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Abstract

Energy levels, radiative transition probabilities and autoionization rates for [Kr]4d®4fnl (n =
4-9), [Kr]4d°5I'nl (n = 5-9) and [Kr]4d®6/'nl (n = 6-7) states in Ag-like tungsten (W>*) are
calculated using the relativistic many-body perturbation theory method, the multiconfiguration
relativistic Hebrew University Lawrence Livermore Atomic Code and the
Hartree—Fock-relativistic method. Branching ratios relative to the first threshold and intensity
factors are calculated for satellite lines, and dielectronic recombination (DR) rate coefficients
are determined for the singly excited [Kr]4d'%nl (n = 4-9) states. The total DR rate coefficient
is derived as a function of electron temperature. These atomic data are important in the
modelling of N-shell radiation spectra of heavy ions generated in various collision as well as
plasma experiments. The tungsten data are particularly important for fusion application.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The use of tungsten as a plasma-facing material in magnetic
fusion devices has increased rapidly in recent years. The
reason is that tungsten is thought to be the best material to
withstand the high thermal loads produced by burning plasma.
For example, tungsten is the leading candidate material in the
design of divertor in the ITER (Latin, ‘the way’) tokamak [1].
In anticipation of the needs of ITER arising from the use of
tungsten, many present-day devices have included tungsten
components inside the vacuum vessel. Examples are the
Alcator C-Mod tokamak, the Joint European Torus and the
ASDEX Upgrade tokamak [2-4]. As a result of the use of
tungsten-containing plasma-facing components, tungsten ions
are now indigenous constituents of modern magnetic fusion
plasmas.

0953-4075/11/035005+15$33.00

Line radiation from tungsten plasma impurities has been
studied since the first use of tungsten in tokamaks [5-7],
and these studies continue with increased intensity today
[8-12]. The electron temperatures in most devices are such
that tungsten attains charge states around 30 times ionized,
among which silver-like and palladium-like tungsten are often
prominent [13].

Atomic data are needed to interpret the observed spectra.
Such data include not only spectral line positions but also
dielectronic recombination (DR) data, as DR produces excited
levels that can decay by photon emission, which completes the
recombination process. In addition, DR data are needed for
the modelling of the ionization balance in the plasma.

The DR process in tungsten ions was investigated recently
in a number of publications [14-19]. Dielectronic satellite
lines and DR rates for excited states of Na-like W from Ne-like

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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W and for excited states of Mg-like W from Na-like W were
presented by Safronova ef al in [14] and [15], respectively.
The relativistic many-body perturbation theory method
(RMBPT code), the multiconfiguration relativistic Hebrew
University Lawrence Livermore Atomic Code (HULLAC
code) and the Hartree—Fock-relativistic method (COWAN
code) were used to perform large-scale calculations of atomic
parameters (excitation energies, radiative and autoionization
rates) to evaluate DR rate coefficients and build synthetic
satellite spectra.

X-ray spectroscopic measurements of the DR resonances
of WO*_-WO* jons were performed by Biedermann and
Radtke in [16]. Dielectronic and radiative recombination of
Si- to N-like tungsten ions was investigated by Biedermann
et al in [17]. In this case, highly charged tungsten ions were
produced, stored and excited using the Berlin electron beam
ion trap (EBIT). The measurement of x-rays from n = 2—
3, 2-4 and higher DR resonance transitions was compared
to relativistic calculations of the DR cross sections and rate
coefficients calculated with the HULLAC code [17].

Ab initio calculation of the total DR rate coefficient from
the ground state 3s23p®3d° of Co-like tungsten was performed
employing the flexible atomic code (FAC) [18, 19]. The results
show that the 3p®3d®4in’l’ complex gives the most important
contribution (>66%) to the total DR rate coefficient. The
3p°3d'°n'l’, 3p°3d°4in’l’ and 3p®3d¥5in’l’ complexes can also
give significant contributions to the total DR rate at relatively
high electron temperature [19].

Dalhed et al [20] underlined that their paper presented
for the first time an explicit calculation of the partial DR rate
coefficients via the 3/3/" manifold for 17 Ne-like ions ranging
from Ar®* to WO using relativistic multiconfiguration
wavefunctions to calculate both the Auger and radiative matrix
elements. Unfortunately, no numerical results were given for
those atomic properties.

Relativistic calculations of the DR cross section and
rate coefficient for Ne-like tungsten (W%™) in the ground
state 2s>2p® were performed by Behar et al [21]. The DR
contributions of the most important Na-like doubly excited
configuration complexes, namely (2s2p)’3inl’ (n = 3-13) and
(2s2p)74141’, were calculated by level-by-level computations.
All the basic atomic quantities used in the calculations were
obtained by using the HULLAC code. The same code was
used also by Peleg et al in [22] to evaluate the total DR rate
coefficient for Ar-like tungsten, W30 Ab initio calculations of
the total DR rate coefficient of Ni-like tungsten (W*%*) in the
ground state were performed by Behar et al [23], again using
the HULLAC atomic code package. The presented level-by-
level calculations included the DR contributions of all of the
levels (over 17000) in the Cu-like inner-shell excited 3d°4inl’
(n <9), 3p°3d'"%4inl’ (n < 5) and 3s3p®3d'%inl’ (n < 5)
configurations [23].

There are only few energy values for W2+ presented in the
recent NIST compilation of tungsten data [24]: the ionization
potential and the splitting of the ground doublet 4f *Fs 5 72
(7109 and 33.0 in units of 10° cm™!, respectively).

The RMBPT values presented in [25] gave 7105 x
103 cm™! for the ionization potential and 29.5 x 103 cm™!

for the 4f ?Fs)57/, ground state doublet in W?7*. The value
for the ionization potential agrees with the NIST value within
the uncertainty of the latter (13 000 cm™! [24]).

The difference of the RMBPT value [25] for the
4f ?Fs;p 7,2 ground doublet splitting (29554 c¢cm™') from
the NIST recommended value (33000 cm™') exceeds the
uncertainty of 800 cm™! [24]. For this doublet splitting, it was
found in [25] that the dominant contribution (30338 cm™!)
comes from the Dirac-Fock energy E®®. The sum of
the RMBPT contributions (E® = 703 cm~!, E® =
—114em™!, BY =—1499cm™!, B® =126 cm™') is equal to
—784 cm™~!. As aresult, the difference of 3500 cm~! between
our RMBPT value and the recommended NIST result [24] for
the 4f 2Fs )5 7> ground state doublet splitting has been puzzling
[25].

Energy levels of the 4d!%4f, 4d'°5] with [ = 0-3)
configurations of Ag-like ions with Z < 86 were evaluated
recently by Ivanova [26] using a relativistic perturbation theory
with a model potential. One of the first calculations of the
excitation energies and oscillator strengths for electric dipole
transitions between the 4d'°n/ low-lying states in the silver
isoelectronic sequence was presented by Cheng and Kim in
[27]. Relativistic Hartree—Fock wavefunctions were used in
that study.

Relativistic many-body calculations of excitation energies
and transition rates from core-excited states in silver-like ions
were recently presented in [28]. Energies of the [Kr]4d”4f2,
[Kr]4d°4f5] and [Kr]4d®5I50" states (with [ = s, p, d, f) for
Ag-like ions with Z = 50-100 were evaluated to second
order in RMBPT starting from a Pd-like Dirac—Fock potential
([Kr]4d'%). Radiative transition rates and line strengths
were calculated for the 4d—4f and 4d-5/ electric-dipole (E1)
transitions in Ag-like ions with nuclear charge Z = 50-100
[28].

These core-excited states (often called doubly excited
states) in silver-like ions have been studied experimentally over
the past 30 years not only for tungsten, as mentioned earlier,
but also for other elements [5, 6, 13, 29-35]. Wavelengths
and energy levels for I through La'%* and for Ce'!* through
Ho?™ as well as for W27+ were presented in [29, 30]. Spectra
of Ce!™* through Ho?™ were obtained by Sugar and Kaufman
[30] with a high voltage triggered spark and photographed
on the NBS 10.7 m grazing incidence spectrograph. The
same authors then investigated the 4d'°5s—4d”5s5p array of
I°* through Eu'®* [31]. The 4d'°5s—4d°5s5p transitions were
identified by comparison with the analogous array in the Cu I
isoelectronic sequence, then by comparison with a calculated
spectrum. The latter was obtained with scaled Hartree—Fock
radial energy integrals [31]. Nearly complete 4d'°5s—4d°5s5p
resonance transition arrays in the Ag isoelectronic sequence
were observed by Kaufman et al [32] in sliding and triggered
sparks for the ions In** through Te’*. Wavelengths and
estimated relative intensities were given as well as energy
levels and eigenvectors for the upper levels. Evidence
of configuration interaction was indicated by the irregular
behaviour of the fitted radial energy integrals for the 4d°5s5p
states [32]. Spectra of highly ionized Er, Yb, Hf, W,
Pt and Au were observed with the TEXT tokamak at the
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Table 1. Labelling of configurations for odd-parity and even-parity complexes.

Even-parity states

Odd-parity states

N  Configuration N  Configuration N Configuration N  Configuration N  Configuration N  Configuration
1 4d'95s 38  4d°5psf 75  4d°5d8s 1 4d'%5p 38  4d°5fég 75  4d°5¢9p
2 44d'%d 39 4d°5d5g 76  4d°5d8d 2 4d%f 39  4d°5g6p 76 4d°5g9f
3 4d%g 40  4d°6s6d 77 4d°5d8g 3 44'95f 40  4d°5g6f 77 4d%6sTp
4 4d"6s 41 4d°6s6g 78  4d°5f8p 4 4d"%p 41 4d°5s7p 78  4d°6s7f
5 4d'%d 42 4d°6d6g 79 4d°58f 5 4d'%f 42 4d°5s7f 79 4d°6pTs
6 4d'%g 43 4d°6p6f 80  4d°5g8s 6 4d'%7p 43 4d°5pTs 80 4d’6p7d
7 4d'97s 44 4d°5s6s 81  4d°5g8d 7 4d7f 44 4d°5p7d 81 4d°6pig
8 4d'%7d 45  4d°5s6d 82 4d°5g8g 8 4d'8p 45  4d°5p7g 82 4d’6d7p
9 4d'7g 46  4d°5s6g 83  4d°5s9s 9 4d'°8f 46  4d°5d7p 83  4d°6d7f
10 4d'°8s 47 4d°5p6p 84  4d°5s9d 10 4d'%p 47 4d°5d7f 84  4d°6f7s
11 44d'%8d 48 4d°5p6f 85  4d°5s9g 11 4d'%f 48  4d°5f7s 85  4d%6f7d
12 4d'%8g 49  4d°5d6s 86  4d°5p9p 12 4d°4f5s 49  4d°5f7d 86 4d°6f7g
13 4d'99s 50 4d°5d6d 88  4d°5p9f 13 4d%4f5d 50 4d°5f7g 88 4dep
14 4d'%9d 51  4d’5deg 89  4d°5d9s 14 4d°4f5g 51  4d°5g7p 89  4dVef
15 4d'%g 52 4d°5fép 90  4d°5d9d 15 4d’4f6s 52 4d°5g7f 90 4d'%n
16 4d°4f? 53 4d’5f6f 91 4d°5d9g 16 4d%4f6d 53 4d°5s8p 91 4d%k
17  4d°5s? 54 4d°5g6s 92 4d°5f9p 17 4d%4f7s 54 4d°5s8f 92 4dYem
18 4d°5p? 55  4d’°5g6d 93 4d°5f9f 18 4d°4f7d 55  4d°5p8s 93  4d"%o0
19 4d°5d> 56  4d’°5g6g 94 4d°5g9s 19 4d°4f8s 56  4d°5p8d

20  4d°5f2 57  4d°5s7s 95 4d°5g9d 20 4d°4f8d 57 4d°5p8g

21 4d%5g? 58  4d’5s7d 96 4d°5g9g 21 4d°419s 58 4d°5d8p

22 4d°6s? 59  4d°5s7¢g 97  4d°6s7s 22 4d°4f9d 59  4d°5d8f

23 4d°6p? 60 4d°5p7p 98  4d’°6s7d 23 4d°5s5p 60  4d°5f8s

24 4d°6d> 61 4d°5p7f 99  4d°6s7g 24 4d°5s5F 61 4d°5f8d

25  4d%6f? 62 4d°5d7s 100  4d°6p7p 25  4d°5ds5p 62 4d°5f8g

26  4d°4f5p 63  4d°5d7d 101 4d°6p7f 26  4d°5d5f 63 4d°5g8p

27 4d°4f5f 64  4d°5d7g 102 4d°6d7s 27  4d°5p5g 64  4d°5g8f

28 4d%fép 65 4d°5f7p 103 4d°6d7d 28 4d°5f5g 65 4d°5s9p

29 4d’4fef 66  4d°5f7f 104 4d°6d7g 29 4d°5s6p 66  4d°5s9f

30  4d%f7p 67 4d°5g7s 105  4d°6f7p 30 4d°5s6f 67 4d°5p9s

31 4d%4f7f 68  4d’5g7d 106  4d°6f7f 31  4d°5pé6s 68 4d°5p9d

32 4d%f8p 69 4d’5g7¢g 107 4d%%s 32 4d°5p6d 69  4d°5p9g

33 4d%4f8f 70 4d°5s8s 108 4d'%d 33 4d°5p6g 70  4d°5d9p

34 4d°%4f8p 71 4d°5s8d 109  4d%g 34 4d°5d6p 71 4d°5d9f

35  4d°4f8f 72 4d°5s8g 110 4d'%i 35 4d°5def 72 4d°5f9s

36 4d°5s5d 73 4d°5p8p 111 4d%%/ 36 4d°5f6s 73 4d°5f9d

37  4d°5s5g 74 4d°5p8f 112 4d%n 37 4d°5fed 74 4d°5f9¢g

University of Texas at Austin by Sugar et al [33]. Three
strong doublets of the Ag I isoelectronic sequence were
identified: 4d'°4f—4d°4f('P)4f 2D, 2F, 2G. Interpolated
and extrapolated wavelengths in this sequence were derived
from plots of the difference between observed and calculated
values for the transition energies [33]. Churilov and Joshi [34]
classified two Xe’* resonance lines (4d!°5s—4d°5s4f).

In this paper, we evaluate the total DR rate coefficient
of Pd-like tungsten (W?23+) since this is one of the dominant
charge states in the present-day tokamaks, as mentioned
above. We also evaluate the dielectronic recombination
rate coefficients for the first excited odd- and even-parity
states in Ag-like tungsten (W2™*). The present level-by-
level calculations include the DR contributions of all of
the levels (over 17000) in the Ag-like inner-shell excited
configurations [Kr]4d®4fnl (n = 4-9), [Kr}4d°Sinl, (n =
5-9) and [Kr]4d°6l'nl (n = 6-7). Energy levels, radiative
transition probabilities and autoionization rates for those states
are calculated using the HULLAC code, the COWAN code and
the RMBPT code. These three codes allow us to check the
accuracy of our calculations and to achieve confidence that our

predictions are reliable. This paper continues our efforts on
the calculation of the DR rate coefficients that were previously
determined for C1[36], CII[37,38], CIII[39], 01V [40],0 V
[41], Ne VII [42], Ne VI [43], Mg-like Fe [44], Mg-like Zn, KT,
and Mo [45], Ag-like Xe [46], Na-like tungsten [14] and Mg-
like tungsten [15]. In the following, we omit the core [Kr] =
15225%2p©3s23p©3d'%4s24p® from the configuration notation.

2. Energy levels, transition probabilities and
autoionization rates

Detailed calculations of DR parameters should include the
determination of such characteristics as energies, radiative
transition probabilities and autoionization rates for atomic
states in the recombined ion. The atomic structure of Ag-
like tungsten was represented by 112 even-parity and 93 odd-
parity configurations 4d'°nl with n = 4-9, 4d°4fnl with n =
4-9, 4d°50'nl” with n = 5-9 and 4d°61'nl” with n = 67 (see
table 1), so that the total number of energy levels is 8620 and
7930 for even and odd parities, respectively.
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Table 2. Energies (E in 10° cm™') calculated to the first, second, third and all orders of RMBPT for the 4d'%n/ 2L ; states of Ag-like W.

Comparison of RMBPT, COWAN and HULLAC results.

Level E(COWAN)  p(HULLAC)  p(DF) [ (DF+2) E(DF+2+3)  [(DF+SD)
4f 2Fs 0.000 0.000 0.000 0.000 0.000 0.000
4f 2Fy 30.349 28.568 30.338 29.666 29.552 29.555
5s 251/2 1120.817 1116.214 1110458 1123.119 1122921 1122912
S5p 2P]/2 1474.075 1471.214 1463.973  1476.099 1475.952 1475.928
5p 2Ps) 1699.138  1693.351 1688.633  1700.510 1700.094  1700.068
5d2Ds,, 2267.708 2261.046  2258.621 2276.390 2248.483
5d ?Ds, 2312.498 2305.891  2304.559 2322.042 2314.743
5f 2F5/2 2983.307 2973.445 2973.554 2979.276  2977.032
51 2Fy 2994.422 2983.528  2984.288 2990.111 2987.210
6s %S, 3387.836  3378.885  3373.064 3391977 3389.232
6p *Pi ) 3575.025 3559.938  3552.703 3581.045 3575.828
6p *P; 3686.519 3669.224  3663.367 3690.479 3666.069
6d 2Ds, 3979.768 3962.590  3956.975 3987.900 3977.340
6d 2Ds» 4004.424  3985.465  3980.467 4014.900 3999.254
78 2Si) 4568.310 4553.624  4544.174  4573.655 4568.906
6g2G7p 4618.305 4597.012  4592.695 4621.978 4616.123
6g 2G9/2 4619.900 4598.040  4593.885 4623.263 4617.326
7p 2Py 4670.953  4659.018 4647983 4678.162 4672.763
7p 2Ps)2 4735382  4721.059  4711.247 4741.837 4735.921
7d2Ds, 4903.066 4893.714  4882.853 4910.078  4902.607
7d ?Ds 4916.581 4906.989  4896.615 4926.576 4919.576
7t 2F5/2 5119.880 5107.947 5095.784 5121.462 5063.196
7f 2Fy 5123904 5110.978  5099.295 5127.418 5114.266
722Gy 5281.651 5268.842  5255.163 5288.799 5278.965
7g2Goa 5282.743  5269.545  5256.048 5290.004 5280.384
Ionization potential 7075.535 7111.369 7105.273 7105.516

With almost 10000 levels per parity, the total number
of radiative transitions is in the tens of millions. To reduce
the computational load, we neglected transitions with small
probabilities, A, < 10 s~! (the strongest transitions, as will
be shown below, have A, on the order of 108 s~1). Even with
this restriction, the resulting list of radiative transitions within
the Ag-like ion includes about 2 x 10° transitions.

Our large-scale calculations of atomic properties are based
on the previously mentioned three atomic computer codes:
the code developed by Cowan, which uses a quasi-relativistic
Hartree—Fock method with superposition of configurations (in
the following we will refer to it as the ‘COWAN’ code) [47],
the multi-configuration relativistic HULLAC code [48] and
the RMBPT code. The RMBPT computations were carried
out with two methods: (i) the relativistic second- and third-
order, and all-order RMBPT [49, 50] for singly excited states,
and (ii) the relativistic second order for doubly excited states
[51, 52].

We use the version of the Cowan code available in
[53]. That version allows us to take into account a large
number of configurations (up to 100 odd- and 100 even-parity
configurations). The scaling of electrostatic integrals in the
Cowan code allows one to correct for the correlation effects
and to obtain good agreement with experimental energies. We
employed a single scaling factor (0.85) for all electrostatic
integrals.

In the HULLAC code, the intermediate-coupling level
energies are calculated using the relativistic version of
the parametric potential method, including configuration
mixing. The autoionization rate coefficients are calculated

in the distorted-wave approximation, implementing the highly
efficient factorization-interpolation method.

The RMBPT code, including the Breit interaction, is
used to evaluate energies and transition rates for multipole
transitions. This method is based on the RMPBT, agrees with
multi-configuration Dirac—Fock (MCDF) calculations in the
lowest order, includes all second-order correlation corrections
and includes corrections from negative energy states. First-
order perturbation theory is used to obtain intermediate-
coupling coefficients, and second-order RMBPT is used to
determine the matrix elements. The RMBPT code is an ab
initio code without the scaling of electrostatic integrals as
used in the Cowan code and without any parametric potentials
as employed in the HULLAC code.

The results of energy calculations for the singly excited
4d'%,] states of W2 are summarized in table 2, which
presents the lowest-order Dirac—Fock (DF) energies EPF, the
second-order (EPT2) and third-order Coulomb correlation
energies (EPF2*3), the all-order ‘SD’ energies EPF*SP, as
well as the COWAN and HULLAC code results, E(COWAN)
and EMULLAC regpectively. The last line of table 2 presents
the RMBPT value for the ionization potential of W2’*. The
differences between all results are about 0.1-1%, except for
the 4d'%4f 2F splitting. One can see from table 2 that the
RMBPT values of the 4d'%4f 2F splitting agree with each other
except the E®P) value; however, the E®PP) value agrees with
E(COWAN) and with the recommended NIST data [24]. Only a
few values of the all-order SD energies EPF+SD) are given in
table 2, because of a convergence problem. This convergence
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Table 3. Wavelengths A (in A), and weighted transition rates (gA, ) for the 4d'°nl;—4d''nl, transitions of Ag-like tungsten. Comparison of

results calculated by the RMBPT, Cowan and HULLAC codes.

Wavelengths in A (A)

Weighted transition rates gA, in s™!

nl,LSJ nl,LSJ RMBPT COWAN HULLAC RMBPT DF COWAN HULLAC
4F2Fs;, 722Gy, 1893 18.93 18.98 1.66[13] 1.64[13] 1.80[13]  2.00[13]
4 2F,,  722Gyn  19.03 19.04 19.08 2.15[13]  2.10[13] 2.15[13]  2.56[13]
4F2Fs;, 682Gy, 2166 21.65 21.75 242[13] 2.28[13] 2.98[13]  2.49[13]
4F2F;, 682Gy, 21.80 21.79 21.88 3.18[13]  2.92[13] 3.85[13]  3.19[13]
4F2F;, 6d2Ds,  25.13 25.16 25.27 1.52[11]  7.37[11] 3.74[11]  9.02[11]
4F2F;;, 522Gy, 28.55 28.52 28.74 522[13] 5.18[13] 6.06[13] 5.27[13]
4 2F,, 522Gy, 2857 28.55 28.75 1.70[12]  1.48[12] 1.77[12]  1.50[12]
5Sp2Py,  7s2Si, 3234 32.32 32.44 249[11] 3.15[11] 3.32[11]  3.96[11]
5Sp2Ps,  7s2Si,  34.87 34.85 34.96 6.54[11] 7.56[11] 5.10[11]  9.00[11]
5f2Fs;, 722Gy, 4330 43.51 43.56 476[12] 3.97[12] 4.36[12] 5.04[12]
5E2F;,  722Gon 4348 43.70 43.74 6.34[12] 5.18[12] 5.77[12]  6.54[12]
5f2F,, 782Gy, 4350 43.72 43.76 1.82[11] 1.48[11] 1.63[11] 1.87[11]
4F2Fs;, 5d2Ds, 4404 44.10 44.23 1L67[11]  1.33[12] 2.62[11] 1.42[12]
5p2Ps,  632Sy,  59.31 59.22 59.33 1.56[12] 147[12] 1.69[12] 1.51[12]
5f2Fs;, 622Gy, 60.88 61.16 61.59 3.84[12] 3.86[12] 2.78[12] 4.12[12]
5f2F;,  6g2Gop,  61.23 61.52 61.94 500[12] 5.08[12] 4.87[12] 5.43[12]
5f2F,, 682Gy, 61.28 61.58 61.98 1.43[11]  146[11] 1.23[11]  1.56[11]
5f2Fs;, 6d2Ds,  96.56 97.93 98.81 491[10] 4.43[10] 5.39[10]  4.70[10]
5f2Fs;, 6d2Ds;,  99.14 10036 101.10 727[11]1  6.39[11] 7.08[11] 6.77[11]
5f2Fs, 5d2Ds, 14228 13974 140.37 8.93(11] 1.37(12] 1.07[12]  1.35[12]
5Sp2P;, 5d2Ds, 16237 163.04  163.25 6.05[11] 8.28[11] 6.13[11]  8.14[11]
5p2Ps,  5s2Sy, 17323 17291 173.27 248[111 3.37[11] 2.52[11] 3.34[11]
5f2Fs;, 522Gy, 17979 18187 18743 5.86[11] 7.57[11] 7.24[11]  7.35[11]
5f2F,, 522Gy, 18336 18562  191.04 1.94[10] 2.63[10] 2.47[10] 2.56[10]
5p2Py,  5s2S;, 283.18  283.08  281.69 2.79[10]  3.78[10] 2.91[10]  3.82[10]

problem of the all-order iterative scheme for the nd states was
discussed in [54].

In table 3, we present wavelengths X (in A), and weighted
radiative transition rates gA, for the 4d'°n;l,—4d'%n,l,
transitions of Ag-like tungsten. Results for wavelength and
transition rates are obtained from the three codes, RMBPT
(columns 3, 6 and 7), COWAN (columns 4 and 8) and
HULLAC (columns 5 and 9). The electric-dipole-reduced
matrix elements used to evaluate line strengths, oscillator
strengths and radiative transition rates in W2’* (column 6 of
table 3) are calculated using the form-independent third-order
perturbation theory developed by Savukov and Johnson [55].
The good precision of this method was demonstrated for alkali-
metal atoms [55] and later for Ag-like ions [50]. Numerical
results for the oscillator strengths in Ag-like ions with Z = 47—
60 were presented for the 5s;,,-5p;, 5p;—5d;, 4f;-5d;,, and
4f;—5g s transitions in [50]. It was emphasized in [50] that the
second- and third-order line strength results obtained by that
method were gauge independent while the first-order results
were gauge dependent. In column 7 of table 3, we present
RMBPT results in the lowest-order (DF) approximation. It
should be noted that these lowest-order RMBPT values agree
with the results evaluated in the MCDF approach.

In our study, we have evaluated the complete set of
nfj-n'dj, nfj—n'g transitions with n = 4-7, n’ = 5-7 and
npj-n'sjy, np;-n'd; transitions with n = 5-7, n’ = 5-7. We
compare wavelengths and transition rates obtained by RMBPT,
COWAN and HULLAC codes. A few transitions, listed in
table 3, illustrate our work. The difference in the wavelengths
is about 0.1-0.5%, while the smallest difference in transition

rates is about 10-30%. There are transitions with a difference
in gA, as large as a factor of 2-3 (see, for example, the gA,
values given in table 3 for the 4f 2F;/,—6d *Ds,, transition).
Such a difference is due to very large contributions of
correlation effects in the dipole matrix elements. Those large
contributions of relativistic effects for transitions involving 4f ;
and 5f; states were discussed in [25, 50].

Relativistic many-body calculations of excitation energies
and transition rates from core-excited states in silver-like
ions were presented in [28]. The detailed discussion of
the various contributions to the dipole matrix elements and
energy levels for core-excited states was also included for
silver-like tungsten. Additionally, calculations of energies and
radiative transition rates for Ag-like W were performed with
the COWAN and HULLAC codes to compare with results from
the RMBPT code [28]. Because those results already exist,
we do not present below any tabulated values for wavelengths
and radiative transition rates involving core-excited states.
Instead, we present below only results for autoionizing rates
involving core-excited states, which were not considered
in [28].

Energies and weighted autoionizing rates (gA,) for the
core-excited 4d°5f? states calculated using RMBPT, COWAN
and HULLAC codes are given in table 4. We use jj
designations to label levels in the first column of table 4,
i.e. 5f;5f; (J12)4d;»(J), where Jj, is the angular momentum
combining two 5f; one-electron states and J is the angular
momentum combining two 5f; one-electron states and one
hole 4d state (for details, see [28]). There are 107 states
with different j, j’, j”, Ji» and J. We evaluated energies and
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Table 4. Energies (E in 10° cm™") and weighted autoionizing rates (gA, in s~!) for the core-excited 4d°5f? levels calculated using the

RMBPT, COWAN and HULLAC codes.

Level [ (RMBPT) [ (COWAN) [ (HULLAC) gA((ZDF) gAizMP) gAizCOWAN) gA((ZHULLAC)
5fs5F,,(3)4dsp(1/2) 76658 76974 7706.3 2770111  2.28[11] 1.58[11]  6.48[10]
5f2,,5t72(4)4ds 2 (13/2) 76668 7700.3 7706.0 3.53[13]  2.69[13] 4.00[13]  4.69[12]
5fs,5F,2(5)4dsp(11/2)  7667.2  7699.8 7707.2 377(11]1  3.78[11] 1.75[12]  4.00[11]
5fsn5f5,(3)4ds 2 (3/2)  7669.2  7700.3 7709.9 224[13]  1.59[13] 2.30[13]  7.40[12]
5£,,5F,,(4)4ds ), (11/2) 76712 77037 7711.6 4.49[11] 3.2[11] 2.33[12]  5.23[11]
52,5872 (4)4ds2(5/2)  7676.1  7708.1 7717.6 6.52[13] 4.84[13] 4.05[13]  8.24[12]
5fs)5F,2(2)4ds 2 (3/2) 76843 77127 77255 238(13]  1.71[13] 3.93[13]  1.18[13]
5fs,55f5,(6)4dsp(11/2)  7690.1  7723.7 7736.6 2.17[13]  1.65[13] 2.56[13]  3.21[12]
555 (0)4dsn(5/2) 76952 77242 7738.7 5.00[12] 3.86[12] 4.20[12]  6.27[11]
5fsn5f52(6)4ds 2 (13/2) 76968 7730.0  7744.1 7.60[12] 6.36[12] 3.72[13]  3.90[12]
5fs)5F,,(1)4ds5(5/2) 77009 77293 77435 207(13] 1.56[13] 3.78[13]  6.15[12]
5f,,5F,2(2)4ds 2 (1/2) 77054 77358 7749.4 5.22[12] 4.30[12] 2.04[12]  7.10[11]
5£,,5F,2(0)4ds2(5/2) 77412 77666 7787.7 246[13] 2.00[13] 2.25[13]  6.47[12]
5fs,5F,,(3)4ds2(3/2) 77884 78185 7825.6 9.65[12] 7.23[12] 1.03[13] 1.61[12]
Sfs5fs0(2)4ds2(3/2) 77944 78245 7833.5 1.67[13]  1.24[13] 1.96[13]  6.08[12]
5fs,5F,2(3)4ds2(5/2) 77967 78285 7835.6 7.83[12] 5.50[12] 3.65[13]  6.10[12]
5£,,5F,,(4)4ds5(5/2) 78040 78343 7841.8 3.19[13]  2.44[13] 1.17[13]  4.46[12]
5f,,5F,2(4)4ds2(9/2)  7809.5 78422  7850.7 3.59[12]  4.37[11] 3.42[12]  6.53[11]
5fs)5F1,(2)4ds2(3/2)  7809.6 78389  7850.2 1.19[13]  8.86[12] 1.72[13]  7.24[12]
5fs5F2(2)4ds2(5/2) 78112 78404 78516 1.60[13] 1.16[13] 2.55[13]  5.59[12]
5£,,5F,,(2)4ds2(3/2) 78163 78454 78565 3.04[12] 243[12] 9.57[11]  8.96[11]
5fs,5F,2(6)4ds 2 (11/2) 78235 78564  7868.9 237[13]  1.77[13] 1.94[13]  2.16[12]
Sfsn5fr(1)4dsp(3/2) 78242 78527 7866.4 2.14[12]  1.75[12] 2.49[12]  7.55[11]
5f,,5F,2(2)4ds 2 (1/2)  7837.6 78666  7879.8 3.63[12] 3.03[12] 1.50[12]  4.90[11]
5£,,5F,,(0)4ds2(3/2) 78742 78985 7919.9 1.66[13]  1.36[13] 9.80[12]  4.71[12]

weighted autoionizing rates for all 107 states. However, only
selected results of our calculations are listed to illustrate our
work. One can see that the energies of the 5f;5f; (J12)4d;»(J)
states are larger than the energy of the 4d'° threshold given in
the last line of table 2. This makes those states autoionizing
states. Autoionization rates are calculated using both Dirac—
Fock and model-potential wavefunctions (columns g APP and
gAMP) in table 4). A detailed comparison of the ‘DF’ and
‘MP’ approaches was given by Safronova et al in [56]. There
is a substantial difference (from 30-50% up to a factor of
2-10) among the results given in the last four columns of
table 4.

The disagreement among the results calculated by the
COWAN and HULLAC codes for gA,, for Wo* was discussed
by Safronova et al in [14]. In the case of the COWAN code,
the gA, values were calculated with an input of only one
energy value for the free electron wavefunctions. In [14] the
dependence of the gA, on the input energies (200 and 700
Ry) was checked. The difference was about a factor of 2-5
for most cases. The gA, values obtained by the HULLAC
code were found to lie between the values obtained by the
COWAN code for values of 200 Ry and 700 Ry for the free
electron energy [14]. When calculating the g AP and gAMP)
values, we obtain the energy value for the free electron from the
energy of the one-electron Dirac—Fock and the model-potential
wavefunctions. For example, for the 5f; 5f;, — 4d;,¢;, decay,
the energy E(e},) is equal to [E(5f}) + E(5f;,) — E(4d;)].
Using Dirac—Fock energies, we find that the range of E (g },) is
1068 000-913 000 cm~' in the W?7* ion. Using model-
potential energies, we find this range of energies to be 366 000—
218000 cm~'. These energies could be used to evaluate the
Dirac—Fock functions and the model-potential functions for the

free electron and subsequently the gAPP) and g AMP) values.
A large difference in the free-electron energy leads to a large
difference in the results given in columns gA®P" and gAMP)
of table 4.

The energies of the 4d°5f levels given in table 4 are
in the range of 7874 000-7655000 cm~!. With threshold
energy equal to 7105516 cm™!, we can find that energies of
the 4d°5f2 level relative thresholds should be equal to 765 000—
546000 cm~!. That differs substantially from the values
1068 000-913 000 cm~! and 366 000-218 000 cm~! obtained
in the Dirac—Fock and the model-potential approximations.
We hope to develop a new code that will allow us to incorporate
the RMBPT approach in the evaluation of the autoionizing
rates beyond the ‘DF’ or ‘MP’ approaches.

The comparison of the results obtained by different
methods is very important when only a few experimental
measurements are available. We conclude from the
comparison of the results given in tables 2—4 that the energy
values obtained by different codes are in good agreement (0.1—
1%), and the differences in the transition rates do not exceed
10-20% for largest values of those properties. Comparison
of data in the cases where more accurate RMBPT codes
are applicable give more confidence in data obtained in
other systems where these methods cannot be used owing
to complexity in the electronic structure. In table 1, we show
configurations that should be used to produce the dielectronic
satellite spectra and the (DR) rate coefficients of Ag-like
tungsten from Pd-like tungsten. The use of the most complete
set of states is very important to accurately evaluate the
branching ratios. The summation over both non-autoionizing
and autoionizing states has to be included. The version of the
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COWAN code [53] allows us to extract atomic properties in
a more convenient way than the HULLAC code in order to
evaluate the branching ratios and the effective emission rate
coefficients of the dielectronic satellite lines. As a result, all
numerical data and graphs below are obtained using COWAN
code results. Since we use COWAN code values as our final
results, it is essential to test this code on the cases where more
accurate RMBPT methods work. This was the goal of the
comparisons presented in tables 2—4.

3. Dielectronic satellite spectra

DR of the Pd-like W?* ion proceeds via electron capture into
the intermediate autoionizing states of the Ag-like W2’* ion
followed by the radiative decay to singly excited bound states:

W2+ (4d'%) + e > W 4d’n linylh)
— W2 (4d"%n1 + 4d°4fnl + 4d°5151' + 4d°5s61) + hv

l
W23 4d'"0) +e. ()

An alternative decay channel for the autoionizing level in
equation (1) is via autoionization, and in this case the system
returns to its original state 4d'® as shown by a vertical arrow
in equation (1).

Importantly, not all of the doubly excited states listed in
the previous section can autoionize. The 4d°4f8f, 4d°4f9l,
4d°5dnl’ (n = 6-9), 4d°5fnl (n = 5-9), 4d’5gnl (n = 5-
9), 4d°6Inl (n = 6-7) levels are indeed autoionizing levels.
However, the doubly excited 4d°5p6p, 4d°5d5f, 4d°4f7f,
4d°4£8s, 4d°4f8p and 4d°4f8d configurations are only partly
autoionizing, as some of the levels have energies below the
ionization potential. Finally, none of the levels of the 4d°4fnl
(n = 4-7), 4d°5s51, 4d°5p51, 4d°5d?, 4d°5s6/ and 4d°5p6s
configurations can autoionize.

During the radiative-stabilization phase of DR,
dielectronic satellite lines are emitted when an electron jumps
from a doubly excited autoionizing state to a singly and doubly
excited bound state. For instance, the radiative transitions
from the 4d°5[nl’ and 4d°6lnl’ states to the 4d'%nl states give
rise to satellite lines of the 4d-5/, and 4d—6!/ lines of Pd-like
tungsten. Assuming a Maxwellian distribution, the effective
emission rate coefficient of a dielectronic satellite line can be
written as (see, for example, [57])

1_H>3/2 Qu(j, i)

C(j,i)=33x 1072
s (] l) ) (kTe g0

Eli
X exp (— kST(l)> photons cm®s™!, 2)

e
where the intensity factor Q,(j, i) is defined as
8()Aa(i, i0)Ar(j, 1)
Y Adlisig) + X Ak, i)’
and [y is the ionization potential of hydrogen, j is the lower
bound state, i is the upper autoionizing state, iy is the initial
state (i.e. the ground state 4d'° of the Pd-like ion) and i/, is the

possible final state for autoionization (again, only 4d'? in this
case). The statistical weight of the initial state iy is go = 1, g (i)

Qa(j, i) =

3

is the statistical weight of the doubly excited state, A, (i, ip)
is the autoionization rate from i to iy, A, (j, i) is the radiative
transition probability fromito j, Eg(i) is the excitation energy
of the autoionizing state i relative to the energy of the threshold
and T, is the electron temperature. For some cases, A, > A,
and then Q, can be estimated as Q,(j,1) ~ g(i)A,(J, i).

It follows from equation (2) that the intensity of
dielectronic satellites depends on the intensity factor Q4 (j, i)
and excitation energy Eg(i). The strongest lines with
Q4(j, 1) > 5.0 x 102 s~! are presented in tables 5 and 6
for odd- and even-parity initial states, respectively. Since the
sum over the final states of autoionization i, in equation (3)
includes only one state, 449 it is in fact reduced to a single
rate A,(i). In addition to the A, (i) values, tables 5 and 6
also present Eg(i), weighted radiative rates g; A,(j, i), sums
of weighted radiative rates Zk giA,(k, i), wavelengths A for
dipole-allowed transitions, relative intensity factors Q4(j, i)
and effective emission rate coefficients C§ff( j,i). Short
designations are used in these tables and in the text below:
4d'"°nl = nl, 4d°nin’l' = nin'l'. The restriction Qu(j,i) >
5.0 x 102 57! leaves only a few dozen lines out of the total of
2.0 x 10° transitions, and most of these lines are due to the one-
electron nl—4d°5fnl, 4d°4fnl-4d°5dnl and 4d°4fni-4d°5gnl
transitions with n = 5-9.

One can see from tables 5 and 6 that in W27*, in contrast
to Na-like W3 [14] and Ag-like Xe’* [46], there are a large
number of transitions with non-autoionizing doubly excited
lower states. In the case of Na-like W63*, only singly excited
states are non-autoionizing, none of the doubly excited states
are non-autoionizing. In the case of Ag-like Xe’*, it was found
that about 20 doubly excited states are non-autoionizing. In
our case of Ag-like W™, we found a very large number non-
autoionizing doubly excited states (about 2000 states).

Strong mixing between some of doubly excited
configurations was already noted in [14, 46]. Strong mixing
of some configurations also occurs in W?7*. This effect is
exemplified by the 4d°4f6d > I}, ,—4d?5f6f >Kf; , transition in
table 6. The large intensity factor Q, for this transition is due to
the mixing between the 4d°5f6f and 4d°5g6d configurations.
However, a large value of Qy is per se insufficient to guarantee
a large effective rate coefficient as the exp(— E(i)/ kT, ) factor
may strongly modify it. Indeed, the Cgff coefficient for the
4d'%5d *Ds,-4d’5d5f °F , transition (table 5) is larger than
the C§'" 4d'°5g 2Gy,—4d?5f5g 2HS, transition by a factor
of 2.7, although the value of Q; for the former transition is
smaller than that for the latter.

The strongest lines shown in the top right panel
of figure 1 result from the 4d'°5d *Ds;—4d’5d5f °P5 ),
4d'95f °Fs/,-4d°5f* °F¢ , and 4d'5d *Ds/,—4d’5d5f *Fs )
transitions. Those three lines are the satellite lines to the
strong A = 20.594 A and A = 21.106 A lines of the
4d'0 15,-4d°5f 'P;, 3D, resonance transitions of Pd-like
tungsten [58]. The satellite lines to another strong (4d—4f)
line in Pd-like tungsten, located at A = 48.948 A [59], are
shown in the top right panel of figure 2. The strongest
satellite lines correspond to the 4d'%8s S /,—4d°4f8s P ,

transition (A = 49.119 A) and the 4d'°8p 2P, ,-4d%4f8p 2D’3‘/2
transition (A = 49.121 A). The strongest lines shown in the
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Table 5. Autoionization rates (A, in s~') and excitation energies (Es in eV) for the 4d°4fnl’ and 4d°5Inl’ and 4d°6fnl’ levels. Wavelengths
(1 in A), weighted radiative rates (gA, in s™"), intensity factors (Q, in s™!) and effective emission rate coefficients (C! in cm® s7!) for
transitions between the 4d'%nl and 4d°4f5]’ even-parity excited and the 4d°nin’l’ odd-parity autoionization levels of Ag-like tungsten. The
C< values are given for T, = 100 eV. Designations: 4d'°nl = nl, 4d°nin’l’ = nin’l’. The upper indices are used in the Cowan code to

differentiate between atomic terms. A[B] means A-105.

Low level Upper level A, Eg YgA, gA, A Qu C‘}ff
('S)nl LSJ  nin'l' LSJ 57! eV 57! 57! A 57! cm?s~!
7d 2D5/2 6f7d 2F'7f/2 6.94[12] 50896 8.72[12] 7.29[12] 15.88 6.30[12] 6.42[—15]
7d 2D5/2 6f7d 2F$/2 1.36[12] 491.92 1.47[13] 1.41[13] 16.24 598[12] 7.23[—15]
7d 2D5/2 6f7d 2F‘7’/2 1.36[12] 491.92 1.47[13] 1.41[13] 16.24 5098[12] 7.23[—15]
7g 209/2 6f7g ZH‘I‘I/2 5.69[11] 536.59 3.89[13] 3.69[13] 16.24 5.51[12] 4.26[—15]
7d 2D3/2 6f7d 4P§/z 1.72[12] 490.15 8.66[12] 7.60[12] 16.24 4.13[12] 5.08[—15]
5d 2D5/2 5d5f 2F§/2 9.38[12] 3.38  1.54[13] 1.24[13] 20.73 1.03[13] 1.65[—12]
5¢g 2G7/2 5f5¢ 2H‘9’ 5 3.25[12] 15249 3.95[13] 3.78[13] 20.80 1.71[13] 6.16[—13]
5¢g 2G7/2 5f5¢g Zngz 2.92[13] 145.71 3.64[13] 2.27[13] 21.04 2.02[13] 7.79[—13]
4f5p “H’;/2 5pb6g 41‘;/2 3.83[12] 132.00 3.10[13] 2.41[13] 21.11 1.33[13] 5.88[—13]
6g 2G9/2 Sfég 2H‘l’1/2 2.78[12] 278.11 8.00[13] 4.56[13] 21.12 1.34[13] 1.37[—13]
6d 2D5/2 5f6d 2F$/z 3.63[12] 201.58 1.84[13] 1.80[13] 21.13 1.10[13] 2.43[—13]
4f5p 2G§/2 5p6g ZHS/Z 7.06[12] 116.62 3.10[13] 2.28[13] 21.14 1.59[13] 8.20[—13]
6g 2G9/2 Sfég ZG‘;/Z 4.44[12] 277.39 2.60[13] 1.78[13] 21.15 1.12[13] 1.16[—13]
4f5p ZG'gf/2 5pb6g ZH‘I’I/2 347[12] 116.72 4.46[13] 2.79[13] 21.24 1.35[13] 6.95[—13]
4f5p 4H‘;/2 5pbg ZH‘I’I/2 3.47[12] 104.87 4.46[13] 2.15[13] 21.38 1.04[13] 6.03[—13]
4£5f 2K§3/2 5f5¢ 2L§'5/2 1.50[12] 165.27 9.01[13] 7.77[13] 27.59 1.64[13] 5.20[—13]
4£5f 2H‘fl/z 5f5¢ 21(‘113/2 2.53[12] 148.43 7.43[13] 5.66[13] 27.60 1.83[13] 6.87[—13]
4f5f 2171/2 5f5¢g ZK‘113/2 2.53[12] 164.80 7.43[13] 5.94[13] 27.61 1.92[13] 6.12[—13]
4f5f ZHg/z 5f5¢ 217,/2 1.07[13] 14748 6.88[13] 2.26[13] 27.69 1.47[13] 5.57[—13]
8d 2D3/2 4£8d zP‘f/z 7.41[12] 4944  1.22[13] 1.10[13] 49.12 6.06[12] 6.12[—13]
8s 251/2 4£8s 2P‘f/2 1.30[13] 2292  1.26[13] 1.04[13] 49.12 7.04[12] 9.26[—13]
8s 281/2 4£8s 2P‘§/2 1.31[13] 2292  2.45[13] 2.09[13] 49.12 1.42[13] 1.87[—12]
9s 251/2 4£9s ZP‘f/z 1.12[13] 77.61 1.17[13] 1.03[13] 49.13 6.79[12] 5.17[—13]
9s 251/2 419s 2P§/2 1.16[13] 77.61  2.30[13] 1.95[13] 49.13 1.31[13] 9.98[—13]
9d 2D3/2 4£9d ZP‘f/z 6.70[12] 95.39  1.11[13] 1.07[13] 49.20 5.84[12] 3.72[—13]

bottom right panel of figure 1 result from the transitions
between the non-autoionizing 4d°4f5d doubly excited states
and the autoionizing 4d°5d5g doubly excited states. The
wavelengths of the five 4d°4f5d *L ;-4d?5d5g >*L’,, lines
are in the narrow range of A = 27.67-27.95 A. The values
of the effective emission rate coefficient C§" (4d°4f5d >*L ;-
4d°5d5¢ 2"‘L’J,) are about 105-208 in units of 1074 cm? s~!.
The 4d°4f5s * Hy),~4d°556g *I{, ,, transition between doubly
excited levels leads to the strong line shown in the top right
panel of figure 1 (A = 21.157 A and C¢' = 1.05 x 1072
cm’s™).

The strongest lines shown on the left top panel of
figure 1 are due to the Rydberg transitions 4d'°4f—4d°4f9f,
44'04f-4d°4f8f, 4d'°4f—4d°4f7f (in the range of A = 13—
14 A), 4d'°5p—4d°5p6p, 4d'°5p—4d’5p6f, 4d'°5p—-4d’5p7f,
4d'955-4d°5s6f, 4d'°5d-4d°5d6p and 4d'°5p—4d°Sp6f (in the
range of A = 16-18 A). Other transitions between singly
and doubly excited states are illustrated in the left panel of
figure 2. The strongest features in this panel are due to
the 4d'°6p—4d’5p6p, 4d'°6d—4d’5p6d and 4d'°6g—4d°5p6g
transitions in the narrow region around 29.0-29.1 A.

The strongest lines shown in the left bottom panel of
figure 1 are due to 4d°4f5s—4d°5s6g transitions, which involve
only doubly excited states. The values of the effective emission
rate coefficient C§' are about 10.1-24.5 in units of 10714
cm®s~!, and the wavelength region is 22.6-23.2 A. Other

transitions between doubly excited states are illustrated by the
bottom panels of figure 2. On the left bottom panel of figure 2,
the strongest lines are due to 4d°5s5f-4d”5s6g transitions (A =
61.1-62.7 A) and the 4d°5d?>—4d°5d6p transitions (A = 70.5-
71.1 A). Finally, the strongest lines, shown in the right bottom
panel of figure 2 are due to 4d°5d>~4d°5d5f transitions (A =
129-142 A), the 4d°5d5f-4d°5f? transitions (A = 140156 A)
and 4d°5p5f—4d°5d5f transitions (A = 159-163 A).

4. Dielectronic recombination rate coefficients for
excited states

The DR rate coefficients for excited states are obtained
by summation of the effective emission rate coefficients
C §ff( J, i) (equation (2)) for DR processes through all possible
intermediate doubly excited states:

aqlio, j) =Y C§"(j, ). )

For the DR process described by equation (1), one has to
calculate g (ig, j) with iy = 4d'° and all possible autoionizing
doubly excited states i of W?7* with energies larger than the
4d'° threshold Iy, = 7109 000 cm ™! [24]. Among the doubly
excited 4d°4fnl and 4d°5Inl’ (n = 5-9) states, 5905 states of
even parity and 6009 states of odd parity have energies above
It,. The doubly excited 4d°6Inl’ (n = 6-7) configurations
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Table 6. Autoionization rates (A, in s~!) and excitation energies (Es in eV) for the 4d°4fnl’, 4d°5Inl’ and 4d°6fnl’ levels. Wavelengths
(1 in A), weighted radiative rates (gA, in s™"), intensity factors ( O, in s™') and effective emission rate coefficients (CZ in cm®s™!) for
transitions between the 4d'%nl and 4d°4fnl’ even-parity excited and the 4d°nin’l’ odd-parity autoionization states of Ag-like tungsten. The
C< values are given for T, = 100 eV. Designations: 4d'°nl = nl, 4d°nin’l’ = nin’l’. The upper indices are used in the Cowan code to

differentiate between atomic terms. A[B] means A-105.

Low level Upper level A, Eg YgA, gA, A Qu Cgff
(Sl LSJ  nln'l' LSJ s™h (eV) s™h ™ A (s™h (cm?s™")
4f 2F7/2 419f ng/z 9.71[11] 61.69 5.05[12] 3.82[12] 13.20 2.51[12] 2.24[—13]
af 2F7/2 4£8f 2G§/2 1.34[12] 21.19  7.17[12] 5.59[12] 13.79 3.64[12] 4.87[—13]
7t 2F5/2 6f7f 2G§/2 1.77(12] 517.80 1.73[13] 1.10[13] 16.22 4.94[12] 4.61[—15]
p 2P3/2 6f7p ng/z 5.23[12] 470.03  1.32[13] 1.18[13] 16.23 8.30[12] 1.25[—14]
4£5d 2F§/2 5d9¢g 2G‘7l/2 2.14[13] 392.01 5.70[12] 4.51[12] 16.25 4.36[12] 1.43[—14]
4£5d 4Dg’/2 5d9g 2G§/2 9.74[11] 382.17 5.26[12] 4.30[12] 16.40 2.56[12] 9.27[—15]
4£5d ng/z 5d8g ZG‘;/Z 2.72[13] 355.11 8.35[12] 6.72[12] 17.08 6.48[12] 3.08[—14]
4£5d 2G§1/2 5d8g 4Fg/2 1.12[12] 345.02 1.13[13] 7.13[12] 17.20 3.56[12] 1.87[—14]
4£5d ZFQ/Z 5d7g 2G‘9'/2 6.82[13] 301.13 1.80[13] 1.64[13] 18.56 1.59[13] 1.30[—13]
6p zPl/2 5f6p 2D‘31/2 9.17[12] 163.30 2.24[13] 2.06[13] 20.61 1.28[13] 4.14[—13]
8p ZPI/2 5f8p 2D‘§/2 9.06[11] 367.60 2.39[13] 2.34[13] 21.04 3.07[12] 1.29[—14]
4£5d 4Ggi/2 5d6g 4H‘§/2 2.14[13] 207.04 2.41[13] 1.59[13] 21.11 1.39[13] 2.90[—13]
4f5s 2H'9’/2 536g2[{‘1/2 1.73[12] 59.33  3.69[13] 3.11[13] 21.16 1.12[13] 1.02[—12]
5f 2F7/2 52 2D5 2 6.74[12] 75.11  1.71[13] 1.69[13] 21.19 1.18[13] 9.22[—13]
4£8s 4H11/2 5g8s 2113/2 5.56[11] 423.78 8.68[13] 5.41[13] 27.25 4.45[12] 1.06[—14]
4f6s 4H9/2 5gbs 21‘1’1/2 2.31[12] 19127 7.68[13] 6.53[13] 27.36 1.73[13] 4.23[—13]
4f6d 21?1/2 Sfof 2K§3/2 5.25[11] 286.85 5.99[12] 3.86[13] 27.43 2.13[13] 2.00[—13]
4£5d 413/2 5d5g “K"l’l/2 1.72[12] 64.15 6.74[13] 4.70[13] 27.59 1.10[13] 9.59[—13]
4f6d 2I‘l’3 2 5gbd 2K‘f5/2 7.48[11] 285.64 8.33[13] 8.30[13] 27.63 1.04[13] 9.89[—14]
4£5d 4G5/2 5d5g 4H$/2 3.18[13] 59.28 4.22[13] 2.02[13] 27.67 1.73[13] 1.58[—12]
4£5d ZF;/Z 5d5g 2G‘9'/2 1.43[14] 80.02  3.74[13] 3.15[13] 27.77 3.07[13] 2.28[—12]
4£5d 2F§/2 5d5g 4G§/2 9.70[12] 59.92  5.19[13] 1.85[13] 27.79 1.20[13] 1.09[—12]
4£5d 411",/2 5d5g 21{’3/2 2.62[12] 67.74 7.83[13] 6.72[13] 2791 2.14[13] 1.80[—12]
8p 2P3/2 4£8p ZS‘]‘/2 3.60[12] 36.05 1.14[13] 1.05[13] 49.07 4.07[12] 4.70[—13]
8p ZPI/2 4£8p 2D§’/2 3.41[12] 30.93  2.45[13] 2.32[13] 49.12 8.28[12] 1.01[—12]

include 1205 levels of even parity and 1043 levels of odd
parity.

The sum over i in equation (4) includes the 4d°4fn4 1,
4d°5in I’ and 4d°6ln,l" doubly excited, autoionizing states
with ny = 5-9 (11 914 levels) and n, = 6-7 (2248 levels). In
figure 3, we illustrate the contributions of the 4d°4fnl (n =
7-9), 4d°5'nl (n = 5-9) and 4d°6/'nl (n = 6-7) states to the
DR rate coefficients og(4d'?, j) for the j = 4d'%nl 2L states
as a function of 7, in Ag-like tungsten. It should be noted that
we use an abbreviated notation to label the curves in figure 3:
4dnl’'n” instead of 4d°nl’'n" and nl instead of 4d''nl.

In order to estimate the contributions from the high-n
autoionizing states to the DR rate coefficients associated with
excited states, i.e. sum over i with n > 9 for 4d°4fnl’ and
4d°51'nl autoionizing states and with n > 7 for the 4d°61'nl
autoionizing states, we use empirical scaling laws [36], which
can only be implemented to include one-electron 4d-np, and
4d—nf dipole transitions. The contributions from the high-n
states appear for the first low-lying configurations 4d'°4f and
4d'°nl. For these configurations, the 4f—4d4fnp, 4f—4d4fnf,
51-4d5Inp, 51-4d5Inf, 6-4d6inp, and 6/—4d6/nf transitions
withn > 9and ! = s, p, d, f, g need to be included as well.

To estimate Q,(j, i) in equation (3) for autoionization
states { with high principal quantum number n for the 4d4fnl,
4d50'nl, and 4d6/'nl configurations and for the 4d-np and
4d-nf dipole transitions, we used our calculated data for n =

9 and the 1/n* scaling law for rates A, and A,. For example,
the formulae for the 5d—4d5dnf case are

9 3
Aq (4d5dnf L)) = (—) A, (4d5d9f L), (5)
n

A, (5d°Dsp, — 4dSdnf >*Ly)

9 3
= (—) A, (5d D3, — 4d5dof >*L )
n

(6

AE(5d D3, — 4d5dnf 24L )\
AE(5d2Ds), — 4d5d9f 24L,) ) -

In order to obtain the energies of the 4d5dnf >* L states as
a function of n, the following asymptotic formula is proposed
(see [28, 60]):

1 b()\?
E(4d5dnf) — E(4d5d) = —— (z —35+ 7) NG

where b(l) is the [-dependent screening constant.

Consequently, the energy differences in Ag-like W (Z = 74)
can be found using the following formula:
AE(5d *D;),-4d5dnf >4 L)

1521

1 1
= AE(5d’D3,—4d5d9f L) — — = ——= ). 8
( 3/2 7) 5 (n2 92> (3)
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Figure 1. Synthetic spectra (red) of dielectronic satellite lines ([4d'°nl + 4d°4fnl + 4d°5150' + 4d°5s611-4d°n 1 n1l,) from the W2 ion at
T, = 100 eV for A = 12-28 A. A resolving power, R = A/AX = 1000 (top left panel), 2000 (top right and bottom left panels) and 4000

(bottom right panel) is assumed to produce a Gaussian profile (blue). The scale in the ordinate is in units of 10~'* cm?®s

A similar formula was used for the excitation energies Eg(7)
in equation (4) for i = 4d5dnf >*L:

Eg(4d5dnf >*L ;) = Eg(4d5d9f >*L )

1521 [/ 1 1
2 <n2 92> '
Using these scaling formulae for A, (4d°5dnf >*L;) and
A, (4d'%5d 2D3/24d95dnf 241 ,), we calculated Q,(4d'05d—
’D;/,—4d°5dnf >*L;) as a function of n and then, using
equation (9) for E, the sums over n for oy (4d'°, 4d'°5d 2D3/2)
versus 7.

To estimate Q,(J, i) inequation (3) for autoionizing states
i with high n for the 4d°6/'nl states (for example, for the
4d'%6p—4d°6pnp dipole transitions), we used the calculated
data for n = 7 and the 1/n? scaling law for A, and A, as was
shown above in equations (5)—(9).

The contributions from different DR channels are
illustrated in figure 3 where the DR rate coefficient associated
with the 4f 2Fs »2 and 5d ’D; 2 excited levels is shown as a
function of electron temperature. The combined contributions
from the autoionizing 4d°4fnl and 4d°5[nl’ configurations are
represented by curves ‘1°, ‘2°, and ‘4’ forn =7-9, n = 5-9 and

€))

-1

n = 10-1000, respectively. One can see from these plots that
inclusion of the high-n 4d°4fnl and 4d°5Inl’ configurations
(cf curve labelled ‘scaled’) is very important for obtaining the
final value of az(4d'°, j) with j = 4f 2F5/2 and 5d 2D3/2.

Curve ‘3’ represents the term in equation (4) obtained by
summing over the autoionizing 4d°6/'nl configurations with
n = 6-7. Additional contributions were calculated by sum-
ming the 4d6/'nl autoionizing configurations from n = 8 up to
n = 1000. We do not display the resulting curve in the two
panels of figure 3 since the corresponding values are too small.
The contribution of the 4d6/nl’ autoionizing configurations to
the DR rate coefficients oy (4d', j) for j = 5d *Ds,, and
j = 4f 2F; /2 is smaller than that for other intermediate states.
This is due to the absence of one-electron transitions connect-
ing these states.

The energies E; may strongly affect the C$(j, i) values
(see equation (2)). The E; values for the 4d’61'71 autoionizing
configurations are larger than the E, values for the 4d”5/'nl
and 4d°4fnl autoionizing configurations, which leads to a
smaller contribution to the Cgff( J, i) values of the 4d°61'71
configurations, especially for small temperature 7, (see
figure 3).

10
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Figure 2. Synthetic spectra (red) of dielectronic satellite lines ([4d'%nl + 4d°4fnl + 4d°5151' + 4d°5s5611-4d°n, 1 n,1,) from the W2'* ion at
T, = 100 eV for A = 28-175 A. A resolving power, R = A/ AX = 700 (top panels), 500 (bottom-left panels) and 400 (bottom-right panel) is

assumed to produce a Gaussian profile (blue). The scale in the ordinate is in units of 10~'* cm®s~!.
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Figure 3. Contribution of the 4d°4fnl (n = 7-9), 4d°5/'nl (n = 5-9), and 4d°61'nl (n = 6-7) configurations to the DR rate coefficients
ay(4d', j) for the j = 4d'%nl 2L, states as a function of T, in Ag-like tungsten.

The dependence of the scaled results on the highest value  of ny,,x = 1000, and the difference increases with temperatures,
of the principal quantum number n,,,, was also investigated. ~ reaching 20% for 7, = 100 eV.
We found that there is a small difference for low temperature The calculated values of z(4d'?, j) as a function of T,
(0.5% for T, = 10 eV) with np,« = 20 as an upper limitinstead in Ag-like tungsten are presented in figure 4. In the four

11
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Figure 4. DR rate coefficients o, (4d'°, j) for the 4d'%ns %S, 4d'np 2P, 4d'°nd 2D and 4d'°nf °F levels as a function of T, in Ag-like

tungsten.

panels, we present the DR rate coefficients oy (4d'?, j) with
j =4d%s 2S5, 4d%np 2P, 4d'%:d ?D and 4d'°nf *F. The
electron temperature for these plots varies from T, = 0.1 to
10 keV. In order to decrease the number of curves shown,
we summed the results for the doublets [2P, 2+ 2P3/2],
[2D3/2 + 2D5/2], and [2F5/2 + 2F7/2]. One can see from
figure 4 that the largest values of ay(4d'?, j) with j =
4d"ns 28 », 4d'%2d D, and 4d'°nf *F are obtained for the
smallest value of n in every panel, except in the panel for
the 4d10np 2P excited levels. The oy (4d'°, J) values for the
j = 4d'%6p 2P are a little larger than the a;(4d'’, j) values
with j = 4d'%5p 2P. It should be noted that increasing n in
j = 4d'%1 2L leads to the shift of a given curve’s maximum
towards larger electron temperature: 7, = 1 eV for n = 4-6,
up T, =200 eV for n = 7-9 (see figure 4).

5. Total dielectronic recombination rate coefficient

The total DR rate coefficients are obtained by summation
of the effective emission rate coefficients C§'(j, i)
(equation (2)) over all possible intermediate and final singly
and doubly excited states:

aglio) =Y Y C§(j.i).
j

(10)

i

12

We have already discussed the contribution from doubly
excited states with high-n levels to the DR rate coefficients
(sum over i in equation (10)). For the total DR rate coefficient
one has to consider the contribution from singly excited
states and non-autoionizing doubly excited states (sum over
j in equation (10)). There are about 2000 non-autoionizing
doubly excited states in the case of Ag-like tungsten. To
illustrate the contribution of the 4d°n’l'nl(L2S12) LSJ non-
autoionizing states to the total DR rate coefficient, we sum
those contributions over all angular moments (Li,, Si2, L, S,
J). Finally, we find a4 (4d'°, j) for the 4d°n'l'nl states.

The sum of the ay(4d'?, j) coefficient over j given by
doubly exited, non-autoionizing levels is shown as curve
‘I’ in figure 5. In particular, there are 16 doubly excited,
non-autoionizing 4d°4fnl (n 4-8) configurations and
16 doubly excited, non-autoionizing 4d°5I5!’, 4d°5s6! and
4d°5p6p configurations. The complete set of the autoionizing
configurations includes the 4d°4f9l, 4d°5dnl’ (n = 6-9),
4d°5fnl (n = 5-9), 4d°5gnl (n = 5-9) and 4d°6Inl (n
6-7).

The contribution from high-n autoionizing levels to
the DR rate coefficients involving doubly excited, non-
autoionizing configurations is given by curve ‘2’ in
figure 5. We follow the procedure shown above in
equations (5)—(9) for the singly excited levels to evaluate
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Figure 5. Sum of the contributions from the doubly excited,
non-autoionizing (4d°4fnl(n = 4-8), 4d°5151’, 4d°5s6! and
4d°5p6p) configurations to the total DR rate coefficients a(4d'°) as
a function of 7, in Ag-like tungsten.

the scaled values given by curve ‘2°. In the case of the
4d'%n'1'-4d°n'l'nl transitions, we use empirical scaling laws,
which can only be implemented to include one-electron
4d-np, and 4d-nf dipole transitions. That means that
we consider the following transitions: 4d'°n'l'—4d°n'l'np
and 4d'°n'l'-4d°n’l'nf in the scaling procedure. In the
case of the 4d°nl1nal,—4d°nsl3n4l, transitions, we need to
consider the 4d°nl1n,l,—4d°n 1 nl transitions in the scaling
procedure. In the case of the 4d°5p®>~4d°n3l3n4l, transitions,
the 4d°5p®>—4d°5pns and 4d°5p>—4d°5pnd transitions need to
be included in the scaling procedure. The final result of
the scaling procedure given by curve ‘2’ of figure 5 shows
a maximum at 120 eV. Even the maximum value of curve
‘2’ is less than any value given by curve ‘1’ of figure 5. It
should be noted that the ratio of the number of transitions
from singly excited 4d'%n/ states to autoionizing states to the
number of transitions from doubly excited non-autoionizing
states to autoionizing states is very small, about 3% only.

The sum of the contributions from the singly excited
4d'%,] states to the total DR rate coefficients oy (4d'?) as a
function of T, in Ag-like tungsten is shown in figure 6. Curve
‘1" displays the ory™(4d'%) = 3, 3=, C$"(j, i) coefficient for
j = 4d"%l (n = 4-9) and i = 4d°4f91, 4d°5dnl (n = 6-9),
4d°5fnl (n = 5-9), 4d°5gnl (n = 5-9), and 4d°6/'nl (n = 6
7). Curve ‘2’ displays the o™ (4d'%) = 3, 3, C(j, i)
coefficient for j = 4dnl (n = 4-9) and i = 4d°4fnl,
4d°5dnl, 4d°5tnl, 4d°5gnl (n = 10-1000) and 4d°6lnl (n =
8-1000). The details of the scaling procedure were described
by equations (5)—(9). Curve ‘3’ depicts the contributions from
singly excited levels with high n, i.e. the 4d'°n/ levels with
n > 9. For these levels, the most important transitions are the
4d'°n1-4d°n’tnl and 4d'°nl-4d°n’pnl transitions.

To estimate Q,(j, i) in equation (3) with j = 4d'%n/ and
i =4d°4fnl and 4d50'nl withn > 9, we used the calculated data
forn =9 and applied the 1/n* scaling law for the autoionization
probabilities A, and energies Es. However, the values of A,
for the 4d'%nl-4d°4fnl, 4d'°nl-4d°5fnl, 4d'°nl-4d°Spnl and
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4d'°n1-4d°6pnl transitions are almost independent of n since
this, in fact, is a one-electron transition where the n/ electron
is a spectator (see, for example, [46]). Again, the calculated
data for n = 7 and the 1/n’ scaling law for A, are used to
estimate the intensity factor Q4(j, i) in equation (3) for the
4d°6lnl autoionization states i with high n. The final value of
the o)™ (4d'%) = Y, 37, C§7(j. i) term for j = 4d'Onl
(n = 10-1000) and i = 4d°4fnl, 4d°5dnl, 4d°5fni, 4d°5gnl
(n = 10-1000), and 4d°6Inl (n = 8-1000) is presented in
curve ‘3’ of figure 6. It can be seen from this figure that the
ozzmgfscz (4d'%) values are larger than the ermg*SCl (4d') values
by a factor of 10. The maximum values of curves ‘2’ and
‘3’ are near 200 eV and 70 eV, respectively. Curve ‘1’ has a
maximum for a very small temperature, i.e. about 1 eV.

In figure 7, we illustrate the results for the total DR
rate coefficient ay(4d'%). The electron temperature varies
between 0.1 eV and 1 keV. The resulting curve labelled ‘4’
has a maximum at 7, =~ 0.8 eV and very slowly decreases
from a maximum value of 2.058 x 10~ cm?®s™! to 2.118 x

10719 cm? s~! at 262 eV. Different contributions are shown by



J. Phys. B: At. Mol. Opt. Phys. 44 (2011) 035005

U I Safronova et al

Table 7. Total DR rate coefficients (in cm® s™') a9 = )" + a/do®,

The singly excited levels are used to evaluate the )" values. The
doubly excited non-autoionizing states are used to evaluate the a3

values. A[B] means A-105.

Te a;‘“g a;loub O{Ltlotal
0.10 1.62[—-11] 6.25[-11] 7.87[—11]
0.13 528[—11] 1.64[—10] 2.17[—10]
0.17 1.30[—10] 3.48[—10] 4.78[—10]
022 248[—10] 6.11[—10] 8.59[—10]
0.29 3.84[—10] 9.04[—10] 1.29[—09]
037 5.07[—10] 1.16[—09] 1.67[—09]
048 5.99[—-10] 1.33[—09] 1.92[-09]
0.63 6.59[—10] 1.39[—09] 2.05[—09]
0.82  6.97[—10] 1.36[—09] 2.06[—09]
1.06  7.20[—10] 1.28[—09] 2.00[—09]
1.38  7.28[—10] 1.18[—09] 1.91[—09]
1.79  7.16[—10] 1.08[—09] 1.79[—09]
233  6.80[—10] 9.77[—10] 1.66[—09]
3.03 6.22[—-10] 8.79[-10] 1.50[—09]
394 548[—10] 7.84[—10] 1.33[—09]
512 4.68[—10] 6.90[—10] 1.16[—09]
6.65 3.92[-10] 6.00[—10] 9.92[—10]
8.65 3.25[-10] 5.20[—10] 8.45[—10]
11.25 2.68[—10] 4.60[—10] 7.28[—10]
14.62 223[—10] 4.25[—10] 6.48[—10]
19.00 1.90[—10] 4.08[—10] 5.98[—10]
2471 1.66[—10] 3.99[-10] 5.65[—10]
3212 1.49[—-10] 3.88[—10] 5.36[—10]
41.75 1.35[-10] 3.69[—10] 5.04[—10]
54.28 1.24[—10] 3.44[—10] 4.68[—10]
70.56  1.14[—10] 3.14[—10] 4.28[—10]
91.73 1.05[-10] 2.82[—10] 3.87[—10]
119.25 9.70[—-11] 2.48[—10] 3.45[—10]
155.03 8.84[—11] 2.12[—10] 3.01[—10]
201.54  791[—-11] 1.77[-10] 2.56[—10]
262.00 6.88[—11] 1.43[—10] 2.12[—10]
340.60 5.78[—11] 1.12[-10] 1.70[—10]
44278 4.69[—11] 8.60[—11] 1.33[—10]
575.61 3.68[—11] 6.43[-11] 1.01[—10]
74830 2.80[—11] 4.71[-11] 7.51[—11]
972778 2.09[—-11] 3.39[-11] 5.47[-11]
1264.62  1.52[—11] 2.41[—11] 3.93[—11]
1644.01 1.09[—11] 1.69[—11] 2.78[—11]
213721  7.70[—12] 1.18[—=11] 1.95[—11]
2778.37 5.39[—12] 8.14[—12] 1.35[-11]
3611.88 3.74[—12] 5.60[—12] 9.34[—12]
4695.44  2.58[—12] 3.83[—12] 6.41[—12]
6104.07 1.77[—12] 2.62[—12] 4.39[—12]
7935.30  1.21[-12] 1.78[—12] 2.99[—12]
10315.89 825[—13] 1.21[—12] 2.03[-12]

curves ‘1° through ‘3°. Curve ‘1’ depicts the o' (4d'%) =
DD Ci(j, i) coefficient for j = 4d'%1 (n = 4-9)
and i = 4d°4f91, 4d°5dnl (n = 6-9), 4d°5fnl (n = 5-
9), 4d°5gnl (n = 5-9, and 4d°6!'nl (n 6-7). Curve
2’ displays adoub!(4d!0) > GG,y for
4d°4fnl(n = 4-8), 4d°5I5I', 4d°5s61 and 4d°5p6p doubly
excited non-autoionizing states and i = 4d°4f9l, 4d°5dnl
(n = 6-9), 4d°5fnl (n = 5-9), 4d°5gnl (n = 5-9) and
4d°6l'nl (n = 6-7) autoionizing states. Curve ‘3’ shows
the combined scaled contributions illustrated by curve ‘2’ of
figure 5 (™" 7*°(4d'%)) and curves ‘2’ and ‘3’ of figure 6
(" (4d'0) + o™ **(4d'9)). It is evident from
figure 7 that the largest contribution to the total DR rate

14

coefficient or;(4d'%) comes from curve 2’ that describes the
contribution from the doubly excited non-autoionizing states.
It should be noted that this large contribution from the doubly
excited non-autoionizing states was not observed previously
for Ag-like ions [46]. The 20 doubly excited non-autoionizing
levels were considered in the case of the Ag-like Xe™* [46];
however, the contribution from those levels was negligible for
the total DR rate coefficient oz (4d!?).

The partial rate coefficients oJ*"°

, oy -, and the total
rate coefficient o' are presented in table 7 for T, =
0.1 eV-10.315 keV on a logarithmic grid 7, = (0.1 x 1.3¥~1)
eV with N = 1-45. The coefficient «**" is the sum of the
contributions ¢4°"*! and J°*"~* shown as curves ‘1’ and ‘2’
of figure 5, respectively. The coefficient a‘;mg is the sum of
the contributions o} "', &3¢ and o™ % shown as curves
‘1°, 2’ and ‘3’ of figure 6, respectively. The last column of
table 7 lists the sum of these two contributions, a%"(4d'?).
Comparison of the results listed in the columns denoted o)
and 3°"* shows that the af}"”b values are larger than the o)"*

values by a factor of 2-3.

sing

6. Conclusion

Accurate atomic data are very important for plasma kinetic
modelling, astrophysics, laser spectroscopy and other fields.
Our calculations present benchmark data for many yet
unmeasured properties of tungsten ions and are of particular
importance for the diagnosis of plasma containing tungsten
over a broad range of temperatures. In particular, we
presented the calculation of a large set of atomic data for
dielectronic recombination of the Pd-like W28 ion into
W2 Energy levels, wavelengths, radiative transition
probabilities and autoionization rates were calculated for
several thousand levels and millions of transitions in W27+
using three theoretical methods, namely the relativistic
many-body perturbation theory method (RMBPT code), the
multiconfiguration relativistic Hebrew University Lawrence
Atomic Code (HULLAC code) and the Hartree—Fock-
relativistic method (COWAN code). The calculated atomic
data were used to determine the characteristics of dielectronic
satellite lines as well as the DR rate coefficients.

The doubly excited configurations 4d%4fnl, (n = 4-9),
4d°50'nl, (n = 5-9) and 4d°6/'nl (n = 6-7) states were taken
into account to derive the DR rate coefficients. The level-
selective DR rate coefficients from the ground state of Pd-
like W ion to the singly excited 4d'°nl (n = 5-9) as well as
to the doubly excited 4d%4fnl (n = 4-7), 4d°4f8s, 4d°5s51,
4d°5p5i, 4d°5d?, 4d°5s61 and 4d°5p6s levels in Ag-like W
were calculated. Contributions from the doubly excited levels
4d°4fnl and 4d°50'nl with n > 10 to the DR rate coefficients
were estimated by extrapolation of all atomic parameters.

The doubly excited 4d°5p6p, 4d°5d5f, 4d°4f7f, 4d°4f8s,
4d°4f8p and 4d°4f8d configurations have levels which may be
autoionizing or non-autoionizing. Those levels dramatically
increase the value of the DR rate coefficients at low
temperature. In particular, the contribution to the total DR
rate coefficient o' from doubly excited non-autoionizing

states a9°"" is larger by a factor of 2-3 than the contribution
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from the singly excited states o, =. We also showed that the
contributions of highly excited levels are important for the
calculation of the total DR rate.

In a typical plasma environment, Pd-like tungsten coexists
with neighbouring charge states. Additional work will be
required to generate the atomic data for those ions, to model the
resulting emission, and to accurately determine the ionization
balance.
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