaging Bhatia
& Mason (1986) linearly interpolated their data and in-
tegrated the resulting function 2 x exp(—E;/kT) analyt-
ically (Mason 1998, private communication) in order to
obtain Y(T'). Corliss & Sugar (1982) estimate the ion-
ization energy of the ground state to be 15797000 cm™!
(143.95 Ry), which means that three of Bhatia & Mason’s
(1986) energies lie above the ionization threshold while
the rest are below. Since Bhatia & Mason (1981) include
a thorough discussion of collision calculations devoted to
Fe™22 up to the time of their own investigation, the reader
is encouraged to consult their paper for information on
this ion and we shall refrain from giving further details
here except for a list of relevant papers in Table 1.

2. The calculation

Paper I in this series gives the basic atomic theory, approx-
imations and computer codes used in the IRON Project.
For electrons incident with kinetic energies relative to the
ground state of the target less than or equal to 350 Ry
we make use of the R-matrix method based on the close
coupling approximation. This allows us to take account of
channel coupling up to the n = 4 levels. Relativistic effects
are allowed for, either by using the Breit-Pauli version of
the R-matrix code, or by running the non-relativistic ver-
sion and then carrying out an algebraic transformation
of the appropriate collision matrix elements by means of
Saraph’s (1978) code JAJOM. We use the former proce-
dure for energies below 116 Ry and the latter for energies
from 116 to 350 Ry. We are able to extend our R-matrix
collision strengths beyond 350 Ry with some confidence
by using A. Burgess’s graphics program OmeUps with the
appropriate high energy limits (see Burgess & Tully 1992).
For the optically allowed transitions the limits are deter-
mined by the oscillator strengths (see Table 7), while for
the non-exchange optically forbidden transitions we have
calculated the Born limits using the program discussed by
Burgess et al. (1997) and results are given in Table 8.

The radial orbitals for the Be-like target are as follows:
Pis, Pyg are from Clementi & Roetti (1974). Poyp, is the 2
exponent function

Py, (r) = 544.2971 r* exp(—11.83976 r)
+63.0511 r? exp(—20.83824 1) (4)
which we obtained by using Hibbert’s (1975) variational

program CIV3 to minimise the sum of the energies of
the 1s%2s2p 'P°and 3P° terms with trial exponents and
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Table 3. Fe xxii1 level energies in rydberg units relative to the ground state. Theoretical results from the Breit-Pauli R-matrix
program. Observed results from Corliss & Sugar (1982) assuming 1 Ry = 109737.32 cm™'. % diff is the percentage difference
between the theoretical and observed energies

Index Theoretical % diff Observed  Label Index Theoretical % diff Observed Label
1 0.000000 0.000000 2s2s 'S 50 109.648162 2s4p 3P
2 3.152098 (—0.65)  3.172840 2s2p°P§ 51 109.756588 2s4p 3P
3 3.443526 (—0.33)  3.454880 2s2p°P% 52 109.800074  (4-0.04) 109.752999  2s4p 'P¢
4 4.276639 (—0.52)  4.299170 2s2p*P3 53 110.096981  (40.07) 110.017266  2s4d°D;
5 6.893095 (+0.48)  6.860380 2s2p 'PY 54 110.112145  (4-0.07) 110.035492  2s4d *Dq
6 8.690250 (—0.26)  8.712620 2p2p>Py 55 110.139278  (4-0.04) 110.090168 2p3p°>Ds
7 9.322161 (—0.41)  9.360530 2p2p°>P; 56 110.320875  (4-0.07) 110.245083  2s4d 'D.
8 9.763415 (—0.03)  9.766040 2p2p 3P 57 110.355438 2s4f 3F$
9 10.978704 (+0.05)  10.973470 2p2p'D» 58 110.362603 2s4f 3F$
10 12.984295 (+0.13)  12.967320 2p2p*So 59 110.376497 2s4f 3F§
11 81.272400 (+0.28)  81.048088 2s3s 3S; 60 110.417055 2s4f 1F$
12 81.858246 2s3s 1So 61 112.757456 2p4s 3P§
13 82.758298 2s3p 3P} 62 112.800546 2p4s 3PS
14 82.762057 (+0.07)  82.706594  2s3p °PY 63 113.187344 2p4p 3D,
15 83.036732 (+0.06)  82.989087 2s3p 'PY 64 113.415746 2pdp 3P,
16 83.066611 2s3p 3P3 65 113.431838 2p4p 3Dy
17 83.886696 (+0.07) 83.827452 2s3d°D; 66 113.452788 2p4p *Po
18 83.931305 (+0.02) 83.918579 2s3d°D» 67 113.638586 2p4d 3F$
19 84.002080 (+0.07)  83.945917 2s3d°Ds 68 113.784918 2p4d DS
20 84.576932 (+0.09)  84.501790 2s3d'D» 69 113.823771  (40.05) 113.762574  2p4d *F}
21 85.247271 (+0.64)  84.702269 2p3s Py 70 113.874581  (4-0.07) 113.799024 2p4d *D?
22 85.404821 2p3s 3PS 71 113.923012 2p4s 3P3
23 86.261817 (+0.12)  86.160296 2p3p°>D; 72 113.923467 2p4f 3Gs
24 86.365730 2p3s 3P3 73 113.950366 2pAf 3Fy
25 86.784405 (+0.56)  86.296986  2p3s 'P? 74 113.959549 2pAf 3Gy
26 86.840297 (+0.06)  86.789070  2p3p 3Dy 75 113.961356 2pds 1 P$
27 86.847965 2p3p 'Py 76 113.985080 2pAf 3F3
28 87.027071 2p3p 3Py 77 114.395802 2pdp 1P,
29 87.376192 2p3d 3F$ 78 114.457726 2p4p 3P
30 87.661761 2p3p 3Py 79 114.458331  (4-0.00) 114.455137 2pdp°Ds
31 87.725901 (+0.03) 87.700337 2s4d3Dj 80 114.506333 2p4p 35,
32 87.767479 (+0.07)  87.709450 2p3d>F$ 81 114.680007 2p4p 1Dy
33 87.878111 (+0.06) 87.827914 2p3d ‘D3 82 114.813657 2p4d 3F§
34 87.891869 2p3p 3S; 83 114.814505  (4-0.02) 114.792305 2p4d ‘D3
35 87.907601 (+0.03)  87.882590 2p3p°>P. 84 114.887275  (40.04) 114.846981 2p4d*Dj
36 88.049510 2p3d D3 85 114.931118 2p4p 'S0
37 88.474956 2p3p ‘D> 86 114.957060  (4-0.01) 114.947221  2p4d>P$
38 88.587512 2p3d *F§ 87 114.957247  (4+0.00) 114.956333  2p4d °P§
39 88.673734 2p3d 3Dj 88 114.966466 2p4d 3P§
40 88.903053 (+0.07) 88.839421 2p3d>Dj3 89 115.026529 2p4f 'F3
41 89.082548 2p3d 3P3 90 115.050435 2paf LGy
42 89.089201 2p3d 3P? 91 115.085217 2p4af 3Dy
43 89.111477 2p3d 3P§ 92 115.091897 2p4f 3Gs
44 89.192547 (+0.05)  89.149252 2p3p'So 93 115.106058 2p4f 3D3
45 89.643329 (+0.07)  89.577547 2p3d'F3 94 115.121693 2pAf 3Fy
46 89.732485 (+0.19)  89.559322  2p3d'P? 95 115.139730  (4-0.03) 115.102136  2p4d 'F$
47 109.064669 254538, 96 115.148317 2p4f 3D,
48 109.261867 2s4s 1S 97 115.182667 2p4d 1P
49 109.632815 2s4p 3P§ 98 115.185330 2p4f 1Dy




178

M.C. Chidichimo et al.: Atomic data from the IRON Project. XXXVI.

Table 4. Labels chosen to identify levels dominated by the same SLJ term

Index  Label Contribution of SLJ terms

40 2p3d 1Dg  +0.551 (3PS) — 0.572 (1 Dg) + 0.531 (3D3) + 0.266 (°FS)
42 2p3d D3 —0.309 (3P35) — 0.652 (1 Dg) — 0.568 (3D3) + 0.391 (°F9)
72 2p4f 3Fy  —0.534 (1D2) — 0.447 (3D2) — 0.753 (3F2)

90 2p4f 3Dy +0.422 (1D2) + 0.591 (®D2) — 0.684 (3F2)

89 2p4f 3F3  40.698 (°D3) — 0.440 (1F3) + 0.559 (3F3) 4 0.062 (3G3)
95 2p4f 3D3  40.713 (®D3) 4 0.471 (*F3) — 0.518 (°F3) — 0.012 (3G3)
7 2pdd 3D +0.604 (3PS) — 0.350 (D) + 0.522 (3D3) + 0.204 (3F9)
83 2pdd 3P§  +0.713 (3PS) + 0.255 (1 DS) — 0.643 (3D3) + 0.088 (3F9)

coefficients taken from the Opacity Project. For the re-
maining orbitals P,;, with nl = 3s,3p, 3d, 4s, 4p, 4d, 4f,
we used the minimum number of exponents dictated by nl
and calculated their values, as given in Table 2, by min-
imising the sum of the energies of the 1s22snl land 3l
terms. We used the minimization routine VAO4A by set-
ting IDAVID = 0 and IVA04A = 1. (Note that the same
procedure was adopted by Berrington et al. (1998) in
spite of the unintentionally contradictory statements they
make.) Furthermore, by setting MAXIT1 = 5 we limited
the maximum number of iterations to 5. Additional work
by one of us (JAT) has shown that some improvement can
be obtained by using values of MAXIT1 larger than 5.

Our collision calculation makes use of theoretical
target energies produced by the Breit-Pauli R-matrix
code. They are given in Table 3 along with the observed
energies for some of the levels taken from Corliss &
Sugar (1982). Most of these observed values, with some
small differences, can also be found on the Web page
of the National Institute of Standards and Technology,
http://physics.nist.gov. As can be seen there is very good
agreement between theory and experiment, where we
assume 1 Ry = 109737.32 cm™!. Finally, we find that the
data in Table 3 are in excellent agreement with results
we have obtained using Hibbert’s (1975) atomic structure
code CIV3.

In order to delineate the multitude of resonance peaks
we ran the Breit-Pauli code at 7704 values of the colli-
sion energy starting at 3.15210 Ry, relative to the ground
state, and going up to 103.05816 Ry. Originally we meant
to go as far as 115 Ry but finally abandoned this goal be-
cause of the excessive amount of computer time required.
We therefore covered the interval between 103.05816 and
116 Ry by making a linear extrapolation backwards using
the values of the collision strength at 116 and 127.5 Ry.
In a few cases, especially for optically allowed transitions,
a noticeable step up occurs in the collision strength when
the energy increases beyond 103.05816 Ry, see Fig. 2.

2.1. Energy levels

The 98 energy levels given in Table 3, together with the
way of indexing them, are from the Breit-Pauli branch
of the R-matrix program. Using the CIV3 code we have
been able to make the identifications given in the columns
with the heading “Label”. We use the customary proce-
dure of letting the label be the configuration with the
largest absolute mixing coefficient. However in four cases
we abandoned this procedure in order to avoid the confus-
ing situation of having the same label for more than one
level. The last column in Table 4 shows SL.J terms which
make a significant contribution to each of 4 pairs of levels
where this problem arises. The mixing coefficients given
in Table 4 are from CIV3 with ICSTAS = 1.

3. The effect of resonances

Resonances appear as spikes or dips on the graph of .
The spikes are sometimes isolated but more often they
come as a dense forest of peaks. Resonances can have a
big effect on T, especially when the transition is opti-
cally forbidden, and may cause YT to be between a few
per cent or several factors larger than the predictions of
distorted wave approximations. For the purpose of com-
parison we list in Table 5 results for T(1—2) based on col-
lision strengths from (a) the IRON Project, (b) the IRON
Project (chopped) and (c) a distorted wave approxima-
tion. The collision strength in (b) was obtained by impos-
ing an arbitrary maximum peak height of 1.25 1073 which
effectively chops the tops off the resonance peaks. The dis-
torted wave collision strength used in (c) is from Bhatia
& Mason (1986).

As mentioned above, we use the Breit-Pauli R-matrix
code for collision energies up to 103.05816 Ry after which
we replace it by the simpler LS coupling code together
with the algebraic code JAJOM (Saraph 1978). In this
way we are able to extend the Breit-Pauli results to higher
energies by running the LS code at 116, 127.5, 170, 250,
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Table 5. Showing the effect on T (1 — 2) of chopping off the
IRON Project resonances: (a), IRON; (b) IRON (chopped);
(c) Bhatia & Mason (1986)

logT (&) (b)) (o)

6.3 197 122 1.34
6.5 217 118 1.27
6.7 218 112 1.17
6.9 2.01 1.02 1.04
7.1 1.71 090 0.89
7.3 1.36 0.75 0.74
7.5 1.04 0.61 0.60
7.7 0.77 0.47 0.46
7.9 0.55 0.36 0.34
8.1 039 0.26 0.24

Table 6. Showing how the high energy contribution to T
increases with temperature for three types of transition.
Intersytem (non electric dipole) transition: (a) T(1 — 2)
with Emax = 346.8 Ry; (b) T(1 — 2) with Emax = 10° Ry.
Intersystem (electric dipole) transition: (c) Y(1 — 3) with
Frmax = 346.6 Ry; (d) Y(1 — 3) with Emax = 10° Ry. Electric
dipole transition: (e) T(2 — 7) with Emax = 340.7Ry;
(f) T(2 — 7) with Emax = 10° Ry. Emax is the value used for
the upper limit in the integral that defines T and it should in
theory be co. (2.017% = 2.01 107?)

logT" () (b) (©) (d) (e) (f)

6.9 2.0173 20173 1.3372 1.3372 1.61°! 1.62°1
7.1 1.70-% 17173 1.3372 1352 1.74=! 1771
7.3 1.3573 1.3673 1.2872 1392 1781 1971
7.5 1.0172 1.0473 1.1472 14772 1.65-! 21871
7.7 7.25% 7.66°% 92773 1592 1381 2411
7.9 5.00"% 5514 7.007% 1.74=2 1.067! 26471
8.1 3.347% 3.90~% 4983 19372 76272 286!

350 Ry. This sparse mesh is ample for our purposes since
no resonances are encountered over this energy range. It
is difficult to go much beyond 350 Ry using the R-matrix
codes. In order to obtain meaningful and reliable ther-
mally averaged collision strengths at the high tempera-
tures given in Table 9 it is necessary to know €2 at energies
of one or two thousand rydbergs, i.e. well beyond 350 Ry.
We are able to make reasonable extrapolations of our data
by means of the computer program OmeUps (Burgess &
Tully 1992).

4. Family portraits

We give pictures of the different types of collision strength
encountered in the present investigation by plotting (i —
j) versus the final electron energy Ej; in Ry.

Figures 1 and 2 show (1 — 5). This is an op-
tically allowed transition meaning that the collision
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Table 7. Line and oscillator strengths, S;; and f;;, from CIV3; results obtained using the length gauge. (1.3107% = 1.310 10~?)

i Sio fi2 Si3 fis Sia fia Sis fis

1 1.31073  1.503—3 6.77072  1.55571
6 3.13572  1.83272 1.31173  2.634~%
7 3.08072 6.34172 227072 1.51472 3.81172 1.28672 4.792~% 1.369°%
8 3.94172 276372 8.615~2 3.1452 271572 8.62273
9 1.94773  1.6307% 2.89572 1.29372 1.209~! 5.484~2
10 7.64875 81095 5.14172  3.480~2

Table 8. High energy Born limits. (4.7787° = 4.778 1077)

t—J Qi —j)
1-6  4.7787°
1-8 49047
1—-9 723474
1-10 3.4297*
2—4 793073
3—4 178472
3—5 126673
4-5 4.3317%
6—8 7.93073
6—9  3.9507°
6—10 3.94775
7—8  1.33872
7—9 445373
8—9 23382
8 —10 4.25373
9—-10 247772
strength increases logarithmically with energy as

E; — oo. In order to delineate the low energy resonances
in Fig. 1 we use a magnified energy scale there compared
to the one in Fig. 2.

Figures 3 and 4 show Q(1 — 3). This is an intersys-
tem transition that behaves as though it were optically
allowed owing to the breakdown of LS coupling. For this
to happen the initial and final levels must have different
parities and AJ = 0,41, subject to the condition that
J=0AJ =0.

Figures 5 and 6 show Q(1—9). This is a forbidden tran-
sition in which neither the parity nor the spin change. The
collision strength for this type of transition tends to a fi-
nite limiting value as E; — co. We have used the methods
discussed by Burgess et al. (1997) to calculate the Born
limits for all such transitions between levels whose index
does not exceed 10 (see Table 8).

Figures 7 to 12 show (1 —2). This is a forbidden inter-
system transition for which the collision strength normally
falls off like E;? in the high energy limit.

It is well known that when a new threshold is crossed
the collision strength for a transition involving two lower
levels will in general decrease, or sometimes increase,

0.018
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n
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i
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10 110
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Fig.4. Optically allowed intersystem: full, present; dotted,
Bhatia & Mason (1986); dashed, Zhang & Sampson (1992)
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Fig.5. An optically forbidden (electric quadrupole) transition

so that the collision strength in question behaves like a
step function. This is explained by the influence of newly
opened channels which cause a redistribution of the to-
tal electron flux to occur. The other thing to notice is
the change in slope that occurs at the passage from the
“low” to the “intermediate” energy region. This may be
the result of having calculated fewer partial waves in the
“low” energy region where we maintained J < 5. We did
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Table 9. Fet? effective collision strengths Y (i — j) for 6.3 <logT < 8.1. (2.42173 = 2.421 1073)

i—3j 6.3 6.5 6.7 6.9 7.1 7.3 7.5 7.7 7.9 8.1
1-2 242173 246072 237172 212773 1.7827% 1.4117% 1.0697% 7.8567* 5.6377* 3.9837%
1-3 1.17972  1.26172 1.31472 1.34072 135372 1.36972 1.395°2 1.4317% 147872 153172
1-4 1.13972  1.22172 121572 1.11072 937473 7.4257% 560972 4.0947% 291672 2.04273
1-5 2.86571  3.0287! 32107' 34517! 37717! 4.1617' 4.6007! 5.0707' 5.549°! 6.028°!
1-6 2.2307* 3.0017* 3.7707% 4.0677* 3.8047% 3.2187* 25647* 1989°% 1.5397* 1.2107*
1-7 3.0857* 3.8097% 4.4677* 4.4547* 3.9007* 3.0007* 2.2827* 1.6067* 1.0957* 7.3047°
1-38 7.2947% 8378 % 09.1407* 9.1957* 8605°% 7.7267* 6.8717* 6.1887* 5.7017* 5.3767%
1-9 1.2527%  1.37672 1.4407% 1.4297% 136573 1.2867% 1.2167% 1.1617% 1.1167% 1.07773
1-10 8.0027* 89627% 9.7137* 9.7887* 9.1927% 82347* 7.205"% 6.2727% 55017% 4.9027*
2-3 2.61972 243872 222272 1.93872 1.6037% 1.26372 9.5697% 7.0297% 5.0517% 3.57773
24 1.96272 1.89172 1.79672 1.64872 1.46472 1.28272 1.12972 1.01472? 9.3427% 8.8047°
2-5 6.5847% 7.3377% 7.3887% 6.706° 556873 431773 3.187% 226873 1.577% 1.078°°
2-6 1.3127%  1.4057% 1.4277% 1.3367° 1.1517% 9.2657* 7.0887% 52307* 3.765"* 2.669°*
27 1.33071  1.3977! 1.4797!' 1.5997' 1.7647! 1.9637' 2.1847! 2.4137! 26417! 2.8647!
2-8 410372 4.65673 477873 442172 3.7427% 295872 222573 161472 1.14273 7.9527*
2-9 1.95273 236272 244273 221773 1.8187% 1.3847% 1.0017® 6.997"*% 4.7817* 3.2227%
2-10 4.235"*% 5.1917* 5.4927% 5.080"* 4.2037* 3.2017* 23017* 1.5897%* 1.0697* 7.0717°
3—4 850472 7.7617% 7.0707% 6.26672 536672 4.49072 3.73672 3.14572 270972 2.4027?
3-5 2.28572 238072 232972 210272 1.7587% 1.38672 1.0517%2 7.79673% 5.7507% 4.28173
3—6 1.3187!  1.3867! 1.4747' 1.6037! 1.7797' 1.98907! 22197!' 24567! 2689°! 29167!
3—7 1.0227Y  1.0747' 1.1357'  1.2207% 13357 14757' 16297 1.7917' 1.9547' 2.1137!
3-8 1.78971  1.889~! 1.9977! 2.1437! 2338°! 257371 28347! 3.1077! 3.3817! 3.651°!
3-9 1.62472  1.78372 1.84972 1.8407% 1.79972 1.76872 1.76872 1.805"2 1.8727% 1.96372
3-10 1.7947% 2,057 21067% 1.9577% 1.6957% 141472 1.1747% 9.960°* 8&.7767* 8.075°*
4-5 471272 447477 413272 359272 292172 224272 164672 1.1717? 815172 5.6007°
4-6 1.4667%  1.6607% 1.74273% 1.6447% 1.4017°% 1.1037% 8.205~* 5.867"% 4.0847* 2.7927%
4-7 157671 1.678 ! 1.8007' 1.9677' 2.1877! 24487' 27317! 3.0207' 3.3067! 3.581°!
4-8 3.7127Y  3.9117!  4.1547' 45017Y 49727! 55397!  6.1617!' 6.8047' 7.4427! 8.061°!
4-9 1.506"r 1.5787' 1.6467' 1.7267% 1.8267!' 1.9477' 20817! 2.2227' 23647' 2507
4-10 3.52173%  4.0387% 4.1707% 3.85873 324372 253473 187872 1.34273 9.3477* 6.3977¢
5—6 6.53373  7.2117% 791773 874873 977573 1.09772 1.2247% 135172 147072 1.5807?
5-7 9.0817% 9.8957% 1.02672 1.00472 9.4107% 8.6487% 7.9707% 746673 7.1447% 6.9787°
5—8 1.1757Y  1.2697' 1.3847' 1.5467! 1.7627' 2.0117! 22727! 252771 2768°! 29937!
5-9 5.0747Y 53767 b57727! 6.3637! 7.1697' 8.1247' 9.1497! 1.018 1.118 1.213
5—10 227471 2.3417Y 24547!Y 264171 29077! 3.2327! 35927! 39687 ! 4.3467' 4.7177!
6—7 2.06472 225672 226672 2.07972 1.7617% 1.40172 1.0627% 7.77573 553573 3.86373
6—8 1.76872 1.88572 191072 1.82672 1.67072 149472 133172 1.19672 1.0927% 1.0137?
6—9 6.62273 7.8357% 8.0807% 7.3687% 6.0897% 4.67973% 341572 240573 1.6527% 1.11773
6 — 10 2.2407% 2.7147% 28207 2.5697% 2.1087° 1.6007% 1.1497% 7.957"* 5.380* 3.596°*
7-8 545572 591572 6.00672 5.65372 4.9867% 4.21272 348572 2.88172 241472 2.0737?
7—-9 3.49572 3.85972 392072 3.64172 3.13172 2.5487% 2007"? 156172 1.21972 971173
7-10 835872 956873 9.5727% 852773 692873 5.2577% 379873 2650°° 1.8057% 1.2087%
8—9 7.72572 847872 863772 813972 720172 6.12772 513772 433072 3.7207% 3.2817?
8 —10 1.19372  1.31872 1.33172 1.2387% 1.08572 9.2117% 7.7747% 6.6517% 5.8357% 527073
9—-10 252172 271872 279172 2.74872 264372 253472 245572 241172 239672 2.39872
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Fig. 6. Optically forbidden (electric quadrupole): full, present;
dotted, Bhatia & Mason (1986); dashed, Zhang & Sampson
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Fig.8. Optically forbidden intersystem: full, present; dotted,
Bhatia & Mason (1986); dashed, Zhang & Sampson (1992)
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Fig.9. Optically forbidden intersystem: full, present; dotted,
Bhatia & Mason (1986); dashed, Zhang & Sampson (1992)
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Fig.10. Optically forbidden intersystem: full, present; dotted,
Bhatia & Mason (1986); dashed, Zhang & Sampson (1992)
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Fig.11. Optically forbidden intersystem: full, present; dotted,
Bhatia & Mason (1986); dashed, Zhang & Sampson (1992)
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however carry out a top-up procedure in order to account
for the higher partial waves.

5. Quality of results

The IRON Project’s aim is to produce high quality colli-
sion data for a wide range of electron induced transitions
in positive ions. We outline the steps taken in the present
work which justify our belief that the results given here
are the most reliable ones at present available to those in
search of rate coefficients for Fet22, We first of all went to
some trouble in order to obtain a good target model. Our
confidence in it stems from the good agreement it affords
between the theoretical energy levels and observational
data (see Table 3). Furthermore, on comparing the length
gauge oscillator strengths listed in Table 7 with those we
have obtained using the velocity gauge, we find that in all
cases except two, their ratio lies between 1.03 and 1.77.
Only for the transitions 1 — 3 and 7 — 5 does the ratio ex-
ceed 2, but not by a great deal: fyv(1—3)/fu(1—-3) = 2.56
and fv(7—5)/fu(7—5) = 3.53. Although close agreement
between the length and velocity f-values is not an abso-
lute guarantee that the oscillator strengths are the correct
ones, it is obviously desirable that the ratio f1,/fv should
not deviate from unity a lot. As regards the collision cal-
culation, we have made use of the R-matrix method in
both the Breit-Pauli and LS-coupling modes. The Belfast-
London-Meudon suite of programs has been developed
over many years by a great number of scientists. The
present programs, which are based on approximations that
take into account much of the collision physics responsible
for resonance scattering and relativistic effects, are widely
considered as the most elaborate and satisfactory ones in
existence for this type of calculation. With increasing en-
ergy, more and more partial waves need to be calculated.
In order to ensure convergence of the expansion we let
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the partial wave quantum number J extend up to J =
35.5. This applies only to collision energies greater than
12.9843 Ry with respect to the ground state; for energies
between 3.1521 and 12.9843 Ry we limited J to 5 and then
did a top-up by estimating the contributions from higher
partial waves. As mentioned earlier, we used OmeUps in
order to estimate collision strengths at much higher ener-
gies than could be reached by the R-matrix codes. This
procedure gives added reliability to the high temperature
results in Table 9.

6. Comparison with the work of others

Of the papers listed in Table 1 those by Bhatia & Mason
(1981, 1986); Zhang & Sampson (1992); Chen & Ong
(1998) deal with the transitions in Table 9. These work-
ers all used distorted wave approximations which do not
take account of resonance effects. We give some graphical
comparisons which show that there is fairly good agree-
ment between our background collision strengths and the
distorted wave results. Only for the forbidden transitions
1—9 (electric quadrupole) and 1 — 10 (electric monopole),
which involve 2 electron jumps, are the differences more
noticeable. Figure 6 shows that Zhang & Sampson’s (1992)
relativistic distorted wave collision strength ©(1—9) is sig-
nificantly lower than ours. We can see no obvious expla-
nation for this. Chen & Ong’s (1998) results, which came
to our attention as the present investigation was drawing
to a close, are in better agreement with our data for this
transition (see Fig. 6).

7. Effective collision strengths

Thermal averaging of the collision strengths is done us-
ing the linear interpolation method described by Burgess
& Tully (1992). The resulting effective collision strengths
T are given in Table 9 for the temperature range 6.3 <
logT" < 8.1 which is centred on the temperature where
Fet2? is abundant under conditions of coronal ionization
equilibrium (see Arnaud & Rothenflug 1985). For tem-
peratures below five million degrees the abundance of
Fet?? will be negligeable. Astrophysical situations may
exist where Fet?? is abundant at temperatures lower than
this; in these cases one would need to extend the temper-
ature range below 1053 K. Anyone interested in obtain-
ing copies of our energy dependent collision strengths for
the transitions dealt with here should send a request to
tully@obs-nice.fr. We plan to install them eventually in
the TIPbase databank that is being set up at the CDS
(Centre de données astronomiques de Strasbourg). Files
containing the thermally averaged collision strengths are
available now from the A&A databank at CDS.
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