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Comprehensive large scale atomic spectral data calculations were performed for a Be-like tungsten
ion (W7O+), starting from a shell number n = 2, through n = 3, 4, 5, 6, 7, and ending at a shell
number n = 8. We applied the relativistic configuration interaction method of the flexible atomic
code. The generated data include detailed information concerning allowed and forbidden transitions,
together with transition energies, transition wavelengths, transition rates and oscillator strengths for
electric-dipole (E1), electric-quadruple (E2), electric-octupole (E3), magnetic-dipole (M1), magnetic-
quadruple (M2) and magnetic-octupole (M3) transitions. The produced atomic data are satisfactory
when compared to the previously published results calculated by GRASP2K code. The procured
multipole transitions data were used to construct synthetic spectra for allowed and forbidden transitions
of W%, We simulated the experimental spectra of low-density W plasma and found the spectral
range 0.6-1.4 A. The produced atomic data is important for several research branches, including fusion
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research and plasma physics.
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1. Introduction

Accurate atomic structure and spectral data of
highly ionized tungsten ions play an important role
in plasma science, high energy astrophysics and fu-
sion reaction research. Tungsten atoms are used
as a basic construction material in tokamak plasma
devices. Consequently, they appear as impurities
introduced by subsidiary erosion of probe surfaces.
The presence of highly ionized tungsten ions, even
in small amounts, affects the achieved tempera-
ture and the confinement times in tokamak devices.
Therefore, many ionization stages of experimental
plasma spectra may include numerous spectral lines
linked to multiple ionization stages of tungsten ions.
In order to diagnose plasma by analyzing the radi-
ation emission profile of fusion plasma, and further
to interpret experimental spectra of tungsten ions,
it is necessary to have theoretical atomic data for
most ionizing stages of tungsten ions. Such data
can be used to construct the theoretical spectra for
a wide temperature range and various ionization
stages of W [1, 2].

Data of spectral lines of highly ionized ions re-
veal atomic structure information that expedites
the testing of atomic theories. This includes the
relativistic quantum electrodynamics corrections
(QED) and the correlation effects. The intensities
and profiles of spectral lines yield diagnostic infor-
mation of the plasma state. This, in fact, justifies
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an immense effort to collect experimental and the-
oretical atomic data for tungsten ions [3-17|. The
experimental facility that is widely used in studying
the spectra of tungsten ions is the electron beam
ion trap (EBIT). With it, one produces spectra
of highly charged ions under well-controlled condi-
tions [13-17]. The accuracy of collected data has
improved significantly due to the enhanced mea-
surements achieved by studying the X-ray spectra
of laser-produced plasmas [8-12].

There are a few computational methods and var-
ious atomic codes modelling the experimental spec-
tra of tungsten or allowing to perform pure the-
oretical calculations for particular tungsten ions.
For instance, HULLAC code allows to produce
high quality atomic data for tungsten ions. The
code is based on the multi-configuration Dirac—Fock
(MCDF) method and gives a good agreement with
experiment [18]. Similarly, the flexible atomic code
(FAC) demonstrates excellent capabilities in pro-
ducing accurate atomic data. The FAC bases on
the MCDF method with modified approximations
and gives results consistent with the experimental
data [19]. Several approximations have been used in
previous studies in order to improve the quality and
accuracy of the theoretical atomic data of tungsten
ions [20-25]. Singh et al. published theoretical re-
sults of the energy levels and radiative properties of
Be-like W obtained using the MCDHF method im-
plemented in GRASP2K code [26]. The calculations
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include the energy levels obtained by the FAC for
a comparison. It turned out that the comparison
between the calculated data was not comprehen-
sive because they were limited to multipole transi-
tions from the ground state only. In the present pa-
per, the relativistic configuration interaction (RCI)
method of the FAC is used to carry out wide-
ranging and large-scale atomic calculations of al-
lowed and forbidden transitions of a Be-like tung-
sten ion (W7F) from a shell number n = 2 to a shell
number n = 8. The main goal of this paper is to pro-
duce accurate and comprehensive atomic data that
will provide direct access to important spectroscopic
properties of W7F. Our findings will be tested and
benchmarked with the atomic theories and com-
putational methods of the FAC and GRASP2K
published in [26]. The obtained data includes
transition energies, oscillator strengths and tran-
sition rates for allowed transitions (electric dipole
E1) and forbidden (multipole) transitions, electric-
quadruple E2, electric-octupole E3, magnetic-
dipole M1, magnetic-quadruple M2 and magnetic-
octupole M3 transitions. The produced atomic data
are then used to construct theoretical atomic spec-
tra for allowed and forbidden transitions of W70+,
Note that the atomic structure and spectral prop-
erties are essential for the understanding and di-
agnosing of ion/atom-electron collision processes
in plasma [27, 28].

2. Theoretical formulation

A brief explanation of the used method (the RCI
method) is presented in this section. For the de-
tailed formulation of this method we refer to the
original paper of the FAC [19].

In general, calculations start from the Dirac equa-
tions. The ground state configuration for a Be-like
W ion is used to construct a mean configuration
with a fractional occupation number which takes
into account the electron screening of the configu-
rations involved. A modified self-consistent Dirac—
Fock—Slater iteration is performed in order to de-
rive a local central potential that is used to de-
rive the radial orbitals for the construction of ba-
sis states. The radial orbital from the previous
step is used to derive the potential. The Dirac
coupled equations are converted to a Schrédinger-
like equation by eliminating a small component and
performing some appropriate transformations. We
used the standard Numerov method to solve the
Schrédinger-like equation. Energy levels are deter-
mined by diagonalizing the Hamiltonian. To reduce
errors in energy levels, a correction procedure is
used. The electron—electron interaction includes the
spherically averaged potential due to bound elec-
trons and local approximations to the exchange in-
teractions. Therefore, the asymptotic behavior at
large r is corrected. The radial function, which is
not linear, covers a large radial distance. The min-
imum and maximum distances on the radial grid
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are chosen to be within the nuclear charge distri-
bution and the excited states to be below the shell
number 20. The bound energies are less than the
Coulomb potential at rn.x. Radiative transition
rates are calculated in a single multipole approxi-
mation, where the initial (7) state is ¢; = >, biv o,
the final (f) state is given as ¢y = Zu b, and
the multipole operator is OF,. The second quan-
tization method is used to solve the Hamiltonian
matrix elements by recoupling the creation and an-
nihilation operators with the help of the Racah alge-
bra. The generalized line strength of the transition
is Spi = |(Wy]|O%|[0:) f2 and the weighted oscillator
strength is given by

-1 _

gfi = L] hw(afiw)* =28, (1)
Finally, the weighted radiative transition rate (in
atomic units a.u.) is given by

1
grAsi 5 (hw)?a®g; fig,

where hw = Ey — E; is the transition energy.

(2)

3. Results and discussion

The calculations started from the ground state
electronic configurations towards configurations re-
lated to a single excitation for W7°F. In the ground
electronic configuration of the Be-like W, there are
two valance electrons. One can write then 152252
for the shell number n = 1. This means that
its ground state is 1.Sy. The calculations follow the
RCI method discussed in the theoretical formula-
tion section.

The electronic configurations which are included
for the shell number n = 2 are 152252, 1s22p?,
15%2252p.

In the case of the shell number n = 3, electronic
configurations include: 1s22s3s, 1522s3p, 1522p3p,
1522s3d, 152352, 1523p?, 1523d?, 15°2p3d, 15°2p3s,
1523p3d, 1523p3s.

Further, for n = 4, one has: 1s522s4s, 15%2s4dp,
1522s4d, 1s%2s4f, 1s22pdp, 1s22pdd, 1s22paf,
152452, 152492, 15%4d?, 1s%4f2.

For n = 5, one has: 15%2s5s, 1522s5p, 1522s5d,
1522s5f, 1s%2s5g, 1s%2pbp, 1s%2pbd, 1s22p5f,
1522p5g, 152552, 1s25p?, 1s25d?, 1s25f2, 152512,
15%22p5s.

For n = 6, one has: 15%2s6s, 15%2s6p, 15%2s6d,
152256 f, 1s22s6g, 1s522p6p, 1s522p6d, 1s22p6f,
1522p6g, 152652, 1526p2, 1526d>, 15262, 1526f2.

For n = 7, one has: 15%2s7s, 15%2s7p, 15%2s7d,
1s22s7f, 1s22s7g, 1s22p7p, 1s22p7d, 1s22pTf,
1s22p7g, 152752, 1s27p?, 1s27d?, 15272, 1827 2.

And for n = 8, one has: 15%2s8s, 1522s8p,
152258d, 15%2s8f, 15%2s8g, 1s22pSp, 1s%2p8d,
1522p8f, 1522p8g, 152852, 1528p?, 1528d?, 152812,
1528 2.

The calculations for n = 2, 3, 4, 5, 6, 7 and 8
yield 474 energy states of even and odd parities.
In the case of the electron which is excited, its elec-
tronic configurations included in the calculation are
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denoted as 2s2, 2s'nl, 2pnl where n = 2, 3, 4, 5,
6, 7 and 8, and [ spans all the allowed orbital an-
gular momenta for a given n. As a reminder, the
first electron in the considered system is always in
the ground state. Now, the inner shell transitions
of n = 2, which are expected to be in the UV range,
are not included. The effect of high n-shell numbers
in the configuration interaction is very small. The
most important configurations are those of n = 2,
3 and n = 4. Details are presented in the next
sections.

4. Allowed transitions

A large number of optically allowed transitions
is produced but only strong transitions have signif-
icant values. A filtration procedure based on the
spectral ranges of the data is applied, where only
transition lines of the highest values of the radia-
tive transition probability (A,) and the oscillator
strength (f;;) are considered. The strong transition
lines are collected in Table I. One can depicted the
characteristic types of transitions of M1, namely,
np—2s, ns—2p and nd—2p (the most dominant).

In general, the strongest transition is
3ds/2 — 2p3j2, with radiative transitions proba-
bility equal to 1.6974 x 10715 s=! at wavelength
A = 12520 A. In the case of np-2s group,
the strongest transition line is 3py/o-—2sy)9,
with radiative transition probability equal to
2.4306 x 10714 s~ at wavelength A = 1.3368 A. In
the third group (ns — 2p), one has mainly weak
transitions. Blending among transition lines makes
it difficult to identify the exact transition, thus
a line identification is assigned to the strongest
transition. For example, in Table I, there are two
blended transitions with wavelengths 0.7590 A
and 0.7591 A related to the transitions 5d3/2/]:0*
2p1/2/7=1 and 5ds;9/7=1-2p1/2/ =1, respectively.
In another example, the two transitions with
wavelengths 0.9336 A and 0.9338 A are related
to 597/2/1=3-2p3)2/ s=2 and 5dg/2/ j=2-2p3/2/ s=1,
respectively.

The produced atomic data is compared with data
published in [26], calculated by using the relativis-
tic GRASP2K code (Table I), which is discussed in
detail in [29, 30]. It is worth noting that the atomic
data published in [26] does not include all possible
strong transitions for radiative properties — they
are limited to the transitions to the ground state
only. Weak transitions, which are not expected to
appear in a normal tungsten spectrum, are also pre-
sented [26]. Findings reported in the current paper
include important transitions that are expected to
appear in the experimental tungsten spectra. Nev-
ertheless, there are good agreements in the atomic
data that correspond to wavelengths, A-values and
oscillator strengths of E1 transitions. The maxi-
mum percentage difference in the values of the wave-
lengths is about 0.409% and the maximum percent-
age in the oscillator strength is about 0.927%.
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A comparison of the energy levels of the Be-like
W obtained by using the FAC and GRASP2K pro-
grams is presented by Singh et al. [26], and demon-
strates good agreement. Thus, calculations of en-
ergy levels are not presented in this paper in order
to avoid repetition. GRASP2K and the FAC in-
clude all correlation effects by following the multi-
configuration interaction but the electron—electron
interaction potential has different approximations.
The finite nuclear potential in the FAC is assumed
to be the potential of a uniform charged ball of
a statistical model radius but the Thomas-Fermi
nuclear charge distribution form is the nuclear po-
tential used in GRASP2K.

The main effective difference in the two codes
is: the FAC includes the lowest order one-electron
QED effects (vacuum polarization and self-energy)
but does not include the Breit corrections, while in
GRASP2K, both kinds of corrections are included.
The correlation effects in highly charged ions are
important as the QED effects but the Breit interac-
tion is the most important missing term.

5. Forbidden transitions

Forbidden transitions play the main role in
plasma diagnostics because the presence of forbid-
den transition lines in experimental spectra yields
information about electron density and tempera-
ture. According to the multipole selection rules, the
electric dipole transitions are much stronger than
the other multipole transitions.

The E1 transitions are considered optically al-
lowed transitions, while the other weak transi-
tions are considered forbidden transitions. The
calculated data for forbidden transitions include
the electric-quadrupole E2, electric-octupole E3,
magnetic-dipole M1, magnetic-quadrupole M2 and
magnetic-octupole M3 transitions.

The calculated atomic data of the most impor-
tant transitions of electric quadrupole E2 of the
Be-like tungsten ion are shown in Table SI in sup-
plementary material [31]. Among all the collected
transitions, the np—2p type transition dominates.
The strongest transition is: 3p;/o-2p>/? with ra-
diative transition probability of 3.365 x 10712 (s-1)
at A = 1.3173 A. The transitions are grouped as:
ns—2p, np—2p and ng—2p. The intensity ratio of ra-
diative E2 transitions compared to E1 transitions
(E2/E1) are about 1074,

The dominant transitions for electric-octupole
(E3) belong to the nd—2p type. Among this type,
the strongest transition is 3ds/o—2p3/2, with radia-
tive transition probability of 1.521 x 10719 s=1 at
A = 1.2545 A. The other groups of E3 transitions
are: ng—2p and nf—2p. The most important transi-
tions are listed in Table SII [31] The intensity ra-
tio of E3 transitions compared to El transitions
(E3/E1) is about 1075.
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TABLE I

Transition energy (AFE [eV]), wavelength (A [A]), radiative transition rates (A, [s~']) and weighted oscillator
strengths (gfi;) for strong electric dipole transitions (E1) of Be-like tungsten ion calculated by RCI method

of FAC.
P., | Upper state | Jup | Pow | Lower state | Jiow | AE [eV] 9fij A [s7Y M A]

1 251/27p3/2 1 0 257 )5 0 17412.60 | 0.03236 | 1.34 x 10 0.7120

0.0311% | 1.37 x 10*@ 0.7117°
1 2p1/2Ti1 )2 0 1 251/22P3/2 1 17369.79 | 0.0163 | 7.65 x 10 0.7138

0.0177% | 7.74 x 10*3° 0.7138%
0 | 2s1/26d3/2 2 1 251/22p1 /2 1 17210.68 | 0.0624 | 1.60 x 10™ 0.7204
1 2p3/26d3 /2 0 0 2p1/22P3 /2 1 17192.73 | 0.0128 | 1.64 x 10™ 0.7211
1 2p3/26ds /2 3 0 2p1/22p3 /2 2 17174.08 | 0.0879 | 1.61 x 10* 0.7219
1 2p1/26ds3 /2 1 0 2p3 5 0 17125.74 | 0.0519 | 2.20 x 10* 0.7239
0 2p1/22p3)2 1 0 257 )5 0 16549.86 | 0.0481 1.92 x 10*3 0.7491

0.0503% | 2.00 x 10*3° 0.7489%
0 | 2pi/25p1,2 0 1 251/22p1 /2 1 16450.62 | 0.0051 | 1.71 x 10*® 0.7536

0.0041* | 1.63 x 10*3° 0.7537%
0 | 2p3), 1 1 251 /22p1 /2 0 16383.37 | 0.0507 | 1.97 x 10 0.7567
0 | 2p3 2 1 251 /22p1 /2 1 16350.44 | 0.1199 | 2.78 x 10 0.7583
1 2p3/2 5ds)o 0 0 2p1/22p3 /2 1 16334.19 | 0.0244 | 2.83 x 10™ 0.7590
1 | 2ps) 5ds)e 1 0 2p1/22p3 /2 1 16333.23 | 0.0607 | 2.34 x 10™* 0.7591
1 2p3/25d3)2 3 0 2p1/22p3 /2 2 16314.13 | 0.1678 | 2.77 x 10** 0.7600
1 2p1 /25d3 /2 1 0 2p 5 0 16267.08 | 0.0978 3.74 x 104 0.7622
1 2p3/27ds /2 3 0 2p3 /5 2 16226.61 | 0.0941 1.54 x 10* 0.7641
0 | 281/26d5/2 3 1 251 /22p3 )2 2 15778.96 | 0.0967 | 1.49 x 10 0.7857
1 2p3/26ds 2 3 0 2p3 /5 2 15715.12 | 0.1595 | 2.44 x 10* 0.7889
1 2p1/26ds /2 3 0 2p1/22p3 /2 2 15685.89 | 0.0991 1.51 x 10'* 0.7904
1 2p3/26ds,2 1 0 2p3 /5 0 15646.93 | 0.0440 1.56 x 10 0.7924
0 | 2p3/24ps)o 3 1 251/22p3 )2 2 14996.68 | 0.1686 | 2.35 x 10'* 0.8267
0 | 2pi/24ps)e 1 1 251/22p1/2 0 14980.78 | 0.0465 1.51 x 104 0.8276
1 251/24p3 /2 1 0 253 )5 0 14962.10 | 0.0787 | 2.52 x 10 0.8286

0.0831% | 2.69 x 10** 0.8284"
0 | 2pi/24ps)» 2 1 251 /22p1 /2 1 14947.17 | 0.0283 | 8.09 x 10*? 0.8295

0.0243% | 7.59 x 10*3° 0.8298%
0 | 281/25d5)2 3 1 251 /22p3 )2 2 14929.15 | 0.1933 | 2.67 x 10™ 0.8305
0 | 2ps/24ps)» 0 1 251 /22p3 /2 1 14926.05 | 0.0220 | 2.13 x 10** 0.8306
0 | 2ps/24ps)» 1 1 251/22p3 )2 1 14905.70 | 0.0646 | 2.08 x 10'* 0.8318
1 2p3/25ds /2 3 0 2p3 o 2 14866.91 | 0.3177 | 4.35 x 10 0.8339
1 2p3/25ds /2 2 0 2p3 o 2 14864.24 | 0.1008 1.93 x 10*4 0.8341
1 2p1/25ds 2 2 0 2p1/22p3 /2 1 14855.41 | 0.1272 | 2.44 x 10™ 0.8346
0 | 281/25d5)2 2 1 251 /22p3 /2 1 14840.31 | 0.1254 | 2.40 x 10* 0.8354
1 2p1/25ds 2 3 0 2p1/22p3 /2 2 14837.38 | 0.1955 | 2.67 x 10™ 0.8356
0 | 2p3/24p1 /2 2 1 251 /22p3 )2 2 14819.28 | 0.0795 1.51 x 104 0.8366
0 | 2p3/24pi)e 1 1 251/22p3 )2 2 14818.92 | 0.0780 | 2.48 x 10™* 0.8366
1 2p3/25ds /2 1 0 2p3 /5 0 14800.25 | 0.0867 2.75 x 1014 0.8377
0 | 251/25d3/9 1 1 251/22p1/2 0 14785.87 | 0.1200 | 3.79 x 10** 0.8385
1 2512552 0 1 251/22p1 /2 1 14774.18 | 0.0309 | 2.92 x 10™* 0.8392
1 251/25p1 /2 1 0 2575 0 14772.09 | 0.0621 1.96 x 10 0.8393
0 | 281/25d5)2 2 1 251 /22p1 /2 1 14763.83 | 0.2993 | 5.66 x 10 0.8398
0 | 281/25d3)0 1 1 251 /22p1 /2 1 14751.86 | 0.1234 | 3.88 x 10" 0.8404
0 | 2p3/25pi/e 0 0 2p1/22p3 /2 1 14750.18 | 0.0602 | 5.69 x 10 0.8405
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TABLE I (cont.)

P, | Upper state | Jup | Pow | Lower state | Jiow AE [eV] 9fij A, [sfl] A [A]
0 2p3/25p1 /2 1 0 2p1/22p3 2 1 14748.24 | 0.1497 | 4.71 x 10* 0.8406
1 2p1 /25992 2 0 2p1/22p3 2 1 14743.74 | 0.1498 | 2.83 x 10™ 0.8409
1 2p3/2581/2 3 0 2p1/22p3 2 2 14728.42 | 0.4156 | 5.59 x 10 0.8418
0 | 2p1/25f1)2 2 1 251 /22p3 /2 1 14727.89 | 0.0780 | 1.47 x 10™* 0.8418
1 2p1 /2599 /2 2 0 2p1/22p3 /2 2 14725.30 | 0.1518 | 2.86 x 10™* 0.8420
0 2p1/25p1/2 1 0 2p3 2 0 14683.98 | 0.2391 7.46 x 1014 0.8443
1 251 /25 f7/2 3 1 251/22p3 /2 2 13366.01 | 0.5010 | 5.55 x 10 0.9276
1 2p3/25d3 /2 3 0 2p3 /o 2 13307.74 | 0.8216 | 9.02 x 10™ 0.9316
0 2p3/25p3)2 2 0 2p3 ) 2 13301.93 | 0.2618 | 4.02 x 10* 0.9320
0 | 2pi/25ps)2 2 0 2p1/22p3 2 1 13294.93 | 0.3248 | 4.98 x 10** 0.9325
0 251 /25972 2 1 251 /22p3 /2 1 13280.24 | 0.3248 | 4.97 x 10™ 0.9336
0 | 2p1/25ds/2 3 0 2p1/22D3 )2 2 13277.41 | 0.4973 | 5.43 x 10™* 0.9338
1 2p3/25ds /2 1 0 2p3 /2 0 13243.94 | 0.2214 5.62 x 104 0.9361
1 2p1/23d3 /2 1 0 257 )5 0 11754.18 | 0.0134 2.68 x 103 1.0548

0.0136% | 2.70 x 10**° 1.0549¢
0 2p3/23p3 /2 2 1 251/22p3 /2 2 11569.94 | 0.2058 | 2.39 x 10' 1.0716
0 2p3/23p3 2 3 1 251/22p3)2 2 11537.07 | 0.5814 | 4.80 x 10 1.0746
0 2p1/23p3 /2 1 1 251/22p1/2 0 11536.07 | 0.1516 | 2.92 x 10™ 1.0747
1 251/23p3 /2 1 0 253/ 0 11510.65 | 0.3462 6.63 x 1014 1.0771

0.3438% | 6.59 x 104 1.0772°
0 | 2p3/23ps)2 0 1 251/22p3 /2 1 11508.24 | 0.0838 | 4.82 x 10™* 1.0773
0 2p1/23p3 /2 2 1 251/22p1/2 1 11507.07 | 0.3672 | 4.22 x 10' 1.0774
0 2p1/23p3 2 1 1 251/22p1/2 1 11502.17 | 0.0960 1.84 x 10 1.0779
0 2p3/23p3 /2 2 1 251/22p3 )2 1 11478.92 | 0.2313 | 2.64 x 10* 1.0801
0 2p3/23p3 2 1 1 251/22p3)2 1 11447.03 | 0.2206 | 4.18 x 10* 1.0831
0 2512 3d3)2 1 1 251 /22p1 /2 0 11364.69 | 0.5569 1.04 x 10'® 1.0909
0 251 /23d3 2 2 1 251 /22p1 /2 1 11336.26 | 1.4584 1.63 x 10*° 1.0937
1 2p3/23ds /2 0 0 2p1/22p3 /2 1 11330.92 | 0.2854 1.59 x 10'° 1.0942
0 | 251/23d3/2 1 1 251/22p1/2 1 11330.79 | 0.2599 | 4.83 x 10" 1.0942
1 2p3/23ds3 /2 1 0 2p1/22p3 /2 1 11326.26 | 0.7085 1.31 x 10'® 1.0946
1 2p3/23ds /2 2 0 2p1/22p3 /2 1 11313.19 | 0.7171 | 7.97 x 10* 1.0959
1 2p3/23ds /2 1 0 2p1/22p3 /2 2 11308.01 | 0.1492 | 2.76 x 10* 1.0964
1 | 2p3/23ds/a 3 0 2p1/22p3 2 2 11303.74 | 2.0185 | 1.60 x 10'® 1.0968
1 2p3/23ds /2 2 0 2p1/22p3 /2 2 11294.94 | 0.7214 | 7.99 x 10 1.0977
1 2p1/23d3 /2 1 0 2p3 ) 0 11267.96 | 1.1310 2.08 x 1015 1.1003
0 2p3/23p1 /2 2 1 251/22p3 /2 2 11117.85 | 0.3343 | 3.59 x 10™* 1.1151
0 2p3/23p1 /2 1 1 251/22p3/2 2 11116.34 | 0.3274 | 5.85 x 10 1.1153
0 2p1/23p1/2 0 1 251 /22p1 /2 1 11097.78 | 0.1375 | 7.35 x 10' 1.1172
0 2p1/23p1 /2 1 1 251/22p1/2 0 11075.62 | 0.1683 | 2.99 x 10* 1.1194
1 251/23p1/2 1 0 253/ 0 11065.51 | 0.2662 | 4.71 x 10** 1.1204

0.2660% | 4.73 x 10'4* 1.1250°
0 2p1/23p1 2 1 1 251 /22p1 /2 1 11041.72 | 0.2984 | 5.26 x 10™ 1.1228
0 2p3/23p1 /2 2 1 251,223 /2 1 11026.83 | 0.3376 3.56 x 104 1.1243
0 | 2s1/23d5/2 3 1 251/22p3 /2 2 10002.39 | 2.7367 | 1.70 x 10"° 1.2395
1 2p3/23ds /2 1 0 2p3 /5 2 9973.29 0.1058 1.52 x 10** 1.2431
0 2p1/23p3 /2 2 1 2512232 1 9969.43 | 0.1806 1.56 x 104 1.2436
1 2ps3/23ds /2 3 0 2p3 )5 2 9958.99 4.4856 2.76 x 103 1.2449
1 2p3/23ds /2 2 0 2p3 ) 2 9941.11 1.4350 1.23 x 10'® 1.2471
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TABLE I (cont.)

P, | Upper state | Jup | Pow | Lower state | Jiow | AE [eV] 9fij A, [sfl] A [A]
1 | 2p1/23ds/2 2 0 | 2p1/22p3/2 1 9940.15 | 1.7506 | 1.50 x 10'° 1.2473
0 | 281/23ds)2 2 1 251 /22p3 )2 1 9925.17 | 1.5954 | 1.36 x 10'° 1.2491
1 | 2pi23ds)s 3 0 | 2p1/22p3/2 2 9924.26 | 2.6453 | 1.62 x 10'° 1.2493
1 | 2pi23ds)s 2 0 | 2p1/22ps/2 2 9921.90 | 0.2022 | 1.73 x 10** 1.2496
1 2p3/23ds 2 1 0 2p3 /5 0 9904.21 | 1.1995 | 1.70 x 10'® 1.2518
0 | 281/23d3)2 2 1 251 /22p3 )2 2 9889.64 | 0.3500 | 2.97 x 10™* 1.2536
1 | 2p3/23ds)e 1 0 2p3 )/ 2 9832.95 | 0.2147 | 3.00 x 10" 1.2609
1 | 2p1/23dsse 1 0 | 2p1/22p3/2 1 9831.56 | 0.1691 | 2.36 x 10'* 1.2610
0 | 2s1/23d3)2 1 1| 251/22p3)2 1 9793.16 | 0.1509 | 2.09 x 10** 1.2660
1 | 2p1/23ds)e 2 0 2p1/22p3)2 2 9785.75 | 0.2975 | 2.47 x 10" 1.2669
1 2p3/23d3 2 1 0 2p3 /o 0 9763.87 | 0.1066 | 1.47 x 10'4 1.2698
0 | 2s1/23s1/2 1 1 251/22P3 /2 2 9331.87 | 0.1628 | 2.05 x 10" 1.3286
1 2p3 /23512 1 0 2p3 )/ 2 9291.87 | 0.1634 | 2.04 x 104 1.3343
1 | 2pi1/23s12 0 0 2p1/22p3 )2 1 9276.20 | 0.0651 | 2.43 x 10" 1.3365
0 | 28123512 0 1 251 /22p3 )2 1 9275.54 | 0.0602 | 2.25 x 10'* 1.3366
1 | 2pi23s1)2 1 0 | 2pi22ps)2 2 9260.04 | 0.1575 | 1.95 x 10 1.3389

“Retrieved from [26]

The np—2p dominates the magnetic dipole M1
transitions. The strongest transition is identified
to be 3p1/2—2ps/2, with radiative transition proba-
bility of 6.1892 x 10110 s~ at A = 1.3302 A. In [31],
the strongest transitions of M1 atomic data are col-
lected in Table SIII. The other M1 transition groups
are ns—2s, nf—2p and nd-2s. The intensity ratio of
M1 transitions compared to E1 transitions (M1/E1)
is about 107°.

Magnetic quadrupole M2 transitions are di-
vided into five groups: mp—2p, which is the dom-
inant group, np-2s, ns—2p, 2s—nf and ng-2p.
The strongest transition is 6ps/o-2p;/e, with ra-
diative transition probability of 1.1323 x 10+ s=1
at A =0.6560 A. The intensity ratio of M2 tran-
sitions compared to E1 transitions (M2/El) is
about 1075, Atomic parameters of the most im-
portant transitions are listed in Table SIV in [31].

Finally, magnetic-octupole M3 transitions are di-
vided into five groups: nd-2s, nf-2p, np—2p, nh—2p
and ng—2s. The nf—2p group has the strongest
transition 4f7/5-2p;/2, with radiative transition
probability of 4.1869 x 1078 s=! at A\ = 0.8401 A.
The transition lines of M3 are listed for the
strongest lines in Table SV found in the supple-
mentary material [31]. The intensity ratio of M3
transitions compared to E1 transitions (M3/E1) is
about 1077.

6. Theoretical spectra

Synthetic spectra are constructed for the electric
and magnetic multipole transitions (E1, E2, E3,
M1, M2 and M3) by using the Doppler line pro-
file with low energy. Line intensity is normalized
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to unity in arbitrary units. These spectra are pro-
duced in order to simulate the spectra of low-density
tungsten plasma (electron density n, < 10*® cm™1),
where most ions are in ground states and electrons
excitation and de-excitation are the main processes
that give rise to a real spectrum. Constructed
synthetic spectra for low-density plasma are help-
ful in the identification of spectral features and in
the diagnostic of hot dense plasma, whose synthetic
spectra should be calculated by collisional-radiative
models. Using the collisional radiative model is the
best way to produce a theoretical spectrum for ex-
perimental plasma diagnostics which involves many
experimental parameters. This is not the case in
this study. However, the locations of the transi-
tions (wavelengths) do not change in the theoretical
spectrum regardless of whether a simplified model
or the collisional radiative model is used.

Theoretical spectra of allowed and forbidden
transitions are shown in layers in Fig. 1. The plot is
for the wavelengths A [A] versus the relative inten-
sities (Rel. Int.) in arbitrary units [a.u.]. The lower
layer is for E1 transitions and the layers are in
the sequence for M1, E2, M2, E3 and M3 transi-
tions. It is evident that the spectral ranges of these
transitions are comparable. The E1 spectrum has
many strong E2 lines. The spectra of forbidden
transitions have less transition lines. These syn-
thetic spectra are “finger-prints” for the structure
of the Be-like tungsten ion. Locations of transition
lines remain unchanged in the spectra of hot dense
plasma but lines intensities are subject to change
due to contributions of other electronic processes.

It is found that allowed transitions of the Be-like

tungsten ion are located in the spectral range
of 0.7-1.4 A. The spectrum of M1 has the spectral
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Fig. 1. Theoretical spectrum of multipole transi-
tions of Be-like W: (a) E1 transitions, (b) E2 tran-
sitions, (c) E3 transitions, (d) M1 transitions, (e)
M2 transitions, (f) M3 transitions.

range of 0.8-1.4 A (the second layer of Fig. 1).
The spectral range of E2 is 0.9-1.4 A. Further, the
spectrum of M2 is in the spectral range of 0.65—
1.4 A. The transition lines of E3 spectrum are in
the spectral range of 0.7-1.3 A. Finally, the last
layer for M3 transitions is in the spectral range of
0.75-1.3 A.

7. Summary and conclusions

The relativistic configuration interaction method
of the FAC is applied to produce atomic data for
multipole transitions of the Be-like tungsten ion.
Wavelengths, radiative transition rates and oscilla-
tor strength values for electric-dipole E1, electric-
quadrupole E2, electric-octupole E3, magnetic-
dipole M1, magnetic-quadrupole M2 and magnetic-
octupole M3 are calculated, tabulated and dis-
cussed. The calculated energies of the multipole
transition lines are in the X-ray region, where wave-
lengths are found to be in the range of 0.6-1.4 A.
Several blending instances among transition lines
of multipole transitions are detected. The compari-
son with the available published data calculated by
GRASP2K shows good agreement which indicates
that the atomic data calculated in this paper for
spectral parameters are accurate enough to be used
in diagnosing and modeling of tungsten plasma.
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