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Energy levels, radiative transition probabilities, and autoionization rates for [Ar)3d*°4l'nl (n=4-
12, 1 < n — 1), [Ar]3d*°50'nl (n=5-8, | < n — 1), and [Ar]3d°4l'4l"nl (n=4-5, ] < n — 1) states in
Zn-like tungsten (W***) are calculated using the Hartree-Fock-Relativistic method (COWAN code),
the Multi-confiiguration relativistic Hebrew University Lawrence Livermore Atomic Code (HULLAC
code), and the relativistic many-body perturbation theory method (RMBPT code). Autoionizing
levels above the thresholds [Ar]3d'°4s are considered. It is found that configuration mixing [4sns
+ 4pnp + 4dnd +4fuf], [4snp + 4pns + 4pnd + 4dnp + 4fns + 4fnd] plays an important role for
all atomic characteristics. 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 first excited odd- and even-parity states. It is shown that the contribution of the highly excited
states is very important for the calculation of total DR rates. Contributions to DR rate coefficients
from the excited [Ar]4l'nl states with n > 13 and [Ar]4l'nl states with n > 8, and additionally
from core-excited [Ar]3d°41'4l"nl states with n > 5 are estimated by extrapolation of all atomic
parameters. The orbital angular momentum quantum number [ distribution of the rate coefficients
shows two peaks at [=2 and [=5. The total DR rate coefficient is derived as a function of electron
temperature. The dielectronic satellite spectra of W4** are important for M-shell diagnostic of very

high-temperature laboratory plasmas such as future ITER plasmas.

PACS numbers: PACS: 31.15.ag, 31.15.aj, 31.15.am, 31.15.vj

I. INTRODUCTION

Recently, Spruck et al. [1] presented experimentally
measured and theoretically calculated rate coefficients for
the electron-ion recombination of W+ ([Kr]4d'04£10)
forming W™, At low electron-ion collision energies,
the merged-beam rate coefficient is dominated by strong,
mutually overlapping recombination resonances. In the
temperature range where the fractional abundance of
W18+ is expected to peak in a fusion plasma, the ex-
perimentally derived Maxwellian recombination rate co-
efficient was 5 to 10 times larger than that which is cur-
rently recommended for plasma modeling. The complex-
ity of the atomic structure of the open 4f system un-
der study makes the theoretical calculations extremely
demanding. Nevertheless, the results of the presented
Breit-Wigner partitioned dielectronic recombination cal-
culations agreed reasonably well with the experimental
findings. This also gives confidence in the ability of the
theory to generate sufficiently accurate atomic data for
the plasma modeling of other complex ions [1].

Accurate determinations of dielectronic recombination
(DR) rate coefficients are crucial for determining the cor-
rect charge balance in a high temperature plasma, and
thus for determining the correct energy balance, which
is of particularly importance in laser-produced Z-pinch
plasmas formed by high-Z ions seen as tungsten, as dis-
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cussed in Ref. [2]. Different computer codes use differ-
ent approaches in the treatment of DR and, therefore,
may predict very different ionization equilibria, as doc-
umented in a series of code comparison workshops de-
lineated in Refs. [3, 4]. Correct knowledge of the ion-
ization balance at a given electron temperature is also
required for determing transport parameters in magnetic
fusion plasmas. Here, transport changes the ionization
balance because ions move radially from hotter to colder
and from colder to hotter plasma regions, as discussed in
Refs.[5, 6]. Thus, deviations from the transport-free ion-
ization equilibrium calculations observed experimentally
can be a direct measure of transport. Moreover, spectral
feature produced by DR are of great diagnostic utility
provided that the intensity of these features is correctly
calculated, as also discussed in Refs.[5, 6]. Calculations
of DR parameters specifically for tungsten ions has in-
creased in importance with the decision to use tungsten
in plasma-facing component on ITER (latin ‘the way’)
tokamak under construction in France. ITER plasmas
will contain an abundance of radiating tungsten. In fact,
this radiation will be monitored by various spectrometers
covering different wavelength bands and plasma regions
Ref. [7-9].

Dielectronic recombination of Br-Like tungsten ions
was investigated in Ref. [10]. Theoretical calculations
were made for dielectronic recombination (DR) rate co-
efficients of Br-like tungsten ions using the relativistic
Flexible Atomic Code (FAC) from 1 eV to 50 keV [10].
DR coefficients were given theoretically for several highly
charged tungsten ions in Ref [11]. As 4p open sub-shell



ions, Ga-, Ge-, As-, Br-, Kr-like ions were considered.
The Rb-like ion was further considered as a 4d open
sub-shell ion. Theoretical calculations were carried out
using FAC [11]. Polarization of the nf — 3d (n = 4,
5, 6) xrays from tungsten ions following electron-impact
excitation and dielectronic recombination processes was
studied recently in Ref. [12]. Electron-impact excitation
and resonant electron capture cross sections to the spe-
cific magnetic sublevels as well as the polarization of
the strong nf — 3d (n = 4, 5, 6) xrays emitted from
Ni-like through Ge-like tungsten ions were investigated
systematically by using a fully relativistic distorted-wave
method. It was found that the degrees of xray polariza-
tion following electron-impact excitation and dielectronic
recombination were totally different [12].

Dielectronic recombination of xenonlike tungsten ions
was investigated by Schippers et al. [13, 14] experi-
mentally at a heavy-ion storage ring. A merged-beams
method was employed for obtaining absolute rate coef-
ficients for electron-ion recombination in the collision-
energy range 0-140 eV [13]. Theoretically, DR of xenon-
like W20F with an almost half-open 4f shell (4d'94f%)
was investigated by Badnell et al. [15]. These au-
thors carried out DR calculations with the atomic physics
code AUTOSTRUCTURE which included all significant
single-electron promotions. Their intermediate-coupling
(IC) results were more than a factor of 4 larger than
the LS-coupling ones at 1 eV but still lay a factor of 3
below experiment here [15]. A statistical theory of reso-
nant multielectron recombination based on properties of
chaotic eigenstates was developed by Dzuba et al. [16].
These authors underlined that in many cases individual
resonances were not resolved experimentally (since the
interval between them is small, e.g., < 1 meV, possibly
even smaller than their radiative widths); therefore, sta-
tistical theory should correctly describe the experimental
data. They performed numerical calculations of the re-
combination cross sections for tungsten ions W9t, ¢ =
18-25 [16].

The theoretical study of the DR of Rh-like Gd and W
was presented in Ref. [17]. Energy levels, radiative tran-
sition probabilities, and autoionization rates of Pd-like
gadolinium and tungsten were calculated using the FAC
code. The contributions from resonant and nonresonant
radiative stabilizing transitions to the total rate coefli-
cients were discussed [17]. The DR of the Er-like ion
W6 proceeds via electron capture into the intermediate
autoionizing states of the Tm-like ion W°* followed by
the radiative decay to singly-excited bound states was
studied in Ref. [18]. Relativistic atomic data for Cu-
like tungsten were evaluated in Ref. [19]. Contributions
from the autoionizing doubly excited [Ne|3s23p®3d°4i'nl,
[Ne]3s23p°3d1941'nl, and [Ne]3s23p53d°51'nl states (with
n up to 500), which are particulary important for cal-
culating total DR rates, were estimated. Synthetic di-
electronic satellite spectra from Cu-like W were simu-
lated in a broad spectral range from 3 to 70 A. Exci-
tation energies, radiative and autoionization rates, di-

electronic satellite lines, and dielectronic recombination
rates for excited states of Yb-like W4t and Ag-like
W27 jons were given in Refs. [20, 21]. Dielectronic
satellite lines and dielectronic recombination rates for
high ionization stages such as Na-like W from Ne-like
W and Mg-like W from Na-like W were presented by
Safronova et al. in Refs. [22-24]. The relativistic
many-body perturbation theory method (RMBPT code),
the Multi-confiiguration relativistic Hebrew University
Lawrence Livermore Atomic Code (HULLAC code), and
the Hartree-Fock-Relativistic method (COWAN code)
were used to perform a large-scale calculation of atomic
parameters (excitation energies, radiative and autoion-
ization rates) to evaluate DR rate coefficients and to build
synthetic satellite spectra in Refs. [18, 20-24]. Addi-
tional theoretical calculations of the DR of Ne-, Ar-, Co-,
Ni-, Cu-, Y- like tungsten were presented in Refs. [25-33].

Recently, the atomic structure and spectra of ten tung-
sten ions were calculated by Clementson et al. [34] using
FAC. The calculations yield energy levels, radiative life-
times, spectral line positions, transition probability rates,
and oscillator strengths for the tungsten ions isoelec-
tronic to germanium,W#2>*, through vanadium, W°'*,
Oscillator strengths and transition probabilities for the
W4+ jon were evaluated by Spencer et al. [35]. The
calculations were performed with the configuration in-
teraction CIV3 program with the inclusion of relativis-
tic effects achieved through the use of the Breit-Pauli
approximation. A detailed study using fully relativistic
distorted wave theory for electron impact excitation of
Zn-like through Co-like tungsten ions for a wide range of
incident electron energies was presented by Das et al. [36].
Hu et al. [37] reported a large ab initio calculation for the
45%4s4p transitions in the Zinc-like sequence, using the
Multi-configuration Dirac-Hartree-Fock method. Spec-
troscopic analysis and modeling of tungsten experiment
from electron beam trap and Z-pinch plasmas was re-
ported by Osborne et al. [38]. In particular, Co-, Ni-,
Zn-, Cu-, Ga-, and Ge-like tungsten transitions were in-
cluded in HULLAC calculations used to interpret spec-
tra. A comprehensive theoretical study of atomic charac-
teristics of eight isoelectronic sequences of tungsten ions
in a broad range of wavelengths and transitions was re-
ported in Ref. [39]. In particular, excitation energies, os-
cillator strengths and transition probabilities were calcu-
lated for nin’l’ transitions in W70+, W69+ W62+ Wwol+,
W54+, W4t W2™ and W4T ions using the RMBPT
method [39]. Transition rates, oscillator strengths and
line strengths were calculated for electric-dipole (E1)
transitions between even-parity 4s2, 4p2, 4s4d, 4d2, 4p4 f
and 4 f2 states and odd-parity 4sdp, 4s4 f, 4p4dd and 4d4 f
states in Zn-like ions with the nuclear charge ranging
from Z = 32 to 100 [40]. Relativistic many-body pertur-
bation theory, including the Breit interaction, was used
to evaluate retarded E1 matrix elements in length and
velocity forms. A large-scale relativistic configuration-
interaction approach applied to the 4s?4sdp transition
energies and E1 rates for Zn-like ions was presented by



Chen and Cheng [41]. B-spline basis functions were used
for these large-scale calculations. QED corrections to the
excitation energies were also calculated [41]. Earlier the-
oretical calculations of energies, wavelengths, oscillator
strengths and transition rates of Zn-like ions were pre-
sented in Refs. [42-55].

In the present paper, we evaluate energy levels, radia-
tive transition probabilities, and autoionization rates for
[Ar]3d*041'nl (n=4-12, 1 < n — 1), [Ar]3d*°5'nl (n=>5-
8, 1 < n—1), and [Ar]3d°4l'4l"nl (n=4-5, 1 < n — 1)
states in Zn-like tungsten (W44+) to build synthetic spec-
tra of the Zn-like W44+ ion. The DR rate coefficients are
determined for the singly excited [Ar]3d*°4l'nl (n=4-12,
I < n—1), [Ar]3d'%5'nl (n=5-8, | < n — 1), and as
well as doubly excited non-autoionizing [Ar]3d?41’41"nl
(n=4, 1 < n — 1) states in Zn-like W#* ion. Contri-
butions from these states (with n up to 500), which are
particulary important for calculating total DR rates, are
estimated. Energy levels, radiative transition probabili-
ties, and autoionization rates for those states are calcu-
lated using the COWAN, HULLAC, and RMBPT codes.
These three codes allow us to check the accuracy of our
calculations and to achieve confidence that our predic-
tions are reliable. We present the state-selective DR rate
coeflicients to excited states of Cu-like tungsten as well
as the total DR rate coefficients as a function of electron
temperature. In addition, we present a detailed compari-
son of our theoretical calculations with the recommended
data published by Kramida and Shirai [56], which is an-
other test the accuracy of our results. Below, we omit
the core [Ar] = 15%25%2p®3523p® from the configuration
notation.

II. ENERGY LEVELS, TRANSITION
PROBABILITIES, AND AUTOIONIZATION
RATES

Detailed calculations of dielectronic recombination pa-
rameters should include the determination of such char-
acteristics as energies, radiative transition probabilities,
and autoionization rates for atomic states in the recom-
bined ion. Therefore, we calculated the energies, radia-
tive and autoionization rates for the intermediate states
3d0%41'nl (n=4-12,1 < n—1), 3d'°5'nl (n=5-8,1 < n—1),
and 3d°41'41"nl (n=4-5,1 < n— 1) states in Zn-like tung-
sten (W44+) jon.

The complete list includes 204 3d'4l’nl configurations,
198 3d'951'nl configurations, and 63 3d°41'41"nl configu-
rations (for a total of 9105 levels). Due to computational
issues, the calculation of the DR parameters involving
the 3d'%4l'nl and 3d°41’4l"nl states was performed by
including states only with n < 8 and n < 5, respectively.

The resulting list of levels included in the set of
3d1%41'nl configurations with n=4-12 consists of 1074
even-parity and 1115 odd-parity states, which give rise
to 669,968 transitions. The set of 3d'°5!'nl (n=>5-8) con-
figurations contains 970 even-parity and 1012 odd-parity

states, which give rise to 597,654 transitions. The set of
3d°41’4l"nl (n=4-5) configurations contains 2318 even-
parity and 2616 odd-parity states. These lead to 722,794
transitions.

Our large-scale calculations of atomic properties are
based on three atomic computer codes: the Multi-
Configuration Hartree-Fock (MCHF) code developed by
Cowan (in the following we will refer to it as the
“COWAN?” code) [57], the multi-configuration relativis-
tic Hebrew University Lawrence Livermore Atomic Code
(the HULLAC code)[58], and the Relativistic Many-Body
Perturbation Theory code (the RMBPT code). The
RMBPT method was described in detail in [59, 60].
These three codes allow us to check the accuracy of
our calculations, and agreement between the results from
each code provide confidence that our predictions are re-
liable.

We use the version of the Cowan code available in [61].
This version allows us to take into account a large num-
ber of configurations (up to 100 odd- and 100 even-parity
configurations). The scaling of electrostatic integrals in
the Cowan code allows us to correct for correlation ef-
fects 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 de-
tailed level energies are calculated using the relativis-
tic version of the parametric potential method, includ-
ing configuration mixing. The autoionization rate co-
efficients are calculated in the distorted-wave approxi-
mation, implementing the highly efficient factorization-
interpolation method.

The RMBPT code, including the Breit interaction, is
used to evaluate energies and transition rates for mul-
tipole transitions. This method is based on the rel-
ativistic many-body perturbation theory, agrees with
Multi-Configuration Dirac-Fock (MCDF) calculations in
lowest-order, includes all second-order correlation cor-
rections, and includes corrections from negative energy
states. First-order perturbation theory is used to ob-
tain 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 RMBPT code is more complicated
to use than the COWAN and HULLAC codes when in-
cluding the second-order correlation contribution.

The results of our calculations of energies and tran-
sition rates are presented in Tables I - III. In Table I,
the energies for the 3d'°41’4l excited states of Zn-like
tungsten are given. We compare our results obtained
using all three codes. The differences between the re-
sults are about 0.1-0.5%, except for some levels (see the
3d%4s4p 3Py, 3Py levels, for example) where the differ-
ences are as much as 1-2%. It should be noted that we
list in this table both LS (left column for “COWAN” re-
sults) and jj (columns with “HULLAC” and “RMBPT”



TABLE I: Energies (10 cm™!) of the 3d'°4141’ excited states of Zn-like tungsten, obtained using the COWAN, HULLAC, and
RMBPT codes. Our results are compared with compiled data from Kramida and Shirai [56]. Designations: 3d*°414l’ = 4141’

Level E (10° cm™) Level E (10° cm™)
COWAN HULLAC RMBPT [56] COWAN HULLAC RMBPT

45 1Sy 0.00 0.00 0.00 0 44d% 3P, 5650.78 5710.36 5690.10
4s4p 3Py 683.60 699.44 696.87 695 4d? 3 F3 5741.34 5773.33 5762.15
4s4p 3Py 735.02 758.57 752.29 752.56 4d? G, 5755.41 5783.19 5772.64
454p 3Py 1517.59 1503.31 1505.33 1494.4 4d> 3Py 5769.90 5806.97 5794.10
4p? 3Py 1559.16 1609.01 1589.47 4d° 3Py 5792.65 5839.52 5823.70
4s4p 1Py 1642.86 1651.01 1641.86 1641.23 4d® 3F, 5873.00 5881.26 5876.05
4p® 3Py 2349.37 2359.67 2347.79 dpdf 1 Fs 5881.40 5894.95 5884.14
4p? 1Dy 2361.26 2369.82 2359.81 ApAf 2Fy 5902.55 5923.60 5910.81
4s4d ®D, 2766.54 2789.67 2781.70 dpdf 2Dy 5920.79 5939.78 5927.04
454d 3 Do 2792.45 2818.35 2809.01 2809.5 dpdf 3Gy 5926.52 5955.14 5926.61
4s4d 3 D3 2942.08 2958.33 2952.43 4pAf 3G 5930.59 5936.62 5938.83
454d * Do 2987.13 3004.47 2997.79 2998.5 dpdf 2Ds 5942.64 5951.43 5941.01
4p* 3Py 3226.26 3225.28 3211.11 4d% 3Py 5945.49 5970.17 5958.40
4p* 1S, 3268.28 3262.86 3251.48 4d* 18, 6038.24 6093.48 6074.39
4pad 3 Fy 3493.80 3527.17 3516.41 4pdf 1Dy 6038.85 6074.68 6055.56
4pdd 3Dy 3611.47 3671.84 3649.83 dpdf Gy 6051.70 6099.01 6072.96
4pad 3Py 3734.24 3775.68 3759.91 4dAf 3Hy 7029.23 7065.53 7054.37
4pad 3 F 3735.19 3773.27 3760.59 4dAf 3Fy 7059.86 7100.89 7088.55
4s4f 3F3 4259.25 4272.82 4268.49 4daf 'Gy 7108.54 7140.84 7130.66
4sAf 3Fy 4279.03 4300.18 4293.61 4daf 3Gy 7108.89 7152.09 7138.92
4sdf 3F, 4317.70 4327.00 4324.56 4dAf 3Hs 7120.68 7154.15 7143.17
4s4f 3F3 4337.43 4354.47 4347.88 adaf 3y 7139.28 7186.51 7169.89
4pad 3Dy 4381.09 4397.20 4385.18 4daf 3P, 7164.29 7209.02 7194.79
4pad Py 4399.19 4418.65 4406.26 4daf 2Dy 7152.71 7213.14 7193.85
4pad 2P, 4409.64 4429.33 4415.63 4dAf 2Hg 7254.41 7278.68 7271.18
4pad 3 D3 4448.33 4476.17 4460.51 4daf 3Gy 7249.19 7279.97 7271.35
4pad 2 Fy 4512.48 4518.51 4511.02 4daf 2Dsy 7265.14 7304.52 7292.68
4p4d 3P, 4549.94 4558.66 4549.23 4dAf D3 7270.23 7314.49 7299.96
4pdd * Py 4655.99 4683.67 4667.05 4daf 3F, 7274.24 7308.93 7296.79
dpdd ' Fy 4656.74 4692.27 4669.89 4daf 3Gs 7300.65 7344.09 7328.35
dpAf 3Gs 5044.74 5084.54 5069.12 4daf 2Py 7303.19 7352.99 7338.11
4pAf 3 Fy 5079.96 5127.11 5110.97 4daf 3P 7303.23 7352.02 7336.73
4pdf 3Dj 5113.03 5149.19 5135.57 4dAf 2Py 7328.06 7368.19 7354.97
ApAf 2G4 5113.62 5149.98 5136.02 Adaf 1 F3 7358.74 7402.50 7386.63
4d% 3 Fy 5590.44 5639.55 5621.68 4d4f 1 Hs 7382.50 7441.60 7416.05

4daf P 7412.09 7470.67 7449.52

results) coupling labels for each level. The LS labelling
is taken from the COWAN code, while the jj labelling
is from the HULLAC and RMBPT code. We already
mentioned that in the recent compilation by Kramida
and Shirai [56] only six energy values for two-electron
states in W4+ were given, i.e. for E(3d'%4s4p 13 P;) and
E(3d*%4s4d Y3 Dy). The best agreement (0.1%) between
results given in the“COWAN” and “NIST” [56] columns
of Table I is for the 3d'%4s4p ' Py, level. Difference be-
tween the NIST [56] and RMBPT results of 0.02% -0.04%

are obtained for the 3d'%4s4p 3P, and 3d'%4s4d 3D,
levels.

Energies of the 3d°4141’41” core-excited states of Zn-
like tungsten, obtained using COWAN and HULLAC
codes are compared with the compilation of Kramida and
Shirai [56] in Table II. The differences between the re-
sults from COWAN and HULLAC are given explicitly
in Table II. Excellent agreement (0.1% - 0.4%) for the
energies the 3d°4141’4]” core-excited states is observed.
This agreement is better than that was demonstrated in



TABLE II: Energies (10® cm™") of the 3d?4141’4]” core-excited states of Zn-like tungsten, obtained using the COWAN and
HULLAC codes. Our results are compared with compiled data from Kramida and Shirai [56]. Designations: 3d°4141'41” =

4141417 .
Conf Level Diff. E (10° cm™) Conf Level Diff. E (10° cm™)
%  COWAN HULLAC  [56] %  COWAN HULLAC  [56]
45%4p  (*D)*P, 0.1 13067.32  13054.14 13020 4sdp®  (PP)°P; 0.3 15180.56  15138.57
4s4p  (*D)*Fy 0.1 13074.50  13062.32 13020 4sd4p®  (*D)*Ga 0.2 15180.78  15157.70
4s*4p (*D)*F, 0.2 13612.69  13583.96 13640 4s°4d  (?’D)*F3 0.2 15183.68  15155.57
4s*4p (®D)*D; 0.2 13634.41  13612.08 4s4p®>  (*D)*F3 0.1 15196.18  15182.49
4s4p*  (*S)®Ds; 0.0 13823.13  13827.50 4s4p*  (*D)*D2 0.2 15197.92  15165.05
4s4p®*  (3P)3F°y 0.0  13836.62 13841.61 4s4p>  (*D)®D: 0.2 15266.22  15237.99
4s*4p (*D)*Fy, 0.3 1390249  13859.76 4s4p®*  (*D)3Gs 0.2 15268.66  15242.82
4s*4p  (*D)'D, 0.3  13915.51  13876.88 4s4p>  (*D)*Py 0.2 15275.21  15245.75
4s%4p (*D)'P, 0.3  13926.18 13888.46 13904 4sdp>  ('D)*F 0.1 15287.70  15268.50
4s*4p (*D)®*Ds 0.3 13935.86  13900.33 4s4p>  (PP)’F®, 0.1 15298.71  15287.49 15280
4s4p*  (PP)°Fy 0.1 14376.11  14366.03 14373  4s?°4d  (*D)'P 0.2 15300.88  15271.03
4s4p*  (*S)°D2 0.0  14385.83  14378.96 14390 4s°4d  (*D)3Gs 0.2 15302.47  15268.54
4s*4p (*D)*Py 0.4 1442550  14366.58 4s4p>  (PP)3P®; 0.1 15307.43  15296.19
4s%4p  (®’D)*Py 0.4  14456.26  14402.65 4s’4d  (®D)®*Ds 0.2 15327.25 15298.69
4s4p  (®D)*F3; 0.4  14457.86  14403.28 4s*4d  (®°D)*Fy 0.2 15331.43  15298.87
4s%4p  (®D)®Dy 04 1447521  14424.21 4s*4d  (*D)'D, 0.2 15335.98  15310.67
4s4p*  (3P)°Ds 0.3 14555.11  14511.34 4s4p®>  (PP)’Pb% 0.3 15421.69  15370.20
4s4p>  (*P)°D, 0.3 14582.62  14544.31 4s4p>  (*P)°Fs 0.3 15471.56  15426.82
4s4p*  (3P)*D*; 0.3 14590.18  14553.48 14568  4sdp® (*D)*Fy 0.2 15485.48  15450.92
4s4p*  (PP)°Ps 0.3  14590.27  14552.28 4s4p®*  (PP)3P%; 0.3 15492.80  15439.54
4s4p*  (*D)*Gs 0.2 14623.93  14593.64 4s4p*>  (*D)*Ds 0.3 15501.09  15460.05
4s4p*  (*D)*P, 0.2 14644.26  14615.99 14626 4sdp®  (*D)P; 0.3 15508.40  15465.24
4s4p*  (*D)*Ds; 0.2 14644.39  14616.83 4s’4d  (*D)*Py 0.1 15526.16  15507.08
4s4p®*  (*D)*Fy 0.2 14648.02  14620.98 4s4p®*  (1S)®Ds 0.3  15584.13  15542.16
4s4p*  (*D)'Py 0.2 14650.00  14621.94 4s4p®  (1S)' Do 0.2 15592.81  15555.49
4s4p*  (*D)'S 0.2 14657.10  14628.64 4s4p>  (CP)’F%y 0.1 15612.64  15593.51
4s4p*  (*D)*Py 0.1 14720.78  14702.45 4s4p®>  (PP)’D’; 0.2 15617.12  15590.20
4s4p*  (*D)*Gs 0.1 14726.02  14715.81 4s4p®>  (PP)'P 0.1 15625.18  15609.66
4s4p>  (PP)’D; 0.1 14728.69  14720.79 4s4p? (3PP 01 15640.15  15618.52
4s4p®*  (*D)*D, 0.1 14735.78 1472279 14715 4s°4d  (3D)*Gs 0.1 15704.75  15683.64
4s4p*>  (PP)'F3 0.0  14751.97  14755.33 4s%4d  (®°D)®*Dy 0.2 15704.99  15679.65
4s4p®  (*P)®PP» 0.0 1475419  14756.02 14742  4sdpdd  (*D)°P%y 0.2 15727.07  15701.29
4s4p*  (3P)°Doy 0.4  15084.05  15023.48 4s’4d  (*D)*F» 0.1 15739.43  15724.72
4s4p®>  (*P)°D; 0.4 1510525 15048.07 15130 4sdp4d (?D)°D° 0.1 15756.00  15738.22
4s4p*  (PP)°F3 0.3 1512828 15075.60 15152 4sdpad (*D)*H%y 0.1 15764.82  15748.49
4s4p*  (PP)°I» 04  15129.16 15075.54 15152 4sdpad (D)°F®; 0.1 15776.40  15763.23
4s*4d  (®*D)*Py 0.2 15139.45  15114.35 4s4pdd  (®°D)®P% 0.1 15801.68  15792.63
4s4d  (®D)*G, 0.2 15163.19  15137.39 4s4pdd  (®°D)®*DPy 0.1 15809.91  15800.90
4s*4d  (®D)*D> 0.1 15172.22  15156.72 4sdpdd  (®D)°Hs 0.0 15813.64  15808.52

Table I for two-electron excited states. The fourteen val-
ues of core-excited energies from Kramida and Shirai [56]
are included in column [56] of Table II. A compari-
son of these values with the energies computed by the
COWAN an HULLAC codes (columns “COWAN” and
“HULLAC”) confirms the accuracy of our calculations.

The differences for the COWAN and HULLAC values is
less than 0.4% and 0.5%, respectively.

In Table III, the wavelengths A (in A) and weighted
radiative transition rates gA, for transitions between the
3d'%4s? 1S ground state and the 3d'%4s4p 13 Py excited
states, as well as the 3d”4s4l4l’ core-excited states in



TABLE III: Wavelengths (X in A) and weighted transition rates (A, in s~*) for transitions between the 3d'°4s® S, ground
state and the 3d%4sdp 3Py excited states, as well as 3d°4s4ll’ core-excited states in W4** ion, obtained using the COWAN
and HULLAC codes. Designations:: 3d'°414l’ = 4141’ and 3d°4141’4]” = 4141’41”. Numbers in brackets represent powers of 10.

Transitions ACOWAN AHULLAC gAFOWAN gAJILLAC
4s4p (*9)3p, 135.432 131.827 5.51[10] 7.23[10]
4s4p (*S)p 60.790 60.569 1.95[12] 2.56[12]
45%4p (*D)*D, 7.329 7.346 1.58[13] 1.99[13]
45%4p (*D)'p, 7.175 7.200 3.68[13] 3.45[13]
45%4p (*D)*P, 6.911 6.943 5.39[12] 4.37[12]
4s4p4ad (®?D)*P} 6.231 6.235 1.87[12] 1.83[12]
4sdpad (*D)*D, 6.173 6.174 6.00[11] 4.42[11]
4524 f (?D)3 Py 6.089 6.095 5.87[11] 7.70[11]
4s4pad (*D)3pPf 5.926 5.921 1.50[13] 1.16[13)
4sdpad (*D)'p, 5.779 5.789 4.16[14] 3.54[14]
4s4p4d (2D)*Df 5.739 5.742 3.38[14] 3.50[14]
4s4pad (?D)3D} 5.705 5.715 3.48[10] 4.09[10]
4s4p4ad (D) P! 5.657 5.633 6.20[13] 7.43[13]
4s4d4f (:D)*D? 5.138 5.140 1.03[09] 7.58(08]
4s4d4af (?D)3pf 5.075 5.075 3.63[09] 5.24[09]
4s4dAf (*D)°P, 4.992 4.996 4.77][09] 5.53[09)
4sddAf (®D)°Fy 4.984 4.985 6.02[09] 5.51[09]
4s4d4af (?D)3D} 4.945 4.945 2.78[10] 2.98[10]
4s4d4af (?D)°P} 4.942 4.943 3.86[10] 2.77[10]
4sddAf (*D)*D} 4.927 4.926 2.20[10] 2.71[10]
45%5p (*D)'P, 4.784 4.792 1.01[13) 1.06[13)
4s%5f (*D)'P, 4.498 4.500 3.27[14] 4.01[14]
45%5f (*D)'p, 4.397 4.401 3.97[14] 5.65[14]
4s4d5p (®*D)*DY¢ 4.226 4.229 2.67[10] 1.81[10]
454d5p (*D)' Pf 4.191 4.194 1.83[10) 1.39[10)
4s4d5p (*D)° Py 4.175 4.179 9.81[08] 6.22[08]
454d5p (*D)3p? 4.105 4.112 4.69[08] 2.75[08]
454d5p (D) p{ 4.092 4.096 2.33[10] 1.43[10

W4 jon obtained using COWAN and HULLAC are
compared. The wavelength results are seen to agree with
each other at the 0.1% to 0.5% level, while the radiative
transition rates agree at the 10% to 50% level. The exper-
imental wavelength value (60.931(2) A) given in Ref. [62]
for the 3d'%4s2 1.8y — 3d'%4s4p ' P, transition is in better
agreement with our COWAN value than with the HUL-
LAC (compare second row in Table ITI, A=60.79 A and
gA,= 1.95[12] s71). The reverse is in the case of the
3d194s% 1S5, — 3d'%4s4p 3P transition. Its experimen-
tal value (132.88(3) A) [63] is in better agreement with

our HULLAC value (131.83 A) than with our COWAN
result.

III. DIELECTRONIC SATELLITE SPECTRA

The DR process to the bound states of the Zn-like
ion occurs as an electron is captured by the Cu-like ion
into an autoionizing state of the Zn-like ion followed by
radiative decay to a singly excited bound state:

W (3d1045) + ¢ — WHH*(3d'41nl + 3d"°511nl + 3d°4l,41anl) — W (301041  nlly + 3d'°51 nlb) + hv

1
WA (3d'041) + e.

(1)
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FIG. 1: (Color online) Synthetic spectra of dielectronic satellite lines (the 3d%41'nl — 3d104l1nl27 3d'°50'5] — 3d105l1nl27 and
3d'%40'nl — 3d°4l14lsnl transitions) from the W4t jon at T. = 800 eV for A = 4.35- 140 A. A resolving power, R = A\/AX =
1000, 100, and 500 in the top left, top right, and bottom panels, respectively is assumed to produce a Gaussian profile (thick

line). The scale of the ordinate is in units of 107** cm?/s.

The groundstate of W4T, 3d'%4s, is the initial state
as we assume the plasmas are in coronal equilibrium.
The autoionising states are divided into three type of
states: the core-excited 3d4l14lanl3 states (ng > 4), the
3d%4l nly states (ng > 12), and for 3d'°5linls states
(ng > 8). Among the core-excited 3d%4l;4lanl3 states,
the 3d°411415515 states and 3d°4d® are indeed autoion-
izing states, the 3d”4p?4d and 3d°4p4d? are only partly
autoionizing, and none of the doubly excited 3d”4s%4d,
3d%4s%4d, 3d°4s4p?, 3d°4s4d?, 3d°4sdpid, and 3d°4p3
configurations can autoionize. It is found that the two-
electron 4i'nl (n > 12)states are all autoionizing except
the 4s12] and 4p12p states. However, almost all 4dnl
states are autoionizing already for n > 9. Some states
(4p12d and 4p9f) are only partly autoionizing, The dou-
bly excited 5I'nl (n > 6) are all autoionizing, however
all 51’51 states are non-autoionizing except the 5d? states
that only partly autoionizing.

During the DR process, dielectronic satellite lines are
emitted when the electron jumps from doubly excited au-
toionization states to singly excited bound states. Radia-
tive transitions from the 3d'%4pnl states to the 3d'%4snl
states and those from the 3d'°5pnl states to the 3d'%4snl
states give rise to satellite lines of the 4s —4p and 4s—5p
lines of the Cu-like tungten. There also exist DR satellite
transitions from autoionizing states 3d'%4dnl to 3d'°4pn’l
with change of the principal quantum number n. They
appear in a shorter wavelength region. Radiative transi-
tions from the core-excited 3d%4l14lyn4ls to the excited
non-autoionizing 3d'%4in/l’ states give rise to satellite
lines to the 3d — nl (n =5, 6) transitions in Cu-like tung-
sten.

Branching ratios 8 and relative intensity factor Q4 of
the dielectronic satellite (DS) lines are defined as (see,
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FIG. 2: (Color online) Contribution of the 3d'°4l'nl, 3d'°51'nl and 3d?41’41"nl states to the DR rate coefficient aq(3d',j) for
§ = 3d*%4s5p, 3d*04f5s, 3d'%4d5s, and 3d'°4p5p states as a function of T, in Zn-like tungsten.

for example, Ref. [64])

o . fia(ivio)
Blivio) = > Aa(isig) + 325 Ar(k,4)

Qd(j7 7’) = g(i)Ar(jv l)ﬁ(l, Z.O)

(2)

Here j denotes the bound state, ¢ is the autoionizing
state, ig is the initial state (that is, the 3d'%4s ground
state of the Cu-like ion), and 4(, is the possible final state
for autoionization, e.g., 3d'%4s. ¢(i) is the statistical
weight of the autoionizing state i, Aq(%,40) is the au-
toionization rate from i to ip, A,(j,7) is the radiative
transition probability from i to j.

Assuming a Maxwellian distribution, the effective
emission rate coefficient of dielectronic satellite line is
obtained (see, for example, Ref. [65])

I \*"* Qu(j, 1)
) )

Cf(4,i) = 3.3 x 10—24< 0

X exp (— E}ZE?) photons cm?®s ™,
where Iy is the ionization potential of hydrogen, g is
the statistical weight of the initial state ig, Eg () is the
excitation energy of the autoionizing state ¢ relative to
the 3d'%4s threshold, equal to 18990,000411,000 cm ™!,
or 2,354+1.4 eV [56], and T, is the electron temperature.
For cases where A, > A, the branching ratio 5 (j,4) is
about ~1, and the relative intensity factor @4 is roughly
estimated as Qq(j,7) = ¢(i)A,(J,7). As already men-
tioned above, autoionization rates A, (i,i9) = Aq(i,4s).
We did not consider other channels for decay due to very
cumbersome calculations. Results of our calculations of
the effective emission rate coeflicients Cgf f (4,4) are given
in Tables IV, V, and VI

Data for transitions between the 3d'°41'nl excited and
the 3d'%4l,nl; autoionization states, as well as between
the 3d'050’5] excited and the 3d'°5l1nl; autoionization
states are illustrated in Tables IV and V. It should be



TABLE IV: Autoionization rates (A, in sfl) and excitation energies (Es in eV) of the 3d'%4l1nl, states as well as wavelengths
(X in A), weighted radiative rates (gA, in s™'), intensity factors ( Qq in s~'), and effective emission rate coefficients (C%' in
cmg/s) for transitions between the 3d'°4l'nl excited and the 3d'°4l1nly autoionization states of Zn-like tungsten. Designations:
3d*°41'nl = 4l'nl. The C (4, 1) values are given for T. = 800 eV. The notation a[b] means a-10°.

Level Level Es A, YA, YgA, gA, A Qua C%H
Lower Upper eV st st st st A st cm3/s
Even-odd-parity transitions
4d? *a, 4pl12g ' Hs 7.0 1.46[13] 1.46[13] 2.42[13] 1.60[12] 7.524 1.39[12] 5.03[-15]
4d? 3 Fy 4p12g 3Gs 6.9 4.28[12] 4.28[12] 2.38[13] 2.18[12] 7.591 1.45[12) 5.26[-15]
4paf 2G5 4p12g 3 He 7.1 1.09[13] 1.09[13] 2.85[13] 7.64[12] 7.624 6.36[12] 2.31]-14]
4p5f 1G4 4pl12g ' Hs 7.0 1.46[13] 1.46[13] 2.42[13] 3.52[12] 12.902 3.06[12] 1.11[-14]
4d6g 31, 4d9h 3Ky 27.6 6.65[12] 6.65[12] 3.22[13] 1.08[13] 28.699 8.38[12] 2.96[-14]
4p10h 3I¢ 4d10h 3K 70.3 7.39[12] 7.39[12] 3.16[13] 1.32[13] 49.264 1.02[13] 3.43]-14]
4paf 3G 4p12g *He 7.1 1.09[13] 1.09[13] 2.85[13] 7.64[12] 7.624 6.36[12] 2.31[-14]
4d5s 3 D3 556 f 3Fy 166.4 4.92[12] 4.92[12] 1.70[14] 6.00[13] 10.318 1.24[13] 3.69[-14]
4f5d *Hs 5d6g ' I 366.7 8.57[12] 8.57[12] 2.36[14] 3.72[13] 11.662 1.19[13] 2.75[-14]
4f5p 2G4 5p6g ' Hs 285.0 9.29[12] 9.29[12] 2.09[14] 6.18[13] 11.663 2.03[13] 5.19[-14]
4569 1G4 5p6g ' Hs 285.0 9.29[12] 9.29[12] 2.09[14] 4.31[13] 11.705 1.41[13] 3.62[-14]
Odd-even-parity transitions
4d5p 3 Fy 5p8f 3G 617.0 8.87[12] 8.87[12] 1.28[14] 3.04[13] 7.958 1.32[13] 2.23]-14]
4d5p 3 Fy 5p7f 3G 478.2 1.02[13] 1.02[13] 1.49[14] 4.60[13] 8.736 1.98][13] 3.98[-14]
4d5p 3 Fy 5p6f 3G 262.5 1.15[13] 1.15[13] 1.77[14] 7.18[13] 10.301 2.99[13] 7.88[-14]
4s6f 3F, 5p6f 2G5 262.5 1.15[13] 1.15[13] 1.77[14] 3.27[13] 11.711 1.36[13] 3.59[-14]
4f5d *He 5d6g *Ir 365.6 5.37[12] 5.37[12] 2.79[14] 1.18[14] 11.725 2.64[13] 6.11[-14]
4p8g 3 Hs 5d8g *Is 696.3 5.81[12] 5.81[12] 1.57[14] 7.10[13] 11.974 2.30[13] 3.53[-14]
4p6g 3 Hs 5d6g 3I¢ 355.6 5.81[12] 5.81[12] 2.57[14] 6.38[13] 12.004 1.45[13] 3.40[-14]
4p8g 3 He 5d8g 317 706.8 4.07[12] 4.07[12] 1.59[14] 7.41[13] 13.173 2.05[13] 3.11]-14]
4p7g *Hs 5d7g I 573.2 9.24[12] 9.24[12] 1.80[14] 5.76[13] 13.180 2.30[13] 4.12[-14]
4p6s 3 Py 5d6s ®Ds 205.5 4.41[12] 4.41[12] 9.65[13] 3.30[13] 13.197 8.00[12] 2.26]-14]
4p6g 3 He 5d6g 317 365.6 5.37[12] 5.37[12] 2.79[14] 7.01[13] 13.202 1.57[13] 3.64[-14]
4d7f *He 5p7f 3G 478.2 1.02[13] 1.02[13] 1.49[14] 2.48[13] 17.951 1.07[13] 2.14[-14]
4d6f 3 He 5p6f 3G 262.5 1.15[13] 1.15[13] 1.77[14] 2.42[13] 18.001 1.01[13] 2.65[-14]

noted that we do not need all 633,811 transitions to calcu-
late the DR rate coefficients to excited states but rather
only the transitions from the excited states (states un-
der the first threshold 3d'%4s) to the autoionizing states
(states above the first threshold 3d'%4s). The 3d'°4l;nl
states become autoionizing for n, > 12, the 3d'%5l1nl
states for mo > 8 and the 3d'%4snl states do not au-
toionize for any value of n. Thus, we obtain 142,272
transitions from the excited even-parity states to the au-
toionizing odd-parity states and 144,487 transitions from
the excited odd-parity states to the autoionizing even-
parity states. In Tables IV and V the transitions with
the largest intensity factor ()4 are presented as an exam-
ple.

Autoionization rates A, and Auger energies Eg of the
3d'%41ynly and 3d'°511nls states are listed in Tables IV
and V, respectively. Transitions are divided among a
set of even-odd-parity and odd-even-parity transitions.
We present wavelengths, weighted radiative rates gA.,.,

intensity factors Qg, and effective emission rate coeffi-
cients C&! for the 3d'°4l'nl - 3d'%4l;nly transitions in
Table IV and for the 3d'°51'nl - 3d'°511nly transitions in
Table V.

Most transitions given in Table IV are one-electron
transitions such as 4p4f — 4p12g, 4f5d — 5d6g, 4dd5p —
5pb f, 4d8g—5bd8g, 4d7 f —5p7 f. However, there are a few
two-electron transitions (e.g., 4d?> — 4p12g) that appear
due to configuration mixing (e.g. of 4d? + 4p4f).

Among the 3d'°5'nl - 3d'°5l,nl, transitions included
in Table V, most transitions are one-electron transitions
such as 5s5d—5s8 f, 5s5g—5s8h, bpb f —5pbg, 5p5d—5p8 f,
5p5g — 5p8h, and 5d5f — 5d7g. However, there are a
few two-electron transitions from states with equivalent
electrons, as 5s2, 5p?, and 5d?. Transitions with the
largest intensity factor Q4 in Table V are the transitions
5d? —5p8g, 5d? —5pTg, and 5p? — 556 f. These transitions
are not zero due to the mixing between configurations,
such as [5d? + 5p5f] and [5p? + 5s5d).



TABLE V: Autoionization rates (Aq in s~

10

1) and excitation energies (Egs in eV) of the 3d'°511nly states as well as wavelengths

(X in A), weighted radiative rates (gA, in s™'), intensity factors ( Qq in s~'), and effective emission rate coefficients (C%' in
cmg/s) for transitions between the 3d*°51'5] excited and the 3d'°5l1nls autoionization states of Zn-like tungsten. Designations:
3d*°50'nl = 5I'nl. The C (4, 1) values are given for T. = 800 eV. The notation a[b] means a-10°.

Level Level Es A, YA, YgA, gA, A Qua C%H
Lower Upper eV st st st st A st cm3/s
Even-odd-parity transitions
5s5d D3 5s8f 3 Fy 521.0 3.52[12] 3.52[12] 1.30[14] 1.09[13] 15.636 2.14[12] 4.08[-15]
5d* 'Ga 5p8g ' Hs 626.0 3.03[12] 3.03[12] 1.33[14] 5.64[12] 17.411 1.13[12] 1.89[-15]
5559 1G4 5s8h ' Hs 532.9 3.03[12] 3.03[12] 1.40[14] 6.02[12] 18.006 1.16[12] 2.17[-15]
5s5d D3 5sTf 3Fy 382.2 4.29[12] 4.29[12) 1.49[14] 1.63[13] 18.955 3.36[12] 7.62[-15]
5d% 1G4 5p7g ' Hs 491.9 5.03[12] 5.03[12] 1.61[14] 8.97[12] 21.451 2.29[12] 4.54[-15]
552 180 5s6p 1 P 83.2 1.22[13) 1.22[13) 4.47[13] 2.44[12] 23.462 1.10[12] 3.62[-15]
5p 1 Do 5s6f LFy 165.0 1.09[13] 1.09[13] 1.26[14] 4.14[12] 26.329 1.56[12] 4.64[-15]
5d* 'Sy 5d6f ' Py 346.9 4.39[12] 4.39[12) 4.47[13) 4.42[12] 28.697 1.01[12] 2.38[-15]
5p2 1Dy 5pbs 1 Py 125.0 9.08[12] 9.08[12] 4.43[13] 3.26[12] 28.773 1.24[12] 3.88[-15]
5p5f 3G 5p6g ' H 285.0 9.29[12] 9.29[12] 2.09[14] 2.40[13] 31.513 7.86[12] 2.01[-14]
5p5f 3G 5p6g > Hs 235.0 4.68[12] 4.68[12] 1.99[14] 4.25[13] 32.480 8.73[12] 2.38[-14]
5d? 3 Fy 5pbg ' Hs 285.0 9.29[12] 9.29[12] 2.09[14] 7.03[12] 32.477 2.31[12] 5.91[-15]
5p2 3Py 5p6s 1 P 125.0 9.08[12] 9.08[12] 4.43[13] 4.99[12] 32.737 1.90[12] 5.95[-15]
5d% 1G4 5p6g ' Hs 285.0 9.29[12] 9.29[12] 2.09[14] 1.49[13] 33.414 4.88[12] 1.25[-14]
Odd-even-parity transitions
5p5d ®Fy 5p8f 3G 617.0 8.87[12] 8.87[12] 1.28[14] 1.39[13] 15.560 6.02[12] 1.02[-14]
5pbg * He 5p8h 317 628.9 2.20[12] 2.20[12] 1.42[14] 1.49[13] 18.005 2.80[12] 4.67[-15]
5p5g 3 Hs 5p8h 3 I 579.3 1.51[12] 1.51[12] 1.13[14] 1.35[13] 18.033 2.00[12] 3.55[-15]
5p5d ® Fs 5p7f 3G 428.9 8.11[12] 8.11[12] 1.06[14] 1.51[13] 18.964 6.16[12] 1.32[-14]
5d5f *Hs 5d7g *Is 562.3 6.26[12] 6.26[12] 1.99(14] 2.61[13] 20.885 7.56[12] 1.37[-14]
5pbg * He 5p7h 17 495.9 1.91[12] 1.91[12] 1.63[14] 3.24[13] 22.313 4.84[12] 9.53[-15]
5p5d ® Fa 5p6f 3G 211.4 8.19[12] 8.19[12] 1.09[14] 1.69[13] 27.463 5.81[12] 1.63[-14]
5p5d ®Fy 5p6f 2G5 262.5 1.15[13] 1.15[13] 1.77(14] 2.96[13] 28.029 1.23[13] 3.25[-14]
5d5f °Hg 5d6g *I7 365.6 5.37[12] 5.37[12] 2.79[14] 7.24[13] 31.863 1.62[13] 3.76[-14]
5d5f 3 Hs 5d6g °Ts 355.6 5.81[12] 5.81[12] 2.57[14] 4.82[13] 32.040 1.09[13] 2.57[-14]
5p5g ' H 5p6h ' Is 291.7 3.97[11] 3.97[11] 1.71[14] 8.49[13] 35.287 2.49[12] 6.32[-15]
5p5g S Hy 5p6h 215 240.4 9.14[11] 9.14[11) 1.37[14] 7.51[13] 35.336 5.12[12] 1.39[-14]
5pbg ' Fs 5p6h 1G4 293.4 6.76[11] 6.76[11] 1.21[14] 5.69[13] 35.428 2.72[12] 6.90[-15]

Autoionization rates and Auger energies for the core-
excited the 3d%4l;4lynl states are illustrated in Table VI.
It should be noted that the 3d°4l;4lsnl core-excited
states are not all autoionizing states. The 3d4p24d
and 3d”4p4d? configurations are only partly autoionizing.
The energies of 205 levels of the 3d°4p?4d configuration
are smaller than the threshold 3d'°4s energy, while 31
levels have a larger energy. An opposite split (54 and
332) of energies is found for the 3d%4p4d? configuration.
The energies of 192, 12, 38, 56, and 134 levels from the
3d%4s4pdd, 3d°4s%4p, 3d°4p?3, 3d°4s4p?, and 3d°4s4d>
configurations, respectively, are smaller than the thresh-
old 3d*%4s energy, and none of these levels can autoionize.

In Table VI, we illustrate our results for transitions be-
tween core-exited states. We consider the 3d°(4sdpdd —
4p4d5p), 3d°(4sdpdd — 4s4d5d), 3d°(4sdpdd — 4s4dbs),

3d°(4sdpad — 4s4p5f), 3d°(4s24p — 4s4pbp), 3d° (4s%4p —
4525d), 3d°(4p3 — 4p4d5p) and 3d°(4p® — 4p?5d) transi-
tions. These transitions are still one-electron (4s — 5p,
4p — bs, 4p — 5d, and 4d — 5f) transitions; an excep-
tion is the two-electron 3d°(4p3 — 4p4d5p) transition. It
should be noted that the values of Eg, A,, A, Qg, and
Ceslcf for transitions between core-excited states and tran-
sitions between the excited and core-excited states also
listed in Table VI are of similar order of magnitude.
The difference is only in wavelength: about 11 A and
about 5 A. Most of the 3d°4l'nl - 3d%4114lsnl transi-
tions given in Table VI are also one-electron 3d — 5f,
3d — 5p, and 3d — 4p transitions. Using the short
designations from Table VI, we find these to be the
4p? —4p?5f, 4sdd—4s4d5f, 4sdp—4sdpbf, 4s4d—4s4dbp,
455p — 4s4pbp, and 4pdd — 4p?4d transitions.
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TABLE VI: Autoionization rates (A, in sfl) and excitation energies (Es in eV) of the 3d'°4l,nl; states as well as wavelengths
(A in A), weighted radiative rates (gA, in s™'), intensity factors ( Qq in s~'), and effective emission rate coefficients (C4'
in cms/s) for transitions between 3d'°4l'nl excited and 3d°4l;4lanl doubly excited autoionization states of Zn-like tungsten.
Transitions between doubly excited non-autoionization and autoionization states are included. Designations: 3d'°nl'nl = ni'nl
and 3d°4l14lonl = 4l;14lnl. The Cfgﬁ(j, i) values are given for T. = 800 e¢V. The notation a[b] means a-10°.

Level Level Es A, YA, YgA, gA., A Qu cdt
Lower Upper eV g1 g1 g1 g1 A g1 cms/s
Even-odd-parity transitions
4s% 18, 454p5d 3 Py 473.3 3.90[13] 3.90[13] 3.45[13] 1.91[13) 4.385 1.48[13) 2.99[-14]
4p® 3P, 4p*5f 3 DS 866.4 4.49[12] 4.49[12] 7.22[14] 7.14[14] 4.396 2.98[13] 3.69[-14]
4s4d 3D, 4s4d5f > D] 808.9  3.63[11] 3.63[11] 5.70[12] 4.39[14] 4.401 1.06[14] 1.41[-13]
4s4d 3D, 4s4d5f 2 Fg 808.7  3.15[13] 3.15[13] 4.24[14) 4.23[14] 4.402 1.45[14] 1.92[-13]
4s4d D, 4s4d5f ®Fy 805.5 1.82[11] 1.82[11] 6.87[10) 1.18[14] 4.402 1.10[14] 1.47[-13]
4s4d 3D, 4s4d5f ' F 826.6  2.95[11] 2.95[11] 9.44[11) 1.87[14] 4.403 1.28[14] 1.67[-13]
4p* 3P, 4p5f ' Fy 805.7 5.32[10] 5.32[10] 3.22[12] 1.28[14] 4.492 1.33[13) 1.77[-14]
4p? 3P, 4s4d5f 2 F,y 804.0 4.38[12] 4.38[12] 8.40[13] 6.48[13] 4.495 1.34[13) 1.79[-14]
Odd-even-parity transitions
4s4p 1 Py 4p?5d *Fy 670.8 1.53[12) 1.53[12) 7.19[13] 5.56[13] 4.394 5.36[12] 8.47[-15]
4s4p ' Py 4s4p5f 2 DS 668.4  2.24[12] 2.24[12) 1.08[14] 9.61[13] 4.398 8.99[12] 1.43[-14]
4s4p 3Py 45%5d * P, 320.0 2.63[13] 2.63[13] 6.86[12] 2.76[12] 4.800 2.19[12] 5.37[-15]
4pdd 3 P, 4p4adsp 3D} 822.5 1.25[12] 1.25[12] 2.07[13] 1.45[13] 4.746 4.31[12] 5.64[-15]
4pdd *F, 4p24d ®P§ 3.5 1.08[13] 1.08[13] 7.55[12] 4.50[12] 6.895 4.09[12] 1.49[-14]
4s5f L Fy 4s4p5f LGS 6632  2.86[12] 2.86[12] 4.93[13) 4.77[12] 6.822 1.64[12] 2.61[-15]
4p5d 3 Py 4p*5d 5 D§ 786.9  4.02[12] 4.02[12) 7.73[12] 1.71[12] 6.828 1.34[12] 1.83[-15]
4d5p 3D, 4pdd5p 3 F3 802.0  9.80[11] 9.80[11] 1.90[13] 5.62[12] 6.845 1.15[12] 1.55[-15]
455p 3P, 454p5p 3 DY 441.1 4.61[11] 4.61[11] 4.22[13] 2.87[13] 7.076 2.04[12] 4.29[-15]
4p5s 2P, 4p*5s 3Dy 545.3  2.78[11] 2.78[11] 3.59[13] 2.80[13] 7.083 1.44[12] 2.66[-15]
4p5s 2P, 4sdp5f °HS  545.2 1.08[12] 1.08[12] 4.06[13] 2.75[13] 7.083 4.32[12] 7.99[-15]
Transitions between core-excited states
4s4p4d ®DS  4p4ddp B P} 694.9  3.11[12] 3.11[12] 1.12[13] 6.51[12] 11.618  3.78[12] 5.80[-15]
4s4pad 3F} 4s4d5d 3Dy 672.3 1.50[13] 1.50[13] 1.49[13] 1.63[12] 11.641 1.36[12] 2.15[-15]
4s4pdd ®P, 4s4d5s 35y 586.5 1.11[14] 1.11[14] 1.58[13] 3.15[12] 14.149  3.01[12] 5.28[-15]
4s4pdd °Hy  4sdp5f 51, 538.6  6.11[11] 6.11[11] 1.13[14] 8.79[13] 14.206  4.10[12] 7.64[-15]
45%4p * D, 4s4p5p ® PP 393.2 2.11[12] 2.11[12] 2.53[13] 5.31[12] 11.727 1.06[12] 2.38[-15]
45%4p 2Dy 454p5p ® Dy 384.0 1.28[13] 1.28[13] 5.61[12] 1.81[12] 11.830 1.26[12] 2.85[-15]
45%4p 3 P, 45%5d 3 P, 303.1 7.60[11] 7.60[11] 1.73[13) 1.45[13) 11.951 1.68[12] 4.21[-15]
4p® 5D, 4p4dsp 2 DY 698.3 4.01[12] 4.01[12] 9.02[12] 1.69[12] 11.657 1.17[12] 1.78[-15]
4p3 1S, 4p?5d * P} 707.3 1.84[12] 1.84[12] 2.31[13) 7.63[12] 11.957 1.47[12] 2.22[-15]

Figure 1 shows examples of dielectronic satellite spec-
tra with k7,=800 eV for the 3d'%4i'nl — 3d'%4lnls,
3d1951'50 — 3d'951;nls, and 3d'1%41'nl — 3d°41,4lsnl tran-
sitions. In the four panels of Fig. 1, we include data
for 1965 even-odd-even parity transitions. The effective
emission rate coefficients Cgf f (j,i) and Gaussian pro-
files with spectral resolution R = A/AX = 1000 (top left
panel), 100 (top right panel), and 500 (bottom panels)
are used to synthesize these spectra (see for detail, for ex-
ample, Ref. [66]). The limited set of transitions includes
transitions with C&// (j,4) >10716 cm?/s. The synthetic
spectrum of dielectronic satellite lines from the W44* ion

at T, = 800 keV is divided into four parts: A =4.35 A to
485 A A=6A to11 A, X =11A to19 A, and A
=20 A to 140 A. Below, in this section, we use the
short designations nl instead of 3d'%nl, 4I'nl instead of
3d%4Inl, 51'nl instead of 3d'°51'nl, and 4l41'nl; instead
of 3d°4141'nl; .

The intensity of lines shown on the top left panel of
Fig. 1 is larger by a factor of 5-10 than all other lines
shown on the three other panels of Fig. 1. Eleven lines
with CZF equal to 141-392x1071% cm?/s are due to the
4s4d — 4s4d5 f transitions. Of these six lines are dis-
tributed in a very small interval from A = 4.4001 A up
to A = 4.4026 A . The remaining five lines are distributed
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in a 0.0125 A wide interval from A\ = 4.4913 A up to A
= 4.5038 A . The values of A,, Eg, gA,, Qq, and Cesff for
four of these lines are shown by lines 3-6 in Table VI.

The strongest lines shown on the top right panel
of Fig. 1 are due to the Rydberg transitions (4p9h —
4d9h, 4p9h — 4d9h, 4pl2h — 4d12h, 4pllh — 4d11h,
4p10h — 4d10h) distributed in a small interval from A
= 4923 A up to A = 49.26 A . The CZ! values are
equal to 21-34x107% c¢cm?/s. Similarly strongest lines
are found in the region of 28 A to 32 A, they are due
to the even-odd parity 5p5f — bp6g transitions as well as
the odd-even parity 5pbd — 5p6 f and 5d5 f — 5d6g transi-
tions. The values of A,, Eg, gA,, Qqg, and C"Sff for these
five lines are shown in Table V.

A large number of satellite lines to the 4d — nf transi-
tions (4dbp — 5pnf with n = 8, 7, 6) are responsible for
the spectral features shown in the bottom left panel of
Fig. 1 in the very narrow region of A = 8.61-8.75 A and
A = 10.14 - 10.34 A. The strong contributions from the
4f5d— 5d7g transition fall into the very small region A =
9.76 - 9.82 A. The values of A,, Eg, gA,, Qq, and Cesff
for some of these lines are given in the odd-parity part
of Table IV. A number of satellite lines to the 3d — 4p
transitions (4p4d — 4p®4d, 4d5p — 4pAddp, 485 f — 4s4p5f,
455d—4s4d5d, 4p5 f —4p?5 f) are responsible for the spec-
tral features shown at A = 6.86- 7.14 A in the bottom left
panel Fig. 1.

The intensity of the lines shown on the bottom right
and left panels of Fig. 1 are almost the same, about 0—
80x1071° ¢m3/s. Both spectra are formed by transi-
tions illustrated in Table IV. The 4s — 5p (4s6f — 5p6 f,
4s7f — bpTf, 4s8f — 5p8f, 4s6g — bpbg) and 4f — 6g

12

(4f5d — 5d6g) transitions form features in the narrow re-
gion of 11.66 - 11.74 A. Another feature in the narrow
region 11.97 - 12.00 A is formed by 4p — 5d (4p8g — 5d8g,
4p7g—>5dT7g, 4p6g—5d6g) transitions. Lines in the narrow
region 13.17-13.20 A have intensity 20-40x 1015 cm?/s.
The lines in this interval are due 4p8g—5d8¢, 4p7g—>5dT7g,
4p6g —5d6g, 4p6s — 5dbs, 4pTi — 5d7i transitions. The in-
tensity of lines in the interval 14-19 A shown on the bot-
tom right panel of Fig. 1 is less than 10-15x10~% cm?/s.

IV. DIELECTRONIC RECOMBINATION RATE
COEFFICIENTS FOR EXCITED STATES

The DR rate coefficients for excited states are obtained
by the summation of the effective emission rate coeffi-
cients ngj (4,7) (Eq. (3)) for DR processes through all
possible intermediate doubly excited states:

aalio, ) = > C5 (7,0). (4)

For the DR process described by Eq. (4), one has to cal-
culate ag(ig, j) with ig = 3d'%4s and all possible excited
states j of W4t with energies below the first threshold,
3d'%4s (18,990,000 cm~1). Below, we present our results
without LSJ. This means that we sum our numerical
results over all LSJ values to reduce the very large num-
ber of levels for presentation. We evaluate energies and
radiative and non-radiative transitions for the 3d'°41'nl
states with n =4-12 and " = s,p,d, f, g, h,i, k. Among
these states, the energies of the 3d'%4snl states with n
=4-12 and I’ = 0 -7 are lower than 18,990,000 cm~'. It
is found that the energies of the 3d'%4pnl states with n
=4-12 and | = s, p,d are below the threshold, while with
the | = f,g,h,i,k are above threshold. The energies of
3d'%4dnl states with n =4-9 and | = s,p,d are below
threshold, while those with [ = f, g, h, i, k are above the
threshold. All together 819 levels of odd parity and 814
levels of even parity for the 3d'°4l'nl configurations have
energies lower than 18,990,000 cm™*.

Among the 3d'°50'5] states, there are also 35 even-
parity states (3d'°5s%, 3d'%5p?, 3d'°5d?, 3d'°5s5d
and 3d'°5p5f) and 52 odd-parity states (3d'°5s5p,
3d05s5f, 3d%5p5d, 3d'95p5g, and 3d'°5d5f) with en-
ergies lower than 18,990,000 cm™'. The core-excited
3d%4l,4l,4l5 configurations also contributes to non-
autoionizing states. There are 413 even-parity states
(3d%4s4p?, 3d%4s4d?, 3d°4s4d, and 3d°4p?4d) and 293
odd-parity states (3d°4s2%4p, 3d%4sdpdd, 3d°4pad?, and
3d%4p3) with energies lower than 18,990,000 cm 1.

The sum over i includes the 3d'%4l'nl autoionizing
states with energies larger than 18,990,000 cm™!, i.e.,
260 even-parity levels and 296 odd-parity levels. For
the 3d'%51'nl states the index i is equal to 308 and 324
for even-parity and odd-parity states, respectively. The
number of core-excited 3d°41'4l"nl autoionizing states is
equal to 1768 and 2142 for even-parity and odd-parity
states, respectively.
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In Fig. 2, we illustrate the contributions to the DR
rate coefficient ag4(3d'%4s,j) for a subset of states in-
cluding j = 3d'%4sb5p, 3d'94£5s, 3d'%4d5s, and 3d'%4p5p
states. The sum over ¢ includes states with n = 4-12 (for
41'nl autoionizing states), n = 5-8 (for 5!'nl’ autoionizing
states), and n = 4-5, (for 3d°41’41"'nl core-excited states).
Those contributions are represented by curves 1, 2, and
3 curves, respectively. In Fig. 2, we show agq(3d'%4s, j)
with j = 3d'%4s5p, 3d'°4f5s, 3d'%4d5s, and 3d'%4p5p
states. It was already mentioned that we sum our results
over LSJ. For example, the ay(3d'%4s, 3d'%4s5p) values
include results for four levels: ag(3d'%4s,3d'4s5p 3 Fy)
+ aq(3d'04s,3d'04s5p 3Py) + aq(3d*%4s,3d"4s5p 3 Py)
+ aq(3d*%4s,3d*04s5p 1 Py).

One can see that curve 2 is above curve 1 for the
3d'%4s5p states for the entire interval of T, while curve 2
is under curve 1 for low temperatures in three other states
illustrated in Fig. 2. That means that the contribution
of the 3d'%4l'nl autoionizing states is more important
at low temperatures (1 eV to 5 eV) than the contribu-

tion of the 3d'%4inl’ autoionizing states, while at higher
temperatures their relative contributions are opposite.
The contributions of the 3d°41'41"nl states (curve 3) are
more important for very high temperature T, (larger than
1000 eV). However, the curve is above all curves in the
top two panels for very small T, (near threshold). It
is clearly seen that the contributions of the 3d'%4l'nl,
3d1950'nl, and 3d°4l’4l"nl states in the sum over i in
Eq. (4) change with temperature, and all three types of
states are important for the calculation of ag4(3s,j) for
different values of j.

Below, in this section, use the short designations nl
instead of 3d'%nl, 41'nl instead of 3d'°41'nl, 5I'nl instead
of 3d'050'nl, and 3d41’41"nl instead of 3d°41'41"nl.

In order to estimate the contributions from the high-n
autoionizing states to the DR rate coefficients for excited
states (sum over ¢ with n > 12 for autoionizing 4!'nl
states, sum over ¢ with n > 8 for autoionizing 5/'nl states,
and sum over ¢ with n > 5 for core-excited 3d4i’4l"nl
states), we use empirical scaling laws [67], which can
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500) contributions to the total DR rate coefficient aq(3s) as
a function of [ and T. in Zn-like tungsten.

only be implemented to include the one-electron 4s — np,
4dp —ns, 4p — nd, 4d —np, 4d — nf, 3d —np, and 3d — n f
dipole transitions. Additional contributions from the
high-n states appear for the first low-lying configura-
tions 4141" and 4150’. For these configurations the [4sdp —
dpnp|, [4s4d — 4dnp], [4pdd — 4pnp, dpnf,ddns, 4dnd),
[4p? — 4pns,dpnd], and [4d® — 4dnp,4dnf] transitions
with n > 13 are to be included as well. Transi-
tions with n > 8 are taken into account for the 4141’
configurations: [4sbs — Ssnp]|, [4sbp — Bpnp|, [4s5f —

5fnpl, [4p5s — bsns, bsnd), [4pbp — bpns, Spnd), [4p5d —
5dns,5dnd], [4p5f — 5fns,5fnd], [4d5s — 5snp,bsnf],
[4d5p — 5pnp, 5pnf], [4d5d — 5dnp, 5dnf], and [4d5f —
5fnp,5fnf]. Transitions with n > 5 core-excited
states are taken into account for the 414!’ configurations:
[4s4l’ —3d4s4l'np] and 4s4l’ — 3d4sdl'nf]. Scaling contri-
butions for the 415!’ configurations from the core-excited
3d4l’4l"nl states with n > 5 are due to the mixing of
the [414]’ 4 4150'] configurations.

To estimate Q4(j,¢) in Eq.(3) for autoionizing states ¢
with high principal quantum number n for the 4(51’ states
(for example, for the 4s5s — 5snp dipole transitions) we
used the calculated data for n = 8 and the 1/n3 scaling
law for A, and A, (see for detail Ref. [19]).

The results of the calculations are shown in Fig. 2.
In order to test the scaling, we compared the explicitly
calculated data for n = 12 and the scaled data for n = 12
derived from the calculated data for n = 11. We found
that the difference is within 10 % except for some cases
when the mixing of configurations is very important. The
contributions from the scaled data are shown by curve 4
in four panels of Fig. 2. The values represented by this
curve includes the scaled data from n = 13 up to n =
1000 of the 4inl’ autoionizing states, from n = 9 up to
n = 500 of the 5inl’ states, and from n = 5 up to n =
100 of the 3d4l’4l"nl core-excited states. The reason why
we change the n for the explicitly and scaled data sets
is that the sum involves more states. For example,we
sum over 190, 357, and 7943 states for the 4inl’, 5Inl’,
and 3d4l’4l"nl autoionizing states to obtain the results
shown in curve 4 in bottom right panel of Fig. 2. The
dependence of the present results on the upper limit of
n was also investigated. We found that there is a small
difference for low temperature (4% for T, = 100 eV)
with n = 20 instead of n = 100 as the upper limit for
3d41’41"nl autoionizing states; the difference increases for



high temperatures, reaching 7% for T, = 1 keV.

The high-n state contributions are very important for
high temperatures. One can see from Fig. 2 that for T, >
1 keV, the curves 4 describing the scaled contributions
from the high-n states (41'nl states with n=13-1000, 5!'nl
states with n=9-500, and 3d41’41" nl states with n=6-100)
are above curves 1, 2, and 3 for three panels (3d'°4s5p,
3d%4d5s, and 3d'4p5p states), shown on Fig. 2. The
scaling contribution (curve 4) is above the curves 2 and
3; however, it is below curve 2 for the 3d'%4d5s states
(top, right panel of Fig. 2). The sum of the contributions
presented by the curves 1, 2, 3, and 4 gives the DR rate
coefficients for excited states.

In Fig. 3, we show the contribution of the scaled terms.
The three curves presented in Fig. 3 illustrate the contri-
butions from the sum of the 3d'°[4l;4] —4lnl] transitions
with n = 13-1000, the sum of the 3d°[41;5] — 5lanl] with
n = 9-1000, and the sum of the 3d'%4,4] — 3d°4i,4l3nl
transitions with n = 6-500 to the total DR rate coeffi-
cient ag(4s) as a function of [ and T, in Zn-like tung-
sten. It should be noted that we observed a large mix-
ing between configurations. For example, the dipole one-
electron 4s4d —4d12p, 4d> — 4d12p transitions were found
to interact strongly with the 4f2 — 4d12p, 4s% — 4d12p
two-electron transitions. In other words, we found strong
mixing between the 4sdd, 4d?, 4f2%, and 4s? configura-
tions.

The calculated values of ay(3d'%4s, j) are presented in
Fig. 4 as function of T,. Here j corresponds to the even-
parity states 3d'°41%2, 3d'%4p4f, 3d'°4s4d, 3d'%4s5ly,
3d104d5ll, 3d104p512, 3d104f512 (ll = S,d,g and l2 =
p, f), 3d°4s%4d, and 3d°4p24d as function of T, in Zn-like
W. Values of a4(3d'%4s,j) where j corresponds to odd-
parity states (3d'%4sdp, 3d*%4sdf, 3d%4pad, 3d*°4s5ly,
3d104d5ll, 3d104p512, 3d104f512 (ll = D, f and 21 =
s,d,g), 3d%4s%4p, 3d°4p3, and 3d°4sdpdd) are illustrated
by Fig. 5. Finally, the values of the DR rate coefhi-
cient ag(3dt0, ) for j = 3d'°512 (I = s,p,d), 3d'95s5d,
3d'95p5 f, 3d'%5s5p, 3d'°5s5f, 3d'95p5d, and 3d'°5d5 f
states are shown as function of T, in two panels of Fig. 6.
The electron temperature for these plots varies from
T.=0.1 eV to T.=38.3 keV.

As can be seen from Figs. 4 - 6, the DR rate coefficients
can be divided into three different groups based on the
variation with electron temperature. There are curves
without any maximum such as, e.g., aq(3d'%4s, j) for j
= 3d'%4s4d (Fig. 4) and 3d°4p® (Fig. 5). Then, there
are curves with two maxima: j= 3d'%4s5d (bottom, left
panel of Fig. 4)(at about 5.12 eV and 442 eV) and j=
3d%4s5f (top, right panel of Fig. 5)(at about 3.03 eV
and 340 eV). The largest group of DR rate coefficients
exhibits only one maximum around 2.0 eV to 5 eV.

Among states with one maximum , the largest val-
ues (107! in units of cm?/s) for the DR rate coefficient
aq(3d'%4s, j) are found for j= 3d'°4d* at 5.12 eV (top
left panel of Fig. 4), for j= 3d%4pdf at 5.12 eV (top
right panel of Fig. 4), for j= 3d'%4p5f at 5.12 eV (bot-
tom right panel of Fig. 4), for j= 3d'%4pdd at 3.03 eV
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(top left panel of Fig. 5), and for j= 3d'°4d5f at 2.33 eV
(bottom right panel of Fig. 5).

One can see from the left panel of Fig. 6 that DR rate
coefficients on these states exhibit only one maximum
around 54 eV to 201 eV. The largest value (3.69x 10713 in
units of cm®/s) of the DR rate coefficients aq(3d'%4s, j)
among the even-parity 3d'°5(5!’ states with one maxi-
mum is obtained for states with j= 3d'°5p5f at 201 eV
(curve 5). Such a relatively small value for the DR rate
coefficients ag(3d'%4s, j) with j = 3d'°5[51 is caused by
the small number of transitions between these states and
autoionising states. For example, only 1731 transitions
are involved in creating curve 5 describing the DR rate
coefficient for the 3d'°5p5f state, while there are 13716
transitions involved in creating curve 1 (top right panel of
Fig. 4 describing the DR rate coefficient for the 3d'%4p4 f
state with a maximum at 3.96x 107! in units of cm?/s).

V. TOTAL DIELECTRONIC RECOMBINATION
RATE COEFFICIENTS

The total DR rate coefficients are obtained by the sum-
mation of the effective emission rate coefficients Cgf ! (4, 1)
(Eq. (3)) over all possible intermediate singly and doubly
excited states:

aqio) = Z Z el (j,4). (5)

We have already discussed the contribution from dou-
bly excited and core-excited states with high-n levels to
the DR rate coefficients (sum over i in Eq. (4)). For
the total DR rate coefficients one has to consider also
the contribution from singly excited high-n states, i.e.,
the 4snl states. For these states, the most important
transitions are 4snl — 4pnl and 4snl — 5pnl [23, 68]. In-
cluding the core-excited states creates more channels for
transitions from singly excited high-n states, such as the
3d'%4snl — 3d°4s4pnl channels.

To estimate Qq(j,4) in Eq. (2) with j = 3d'%4snl and
i = 3d'%4pnl for n > 12, we used the calculated data for
n = 12 and the 1/n? scaling law for A, and Eg. The
values of A, for the 3d'%4snl — 3d'%4pnl transitions are
almost independent of n since this is a one-electron 4s—4p
transition (see Ref. [23, 68] for details.

Again, the calculated data for n = 12 and the
1/n? scaling law for A, were used for estimates of
Qa(j,1) in Eq.(2) for autoionization states i with
high n.  For the 3d'%4snl — 3d'4pnl transitions,
the scaling begins from n = 12. Using the scaling
formulas for A, (3d104snll’3L'J, — 3d"%4pnl 1’3LJ) and
Aa(3d"04pnl 3 L;), we calculated Qq(3d*%4sni'3L’;, —
3d%4pnl 3L ;) and then, using screened value of Eg [23,
68], we calculated C&T(3d*%4snit 3L, —3d*%4pnl 1L ;).
The sums over LSJ and for Cf(3d'%4snl'3L/, —
3d*4pnl 13 L) give data for C&T(3d'%4snl — 3d*°34pnl)
as a function of nl and T,.



The results of the calculations for Cgf(3d'%4snl —
3d*%pnl) are illustrated in Fig. 7 for the 3d'%4snf —
3d%pnf and 3d'%4sng —3d'%4png transitions. In Fig. 7,
we show the contribution from the scaled data for n =
13 to n = 1000 (curves 1). The contributions from the
3d*%4snl — 3d'%5pnl and 3d'4snl — 3d°4sdpnl (I = f,g)
transitions are shown by curves 2 and 3, respectively.
We already mentioned that the scaling for the 5inl’ and
3d%4s4pnl states is started from n = 9 and n = 5, respec-
tively. One can see from these plots that the largest con-
tributions at low temperature T,=41.7 ¢V and 70.6 eV
come from the 3d'%4snf — 3d'%pnf and 3d'%4sng —
3d'%png scaling, respectively. The maximum values are
equal to about 1.57x107% and 4.90x107'2 ecm3/s, re-
spectively on the left and right panels of Fig. 7. The
contribution from the scaled data for n = 13 to n =
1000 is illustrates by curve 1. The contributions from the
3d*%4snl — 3d'°5pnl and 3d*%4snl — 3d°4sdpnl (1 = f,g),
shown by curves 2 and 3, are important at high T, (the
maximum value is reached at 576 eV).

The final result for the sum of the 3d'%4snl — 3d°4pnl,
3d'%snl — 3d'%5pnl, and 3d'%4snl — 3d'°4s4l'nl con-
tributions from high-n states to the total DR rate
coefficient ay(3d'%4s) is shown in Fig. 8. In this figure,

the values of the sum of 223300 CI3d04snl —

dpnl]  + Y000 T3d0Usnl — spnl] +
S0 0l (3d04snl 3d%4s4l'nl) is  presented

as a function of T, for different values of I. The
largest contribution is obtained from the sum of
[Zzigoo Cgfj 3d'%[4snl — 4pnl] for most of the cases.

We used nl names (where | = s, p, d, f, g, h, i, and
k) to label the curves in Fig. 8. The largest and smallest
scaling contribution illustrated by Fig. 8 changes with
with temperature. The largest contribution to the first
maximum (at 70.6 €V) is obtained from values of the sum
with { = 6 (ni curve). A somewhat smaller contribution
comes from the sum with | = 4 (ng curve). The small-
est contribution is from the [ = 2 sum (nd curve). The
largest contribution to the second maximum (at 576 eV)
is obtained from the sum with [ = 4 (ng curve), followed
by a contribution from the sum with | = 6 (ni curve).
The smallest contribution to the peak is from the sum
with [ = 7 (nk curve). As can be seen from the labels in
Fig. 8, that the order of contributions changes again at
largest T.. In this case, the largest contribution comes
from the sum with I = 3 (nf curve).

The total DR rate coefficient (' in cm?/s) is cal-

culated as a sum of five terms: a§4, a§5, ag‘l, affalel,

and a5¢2°2. The contributions of a*, a3°, and a3t are
the sums over the 3d'04iinsls — 3d'%4l'nl transitions
with n=4-12, the 3d'%4l1nsly —3d'°50'nl transitions with
n=4-8, and the 3d'%41,nsly —3d°41'41"nl transitions with
n=4-5, respectively.
The term o3¢l is the contribution from the high-n
states for transitions from the sum of the transitions
3d'0[41141 — 4lynl] with n = 13-1000, 3d'°[41,5] — 5lanl]
with n = 9-1000, and 3d'°41;4] — 3d°4l»4l3nl with n
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= 6-500. The term a*¥¢? is evaluated from the sum
of three contributions: 223200 C T (3d0[4snl —
apnl]), =0 (3d"0[4snl  —  Bpnl]),  and
S gl (3d04snl — 3d°4s4l'nl).

The results for a§47 af’, 0434, affalﬂ, and affﬂleQ are
shown by curves 1, 2, 3, 4, and 5 in Fig. 9. The elec-
tron temperature for these plots varies from 0.1 eV to
38.3 keV. It is clearly seen that a’* gives the dominant
contribution for low T, from 0.48 eV up to 90 eV and has
a maximum at 3.9 eV, while a3* dominates for the low-
est temperature (0.10 eV - 0.48 €V). That contribution
(curve 3) dominates also at larger temperatures (about
570 eV), but at even higher temperatures the scaled term
(curve 4, a°3lel) becomes more important term.

Values of the total rate coefficient 'l are presented
in Table VII for T, = 0.1 eV to 30.3 keV on a logarithmic
grid T, = (0.1 x 1.3V~1) eV with N = 1-50.

VI. UNCERTAINTY ESTIMATES AND
CONCLUSION

In the present paper we calculated a large set of atomic
data related to the dielectronic recombination of Cu-like
W into Zn-like W44+,

Energy levels, wavelengths, weighted radiative transi-
tion probabilities, and autoionization rates were calcu-
lated for the Zn-like tungsten ion using three theoretical
methods. To check the accuracy of our results obtained
by the Cowan code, we evaluated energies, wavelengths
and transition rates by including two-electron states as
well as core-excited state using the multi-configuration
relativistic HULLAC code, in addition, the relativis-
tic many-body perturbation theory method was used to
evaluate energies of two-electron states. The calculated
atomic data were used to obtain the dielectronic satellite
lines as well as the DR rate coefficients.

The energies calculated by the Cowan code are in a
good agreement with the second-order RMBPT energies,
because the largest portion of the correlation contribu-
tion is taken into account by the atomic structure code
of Cowan [61] by scaling the electrostatic integrals. The
accuracy of the transition rates is estimated to be about
20-50% for the largest gA, values and within a factor of
2-5 for the smallest ones. Such large differences are due
to substantial contribution of correlation effects not fully
accounted by the Cowan code [61]. The accuracy of the
autoionizing rates gA, is about 20-40% for the largest
values of gA, (gAa ~ 1013-1014 s71).

Energies of the 3d°4141’4]” core-excited states of Zn-
like tungsten, obtained using COWAN and HULLAC
codes, are compared with values compiled by NIST [56].
Excellent agreement (0.1% - 0.4%) is observed for the en-
ergies the 3d°4141'4l” core-excited states. This agreement
is even better than that demonstrated for two-electron
excited states. The difference between the NIST values
and the COWAN and HULLAC values computed for the
two-electron excited states is less than 0.4% and 0.5%,
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FIG. 9: (Color online) Total DR rate coefficient (o) as
a function of 7. in Zn-like tungsten. “Scale-1” describes
the contribution from the high-n states for transitions
from the 3d'°4141' and 3d'°4(50' states to the 3d'%4lnl’
states with n=13-1000, 3d'°5Inl’ states with n=9-1000, and
3d°4l4l'nl; states with n=5-1000. “Scale-2” describes the
sum of the three contributions: Zzzigoo 07 (3d"04snl —
3d"%5pnl), ST g (3d"4sn 3d'°5pnl),

S0 ol (3dM04snl — 3d°4s4l'nl).

n=6

and

respectively. The comparison of NIST values and en-
ergies computed by the COWAN and HULLAC codes,
thus, confirmed the high accuracy of our calculations.

We took into account the excited states [Ar]3d1%41'nl
(n=4-12, 1 < n — 1), [Ar]3d*°5I'nl (n=5-8, 1 < n — 1),
and [Ar]3d%41'4l"nl (n=4-5, | < n — 1) states in Zn-like
tungsten (W#4%) as intermediate resonance states with
n up to 1000 to calculate the DR rate coefficients. Most
of the state-selective DR rate coefficients reveal a dou-
ble peak as a function of electron temperature. The
3d'0[4l1naly — 4l'nl] transitions with n=4-12 give the
dominant contribution for T, from 0.48 eV up to 90 eV,
while the 3d'%4l1naly — 3d°41’41"nl) transitions domi-
nate at the lowest temperature (0.48 eV). The scaled
term (that takes case of the contributions from states
involving a high n electrons) becomes more important
with increasing temperature.

The state selective rate coefficients can be used in
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collisional-radiative models aimed at investigating the
population kinetics in recombining plasmas as well as in
the calculation of ionization equilibrium. In addition,
the spectra of the dielectronic satellites of W*4* are im-
portant as a diagnostic of high-temperature L-shell W
plasmas in general, and of future ITER plasmas in par-
ticular.

TABLE VII: Total DR rate coefficients o (in cm?®/s) for
different temperature values. A[B] means A-10%.

T, (eV) azlotal T. (eV) afiotal
0.10 5.66[-12] 70.56 9.39]-11]
0.13 7.35[-12] 91.73 7.97]-11]
0.17 8.21[-12] 119.25 6.87[-11]
0.22 8.16[-12] 155.03 6.04[-11]
0.29 7.48[-12] 201.54 5.43[-11]
0.37 6.90[-12] 262.00 4.98[-11]
0.48 8.69[-12] 340.60 4.59[-11]
0.63 1.84[-11] 442.78 4.21[-11]
0.82 4.62[-11] 575.61 3.78]-11]
1.06 1.05[-10] 748.30 3.30[-11]
1.38 2.02[-10] 972.78 2.78]-11]
1.79 3.27[-10] 1264.62 2.26[-11]
2.33 4.53[-10] 1644.01 1.78]-11]
3.03 5.44[-10] 2137.21 1.36[-11]
3.94 5.83[-10] 2778.37 1.02[-11]
5.12 5.70[-10] 3611.88 7.43[-12]
6.65 5.20[-10] 4695.44 5.34]-12]
8.65 4.52[-10] 6104.07 3.78]-12]
11.25 3.80[-10] 7935.30 2.65[-12]
14.62 3.12[-10] 10315.89 1.84[-12]
19.00 2.53[-10] 13410.65 1.27[-12]
24.71 2.04[-10] 17433.84 8.73]-13]
32.12 1.65[-10] 22664.00 5.97]-13]
41.75 1.35[-10] 29463.19 4.07[-13]
54.28 1.12[-10] 38302.15 2.77]-13]
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