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Modelling of the soft X-ray tungsten
spectra expected to be registered
by GEM detection system for WEST
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Abstract. In the future International Thermonuclear Experimental Reactor (ITER), the interaction between the
plasma and the tungsten chosen as the plasma-facing wall material imposes that the hot central plasma loses
energy by X-ray emission from tungsten ions. On the other hand, the registered X-ray spectra provide alterna-
tive diagnostics of the plasma itself. Highly ionized tungsten emits extremely complex X-ray spectra that can be
understood only after exhaustive theoretical studies. The detailed analyses will be useful for proper interpretation
of soft X-ray plasma radiation expected to be registered on ITER-like machines, that is, Tungsten (W) Environ-
ment in Steady-state Tokamak (WEST). The simulations of the soft X-ray spectra structures for tungsten ions
have been performed using the flexible atomic code (FAC) package within the framework of collisional-radiative

(CR) model approach for electron temperatures and densities relevant to WEST tokamak.
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Introduction

The measurements performed on soft X-ray (SXR)
radiations originating from the magnetic fusion plas-
mas are a standard way to obtain valuable informa-
tion about the transport of particles in the reactor
volume, density, and magnetic configuration [1-5].
Attention focused on tungsten material is associated
with the fact that it became a leading candidate for
the plasma-facing material in the future Internation-
al Thermonuclear Experimental Reactor (ITER) and
future tokamaks. Since the metallic walls have been
installed on many fusion machines, a new problem
occurs. This problem is related to the impurities
that are released from the divertor walls, that is
why it is so highly desirable to fully understand the
impact of the plasma impurities and its effects on
plasma scenarios. Such contamination could cause
radiative collapses and often lead to a disruption,
but on the bright side, impurities could also provide
alternative diagnostics for plasma parameters [6-9].
X-ray spectra originating from highly ionized tung-
sten are extremely complex and demand exhaustive
theoretical studies that can be specific to a particular
tokamak. Such detailed studies will be especially
important for proper interpretation of SXR plasma
radiation (0.1-20 keV) expected to be registered on
Tungsten (W) Environment in Steady-state Tokamak
(WEST) and future ITER-like machines.
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In this paper, the modelling of the soft L, M, and
N X-ray spectra structures for tungsten in high-
-temperature tokamak plasmas has been performed
within the framework of collisional-radiative (CR)
model using the flexible atomic code (FAC) package
[4, 5,9, 10] for electron temperatures and densities
relevant to WEST tokamak.

Theory — FAC

The simulations have been performed using the
FAC package within the framework of the CR model
approach [11]. In the package, the full-relativistic
Dirac-Fock-Slater iteration method and the con-
figuration interaction method are used to calculate
atomic properties, such as the energy levels, and
the transition probabilities for radiative transi-
tions and auto-ionization. The cross sections for
excitation and ionization by electron impact, and
for the inverse processes radiative recombination
and dielectronic capture, are then computed in
the distorted-wave approximation. Briefly [10],
the energy levels of an atomic ion with N electrons
are obtained by diagonalising the relativistic effective
Hamiltonian H. In atomic units, this reads:

N . N 1
(1) H =2 hy()+2—

i=1 i<j Tij
where, hp(i) is the single-electron Dirac Hamil-
tonian for the potential due to the nuclear charge
and the second term accounts for electron-electron
interactions, in which r;; is the distance between the
i-th and j-th electrons. The basis states ®,, which are
usually referred to as configuration state functions
(CSF), are antisymmetric sums of products of N
one-electron Dirac spinors ¢,

1[ Po (1)1 (0:0,0)
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where, ... is the usual spin-angular function, 7 is the

principal quantum number, and « is the relativistic

angular quantum number, which is related to the

orbital and total angular momentum.

(2) P

Results

We have performed modelling using the FAC package
for the shape of soft X-ray lines of tungsten, which
will be useful for the proper design and optimiza-
tion of the gas electron multiplier (GEM) detector
system [12-14], for wide range of photon energies
from 0.1 keV to 15 keV, at electron temperatures
from 1.0 keV to 5.0 keV and electron densities from
2.5 x10”m>t09.0 X 10" m=. The selected results
of our preliminary modelling for the L, M, and N
X-ray line structures of tungsten W#*, W*"*, and
W#* jons in plasma have been presented in Figs. 1-4.

Figure 1 presents the soft M and N X-ray line
structures for tungsten W»* and W*’* ions, predicted
by the FAC in the 0.1-4.0 keV range of photon
energies, at the electron temperature 1.5 keV and
electron density 5 x 10 m~°. We can observe (see
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Fig. 1. M and N X-ray line structures for tungsten Pd-like
(W?+) and Rb-like (W*7*) ions, predicted by the FAC in
the 0.1-4.0 keV range of photon energies, at the electron
temperature 1.5 keV and electron density 5 x 10" m™3.
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Fig. 2. L X-ray line structures for tungsten Pd-like (W?8+)
and Rb-like (W*7*) ions, predicted by the FAC in the
9.5-15.0 keV range of photon energies, at the electron
temperature 1.5 keV and electron density 5 x 10 m~>.

Fig. 1) that when the ionization increases (compare
W2+ and W**), the spectrum is shifted to higher
energy. In the range from about 0.2 keV to about
1.1 keV can be seen N X-ray lines with the most
intense transitions of the type 5f — 4d and 5p —»
4d. The most intensive peaks for the M X-ray line
are located in the region of about 2.2-2.8 keV and
the next about 2.8-3.0 keV.

The next figure (Fig. 2) shows the soft L X-ray
line structures for tungsten W2+ and W*"* ions in
the 9.5-15.0 keV range of photon energies, at the
electron temperature 1.5 keV and electron density
5 x 10" m~3. We can notice that in the case of L
X-ray lines are much lower intensity than the N and
M X-ray lines presented in Fig. 1.

The soft N and M X-ray line structures for tung-
sten W3+ and W** ions in the 0.1-4.0 keV range
of photon energies, at the electron temperature
3.5 keV and electron density 5 X 10'° m~3 have been
presented in Fig. 3. Same as in the case of Fig. 1,
we can observe N X-ray line, but only for W*’* ions.

Figure 4 shows the soft L X-ray line structures for
tungsten W'+ and W** ions, predicted by the FAC
in the 9.5-15.0 keV range of photon energies, at the
electron temperature 3.5 keV and electron density
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Fig. 3. M and N X-ray line structures for tungsten Rb-like
(W37+) and Ni-like (W**) ions, predicted by the FAC in
the 0.1-4.0 keV range of photon energies, at the electron
temperature 3.5 keV and electron density 5 x 10" m=.
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Fig. 4. L X-ray line structures for tungsten Rb-like (W*"*)
and Ni-like (W**) ions, predicted by the FAC in the
9.5-15.0 keV range of photon energies, at the electron
temperature 3.5 keV and electron density 5 x 10" m=.

5 % 10" m~. As can be noticed in the case of L X-ray
lines for W*** jons, the most intense transitions are
of the type 4d — 2p and are located in the energy
region of about 9.8-10.8 keV. However, in the case
of W37* jons, the 5d — 2p transitions are the most
intense (30% more intense than for W** ions), and
moreover, they are shifted to higher energy by about
0.5 keV.

Summary and conclusions

On the basis of results of our modelling for various
X-ray lines of tungsten ions (W28, W*"* and W*t+)
in plasmas, at electron temperatures and densities
relevant to WEST tokamak, we have found that N
X-ray lines with the most intense transitions of the
type 5f — 4d and 5p — 4d are located in the energy
range from about 0.4 keV to about 1.1 keV. The most
intensive peaks for the M X-ray line are in the region
of about 2.5 to 3.0 keV. Moreover, we have found
that the L X-ray line are of much lower intensity
than the N and M X-ray lines and are located in the
energy range from about 10.0 keV to about 13.0 keV.

The results of our modelling presented here will
be useful for the proper design and optimization of
the GEM detector system [12-14]. The further theo-
retical studies on the tungsten spectra modelling for
different WEST scenarios are in progress, in order
to interpret the experimental spectra expected to be
registered on WEST. Moreover, our research will
be a valuable contribution to develop the diagnostics
of plasma parameters in future ITER and DEMO
facilities, where tungsten plasma-facing components
will be probably implemented.
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