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Abstract. — Radiative transition probabilities have been calculated for the magnetic dipole (M1) and electric
quadrupole (E2) transitions connecting the 63 metastable levels in the 3d®4s, 3d” and 3d°4s® configurations in Fe
II. The most important configuration interaction (CI) and relativistic effects have been taken into account in the
computations carried out with the help of two independent computer programs, SUPERSTRUCTURE (SST) and
RELATIVISTIC HARTREE-FOCK (HFR). The results obtained in the present work are compared with previous
theoretical studies and with some astrophysical observations. The new data presented here are probably the most

reliable to date.
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1. Introduction

Singly ionized iron is one of the most important atomic
ions in astrophysics because of its high relative abun-
dance in many sources, its comparatively low ionization
potential and the sheer density of its energy structure.
Hence, the calculation of oscillator strengths for lines in
Fe I1 is of considerable practical interest (see, for example,
Viotti et al. 1988). The most extensive studies were per-
formed by Kurucz (1981, 1990), Fawcett (1987, 1988) and
Nahar & Pradhan (1994). Critical compilations of oscilla-
tor strengths for Fe II lines were published by Fuhr et al.
(1988) and by Giridhar & Ferro (1995). However, most of
previous work concerns only allowed electric dipole (E1)
radiation without consideration of forbidden transitions.
The present calculations were performed within the
framework of the IRON Project (IP), an international col-
laboration whose aim is to produce accurate collisional
and radiative atomic data for ions of astrophysical in-
terest, with a particular attention to members of the Fe
group. The goals and methods of the Project are presented
in Paper I of this series (Hummer et al. 1993). A consid-
erable amount of IP work has already been devoted to Fe
II: collision strengths and rate coeflicients can be found in
Paper VI (Zhang & Pradhan 1995), E1 transition proba-
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*Table 4 is also available in electronic form from the CDS via
anonymous ftp 130.79.128.5 or on www at http://cdsweb.u-
strasbg.fr/abstract.html

bilities are reported in Paper VII (Nahar 1995) while elec-
tron excitation rates and emissivity ratios for forbidden
lines are presented in Paper XIII (Bautista & Pradhan
1996).

Forbidden lines of Fe II were first identified by
Merril (1928) in the spectrum of 7 Carinae and they have
since been observed in many other astrophysical objects
like novae, nebulae and peculiar stars. To mention but
recent studies in which IP collisional atomic data were
used, Bautista et al. (1994), Bautista & Pradhan (1995)
and Bautista et al. (1995) have considered [Fe II] lines in
the Orion Nebula and in Supernova 1987A.

In this context, it must be noted that a very limited
number of transition probability calculations have been
performed for [Fe II] lines. Smith & Wiese (1973) and
Fuhr et al. (1988) have published compilations of forbid-
den lines in iron group elements. The transition proba-
bilities reported in these tabulations for [Fe II] lines are
essentially taken from the extensive work of Garstang
(1962) who used an intermediate coupling method. Ra-
diative data for a small number of forbidden lines in Fe
IT were also published by Nussbaumer & Swings (1970),
Johansson (1977) and Nussbaumer & Storey (1980). How-
ever, CI effects were considered to a very limited ex-
tent in all these computations. More recently, Nussbaumer
& Storey (1988) used a twelve-configuration basis set in
the program SUPERSTRUCTURE (SST) of Eissner et
al. (1974) as modified by Nussbaumer & Storey (1978)
for calculating transition probabilities for forbidden lines
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4 Table 3. Calculated HFR energy levels (in cm™!) and com- Table 3. continued
1 . . .
g. parison with experiment for the 3d%4s, 3d” and 3d°4s? config- -
! . Configuration  Term J Eobs” Ecal AE®
i urations of Fe II 3d°(3P)ds P 1/2 54063 54163 100
1 . . - .
EI Configuration Term J Eobs® Ecale AE" 3/2 54902. 54992. -90.
- 3d%(°D)4s a®D  9/2 0. 0. 0. 3d%4s2 b*G  11/2 54232,  54350.  -118.
7/2 385. 379. 6. 9/2 54274,  54358. -84.
5/2 668. 661. 7. 5/2  54276.  54308. -32.
3/2 863. 857. 6. 7/2  54283. 54339, -56.
1/2 977. 972. 5. 3d%(3F)4s 2F 5/2  54870.  54842. 28.
3d7 a'F  9/2 1873. 1898. -25. 7/2  54904. 54855, 49,
7/2 2430. 2460. -30. 3d54s2 d*P  5/2  57411. 57445 -34,
5;2 2838. 2876. -38. 3/2  57493.  57522. -29.
3/2 3117. 3163. -46. 1/2  57578. 57612 -34.
3d%(°D)4s atD  7/2 7955. 7961. -6. 3d%(1G)4s 4G 9/2  58631.  58557. 74.
5/2 8392. 8402. -10. 7/2  58666.  58568. 98.
3/2 8680. 8697. -17. 3d%4s2 D 7/2  60270.  60327. -57.
1/2 8847. 8869. -22. 1/2 AN3R4 60415 -31
3d7 a'P  5/2 13474, 13471 3. 3/2  60441.  60486. ~45.
3/2  13673.  13705. -32. 5/2  60445.  60503. -58.
1/2  13905.  13963. -58. 3d54s2 21 11/2 68664.
3d7 a2G  9/2  15845.  1587L. -26. 13/2 68742.
7/2 16369. 16404. -35. 339452 2p 5/2 71166.
3d” a?P  3/2  18361.  18380. -19. 3/2 71630.
1/2 18887. 1891l -24. 3d54s2 4F  9/2 73394, 73448 -54.
3d7 a?H  11/2  20340.  20367. -27. 5/2  73396. 73415 -19.
9/2  20806.  20835. -29. 7/2 73492, 73534, -42.
3d7 a?D  5/2 20517.  20588. -71. 3/2 73637.  73686. -49.
a/2. 21308, 6 248, 345452 2 /2 72967,
—
r‘ o 2 .

77019

77195.
77608.
78208.
78564.
81628.
81779.
86661.
93882.
93954.
97723.
101928.
101964.
117646.
117699.
125601.
125651.

-44.

1/2 22410 22490 -80 5/2
3d6(3H)4s a*H  13/2 21252, 21332 -80. 3d%4s? 2H  9/2
11/2  21430. 21479 -49. 11/2
9/2  21582.  21606. -24. 33542 g 7/2
7/2 21712, 21718 -6 9/2
3d6(3F)4s b4F  9/2  22637.  2268T7. -50. 3d54s2 2P 52
7/2  22810. 22849 -39, 7/2
5/2 22039,  22974. -35. 3d54s2 25 172
3/2  23031.  23067. -36. 3542 2p
5,.2 6 s 3/2
3d%4s a®s  5/2  23318. 23246 72. 5/2
3d%(3G)4s a'G  11/2 25429, 25424, 5. 3d8(18)4s 25 1/2
9/2  25805.  25777. 28. 3542 °G 92
7/2  25982. 25934 48. o
5/2  26055.  25991. 64. 5452 2p
3d5(3P)4s b2P  3/2  25788.  25920.  -132. 3d74s f/g
1/2 26933,  27060.  -12T. 5 2 ) /
3d5(3H)4s b2H  11/2  26170.  26317.  -147T. 3d%4s D 3/3
9/2 . 26353.  26486.  -133. /
3d5(%F)4s a2F  7/2 27315, 27175. 140. . )
5/2  27620.  27453. 167. . Sugar & Corliss (1985).
3d%(3G)4s b2G  9/2 30388.  30443. -55. AE = Eopg - Ecale-
7/2  30764.  30802. -38.
3d%(3D)4s b*D  3/2  31364.  31407. -43.
1/2  31368. 31401 -33.
5/2  31388.  31442. -54.
7/2  31483.  31540. -57.
3d” b2F  5/2  31812.  31823. -11.
7/2  31999. 32021 -22.
3d8(11)4s al  13/2  32876.  33038. -162.
11/2  32910.  33048.  -138.
3d%(1@)4s 3G 9/2  33466.  33486. -20.
7/2  33501.  33507. -6.
3d%(3D)4s b2D  3/2  36126.  36158. -32.
5/2  36253.  36262. -9.
3d5(1s)4s a2s  1/2  37227.  37226. 1.
3d%(1D)4s 2D 5/2  38164.  38093. 71.
3/2  38214.  38126. 88.
3d8(1F)4s c2F  7/2 44915, 44892. 23.
5/2  44929.  44903. 26.
3d7 d?D  3/2  47675. 47724 -49.

5/2 48039. 48025. 14.
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'g: Table 4. continued Table 4. continued

1
1

= Multiplet  2J—2J° 2E)° Type  Awi(SST) Ani(HFR)  Multiplet 2J—20° _ A(A)” Type  Ari(SST) _ Ar(HFR) _

e alF-b2G 9-9 3505.80 MI1,E2  4.56(-3) 5.79(-3) 5-5 5199.17 M1 1.13(-1) 1.18(-1)

o 7-9 3575.72 MIL,E2  2.67(-3) 3.19(-3) 3-5 5278.37 M1 6.48(-2) 6.75(-2)

= -7 3528.27 MLE2  267(-3)  3.15(-3)*  a'D-b2G 7-7 4382.97 M1 2.44(-3)  2.21(-3)*
5-9 3628.65 E2 1.30(-3) 1.62(-3) 5-7 4468.51 M1,E2  1.07(-3) 9.99(-4)
5-7 3579.80 E2 1.51(-3) 1.94(-3) a*D-b%D 7-7 4249.08 M1,E2  4.00(-3)  4.50(-4)*

a*F-b%D 9-7 3376.20 E2 8.46(-1) 9.81(-1) 7-5 4266.35 M1,E2  2.04(-2) 1.98(-2)
9-5 3387.09 E2 2.49(-1) 2.82(-1) 5-7 4320.43 M1,E2  1.63(-2) 1.51(-2)
7-7 3440.99 E2 2.89(-1) 3.26(-1) 5-3 4351.81 M1,E2  1.56(-2) 1.38(-2)
7-5 3452.31 E2 4.24(-1) 4.97(-1) 5-1 4351.05 E2 1.39(-3)  3.63(-6)*
7-3 3455.11 E2 4.38(-1) 5.00(-1) 3-5 4402.59 M1,E2  1.47(-2) 1.35(-2)
5-7 3489.98 E2 4.23(-2) 4.71(-2) 3-1 4406.38  M1E2  6.10(:3)  2.76(:3)*
5-5 3501.63 E2 3.97(-1)  4.52(-1) 1-3 4439.71  M1,E2  7.85(-3)  6.58(-3)
5-3 3504.51 E2 2.31(-1) 2.73(-1) aD-b?F 7-7 4157.91 M1,E2  1.65(-2) 2.65(-2)*
g—; ggg:.gg gg fligig:;; ;fggg 5-7 4234.82 M1 4.03(-3) 6.96(-3)
35 3536.25  E2  7.67(-2)  8.57(-2) 52 ones M1 as) oo
3-3 3539.19 E2 4.54(-1)  5.15(-1) 452 _ ) T8 87¢ )*
S B e ey a*D-c2a@ 7-7 3913.41 M1 2.02(-3)  3.43(-3)
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Table 4. continued Table 4. continued
Multiplet 2J-2J A(A)® Type Ar;(SST Ar:(HFR -
99 31(555),.35 M 1.4(1(.2)) 1.4&(-2)*) Multiplet 27-2/°  A(A)" Type  Ayi(SST) A (HFR)
9-7 29892.40 M1 1.68(-3) 1.50(-3) a’F-b°G 7-9 32526.05 M1 6.37(-3) 7.19(-3)
7-9 33380.21 M1 1.45(-3) 1.46(-3) -7 28981.21 M1 1.88(-2) 2.01(-2)
7-7 31524.51 M1 2.02(-2) 2.00(-2) 5-7 31797.13 M1 5.67(-3) 6.31(-3)
7-5 30807.67 M1 1.89(-3) 1.70(-3) a?F-b*D 7-7 23984.28 M1 1.21(-3) 1.12(-3)*
5-7 32861.23 M1 1.79(-3) 1.75(-3) a®F-b2F 7-5 22231.47 MI1,E2  1.11(-3) 1.86(-3)*
g-g ggggg'gg ﬁi igéggg izgggg a?F-c2G 7-9 16251.65 M1 2.75(-2)  3.03(-2)
— . .50(- .49(- _ "
b4F-bZH 9-11 28297.08 M1 1.43(-3) 1.97(-3) g_; 12};33132 ﬁi ‘;’1222223 ?13§EZ§3
9-9 26906.50 M1 1.30(-3) 1.24(-3) a?F-b2D 7-5 11185.12 MIL,E2  1.76(-3) 1.08(-3)
e 2 7-9 28221.67 M1 1.36(-3)  1.68(-3) 5-5 11580.95 M1,E2  1.40(-3)  7.82(-4)*
bF-a2F 9-7 21372.15 M1 1.95(-3) 2.43(-3) 5-3 11753.22 M1,E2  5.25(-3) 4.66(-3)*
MAEb2G g—g f;gg‘;'gg ﬁi iéigg; izigg; a2F-c2D 7-5 9214.68 M;/I,E2 4.17%-2; 4.26%—2;
- - . 64(- -84(- 5-5 9481.66 1 7.28(-2 7.32(-2
7-9 13192.17 M1 5.85(-3) 6.55(-3) 5-3 9436.63 M1,E2  3.81(-2) 3.90(-2)
i 12568.65 M1 5.34(-3)  5.85(-3) b*D-b2D  7-5 20959.78 M1 1.44(-3)  1.44(-3)
N 5-7 1277585 M1 477(-3)  5.21(-3)  w4p 2p 7.5 14963.71 M1 4.22(-2)  3.98(-2)
b*F-b*D 9-7 11301.49 M1,E2 7.90(-3) 7.53(-3) 5-5 14753.41 M1 8.88(-3) 8.83(-3)*
5-7 11701.16 M1,E2  1.26(-3) L11(-3) 3-5 14702.40 Ml 1.75(-2) 1.70(-2)
5-5 11833.06 M1,E2 3.29(-3) 3.25(-3) 3-3 14594.40 M1 1.40(-2) 1.38(-2)
5-3 11866.08 M1,E2  1.52(-3) 1.50(-3) ) 1-3 14602.95 M1 3.61(-2) 3.53(-2)
5-1 1186043 E2 1.22(-3)  1.84(-3) b2D-c2D  5-3 50965.15 M1 1.07(-2)  1.01(-2)
3-3 11996.99 M1,E2  2.75(-3) 2.81(-3) 35 4905915 M1 7.85(.3) 7.45(.3)
3-1 11991.22 M1,E2  4.33(-3) 4.25(-3) : : :
bF-b2F 7-7 10879.96 M1 1.10(-3)  1.28(-3)*
5-7 11034.88 M1 1.31(-3) 1.68(-3) “ The wave}engths, given in air,. are deduced from the observed energy
biF-c2G 9-9 9231.72 M1 1.75(-1) 1.84(-1)% Levels comp}led by Sugar & Corliss (1985).
o-7 0202.15 M1 1.08(-2) 1.15(-2) Cancellation effects (see text).
7-9 9381.72 M1 5.84(-2) 6.15(-2)
-7 9351.19 M1 8.15(-2) 8.68(-2)
5-7 9465.41 M1 5.75(-2) 6.13(-2)
b4F-b%D 7-5 7437.01 M1 1.20(-2) 1.23(-2)
5-5 7509.07 M1 1.61(-3) 1.64(-3)*
3-5 7561.29 M1 1.37(-3) 1.36(-3)
b*F-c?D 7-5 6511.23 M1 1.57(-1) 1.56(-1)
5-5 6566.40 M1 2.00(-2) 1.93(-2)*
5-3 6544.77 M1 1.94(-1) 1.95(-1)
3-5 6606.30 M1 7.72(-3) 7.55(-3)
3-3 6584.40 M1 1.13(-1) 1.13(-1)
a*G-atc  11-9 265496.60 M1 1.75(-3) 1.44(-3)
a®G-bZH  11-11  134843.19 M1 1.04(-3) 2.04(-3)*
atG-a?F 9-7 66225.09 M1 3.60(-3) 3.74(-3)
7-5 61004.37 M1 3.04(-3) 2.87(-3)
5-5 63880.75 M1 2.30(-3) 2.32(-3)
a*G-b2G 9-9 21812.81 M1 2.87(-3) 3.81(-3)*
7-7 20902.29 M1 2.73(-3) 3.36(-3)
5-7 21229.82 M1 4.89(-3) 5.78(-3)
a*G-b2F 7-5 17147.42 M1 1.02(-3) 1.72(-3)
atG-a?1 11-11 13363.31 M1 4.00(-3) 5.10(-3)*
atG-c?G  11-9 12438.00 M1 8.07(-3) 1.02(-2)
9-9 13049.34 M1 3.14(-3) 4.01(-3)*
7-7 13294.91 M1 2.34(-3) 3.38(-3)*
5-7 13426.66 M1 3.75(-3) 4.99(-3)
atG-c?D 7-5 8206.20 M1 5.48(-3) 6.48(-3)
5-5 8256.21 M1 4.99(-3) 6.23(-3)
b?P-b2P 3-1 87301.00 M1 2.70(-2) 2.68(-2)
b2P-b%D 3-5 17851.15 M1 6.61(-3) 6.83(-3)
1-3 22558.60 M1 6.42(-3) 6.65(-3)
1-1 22538.20 M1 2.35(-3) 2.41(-3)
b2P-b2D 3-5 9552.75 MI1,E2  1.68(-2) 1.61(-2)
3-3 9669.66 MI1,E2  6.16(-2) 6.26(-2)
1-3 10874.11 M1,E2  1.36(-2) 1.39(-2)
b2P-a2s 3-1 8739.06 M1 1.56(-1) 1.62(-1)
1-1 9711.19 M1 1.55(-1) 1.60(-1)
b?P-c2D 3-5 8077.55 M1,E2  2.25(-2)  2.67(-2)
3-3 8044.84 M1,E2  2.09(-2) 2.46(-2)
1-3 8861.43 M1,E2  9.16(-3) 1.08(-2)
b2H-b2G  11-9 23699.43 M1 1.50(-2) 1.53(-2)
9-9 24771.66 M1 2.00(-2) 2.01(-2)*
9-7 22660.71 M1 1.44(-2) 1.44(-2)
b2H-a21 11-13 14909.12 M1 1.35(-2) 1.44(-2)
11-11 14833.34 M1 2.66(-2) 2.79(-2)*
9-11 15246.38 M1 1.16(-2) 1.23(-2)
b%H-c2G  11-9 13701.87 M1 2.64(-2) 2.57(-2)
9-9 14053.56 M1 5.27(-2)  5.28(-2)*
9-7 13985.16 M1 2.93(-2) 2.94(-2)
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