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Abstract. We have reported fine structure energies along with radiative data namely, transition
wavelengths, transition probabilities, oscillator strengths and line strengths for lowest 120 levels of
Cu-like W using Multi-Configuration Dirac-Fock (MCDF) method which may be useful ion for fusion
plasma research. We have systematically analysed configuration interaction (CI) effects on Dirac-
Coulomb as well as Breit and Quantum electrodynamics (QED) excitation energies and demonstrated
that in order to attain accuracy in atomic data inclusions of CI in excitation energies are crucial.
We have also discussed the evaluation of results from two independent codes GRASP and FAC.
We have predicted some new energy levels and transition data where no other experimental or
theoretical results are available. The present set of results should be useful in line identification and
the interpretation of spectra, as well as in modeling of fusion plasmas.
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1. Introduction

Tungsten is of great interest for its intricate relationship with fusion plasma as many
components of present and future generation tokamaks are made up of tungsten. The selection
of tungsten as a plasma-facing material for the International Thermonuclear Experimental
Reactor ITER) has brought main interest in its spectroscopic studies [1]. A significant amount
of energy may be released via the radiation emitted by the tungsten ions, as tungsten is usually
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found as an impurity in the plasma [2]. The intermediate charge states of tungsten (including
Cu-like W) are more prominent in plasmas with ion temperature of few KeV. The ions present in
these charge states radiate a significant portion of their spectra in the Extreme Ultraviolet (EUV)
region which has been investigated in the laser produced plasmas [3,/4]. The study of tungsten
ions in the diagnosis and investigation of fusion as well as astrophysical plasma has significantly
increased in past few decades [5H7]. Several experimental and theoretical methods have been
used for determination of accurate atomic data for several ionization states of tungsten [8-11].
Recently, atomic structure on Li-like W to Yt-like W have been studied experimentally [[12-15].
Impurity X-ray spectra for Cu-like W were measured at the ASDEX upgrade and JT600
tokamak [16]. In the theoretical approaches a significant improvement has been achieved in last
few years in particular by the development of large-scale relativistic configuration-interaction
(CI) methods taking into account electron correlation effects. An extended experimental and
theoretical data based on tungsten ions can be found in refs. [17-19].

The study of ions along the Cu isoelectronic sequence provides important benchmark
through both experiments and modern atomic structure theory. In the recent past, using
several methods and techniques, various experimental and theoretical works on Cu-like ions
have been performed, which has greatly shown the importance of Cu-like ions. Sansonetti et
al. [20] provided the transition data with energy levels for Ba XXVIII and other Barium ions.
Suzuki et al. [21] have observed EUV spectra for highly ionized Gd and Nd ions including
Cu-like Gd and Nd by solid pellet injection in Large Helical Device (LHD) plasmas. Kilbane et
al. [22] measured EUV spectra of Cu-like ions with flat-field grazing incidence. Goyal et al. [23]]
diagnose extreme ultraviolet (EUV) and soft X-ray (SXR) transitions with electron excitation to
M-shell and higher shells in the theoretical study of Cu-like ions.

The atomic spectra of Cu-like W are not so well resolved and there is insufficiency of
reliable and authentic atomic data for Cu-like tungsten due to the complex and complicated
spectra of open N shells. Xu et al. [24] calculated excitation energies and wavelengths of nine
isoelectronic sequence of tungsten ions (including Cu-like W) using MCDF method by taking into
account the electron correlations, quantum electrodynamics effect (QED) and Breit corrections.
Klapisch et al. [25] measured 3d-4p transitions in Cu-like tungsten(W) and Thulium(Tm)
by classification of X-ray spectra from laser-produced plasmas. They also calculated [25] the
transition wavelength and transition probabilities using relativistic parametric potential atomic
structure code. Mandelbaum et al. [26] also studied the X-ray spectra from laser-produced
plasma of Cu-like ions (including Cu-like W) using RELAC method. Klapisch et al. [27] studied
the 3d-4f transitions in X-ray spectra of highly ionized Tm to Re. Zigler et al. [28] interpretate
X-ray spectra in the 3 KeV range of Au and W. Recently, Rzadkiewicz et al. [29] measured the
X-ray transitions in Cu and Ni like tungsten ions in the wavelength range of 5.19-5.26 A. They
[29] measured wavelength of ground state transitions in Cu-like tungsten from the 3p%3d1°%4s4p
[3/2,(1/2,5/2)9]1/2 1evel. Fourier [17] studied the atomic data and spectral line intensities for
highly charged tungsten ions in a tokamak plasma. Osberne et al. [30] reported spectroscopic
analysis and modeling of tungsten EBIT and Z-pinch plasma experiments. Clementson et
al. [31] investigate the spectroscopy of M-shell X-ray transitions in Zn-like through Co-like
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tungsten. Ralchenko et al. [32] investigated the spectra of tungsten ions (Z = 39 to 47) in
12-20 nm region observed with EBIT. Palmeri et al. [33]] calculated transition wavelengths and
transition probabilities in Cu-like ions (70 < Z < 92). Safronova et al. [34] using the relativistic
many-body perturbation theory method (RMBPT), the multiconfiguration relativistic Hebrew
University Lawrence Livermore Atomic Code (HULLAC) and Hartree-Fock relativistic method
(COWAN code) reported transition probabilities, energy levels and autoionization rates for some
states in Cu-like tungsten. 4d-3p transitions in Cu-like tungsten ions have been studied by
Kozial and Rzadkiewicz [35]].

The aim of present paper is to upgrade the database of energy levels and radiative
rates of Cu-like tungsten ion. We have reported the energy levels for 120 lowest levels.
Further, we have presented the transition wavelength, transition probabilities, oscillator
strength and line strength from ground state for electric dipole (E1), electric quadrupole
(E2), magnetic dipole (M1) and magnetic quadrupole (M2) transitions. Since the investigations
of highly charged Cu-like tungsten ion considered in present work require the simultaneous
consideration of electronic correlation and relativistic effects therefore, we have used GRASP
code which work on MCDF technology developed originally by Grant et al. [36] and revised by
Norrington [37]. In our calculation, we have included the QED and Breit corrections which have
been applied successfully to calculate atomic data for many highly charged ions [38-43]. In
present calculations, all the orbitals were simultaneously optimized on the average energy of
all configurations by using the option of EAL (extended average level).

We have structured this paper in the following way: in Section |2, we present the method
of calculations, in Section |3, we present the result and discussion. Finally, we presented the
conclusion in Section 4]

2. Method of Calculations

To execute these extensive calculations, we have adopted a fully relativistic MCDF method
applied in General purpose relativistic atomic structure package (GRASP). This method was
developed by Grant et al. [36]] and improved by Norrington [37] and has been successfully
applied in our previous works [[38-43]]. Since the elaborate explanation of this method has been
presented in many papers, so we are not discussed it here.

For highly charged ions, the essential mechanism to attain reliability in the determination
of atomic data is configuration interaction (CI). In last few years, the detailed analysis of
configuration interaction on atomic data calculations has become popular. In order to assess
the effect of configuration interaction on non relativistic energy and relativistic corrections,
different sets are considered in the present work. In the first set, we have included the ground
state configuration and other configuration from n = 4. In other sets, we have increased the
orbitals in a systematic way and enhance the active set layer by layer. The division of levels
in groups on the basis of parity and / values makes the computational procedure simple and
manageable. In all sets, we have retained configurations of previous model. We have also
included the contributions of Breit interactions and QED effects such as vacuum polarization
and self-energy through relativistic configuration interaction (RCI) calculations. We enhanced
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the size of the active set as shown below till n = 7. We have shown the effect of increasing
principal quantum number on Breit, QED corrections and total energy in Table

AS1={n=4,1=0-3},

AS2=AS1+{n=5,l=0-4},
AS3=AS2+{n=6,l=0-4},
AS4=AS3+{n="7,l=0-4}.

Table 1. Energy (including Breit and QED) with increasing active set

N=4
Level number DC Breit QED Total
2 7.2219 8.05E-02 —7.45E-02 7.2279
3 14.7319 | —9.89E-03 | —6.60E-02 | 14.6560
4 25.8620 | -3.53E-02 | -7.37E-02 | 25.7529
5 27.4756 | -7.24E-02 | -7.37E-02 | 27.3295
6 39.3316 | —-1.05E-01 | -7.37E-02 | 39.1531
7 39.7509 | -1.29E-01 | -7.37E-02 | 39.5482
N=5
Level number DC Breit QED Total
2 7.2293 8.05E-02 —7.58E-02 7.2339
3 14.7307 | -9.77E-03 | —-6.71E-02 | 14.6538
4 25.7896 | —6.03E-02 | —-7.50E-02 | 25.6543
5 27.4035 | —-9.78E-02 | -7.50E-02 | 27.2307
6 39.3333 | —1.04E-01 | -7.50E-02 | 39.1538
7 39.7509 | —-1.29E-01 | -7.50E-02 | 39.5472
N=6
Level number DC Breit QED Total
2 7.1996 6.10E-02 —7.58E-02 7.1848
3 14.7043 | —-3.03E-02 | —-6.71E-02 | 14.6069
4 25.7947 | -5.93E-02 | -7.50E-02 | 25.6604
5 27.4086 | —9.68E-02 | —-7.50E-02 | 27.2368
6 39.3280 | —-1.05E-01 | —-7.50E-02 | 39.1484
7 39.7459 | -1.29E-01 | -7.50E-02 | 39.5421
N=T
Level number DC Breit QED Total
2 7.1735 5.45E-02 —7.64E-02 7.1516
3 14.6884 | —3.58E-02 | —-6.76E-02 | 14.5850
4 25.8939 | -3.21E-02 | -7.56E-02 | 25.7861
5 27.5104 | -7.00E-02 | -7.56E-02 | 27.3647
6 39.3544 | -1.05E-01 | -7.56E-02 | 39.1740
7 39.7742 | -1.29E-01 | -7.56E-02 | 39.5701
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3. Result and Discussion

Due to shortage of experimental measurements or theoretical data for higher excited states,
production and comparison of atomic data such as energy levels and radiative rates from two or
more independent codes has almost common in the theoretical atomic physics to assess accuracy
and reliability of calculated data. Therefore, we have also calculated energy levels using Flexible
Atomic Code (FAC) which is also fully relativistic and based on jj-coupling scheme.

In Table |2, we have reported the 120 fine structural energy values obtained using MCDF
and FAC for Cu-like tungsten. Our final calculation includes [1522522p%35213p%3d%ni(n =
4-71=0-4), 3p%3d°ni%(n =4,1 =0-3), 3p®3dni%(n = 4,1 =0-3), 3p®3d°nin'l'(n,n' =
4-5,1,1' =0—-4) configurations. As QED and Breit correction are important for transition
energy calculations, therefore we have presented the contributions of QED and Breit corrections
calculated from MCDF method in Table [2l One can see from Table [2| that the contribution
of Breit and QED corrections are significant for maximum levels therefore the contribution
of QED and Breit corrections cannot be neglected for high Z ions. In Table [2| the column
‘S.No.” indicates the level number of relativistic fine-structure levels listed under the second
column ‘configuration’. We have also tabulated the lifetimes of excited levels in Table |2l We have
compared our calculated results of energy values from MCDF and FAC with the energy levels
compiled by NIST, whose data are commonly used as reference set for atomic results. From the
literature survey, it has been reviewed that the maximum discrepancy in energies calculated
from the two different fully relativistic codes for the same configuration set cannot be more than
0.15 Ryd for highly charged ions and this discrepancy between two codes may be due to different
ways of calculations of radial wavefunctions and different potential implemented in these codes.

In Table |2, our presented energy levels of MCDF are in good agreement with FAC and
the maximum discrepancy between FAC and MCDF is 0.3% for 3 p%3d1%4d 2D5. Small
discrepancies between the energy calculated by using MCDF and FAC is mainly due to different
ways of calculations of electron wave-functions for radial orbits and recoupling scheme of angular
parts for all levels, whose data was present in NIST database. Our calculated energy values
are in good agreement with the NIST values (maximum discrepancy 0.35%) which confirm
the credibility and integrity of our results. Further, we would like to mention that we have
reported results for many new energy levels, which are not listed in the NIST tables. Higher
levels corresponding to 3p%3d?4p? and many from 3p®3d°4s4p are obtained for the first time.

In Table 3] we have compared calculated results of energy levels from MCDF and FAC with
the calculated values of Safronova et al. [34]] which also used two independent methods for their
calculations. We have also presented the % difference in energies of different calculations with
NIST as well as from each other. For the level 3p%3d1%4p, the results of Safronova et al. [34]
calculated from Cowan’s code differ from all other results. Our calculated values from MCDF
method for all transitions match well with the calculated values of Safronova et al. [34] using
RMBPT code as well as with the data compiled by NIST. The maximum difference between two
calculations is 0.33%. This is a clear indication of accuracy of our results as this is a criterian to
judge reliability of theoretical results.
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Table 2. Dirac-Coulomb (DC), Breit, and Quantum electrodynamics (QED) contributions to the MCDF
energy (in Rydberg) as a function of the orbital set. The sum (Total) is compared with FAC and NIST. All
energies are relative to the ground state

S.No. Configuration Term J Lifetime MCDF FAC NIST
DC Breit QED Total
1 3P53D1048 28 12 — — — — — 0.0000 0.0000
2 3p63Dl04p 2p 1/2 2.12E-11 17.1735  0.0545 -0.0764 7.15162  7.1407 7.1754
3 3p63Dl04p 2p 3/2 2.39E-12 14.6884 -0.0358 -0.0676 14585  14.5934  14.6186
4 3P%3D104D 2p 3/2 1.16E-12 25.8939 -0.0321 -0.0756 25.7861 25.7100  25.6940
5 3P%3D104D 2D 5/2 298E-12 27.5104 -0.07 -0.0756 27.3647 27.2923  27.2792
6 3P53D104F 2F 5/2 3.36E-12 39.3544 -0.105  -0.0756 39.174  39.1283  39.1240
7 3P83D104F 2F 7/2  4.31E-12 39.7742 -0.129  -0.0756 39.5701 39.5261  39.5230
8 3P83D105g 23 /2  1.01E-13 712125 -0.083  -0.0444 71.0851 71.0680  71.12
9 3p3Dl0sp 2p 1/2 1.17E-13 747169 -0.0437 -0.0763 745969 745516  74.60
10 3P83D105p 2p 3/2 1.79E-13 78.2424 -0.0851 -0.0723 78.085  78.0485  78.10
11 3P83D105D 2D 3/2 162E-13 835788 -0.0888 -0.0756 83.4145 83.3355  83.51
12 3P%3D10s5D 2D 5/2 1.41E-13 84.3629 -0.108  -0.0756 84.1791 84.1021  84.16
13 3P%3D10sF 2F 5/2 8.71E-14 89.6102 -0.131  -0.0756 89.4036 89.3547  89.42
14  3P%3D105F 2F 7/2 857E-14 89.8503 -0.141  -0.0756 89.6333 89.5863  89.65
15 3P%3D105G 2G 7/2 4.80E-14 92497  -0.151  -0.0756 92.2702 92.2600  92.32
16 3P%3D105G 2G 9/2 4.83E-14 92593  -0.153  -0.0756 92.364 923533  92.41
17 3P%3D106s 28 1/2  1.15E-13  106.798 -0.0808 -0.0603 106.657  106.5520
18 3P63D106p 2p 1/2  1.29E-13  108.747 -0.0597 -0.076 108.611  108.4980
19 3P%3D106p 2p 3/2 1.88E-13 110.686 -0.0814 -0.074 110.531  110.4400
20 3P%3D9452 2D 5/2 1.64E-10 113.614 -0.128  0.0746 113.561 113.3813 113.74
21 3P®3D106D 2D 3/2 169E-13 113.631 -0.0869 -0.0756 113.468 113.7218
22 3P%3D106D 2D 5/2 150E-13 114.072 -0.0975 -0.0756 113.899  113.8231
23 3P%3D106F 2F 5/2 1.01E-13 116.925 -0.106  -0.0756 116.744 116.685  116.67
24 3P%3D106F 2F 7/2  1.01E-13 117.068 -0.111  -0.0756 116.881 116.8299 116.79
25 3P%3DY452 2p 3/2 7.77E-14 11855  -0.117  -0.0756 118.358  118.307
26 3P%3D1%6G 2G 7/2 5.81E-11 118562 -0.233  0.0747 118.404 118.3636 118.29
27 3P%3D106G 2G 9/2 17.82E-14 118607 -0.119  -0.0756 118.413 1185875 118.30
28 3pP®3D%s4P ‘P 5/2 153E-09 119.841 -0.042  -0.00079  119.798 119.9114
29 3P®3D%S4P  4F 7/2  5.70E-11 120.394 -0.0562 -0.000788 120.337  120.4499
30 3P®3D%S4P  2F 5/2 6.49E-11 120.395 -0.0475 -0.000748 120.347  120.4625
31 3p®3D%s4P 2P 3/2 3.47E-11 120.452 -0.0365 -0.000763 120.415 120.5299
32 3P®3D%S4P  4F 3/2 1.03E-12 124823 -0.151  -0.000762 124.672 124.8082 124.92
33 3P®3D%S4P  4F 5/2 4.71E-11 12536  -0.16 -0.000746 125.199 125.3351
34 3pP®3D104s4P 4P 3/2 1.73E-13 125444 -0.151  -0.000706 125292 1254337 125.48
35 3P®3D%S4P ‘D 1/2 1.63E-13 125519 -0.145  -0.000715 125.373 125.5141 125.48
36 3P%3D1078 28 1/2 147E-13 127.065 -0.0965 -0.0667 126.902  126.836
37 3P®3D%4S4P  4F 9/2 2.19E-07 127.317 -0.148  0.00789 127.176  127.3026

Contd. Table 2
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S.No. Configuration Term J Lifetime MCDF FAC NIST
DC Breit QED Total
38 3PS3DY%P4P 2D 5/2 1.15E-10 127.591 -0.134  0.00782 127.465 127.5976
39 3P63D%S4P 4D 3/2 2.11E-13 127599 -0.132  0.0078 127.474 127.6129 127.68
40 3P%3DY94S4P 4D 7/2 456E-10 127.655 -0.138  0.00788  127.524 127.6586
41 3P%3DY%4S4P 2P 1/2 8.85E-14 127671 -0.132  0.0077 127547 127.6945 127.79
42 3P53D94p2 2p 5/2 8.11E-12 128.061 0.0369 -0.0764  128.021 128.0280
43 3PS3plo7p 2p 1/2 149E-13 128258 -0.0835 -0.0758  128.099 128.0896
44 3P%3DY94S4P 2P 3/2 1.23E-13 128755 -0.135  0.00747 128.627 128.7593 128.76
45 3P%3DY94S4P 2F 7/2  147E-12 128.768 -0.142  0.00744 128.633 128.7596
46 3P%3DY94S4P 2D 5/2 1.42E-12 129.006 -0.134  0.00736 128.88  129.0108
47 3PS3D107p 2p 3/2 2.01E-13 129.44  -0.0966 -0.0744  129.269 129.2123
48 3P83D107D 2p 3/2 1.99E-13 131.239 -0.0997 -0.0756  131.064 131.0080
49 3PS3D107D 2p 5/2 1.80E-13 131.512 -0.106 -0.0756  131.33  131.2810
50 3P63D9%4S4P 4P 1/2 241E-12 132.136 -0.228  0.00785 131.916 132.0638 132.14
51 3P%3DY%4S4P 4D 3/2 8.75E-13 132421 -0.236  0.00787 132.192 132.3464 132.37
52 3P63D9%S4P 2F 7/2 3.39E-10 132462 -0.253  0.00789  132.217 132.3729
53 38P63D%S4P 4D 5/2 1.84E-10 132,573 -0.241  0.00788 132.34  132.4958
54 3P83D94p2 iF 3/2 2.10E-13 133.095 -0.0713 -0.0764  132.948 133.0168 133.01
55 3P63DlO7F 2f 5/2 1.31E-13 133.242 -0.111  -0.0756  133.055 133.0416
56 3P83D1O7F 2F 7/2 1.31E-13 133.333 -0.114  -0.0756  133.143 133.1091
57 3P53D9%4S4P 2P 1/2 4.03E-13 133592 -0.237  0.00764  133.362 133.5113 133.48
58 3P63DY94S4P  2F 5/2 1.45E-12 133.758 -0.246  0.00747 133.519 133.6697
59 3P53D%S4P 2D 3/2 6.60E-13 133.906 -0.238  0.00742 133.675 133.8272
60 3P63D07G 2G 7/2 5.95E-14 134.249 -0.118  -0.0756  134.056 134.0170
61 3P%3D107G 2G 9/2 6.00E-14 134.285 -0.119  -0.0756  134.091 134.0530
62 3P63DI4pP2 4p 7/2  1.00E-12 135.053 -0.0553 -0.0681  134.93  135.0111
63 3P63DI4pP? 2G 9/2 1.75E-12 135.2 -0.0773 -0.0651  135.058 135.1419
64 3P63D94p2 2p 3/2 17.86E-13 135232 -0.0487 -0.0668  135.116 135.2008
65 3P63DY4p? 2F 5/2 1.18E-12 135.296 -0.0596 -0.067 135.169  135.2559
66 3P63D94p2 2g 1/2 528E-14 135.332 -0.0509 -0.0645  135.216 135.3117
67 3P83D94pP? 2p 3/2 454E-14 135371 -0.0578 -0.0667  135.247 135.3461
68 3P63D94p2 4p 5/2 1.16E-12 135432 -0.0482 -0.0668  135.317 135.4061
69 3P63DI4P2 4F 7/2  2.90E-12 135.529 -0.0646 -0.0657  135.398 135.4895
70 3P83D94pP2 4D 1/2 1.09E-12 138.695 -0.149  -0.0003  138.546 138.6257
71 3P%3D94P2 2G 7/2  1.09E-12 139.044 -0.172 -45E-05 138.872 139.0507
72 3P83D94pP2 iF 3/2 1.05E-12 139.111 -0.159  -0.00029 138.952 139.1029
73  3P63D94p2 4F 5/2 17.14E-13 139.173 -0.14 -0.00348 139.03  139.1145
74  3P83DY4P2 2p 1/2 9.86E-13 139.212 -0.18 -0.00193 139.03  139.2025
75 3P63D94p2 2F 5/2 891E-13 139.382 -0.156  -0.00151 139.224 139.3696
76  3P63DY4P2 2p 3/2 9.79E-13 139434 -0.165  -0.00192 139.267 139.4487
77 3P83D94pP2 iF 9/2 9.34E-13 13949  -0.158  -0.00144 139.33  139.5086

Contd. Table 2
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S. No. Configuration Term J Lifetime MCDF FAC NIST
DC Breit QED Total

78 3P%3D94p2 2F 7/2  855E-13 139.845 -0.152  -0.0668  139.626 139.7846

79 3P63D%4p2 2p 1/2  5.62E-13 140.139 -0.162 -0.0674 13991  140.0888

80 3P63D%4p2 2D 5/2  3.49E-12 140.176 -0.18 -0.0649  139.931 140.1243

81 3P83D4p2 2p 3/2  4.07E-13 140233 -0.165 -0.0682 140 140.1909  140.05
82 3P%3D%4SPD)MD S 3/2 1.34E-13 140.297 -0.158  -0.0649  140.074 140.262

83 3P63D%4p2 2p 5/2  2.85E-12 140.452 -0.221 -7.8E-05 140.231 140.4079

84 3P%3D%4S(DMD 4G 7/2  2.17E-13 14046  -0.167  -0.0654  140.228 140.4234
85 3P%3D%4S(PD)D 4D 5/2 2.52E-13 140.523 -0.166  -0.058 140.299 140.491  140.34
86 3P%3D%4S(DMD ‘G 9/2  3.08E-13 140593 -0.192  -0.0089  140.392 140.5418
87 3P%3D%4S(ID)4D 2P 172 1.11E-12 140.699 -0.201  -0.00377 140.495 140.6366
88 3P%3D%4S(3D)4D 4D 3/2  2.73E-12 140.804 -0.2 -0.00047 140.603  140.7753
89 3P%3D%4S(PD)D 4D 7/2  2.71E-12  140.861 -0.205  -0.00035 140.656 140.8424
90 3P%3D%4S(DyMD G 11/2 246E-12 140.882 -0.19 -1E-04  140.691 140.8684
91 3pP%3D%4S(D)4D 2F 5/2 2.73E-12 141.053 -0.202  -0.0092  140.842 141.0286

92 3P63D%4p2 4p 3/2 8.31E-13 141.243 -0.18 -0.00769 141.055 141.2387
93 3P63D%4p2 4p 1/2  6.06E-13 141261 -0.185 -0.00929 141.066 141.2393
94 3P%3DI4P2 2F 7/2  293E-12 141.314 -0.188  -0.0115 141.114 141.2923
95 3P63D%4p2 4p 5/2 5.70E-13 142.136 -0.186  -0.00979 14194  142.0962

96 3P%3D%4s(D)D 2D 3/2 9.08E-13 143.279 -0.163  -0.052 143.064 143.2267
97 3P%3D%S(D)4D 2F 7/2  3.58E-13 143.336 -0.152  -0.0487  143.136 143.2458
98 3P63D%4S(D)4D 4F 9/2 8.79E-13 143.365 -0.157 -0.0494  143.158 143.324
99 3P63D%4S(!DyM4D 2D 5/2 9.83E-14 143.484 -0.152 -0.0538  143.278 143.4184
100 3P®3D%4S(D)4D 28 1/2 1.14E-13 143535 -0.146  -0.0532  143.336 143.4806
101 3P®3D%4S(D)4D 4P 1/2  1.07E-12 143.871 -0.276  -0.0002  143.595 143.7988
102 3P63D%4p2 2p 3/2 1.01E-12 143.909 -0.143 -0.0579  143.708 143.8957 143.42
103 3P%3D%4S(DMD 2G 9/2 9.43E-13 144.013 -0.269 -0.00124 143.743 143.9218
104 3P®3D%4S(D)4D 2P 3/2 956E-13 144.07 -0.274  -0.00095 143.796 143.9779
105 3P%3D%4S(PDMD 4G 5/2  9.77E-13 144.208 -0.284  -0.00193 143.922 144.1297
106 3P®3D%4S(D)4D 2D 5/2  9.69E-13 144.352 -0.261  -0.001 144.09  144.2949
107 3P%3D%S(Dy4D 2P 3/2 8.49E-13 144541 -0.268 -0.00174 144.272 144.4856
108 3P®3D%4S(D)4D 4D 1/2  141E-11 145239 -0.0552 -0.076 145.108 145.2355
109 3P%3D%4S((D)}4D 2F 7/2  2.71E-12 145.346 -0.286  -0.00019 145.06  145.2418
110 3P%3D%S(D)4D 2G 7/2  1.08E-11 145.458 -0.0632 -0.076 145.319 145.4536
111 3P%3D%4S(D)4D 2D 5/2 2.77E-12 145607 -0.323 -7.1E-05 145.284 145.4995
112 3P53D%4S(D)MD 4P 3/2 149E-11 145625 -0.101  -0.076 145.448 145.5879
113 3P®3D%4S(D)4D 4F 5/2  2.71E-12 145.685 -0.3 -7.8E-05 145.385 145.5996
114 3P%3D%sS(D4D 2G 9/2 1.37E-11 145.732 -0.0729 -0.076 145.583 145.6961
115 3P%3D%4S(D)4D 4P 5/2  2.68E-12 145.792 -0.306  -0.00094 145.486 145.7229
116 3P%3D%4S((D}4D 4F 7/2  1.18E-11 145.804 -0.0818 -0.0761  145.646 145.7229
117 3P®3D%4S(GD)4D 2P 1/2 2.27E-12 145818 -0.279  -0.00652 145.532 145.7887
118 3P%3D%S(DMD 2G 7/2  2.75E-12  146.071 -0.305  -0.00836 145.758 145.9727
119 3P%3D%4S(D)4D 2D 3/2  2.18E-12 146.125 -0.287  -0.0109  145.827 146.0342
120 3P%3D%4S(DMD 2F 5/2 1.18E-12 146.239 -0291  -0.011 145.937 146.1436
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Table 3. Energy level (in Rydberg) for the some levels compared with other available results

Configuration Term J cowan® RMBPT? GRASP(cal.) FAC (cal.) NIST C-G R-G C-N R-N G-N

3P%3D104p 2P  1/2 7.0441 7.1753 7.171 7.14 7.1754 -1.8015 0.0599 -1.8639 -0.0013 -0.06136
3P%3D104p 2P  3/2 14.748 14.634 14585 14.593  14.619 1.1052 0.3348 0.8746 0.1025 -0.2331
3P63D1%4D 2D  3/2 25.552 25.7 25.786 25.71 25.694 -0.9157 -0.3346 -0.5557 0.0233 0.3567

3P%3D104D 2D  5/2 27.186 27.286  27.364 27.292  27.279 -0.6547 -0.2858 -0.3420 0.0256 0.3106

3P3DI04F 2F  5/2 38.997 39.127  39.174 39.128  39.124 -0.4538 -0.1201 -0.3256 0.0076 0.1276

3P3DI04F 2F  7/2 39.456 39.529  39.570 39.526  39.523 -0.2889 -0.1037 -0.1698 0.0151 0.1187

3P%3D1055 25 1/2 71.086 71.115  71.085 71.068  71.12 0.0014 0.0421 -0.0478 -0.0070 -0.0492
3P63DI05P 2P 1/2 74.491 74.604  74.596 74552  74.6  -0.1409 0.0107 -0.1463 0.0053 -0.0053
3P63D105P 2P 3/2 78.135 78.105  78.085 78.049 781 0.0639 0.0256 0.0447 0.0064 -0.0192
3P%3D105D 2D  3/2 83.277 83.383  83.414 83.336  83.51 -0.1645 -0.0371 -0.2797 -0.1523 -0.1150
3P%3D105D 2D 5/2 84.072 84.152  84.179 84.102  84.16 -0.1272 -0.0320 -0.1046 -0.0095 0.0225

3P83DI05F 2F  5/2 89.314 89.415  89.403 89.355  89.42 -0.0996 0.0134 -0.1186 -0.0055 -0.0190
3P3DI05F 2F  7/2 89.558 89.648  89.633 89.586  89.65 -0.0837 0.0167 -0.1027 -0.0022 -0.0189
3P®3D105G 2G 7/2 92.212 92.319  92.270 92.26 92.32 -0.0629 0.0530 -0.1171 -0.0010 -0.0541
3P%3D105G 2G 9/2 92.312 92.413  92.364 92.353 9241 -0.0563 0.0530 -0.1061 0.0032 -0.0498
3P%3D106S 25 1/2 106.53 106.57  106.65 106.55 -0.1126 -0.0750

3P3D106P 2P  1/2 108.42 10851  108.61 108.5 -0.1752 -0.0921

3P3D106P 2P  3/2 110.43 110.44 110.53 110.44 -0.0905 -0.0814

3P%3D%4S2 2D 5/2 11328 113.37 113.56 113.38  113.74 -0.2471 -0.1675 -0.4060 -0.3263 -0.1585
3P83D1%6D 2D  3/2 113.73 113.8 113.46 113.72 0.2374 0.2987

3P83DI06F 2F  5/2 116.57 116.65 116.74 116.69  116.67 -0.1458 -0.0771 -0.0857 -0.0171 0.0599

3P83D106F 2F  7/2 116.71 116.79  116.88 116.83  116.79 -0.1456 -0.0770 -0.0685 0.0770

3P63D%482 2D 3/2 11821 11829  118.35 118.31 -0.1184 -0.0507

3P%3D106G 2G  7/2 118.27 118.35  118.40 118.36  118.29 -0.1099 -0.0422 -0.0169 0.0506 0.0929

a — Ref. [34]

C-G = %diff. between Cowan [34]] and GRASP
R-G = %diff. between RMBPT [34]] and GRASP
C-N = %diff. between Cowan [34] and NIST
R-N = %diff. between RMBPT [34] and NIST
G-N = %diff. between NIST and GRASP

In Table we have presented transition wavelength, oscillator strength, transition
probabilities and line strength for E1, E2, M1, M2 transition from the ground state in the length
form alone, because for weaker transitions the negative energy states contribute to the velocity
gauge [44] whereas the length gauge is relatively least affected. The basic principle to measure
the accuracy of our presented results is the agreement between velocity and length. Therefore,
vel./len. Ratios of oscillator strength are provided in the last column of Table 4] In many strong
transitions, ratio is very near to one but the ratio is way from unity for weaker transitions
integrals. One can see from Table |4, for all strong transitions the difference in ratio of len./vel.
Form is maximum 10%.
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Table 4. Transition data for E1, E2, M1 and M2 transitions from ground level, wavelength A (in A), line
strength S (length form), oscillator strength f (length form), transition rate A j; (length form) calculated
using MCDF. Wavelngth are also compared with NIST

Transition A A) AA) Ajjs™h F;j Sji (au) vel/len Transitions
I J (GRASP)  (NIST) type
1 2 1.27E+02  126.998  4.72E+10  1.15E-01 9.64E-02  1.00E+00 E1
1 3 6.25E+01 62.336  4.19E+11  4.90E-01 2.02E-01  1.00E+00 E1
4.93E-01*
4.82E-01"
1 9 1.22E+01 12.216  4.65E+12  1.04E-01 8.36E-03  9.90E-01 E1
1 10 1.17E+01 11.675  2.48E+12  1.01E-01 7.77E-03  9.90E-01 E1
1 18 8.39E+00 2.98E+12  3.15E-02 1.74E-03  9.70E-01 E1
1 19 8.24E+00 1.84E+12  3.75E-02 2.04E-03  9.80E-01 E1
1 31 7.57E+00 9.78E+09  1.68E-04 8.37E-06  6.70E-01 E1
1 32 7.31E+00 7.295 9.72E+11  1.56E-02 7.49E-04  9.20E-01 E1l
1 34 7.27E+00 7.262 5.77TE+12  9.15E-02 4.38E-03  9.20E-01 E1
1 35 7.27E+00 7.262 6.12E+12  4.84E-02 2.32E-03  9.30E-01 E1
1 39 7.15E+00 7.137 4.73E+12  7.25E-02 3.41E-03  9.20E-01 E1
1 41 7.14E+00 7.131 1.13E+13  8.64E-02 4.07E-03  9.20E-01 E1
1 43 7.11E+00 252E+12  1.91E-02 8.96E-04  9.00E-01 E1
1 44 7.08E+00 7.077 7.47E+12  1.12E-01 5.24E-03  9.40E-01 E1
1 47 7.05E+00 1.89E+12  2.82E-02 1.31E-03  8.70E-01 E1
1 50 6.91E+00 6.896 4.11E+11  2.94E-03 1.34E-04  9.10E-01 E1
1 51 6.89E+00 6.884 1.14E+12  1.63E-02 7.39E-04  9.10E-01 E1l
1 57 6.83E+00 6.827 1.85E+12  1.30E-02 5.83E-04  9.40E-01 E1
1 59 6.82E+00 552E+10  7.70E-04 3.45E-05  8.60E-01 E1
1 59 6.82E+00 5.52E+10  7.70E-04 3.45E-05  8.60E-01 E1
1 108  6.28E+00 6.49E+09  3.84E-05 1.59E-06  1.20E+00 E1
1 110 6.27E+00 3.79E+09  4.47E-05 1.85E-06  1.00E+00 E1
1 4 3.53E+01 4.89E+02  1.83E-10 3.20E-06 M1
1 8 1.28E+01 2.21E+05  5.45E-09 3.45E-05 M1
1 11 1.09E+01 2.84E+00  1.02E-13 5.49E-10 M1
1 17 8.54E+00 3.13E+05  3.42E-09 1.45E-05 M1
1 21 8.03E+00 2.12E+02  4.09E-12 1.62E-08 M1
1 26 7.70E+00 2.19E+03  3.89E-11 1.48E-07 M1
1 36 7.18E+00 2.47E+05  1.91E-09 6.78E-06 M1
1 48 6.95E+00 3.67E+01  5.31E-13 1.83E-09 M1
1 54 6.85E+00 3.43E+02  4.84E-12 1.64E-08 M1
1 64 6.74E+00 9.22E+03  1.26E-10 4.20E-07 M1
1 66 6.74E+00 3.07E+06  2.09E-08 6.97E-05 M1
1 67 6.74E+00 1.47E+04  2.00E-10 6.67E-07 M1
1 64 6.74E+00 9.22E+03  1.26E-10 4.20E-07 M1
1 66 6.74E+00 3.07E+06  2.09E-08 6.97E-05 M1
1 67 6.74E+00 1.47E+04  2.00E-10 6.67E-07 M1

Contd. Table 4
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Transition A (A) A A) A; j(s_l) F;; S;i (au) vel/len Transitions
I J (GRASP) (NIST) type
1 70 6.58E+00 4.17E+07 5.41E-07 1.76E-03 M1
1 73 6.55E+00 2.61E+07 1.68E-07 5.44E-04 M1
1 75 6.55E+00 6.13E+06 7.88E-08 2.55E-04 M1
1 78 6.53E+00 2.57E+05 1.64E-09 5.29E-06 M1
1 79 6.51E+00 2.56E+04 3.26E-10 1.05E-06 M1
1 82 6.51E+00 1.05E+06 6.68E-09 2.15E-05 M1
1 85 6.50E+00 4.95E+06 6.26E-08 2.01E-04 M1
1 86 6.49E+00 1.04E+07 1.31E-07 4.22E-04 M1
1 87 6.49E+00 3.36E+07 2.12E-07 6.79E-04 M1
1 92 6.46E+00 6.63E+05 8.30E-09 2.65E-05 M1
1 95 6.42E+00 6.53E+04 4.03E-10 1.28E-06 M1
1 97 6.37E+00 2.09E+06 1.27E-08 4.00E-05 M1
1 100 6.36E+00 1.19E+05 1.44E-09 4.52E-06 M1
1 103 6.34E+00 7.48E+06 4.51E-08 1.41E-04 M1
1 104 6.34E+00 1.44E+07 1.74E-07 5.45E-04 M1
1 106 6.32E+00 1.65E+06 1.97E-08 6.18E-05 M1
1 109 6.28E+00 1.90E+07 2.25E-07 7.00E-04 M1
1 117 6.26E+00 2.36E+07 1.39E-07 4.29E-04 M1
1 119 6.25E+00 7.68E+05 8.99E-09 2.78E-05 M1
1 4 3.563E+01 1.21E+08 4.55E-05 2.39E-02 1.00E+00 E2
1 5 3.33E+01 1.67E+08 8.34E-05 3.67E-02 1.00E+00 E2
1 11 1.09E+01 1.15E+10 4.12E-04 6.40E-03 9.90E-01 E2
1 12 1.08E+01 1.09E+10 5.75E-04 8.69E-03 9.90E-01 E2
1 20 8.02E+00 4.67E+09 1.35E-04 8.33E-04 9.10E-01 E2
1 21 8.03E+00 8.67E+09 1.68E-04 1.03E-03 9.50E-01 E2
1 22 8.00E+00 8.65E+09 2.49E-04 1.52E-03 9.50E-01 E2
1 26 7.70E+00 5.15E+09 9.15E-05 4.97E-04 9.10E-01 E2
1 42 7.12E+00 2.70E+07 6.16E-07 2.65E-06 8.00E-01 E2
1 48 6.95E+00 7.98E+09 1.16E-04 4.63E-04 6.80E-01 E2
1 49 6.94E+00 8.01E+09 1.73E-04 6.90E-04 6.70E-01 E2
1 54 6.85E+00 2.78E+07 3.91E-07 1.50E-06 1.20E+00 E2
1 64 6.74E+00 1.97E+07 2.69E-07 9.84E-07 1.30E+00 E2
1 65 6.74E+00 1.55E+08 3.16E-06 1.15E-05 1.10E+00 E2
1 67 6.74E+00 2.07E+07 2.81E-07 1.03E-06 4.90E-01 E2
1 68 6.73E+00 1.67E+08 3.41E-06 1.24E-05 1.10E+00 E2
1 64 6.74E+00 1.97E+07 2.69E-07 9.84E-07 1.30E+00 E2
1 65 6.74E+00 1.55E+08 3.16E-06 1.15E-05 1.10E+00 E2
1 67 6.74E+00 2.07E+07 2.81E-07 1.03E-06 4.90E-01 E2
1 68 6.73E+00 1.67E+08 3.41E-06 1.24E-05 1.10E+00 E2
1 70 6.58E+00 1.00E+08 1.30E-06 4.41E-06 9.70E-01 E2
1 72 6.56E+00 2.15E+09 4.16E-05 1.40E-04 9.60E-01 E2
1 75 6.55E+00 6.42E+09 8.24E-05 2.75E-04 9.50E-01 E2
1 77 6.54E+00 1.23E+08 2.37E-06 7.89E-06 9.40E-01 E2

Contd. Table 4
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Transition A A) A A) A, j(s_l) Fij Sj; (an) vel/len Transitions
I J (GRASP) (NIST) type
1 79 6.51E+00 1.08E+08 1.38E-06 4.54E-06 9.60E-01 E2
1 81 6.51E+00 9.24E+06 1.76E-07 5.79E-07 1.70E+00 E2
1 84 6.50E+00 8.05E+07 1.53E-06 5.00E-06 8.30E-01 E2
1 85 6.50E+00 3.28E+08 4.15E-06 1.35E-05 9.40E-01 E2
1 86 6.49E+00 4.06E+09 5.13E-05 1.67E-04 9.50E-01 E2
1 90 6.48E+00 1.64E+10 3.09E-04 1.00E-03 9.60E-01 E2
1 92 6.46E+00 1.54E+10 1.93E-04 6.18E-04 9.70E-01 E2
1 93 6.46E+00 6.60E+09 1.24E-04 3.98E-04 9.50E-01 E2
1 99 6.36E+00 7.31E+08 1.33E-05 4.08E-05 1.00E+00 E2
1 100 6.36E+00 8.27E+08 1.00E-05 3.07E-05 8.90E-01 E2
1 101 6.35E+00 5.61E+07 1.02E-06 3.10E-06 9.40E-01 E2
1 102 6.34E+00 1.52E+08 2.75E-06 8.34E-06 9.70E-01 E2
1 104 6.34E+00 2.21E+09 2.66E-05 8.05E-05 9.60E-01 E2
1 106 6.32E+00 1.13E+10 1.35E-04 4.08E-04 9.60E-01 E2
1 107 6.32E+00 1.59E+10 2.85E-04 8.54E-04 9.60E-01 E2
1 109 6.28E+00 6.24E+08 7.39E-06 2.18E-05 9.60E-01 E2
1 113 6.27E+00 6.12E+09 1.08E-04 3.17E-04 9.60E-01 E2
1 119 6.25E+00 5.96E+09 6.98E-05 2.03E-04 9.70E-01 E2
1 120 6.24E+00 6.05E+07 1.06E-06 3.08E-06 8.30E-01 E2
1 3 6.25E+01 1.24E+04 1.45E-08 3.17E+00 M2
1 6 2.33E+01 1.40E-01 3.40E-14 3.83E-07 M2
1 10 1.17E+01 11.675 1.81E+06 7.41E-08 1.05E-01 M2
1 13 1.02E+01 5.01E+00 2.34E-13 2.22E-07 M2
1 19 8.24E+00 2.64E+06 5.38E-08 2.70E-02 M2
1 23 7.81E+00 1.23E+01 3.38E-13 1.44E-07 M2
1 28 7.61E+00 2.59E+06 6.74E-08 2.65E-02 M2
1 30 7.57TE+00 2.02E+06 5.21E-08 2.02E-02 M2
1 31 7.57TE+00 3.55E+06 6.09E-08 2.36E-02 M2
1 32 7.31E+00 7.295 1.18E+05 1.89E-09 6.62E-04 M2
1 33 7.28E+00 1.86E+05 4.44E-09 1.53E-03 M2
1 34 7.27TE+00 7.262 1.72E+04 2.72E-10 9.38E-05 M2
1 38 7.15E+00 1.09E+07 2.50E-07 8.16E-02 M2
1 39 7.15E+00 7.137 8.67E+06 1.33E-07 4.34E-02 M2
1 44 7.08E+00 7.077 9.27E+06 1.40E-07 4.44E-02 M2
1 46 7.07E+00 2.91E+06 6.54E-08 2.07E-02 M2
1 47 7.05E+00 2.30E+06 3.42E-08 1.07E-02 M2
1 51 6.89E+00 6.884 1.13E+04 1.61E-10 4.72E-05 M2
1 53 6.89E+00 2.34E+04 4.98E-10 1.46E-04 M2
1 55 6.85E+00 3.15E+00 6.64E-14 1.91E-08 M2
1 58 6.83E+00 2.88E+02 6.03E-12 1.71E-06 M2
1 110 6.27E+00 6.56E+04 7.73E-10 1.71E-04 M2
1 114 6.26E+00 8.64E+03 1.52E-10 3.34E-05 M2
h — Ref. [34]
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In Table 4, we have also compared our transition wavelength calculated from MCDF method
with the wavelength in the NIST database. One can see that maximum discrepancy between
our MCDF and NIST results is 0.2%. Therefore, the difference between these results is not
considerable. In Table [5, we have compared transitions wavelength with the other available
experimental measured wavelength or theoretical calculations [45-49]] which is also shown in
Figure (1. Utter et al. [45] recorded extreme ultraviolet spectra of tungsten in the wavelength
range 40-85 A at the Livermore electron-beam ion-trap facility. There [45] measured wavelength
for the transition 1-3 was 62.335 A. Our theoretical results agree well with the experimental
wavelengths and also with the theoretical wavelengths.

Table 5. Comparison of computed wavelengths (in A) from GRASP with different theories and observed
wavelengths for transitions from 3P%3D104S 2S5 to selected upper levels

Transition No. Transitions GRASP OTHERS
1 1-3 62.5 62.334%
62.304°
62.334¢
62.335¢
62.341¢
2 1-59 6.82 6.824/
3 1-51 6.89 6.893/
4 1-44 7.08 7.077f
5 1-41 7.14 7.138
6 1-34 7.27 7.262f
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1 W GRASP
60d * e
: .
» 50_ 4 e
£ 1
g 40 -
=
D 30
Q ]
[«}]
> 20-
= ]
10
] L] L - L)
0 T T T T T T T T
1 2 3 4 6
Transition No.

Figure 1. Wavelength comparison with reference [45-49]
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4. Conclusion

Motivated by the need of data for fusion plasma, in the present paper, we have reported complete
and reliable atomic data such as energy levels, radiative rates and lifetimes for E1, E2, M1 and
M2 transitions for lowest 120 fine structure levels Cu-like W. In our calculations, both GRASP
and FAC codes are implemented and the discrepancy in results of two independent codes is
discussed. The effect of configuration interaction by including relativistic correction has been
examined and investigates systematically. We found our results match well with NIST and
other available results
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