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Abstract

The S/XB ratios (ionization events per emitted photon) allow one to relate spectroscopic
emissivity measurements to the impurity influx from a localized source. In this work, we
determine the tungsten influx by examining two dominant extreme ultraviolet line emissions at
382.13 A and 394.07 A, corresponding to the 4f'45f — 4f'45d radiative transitions of the W3+
ion. The ground configuration of W consists of the ground level and a metastable level, with
the latter having a higher population than the ground state. Therefore, a simple approach
assuming that the transitions are independent, i.e. only populated by a unique level source,
requires correction. To address this, we have developed a fully collisional-radiative modeling in
which 430 levels contribute to the ionization. We have utilized three advanced computational
codes — HULLAC (Hebrew University—Lawrence Livermore Atomic Code, AS (AutoStructure),
and FAC (Flexible Atomic Code) — for the atomic structure calculations. These codes provide
the necessary information such as wavelengths, collisional and radiative transition rate
coefficients. The FAC code was also used to calculate the direct electron-impact ionization under
the distorted-wave approximation. We also included contributions to total ionization from
excitation-autoionization processes up to n = 15 manifolds from the distorted-wave
calculations. Subsequently, we used these results to ascertain the tungsten impurity influx in a
dedicated discharge of the EAST tokamak, which operates with full tungsten divertors. In our
findings, we observed that for the density range relevant to the edge region of a tokamak plasma,
the S/XB ratios are almost independent of electron density but exhibit significant variation with
electron temperature.
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1. Introduction

Various intrinsic impurities are inevitably generated in toka-
mak discharges due to the interaction between plasma and
wall. Impurities ionized in the core release a large number of
electrons, severely diluting the concentration of the primary
plasma and affecting the reaction power density of fusion,
decreasing the overall performance of the plasma. Therefore,
monitoring and controlling the entry of impurities into the core
are an important issue for long-pulse discharge operations.

It is possible to relate spectroscopic measurements of
emissivities from an impurity ion to the impurity influx into
the plasma core. Behringer et al [1] proposed the use of the
‘ionization per emitted photon’ S/XB ratio, also known as the
‘inverse photon efficiency’, denoting the number of ioniza-
tion events per observed photons (incoming ions over emit-
ted photons). The S/XB ratios have been used to evaluate the
influx in tokamak devices of common light impurities such as
carbon, nitrogen, oxygen, and neon, as well as metal impurit-
ies such as chromium, iron, nickel, molybdenum, and others
[1-5].

Tungsten has been selected as the divertor and first wall
material for ITER due to its high melting point, high thermal
conductivity, low sputtering rate, low tritium retention rate,
and low neutron activation rate [6]. However, highly ionized
tungsten ions in the core and edge emit intense radiation at
various wavelength ranges, which can cause significant radi-
ation power loss and severely reduce plasma confinement per-
formance. Therefore, evaluating the amount of tungsten enter-
ing through the edge is crucial for functioning high confine-
ment long pulse plasma. Many extensive studies have been
dedicated to the evaluation of the tungsten influx using the
4009 A spectroscopic line of W I [7-9]. Other lines from W
I have been used by Beigman er al [10], and W II was used
by Pospieszczyk et al [11]. Ballance et al [12] conducted a
detailed study on the S/XB ratios for the 1099.05 A, 1119.7 A,
1172.47 A, and 1186.17 A lines of w3+, assuming these lines
as independent. Dong et al [13] evaluated the influx rate of
WS+ using the S/XB coefficients calculated with the ADAS
code [14].

Recently, the spectrum of W3+ was observed during EAST
discharge, which provides us with the necessary experimental
spectrum for further studying the S/XB of low-ionized tung-
sten ions. As pointed out by Behringer ef al [1], data for any
particular ionization stage of the atomic species of interest can
be employed as long as no higher ionization stages of that atom
emerge from the localized source. Thus, such spectroscopic
measurements for specific radiative transitions in W3+ would
allow for the determination of the influx of tungsten.

The most straightforward approach for the S/XB determin-
ation is to assume that only one ground (or metastable) level
populates the upper level of the observed spectral line. Even

if the effects of collisions to and cascades from higher lying
levels are considered, this simple approximation only works
for some cases, as shown in the following sections. In gen-
eral, we must take allowance that the source of the level pop-
ulation can also arise from other metastables and not only
from a unique level, the so-called metastable cross-coupling
approach [3].

The paper is organized as follows. In section 3, we develop
the main formulas needed for the evaluation of the S/XB coef-
ficients. First, we show in 3.1 details about how to employ
the rate coefficients for excitations and radiative decays into
a quasistatic generalized collisional-radiative level population
model. With this, we obtain the effective contribution to the
population of the excited states involved in the radiative trans-
itions to study. In 3.2, we show how to use these coefficients
to determine S/XB ratios as a function of electron density and
temperature. We realized that many works deal with cases in
which only the ground level is populated or cases in which
the emissivity in the metastable line could be considered inde-
pendent (namely, the upper levels are only populated by dir-
ect excitation from a unique source). However, the discus-
sion for cross-coupled metastables, in which the populations
of the upper levels arise from different sources, is scarce and
worth developing in detail. In section 3.4, we briefly describe
the three computational codes used in our calculations for the
atomic structure. In section 4, we show the results, first for the
atomic structure calculations in 4.1. Then, we present the res-
ults obtained for a model consisting of only four levels, which
accounts for most of the relevant physical processes involved,
at least within the density and temperature range of interest for
Tokamak plasmas. Following that, we solve a full collisional-
radiative model with 430 levels, and present and discuss the
final S/XB coefficients. We conclude with some final remarks
in section 5.

2. Experimental setup

EAST is a fully superconducting tokamak device equipped
with ITER-like active water-cooled W/Cu monoblocks tung-
sten divertors, capable of high-power long pulse operation.
The main parameters are: major radius R < 1.9m, minor
radius a < 0.45m, plasma current I, < 1MA, and toroidal
magnetic field Br < 3.5 T [15-17]. Presently, various auxili-
ary heating and current driving have been installed, including
two lower hybrid current drive (LHCD) systems, an electron
cyclotron heating (ECH) system, an ion cyclotron resonant
frequency (ICRF) system, and balanced neutral beam injec-
tion (NBI) systems [18]. A set of flat-field extreme ultraviolet
(EUV) spectrometers, working in the 20-500 A wavelength
range with fast time response (5 ms/frame), named EUV _long
[19], was developed to measure line emissions and to monitor
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the impurities present in the EAST plasmas. A laminar-type
varied-line-spacing concave holographic grating 1200 grooves
mm ™! is fixed at grazing incidence 87° with a narrow entrance
slit width of 30 um for increasing the spectral resolution. A
back-illuminated charge-coupled device (CCD) with a total
size of 26.6 x 6.6mm? and pixel numbers of 1024 x 255
(26 x 26 um?/pixel) is used for recording the spectrum. The
wavelength calibration is performed by cubic polynomial fit-
ting with many well-known spectral lines covering the observ-
able range [20]. An absolute calibration, in which the raw
measured spectral counts are converted into absolute spec-
tral intensities, is further achieved by comparing the observed
and calculated intensities of EUV and visible bremsstrahlung
continua, a procedure explained in previous works
[19-22].

Figure 1(left part) displays the operating parameters of
EAST plasma discharge #100 300 as a function of time. The
upper part (a) displays the plasma current /,. Part (b) presents
the electron temperature of the core plasma T, provided by
the electron cyclotron emission (ECE) system [23] and the
line-averaged electron density n. measured by the hydrogen
cyanide (HCN) interferometer system [24]. Part (c) depicts
the heating power of ECRH, LHW, and NBI. Part (d) shows
the total radiation power loss measured by the AXUV (abso-
lute EUV) photodiode array [25]. Finally, part (e) presents
the emission intensity of the two dominant W>+ EUV spec-
tral lines at 382.13 A and 394.07 /3;, which are used here to
determine the total flux of tungsten. These two lines are not fre-
quently observed in general discharges. As the figure indicates,
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they do not appear during the initial and flat-top stages of
the discharge, likely due to a significant reduction in through-
put at longer wavelengths in the current grazing-incidence
EUYV spectrometer. However, at t =~ 5.2 s, high-intensity wa+t
lines are detected. This is attributed to strong plasma-wall
interactions (PWIs) that ultimately lead to plasma termina-
tion. Therefore, we focus on the plasma behavior at this final
stage of the discharge, during the time interval r = 5.10 — 5.25
s, as depicted in the right part of figure 1. As shown in
part (d), the radiation power loss begins to increase at time
t=>5.14s due to core tungsten accumulation. This accumu-
lation causes the plasma to cool down dramatically, as illus-
trated in part (). When the electron temperature is relatively
low, for instance, when Ty < 1.0 keV, the emission volume of
the W37 lines increases, and meanwhile, the tungsten source
increases mainly due to this strong PWI, then high-intensity
spectral lines of W31 at 382.13 A and 394.07 A could be
observed, as shown in part (e).

Figure 2 displays the 280-440 A spectral range for the
EAST discharge #100 300 at two different times. The brown
curve was obtained at time ¢t =15.150s, when no trace of W
was found in the plasma, and the black curve was obtained at
time t=5.200s when the W intensity reached its maximum.
Before the burst, only some lines emitted from Hell, Fe XVI,
CIV, and CV are observable in this spectral range. The lines
observed at the W peak intensity have been identified [26, 27]
as belonging to different low-charged W ions, as indicated in
the figure. The strong lines in the 280—320 A range are associ-
ated with the 5p® — 5p°5d transitions of WO, and from this
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Figure 1. Evolution of specific parameters for the EAST discharge #100 300. (a) Plasma current . (b) Central electron temperature, T¢o,
and line-averaged electron density, 7e. (¢) Heating power of ECRH, LHW, and NBI. (d) Boundary radiation power loss. (¢) W3+ emission
line intensities at 382.13 A (blue), and 394.07 A (red). Right Part: Zoom at t = 5.10 — 5.25s.
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Figure 2. EAST spectra obtained at discharge #100 300 with the b_long spectrometer. Brown curve: observed at t = 5.150 s, before the W
burst. Black curve: observed at t =5.200 s, at the maximum of W intensity.

ion, the 4f135525p®5d — 4f'35525p°5f lines are also observed.
The line at 434.33 A, corresponds to the 5d% — 5d7p transition
of W**. In the region around 400 A, two prominent lines are
highlighted. We have identified these lines as corresponding
to 5f — 5d transitions of W3t the line at 382.13 A is emit-
ted by the (4/'*5f)s — (4/1*5d); transition, and the line at

394.07 A arises from the (4/"*5/) 7 — (4f*5d) s transition. As
we shall see later, these lines will provide the spectroscopic
information necessary to determine the amount of tungsten
flux entering the plasma.

3. Theoretical methods

3.1. Collisional radiative model

To determine the impurity influx for a particular element using
the photon emission from a particular ion, one needs to know
the population of the excited levels of this ion. To calculate
the population 7; of the excited levels j of a particular impurity
ion, we solve for a given electronic density and temperature,
the collisional-radiative equations:

dn;
dit] = an (Ayj +ne Q) + Zni ne Qjj

k>j i<j

—n; Z (Aji +ne Qji) + Zne O | =

i<j k>j

=Y Cint, )

where n. is the electronic density, A;; are the radiative rate
coefficient for transitions from level j to level i. Qj; are the
electron-impact excitation rate coefficients if i >j, and the
deexcitation rates if i <j. In matrix form, equation (1) is

di

5 =C 2)

where the elements of the matrix C are

Amj + ne Omj for m > j
Cim = e Omj for m < j
- (Zi<j (Aji +ne jS)+2k>anij) form=.

(3

We partition the complete set of levels into metastables
(denoted by greek letters o,p,...,u), and excited levels
(denoted here with roman letters i,j,...,n)

i,
m) )

and assume a quasi—static approximation in which the popula-
tion of the excited levels are relaxed relative to the ground and
metastable levels:

dii;
dt

£0 and dé’;‘ —0. (5)

Under this approximation, equation (2) becomes

= . (6)

To solve this problem, we take only the excited-levels part
of the matrix, having the following equation

OZCT'ﬁT+CS'ﬁY (7)
The solution for the excited levels is
fly = [C‘Y]*l . [,CT] iy =neF iy (8)

The matrix F denotes the effective contribution to the popula-
tion of the excited levels via excitations from the metastables.
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This is the usual notation used in the field, in which F;, rep-
resents the effective contribution to the population of i due to
excitations from the metastable p.

3.2. S/XB—ionization events per photon

The neutral impurity particles entering the tokamak plasma
from the wall are ionized in a narrow region around the sur-
face. Neglecting recombination processes, the inward impur-
ity influx density is equal to the ionization rate per unit sur-
face area, integrated over the extension of the region towards
the center of the plasma. Behringer et al have shown [1] that
for the calculation of the inward flux, it is enough to choose
an ionization degree Z of the impurity ions sufficiently small
to ensure that no ions emerge from the sputtering surface in
higher ionization stages. In that case, the inward flux along
the line-of-sight &£ up to stage Z becomes the overall impurity
flux, which is related to the integral over the abundances of the
metastables of stage Z alone:

F:FU:/O ne Y S (€) ne (€)de, 9)

where S, is the ionization rate coefficient from metastable
level o of the impurity ion of charge Z. Since a ionization
event is followed by the emission of spectral lines, it is pos-
sible to relate the number of emitted photons with the flux.
Considering the radiative transition from a level j to a lower
level i and supposing that the upper-level j is populated only
from levels excited from a unique metastable o, the strength
of a spectral line produced by the radiative transition j — i is
proportional to its emissivity

(10)

€o,imj = Aij n;

and the corresponding line-of-sight emissivity is defined by

Loy = | eaimy€) d6. an
0
Substituting in the flux equation (9) and taking into account
that for only one metastable
1 n
]:ia' = i

Ne Ny

12)

the flux becomes [1]:

o0 SU o0
L= [ neso@no©aer 0 [ agmiea =
So
= mla,i—y‘:SXBa,i—y' Isissj. (13)

This equation allows us to identify the ionization events per

photon — coefficient S/XB (for only one metastable o) as:
So

Aij ‘EO’ .

SXBsi= (14)

Equation (14) implicitly captures the general dependence
of the S/XB coefficients on plasma parameters. As the name

suggests (and will be shown below), the S/XBs are propor-
tional to the ionization rates and inversely proportional to the
excitation rates. This roughly determines their dependence on
electronic temperature: while both rates increase with temper-
ature in the relevant ranges, the effect of ionization on temper-
ature is more pronounced. Consequently, the coefficients tend
to exhibit a monotonic increase with temperature. Concerning
their dependence on electron density, the S/XB coefficients
appear to be independent of density at low values. At interme-
diate density values, the relationship becomes cumbersome, as
the excitations occur through an effective rate F described in
expression (12), which requires solving a complex collisional-
radiative problem that accounts for all cascade processes.

3.3. Derivation of S/XB formula for many metastables

Transitions from metastables can compete with the direct
excitation from the ground state as the population processes
for the upper transition levels. That happens even for low elec-
tronic densities and also even for small metastable popula-
tions. Therefore, we need to reconsider equation (13) for meta-
stable cross-coupling. First of all, if we have 7 metastables, we
need to measure the emissivity of (n = 7) different lines

L=I= a,,...T,i—y:/ Ajin; (§) d§
0

L=I= Idpm‘r,[—>m = / A 1y (5) dg
0

o0
hzkzkwmwz/’mmAO%
0

in which the subscripts op--- 7 indicate that, in principle, all
the upper levels i,/, - - - , s can be populated by excitations from
all the metastables, namely,

ng =ne Ng Fig +ne Ny Fip+---+nens Fi
n =ne g Fig +neny Fip+ - +ne ne Fir

l’ls:neno—‘ngg+nenpfsp+"'+nen7"/—-:¥7' (15)
which, in matrix form is written as:
1 -
— (1) = (F) () , (16)

where the reduced n-dimensional column vectors and the cor-
responding n X n operators are

n; Ny
@=|" ;@)= " [
ng nr
Fio Fip Fir
®=| T T T a7
Feo Fsp For



Nucl. Fusion 65 (2025) 036037

F. Zhang et al

The population numbers of the metastable levels n, and n,
are:

The total flux is
F=Ts+0,+---+1I;

xneSU/ ng—l—neSp/ np+--~+neST/ nr
0 0 0

= Sa/ (Raini + Ralnl +--+ Ro’sns)
0
+ Sp/ (Rp,'n,' + Rpli’ll +-- 4 Rpsns)
0

_|__|_ST/ (’R.,_,-n,- +R7—lnl+-..R7nnn)
0

~
~

1
;(SJRai""SpRpi""""’_STRTi)
ij

o0 1 T
X/ Ayni+7ZS/LR/L1XI[+"'+
0 Alm#:o_

1 T n
—i—A—nHz:;SHRMxIn:;SXkaIk (19)
where A, = A,; and
1
SXBk = ZSXBM{ - XZS}LR[IJC
M ko
1 —1
= XkZSH (F) - (20)
W

3.4. Calculational methods

We carried out an evaluation of the atomic structure, as well
as the collisional and radiative rates required to solve the
collisional-radiative problem, using three separate independ-
ent calculations. Specifically, we utilized the atomic struc-
ture codes Hebrew University—Lawrence Livermore Atomic
Code (HULLAC) [28, 29], the AutoStructure (As) code [30-32],
and the flexible atomic code (FAC) [33]. Since these three codes
are well-established in both astrophysical and fusion research,
we will only provide a brief overview of their key features.
The HULLAC code is a fully relativistic atomic structure
package that computes transition energies and corresponding
rate coefficients, among other quantities. It employs a relativ-
istic potential method to solve the Dirac Hamiltonian and uses
full multiconfiguration wavefunctions to calculate radiative

transition rates. Configuration mixing, and hence correlation
effects, are included in the calculations. The Breit interaction
and quantum electrodynamics corrections (vacuum polariza-
tion and self-energy) are treated as second-order perturbations.

The AS code is used to compute energy levels, oscillator
strengths, excitation and photoionization cross sections, as
well as autoionization rates, among other properties. These
can be calculated at different levels of resolution: config-
uration resolution (configuration average, CA), term resolu-
tion (LS coupling), or level resolution (intermediate coupling,
IC), utilizing semi-relativistic, kappa-averaged wavefunc-
tions. The code also allows for the inclusion of configuration
mixing.

Finally, the FAC code uses a fully relativistic approach to
solve the Dirac equation. Quantum electrodynamics effects,
primarily arising from the Breit interaction, vacuum polariz-
ation, and electron self-energy, are included in the standard
procedures of the code. Like the other programs mentioned,
FAC has been extensively used for interpreting spectroscopic
data in both laboratory and astrophysical contexts.

4. Results

4.1. Atomic structure

The ion Wt is isoelectronic to Thulium (Z = 69), having
a ground configuration [Xe] 4f145d. This configuration has
two levels separated by about 1 eV of energy. The lowest
level of the ground configuration is (4f'45d) 2 and the second

level is (4f'#5d)s. For most of the relevant electronic dens-
ities and temperatures, both of these two levels are signific-
antly occupied and in particular, the population of the J = %
is higher than those of the ground level. We found two radiat-
ive transitions well separated and distinguishable in the exper-
imental spectra, corresponding to the (4f145f)% — (4f145d)%
transition at A\; = 382.13 A, and (4f145f); — (4f145d)% trans-
ition at \; = 394.07 A.

We include in our calculations, the 4f1451 (I=2—4),
47146l (1=0—4), and 4f*71 (I=0—4). We also include
configuration-interaction (CI) between those configurations
and 4735d%, 4f135d6s, 4f135d6p, 4f136s%, 4f136s6p, and also
with the open Sp-shell 4f145p°5d%, 47'45p°5d6s, 4f1*5p 652,
4f145p°5d6p, and 4f1*5p6s6p. This structure conforms to a
total of 436 levels, the model used in HULLAC calculations.
Excluding the last 4/145p°6s6p configuration, the structure has
430 levels, and this is the model used for the AS and FAC cal-
culations. We show in table 1 the detailed results obtained with
the three different calculations only for the four levels involved
in the transitions.

Figure 3 shows the spectra observed from EAST discharge
(#100300) at a time #=5.200s, corresponding to the max-
imum of the W burst. The figure also includes our three
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Table 1. Atomic structure for the four-levels of W1 involved in the 382.13 A and the 394.07 A transitions.
E (eV)
Index HULLAC AS FAC Level
1 0.0000 0.0000 0.0000 (47'45d)3
2 0.9718 1.3653 1.0142 (41"*5d)s )2
3 31.769 31.823 31.729 (47505 2
4 31.841 31.973 31.814 (47*50)7 2
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Figure 3. EAST spectrum and theoretical collisional-radiative synthetic spectra for the 5f — 5d transitions of the W+ jon. Upper graph:
EAST Experimental spectra (#100 300, at = 5.200 s). Lower graph: synthetic spectra calculated with HULLAC, AS, and FAC.

independent W>* synthetic spectra, which were obtained by
solving the fully collisional-radiative model.

As the figure shows, the agreement between the three theor-
etical calculations is satisfactory, although the results are con-
sistently higher than the experimental values by about 7 A.
Surprisingly, another simpler calculation, including only 20
levels from the 47145p®51 (1=2—4), 4f1*5p%61 (1=0-13),
and 4745p®71 (1= 0 — 3) configurations produces transition
energies much closer than the experimental values, above the
experimental for only 2 A, in all three cases. However, these
calculations do not take into account the configuration mix-
ings between the 4/145f and the 41354 configurations, which
account for a total mixing of about 11% for both the J =5/2
and J = 7/2 levels. This indicates that the latter model cannot
be considered valid, and some serendipity is being introduced,
which deserves to be investigated in the future.

4.2. Excitation and radiative rates

The three codes have been employed to calculate the electron-
impact excitation rate coefficients. They use the distorted-
waves approximation, which has been quite successful in
determining excitation cross-sections for highly ionized spe-
cies, where the effects of correlations are usually not signi-
ficant. For W2+, the coupling in the continuum is sufficiently
small to allow the use of this approximation with reasonable
accuracy. The overall agreement between the three codes is
about 40%, for the range 20 < T, < 100 eV.

We also have calculated the radiative transition rate coef-
ficients with the three codes, obtaining values that agree 20%
for the dipole-allowed transitions. The values of the radiative
transitions and the electron-impact excitation rate coefficients
for the four levels involved in the 5f — 5d lines are listed in
table 2, for HULLAC, AS, and FAC calculations.
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Table 2. Radiative transitions A and electron-impact excitation rate coefficients (in cm’s 1) for the four levels involved in the W lines.

HULLAC

T (eV)
Lower  Upper A@s™hH 20 40 60 80 90 100
1 2 520 10T%°  378x107%  247x107”  189x107”  156x107%° 145x107%° 1.35x107%
1 3 1.61 x 1079 336x107%° 588x107" 6.84x107% 727x107% 740x107%° 7.49x107%
2 3 1.16 x 107 454x 1079  6.56x 107 6.80x107° 6.68x107° 659%x107'" 649x1071°
1 4 1.01 x 10T 329%x 10710 427x107'°  4.01x1071% 3.62x107"% 344x107'° 3.27x107'°
2 4 1.83x 10719 3.92x107%  6.66x107% 7.65x107% 8.09x107" 821x107” 830x107%
3 4 218x107%  491x107”  3.15x107%  242x107”  2.02x107"  1.87x107”  1.75x 107"

AUTOSTRUCTURE

T (eV)
Lower  Upper A@s™hH 20 40 60 80 90 100
1 2 1.44x 107" 8.62x 107" 481 x107” 336x107% 261x107% 235%x107” 2.15x107%
1 3 1.64x 10710 274%x 107  4.94%x107% 589x107” 637x107”  652x107”  6.63x107%
2 3 1.08x 107 450x 107  6.14x107° 627x107°  6.16x107°  6.08x107'" 6.00x 107"
1 4 1.04x 107" 3.63x1079  436x107% 396x107° 353x107'° 334x107'" 3.17x107'°
2 4 171 x 10719 334%x107%  576x107%  6.74x107% 722x107"  736x107™" 747x107%
3 4 202%x1072  1.01x107%®  546x 107  3.79x107%  295x107% 267x107” 244x107%

FAC

Tc (eV)
Lower  Upper A 20 40 60 80 90 100
1 2 590x 10T°  507x107%  3.19x107%  240x107%”  196x107%° 181x107%® 1.68x107%
1 3 1.28x 10710 241 x107%  427x107%  500x107%  535x107%  546x107" 554x107%
2 3 940 x 10T®  431x107° 6.04x107"° 6.16x107'° 598x107'" 587x1071% 576x 10710
1 4 9029 x 10T  339x 107" 431x107'"° 399x107'" 3.56x107" 336x107'0 3.18x 10710
2 4 1.50x 10719 3.11x107%  533x107”  6.16x107%  653x107%  6.64x107"  6.72x107%
3 4 3.72x 1072 570x107%  339x107”  257x107%”  214x107%° 1.99%x107%® 1.86x10°%

4.3. Electron-impact ionization rates

For the calculation of the electron-impact ionization rate coef-
ficients, we used the distorted-waves approximation. However,
even by using this relatively simple approach, the calculations
are cumbersome. First, the total direct ionization cross section
oP! from the ground configuration levels involves the sum of
the contribution of the ionization of the 4f, 5s, 5p, and 5d
subshells-electrons:

55%5pS4t
- 102 2 6,44 10 5S25P64f35d -
e~ + [Kr|4d"55*5p° 41" 5d — [Kr|4d 55255 aflsg +2¢.
555541454
21

Second, the indirect pathway to ionization, through inner-
shell excited intermediate levels must be taken into consid-
eration since the cross-sections of these processes are much
higher than the corresponding to the direct ionization, as indic-
ated in the experimental ionization measurements by Stenke

et al [34] and by Spruck et al [35]. The total cross-section agA

for excitation-autoionization from an initial level g, to any final
level k of the following ion, through inner-shell excitation to
any intermediate autoionizing level j within a given configur-
ation or complex C is given by [36]

oM E) =Y 0y (E)

Jjec

= Zagj (E) B}

Jjec

DAL+ Aji

DA+ AjiB?]

(22)

where o4(E) is the cross section for electron-impact excita-
tion from g to j as a function of the incident electron kinetic
energy E. Aj, is the rate coefficient for autoionization from j to
k, and Aj; is the Einstein coefficient for spontaneous emission
from j to any lower-lying level i. Bf is the multiple branch-
ing ratio for autoionization from level j, defined by the bracket
term. This term contains, in turn, the effective branching ratio
By for further autoionization from level 7, defined by a similar
recursive expression [36]. The total excitation-autoionization
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Figure 4. Left: excitation-autoionization cross-sections from the ground state of W>*. Color-dashed lines: Present calculations of the
accumulated partial EA cross sections o for the principal manifolds C. Color squares: theoretical results from Jonauskas et al [37]. Red
circles: total theoretical results by Zhang ef al [38]. Black-solid lines: present calculations for total o=, considering n < 15. Right: total
ionization cross-sections from the ground level. Black solid line: present calculations of the total ionization cross-section o=

(equation (25)). Black-dashed line: total direct-ionization cross-section P!, Green-dashed line: theoretical results from Jonauskas et al [37].
Red-dot dashed line: calculations by Zhang et al [38]. Blue squares: experimental results of Stenke et al [34]; Green circles: experimental

results of Spruck et al [35].

Table 3. Total ionization rate coefficients from the metastable levels of W> *.in cm’s~ L.
T. (eV)
Metastable 20 40 60 80 90 100
1 201107 1.15x107% 2.04x107% 2.70x107%® 296 x107% 3.18 x 107%
2 207x107%  1.18x107% 208x107%® 275%x107%® 3.01x107%® 3.23x107%®

cross-section is given by

oM E) = oM (E). (23)
C

In our calculation, we include excitations from the 4f, 5p,
and 5s subshells of the ground configuration. These excitations
are graphically represented as follows:

5525p%47135dnl

e +[Kr|4d"55°5p°4f5d — [Kr|4d" { 55°5p°4f5dnl § + e
555p%4f145dnl

(24)

where we take all the possibles 5 <n < 15 and / < 4.

In a low-ionized species such as W3, the radiative rates
from the doubly excited levels are quite small compared to
the autoionizing rates. Therefore, we can neglect the multiple
branching ratios in (22). In that way, we assume that once the
excited electron reaches an autoionizing level, it autoionizes
and does not follow further cascades.

The total electron-impact single ionization cross-section is

o8 (E) = oP(E) + 02 (E) . (25)

Since the calculations are demanding, we only use one

computational code for the ionization cross-section results.

Also, for comparisons with other calculations, we choose to
use the FAC code. In figure 4, we show the contribution of
the different channels to the electron-impact ionization cross-
sections of W3+, In the left part of the figure, we concentrate on
the indirect excitation-autoionization channels 0“4, The figure
shows the accumulated contribution from the essential mani-
folds (dashed-color curves), together with the theoretical val-
ues reported by Jonauskas et al [37]. The results are in excel-
lent agreement and the slight differences can be attributed to
the lack of some configuration interactions that we have not
included in the calculations. On the other hand, Jonauskas
et al calculated the EA contribution up to the n = 12 manifold,
whereas we also included the n = (14, 15) configurations.

In the right part of the figure, the total ionization cross-
sections oF'A are displayed. We intended to show the indi-
vidual contribution of the ionization from the ground level
(4f1*5d); and from the metastable (4/'*5d)s, but both cross-
sections are very similar and are not easily distinguishable in
the graph. The figure shows our results, together with the the-
oretical calculations reported by Jonauskas et al [37] and also
the results given by Zhang et al [38]. As expected, the agree-
ment is excellent. The differences can be attributed to the con-
figurations used in the potential optimization and the config-
urations considered for the mixing interactions. To be able to
assess the importance of the indirect channels, we include in
the figure the total direct ionization ¢! in dashed lines. The
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Figure 5. S/XB coefficients, according to the definition in equation (20), for a four-level model. (a) S/XB for the 3 — 1 transition
((47"*50)s/2 — (4**5d)3,2). (b) 4 — 2 transition ((4f**5f)7/2 — (4f**5d)s2), in WT. The electronic temperature is 7. = 60 eV. The
low-density limit curves correspond to the approximation given in equation (26).

figure also shows the experimental results given by Stenke et al
[34], and more recent calculations from Spruck et al [35]. The
distorted-waves are known for generally overestimation of the
cross-sections. Both experimental results show a high pres-
ence of metastable contributions, so the discrepancies between
theoretical and experimental results could be even more signi-
ficant. The total ionization rate coefficients for each metastable
state, derived from assuming a Maxwellian electronic distribu-
tion, are presented in table 3.

4.4. S/XB results

4.4.1. Simple model (four-levels). ~ We found that a simple
model having only four levels, namely, the ground level
(47'45d)3 2, the metastable (4f'*5d)s >, and the two upper-
excited levels, (4/'*5f)s/» and (4f'*5/)/5, can be used to
explain qualitatively many of the basic features in the determ-
ination of impurity flux. A detailed derivation of the S/XB par-
tial coefficients is given in the appendix. The final expressions
for these coefficients are given in equation (A.17).

We show, in figure 5, the S/XB coefficients correspond-
ing to the transition 3 — 1 (upper part (a)), and in the lower
part (), the coefficients corresponding to the 4 — 2 transition.
The coefficients for this figure have been calculated using the
rates obtained with FAC code for a typical electronic temperat-
ure T, = 60eV. As is expected, due to the high population of
the metastable, the leading terms are the diagonal SX'3;; and
SX By, being the cross terms a small negative contribution.

We can perform a further approximation, focusing on the
low-density region, in order to understand the overall beha-
vior of the S/XB coefficients. In this approximation, we neg-
lect first the collisional decays that are proportional to the

electron density and compete with stronger radiative decays.
We also make use of the rates listed in table 2, neglecting the
relatively small terms, for example, (A4 + A4 +Asz) = Agp.
Under these assumptions, the low-density limit expressions for
the S/XB coefficients are

N
SXB]] ~ lAzl
B 45 +45
S
SXBZ] ~ — 2Q13
24 E
S
SXB]Z ~ — IQ24
Qi35
S
SX By ~ —- (26)
O

which are all density independent. As is shown in figure 5, the
approximated S/XB results are in excellent agreement with the
exact expressions given in (A.17). The results of this approx-
imation not only match the exact results at low electronic dens-
ities but this agreement is still maintained for densities that are
above the standard operating values, even up to values such as
ne ~ 107 cm—3,

We made comparisons between the S/XB coefficients res-
ulting from the three independent calculations from HULLAC,
AS, and FAC computational codes. The results are displayed
in figure 6 for an electronic temperature 7, = 60eV, and as
before, the upper part shows the results for the 3 — 1 trans-
ition, and the lower part 4 — 2.

The same results are shown in figure 7 for the electronic
density n, = 10" cm ™3, which is within the normal range of
operation in the EAST plasmas. The discrepancies between
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((47"*50)s 2 — (4**5d)3 ). (b) 4 — 2 transition ((4f"*5f)7/2 — (4f**5d)s/2), in WT. The electronic density is ne = 10* cm™>.

the different calculations are consistent with the differences
obtained for the values of the rates shown in table 2, in partic-
ular, for the A3 radiative decay rates.

4.4.2. Full model (430-levels). We included all the con-
figurations listed in section 4.1 and solved the corresponding
collisional-radiative equations, obtaining the S/XB ratios for

the same transitions studied previously. The results are dis-
played in figure 8 for a fixed electronic temperature 7. = 60 eV
and in figure 9, for a fixed electronic density 7, = 10" cm 3.
We note that for both lines, the S/XB ratios appear nearly con-
stant around an electron density from 10*cm™3, to a dens-
ity of approximately 10'*cm™3. This justifies the previous
approach in which we considered only four levels and the

possibility of using the low-density approximation to obtain
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a simple and quick determination of the incoming flux. At
densities around 10> cm~3 the S/XB becomes sensitive to the
collisional-radiative solutions. Therefore, we found substan-
tial differences between the calculations, particularly between
HULLAC results and the other two. Beyond 7, > 10'7 cm™3, the
plasma reaches the local thermodynamic equilibrium density
regime, and then the S/XB ratios increase linearly with the
density.

The detailed results for electronic densities in the range
10*cm™3 < n, < 10" cm™3 and electronic temperatures in
the range 20 < T, < 100 eV are presented in tables 4—6 for the
calculations realized with HULLAC, AS, and FAC, respectively.
The agreement between the calculations for the (4f'45f)5 /2
(47'45d)5, transition (the 3 — 1 transition in the four-level
model) is of about 40% for T. = 50eV and densities up to
ne = 10" cm™3 in the worst case (HULLAC vs. FAC). Figure 9
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Table 4. SXB of W37 for the radiative transitions (Line 1) (4f145f)5/2 — (4f45d)3/2, and (Line 2) (4j*45f)7/2 — (4f45d)5/2, from a
436-level collisional-radiative model, calculated with the HULLAC computational suite.

Electron density (cm™)

Line Te(eV) 10* 10'° 10" 10" 10 101 10" 10'8
1 20 0.543 0.532 0.525 0.519 0.502 0.504 0.804 1.710
40 1.733 1.698 1.690 1.674 1.629 1.677 3.039 7.143

60 2.626 2.577 2.569 2.549 2.492 2.579 4.798 11.90

80 3.266 3.209 3.203 3.180 3.119 3.235 6.059 15.52

90 3.516 3.458 3.452 3.429 3.367 3.494 6.543 16.92

100 3.736 3.676 3.670 3.648 3.586 3.722 6.966 18.20
2 20 0.425 0.414 0.412 0.408 0.393 0.384 0.570 1.470
40 1.391 1.354 1.367 1.355 1.318 1.331 2.258 5.758
60 2.130 2.076 2.105 2.089 2.045 2.103 3.712 9.203

80 2.661 2.598 2.636 2.620 2.575 2.678 4.805 11.70

90 2.873 2.807 2.848 2.833 2.790 2.912 5.250 12.72

100 3.056 2.988 3.032 3.017 2.975 3.116 5.639 13.60

Table 5. SXB of W™ for the radiative transitions (Line 1) (4f"*5f)s/» — (41**5d)3 2, and (Line 2) (4£"*5f)7/2 — (4f**5d)s 2, from a
430-level collisional-radiative model, calculated with the AS computational code.

Electron density (cm™>)

Line Te(eV) 10* 10'° 10" 10" 10" 10'° 10" 10'®
1 20 0.645 0.654 0.644 0.637 0.580 0.395 0.343 0.877
40 2.076 2.107 2.099 2.080 1.921 1.352 1.136 2.457
60 3.140 3.178 3.176 3.153 2.952 2.158 1.779 3.568
80 3.889 3.927 3.928 3.905 3.694 2.787 2272 4.356
90 4.184 4221 4224 4201 3.990 3.049 2.476 4.669
100 4.442 4476 4.480 4.457 4249 3.285 2.657 4.929
2 20 0.469 0.480 0.479 0.474 0.430 0.293 0.249 0.674
40 1.575 1.609 1.638 1.623 1.487 1.048 0.918 2.477
60 2.431 2.474 2.526 2.507 2.326 1.699 1.487 3.913
80 3.046 3.090 3.155 3.135 2.939 2.210 1.930 4.965
90 3.293 3.336 3.404 3.385 3.186 2.425 2.115 5.390
100 3.505 3.547 3.618 3.599 3.400 2.617 2.281 5.765

Table 6. SXB of W™ for the radiative transitions (Line 1) (4f145f)5/2 — (4f45d)3/2, and (Line 2) (4f45f)7/2 — (4f145d)5/2, from a
430-level collisional-radiative model, calculated with the FAC computational code.

Electron density (cm™?)

Line Te(eV) 10* 100 10" 10 10 10'° 10" 108
1 20 0.762 0.759 0.745 0.740 0.696 0.529 0.484 1.328
40 2.484 2.479 2.448 2.436 2.326 1.828 1.670 4.094
60 3.796 3.792 3.752 3.737 3.601 2.896 2.595 6.026
80 4.730 4725 4.681 4.666 4.525 3.710 3.273 7.351
90 5.096 5.091 5.045 5.031 4.892 4.046 3.550 7.873
100 5.414 5.409 5.361 5.348 5.211 4343 3.790 8.314
2 20 0.520 0.518 0.512 0.510 0.482 0.371 0.323 0.830
40 1.748 1.747 1.745 1.741 1.660 1.311 1.173 2.975
60 2.707 2.709 2.714 2.710 2.603 2.098 1.866 4.619
80 3.407 3.411 3.421 3.419 3.301 2.702 2.384 5.764
90 3.685 3.690 3.702 3.701 3.580 2.951 2.595 6.203

100 3.926 3.932 3.945 3.946 3.824 3.173 2.780 6.579
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Figure 10. Total tungsten influx from the plasma-facing surface, calculated for the discharge #100 300 at EAST, as a function of time.

shows that the agreement is much better at lower temperat-
ures. For the (4f'5/);/, — (4f'*5d)s, transition, the agree-
ment at 7, = 50eV is about 25%, it is much better for lower
temperatures.

4.5. Tungsten influx

The absolute calibration of the spectral line intensities [19—
22] results in values of the 5f — 5d transitions about 3 x 10"3
photons per cm? per second at the emission peak correspond-
ing to the tungsten burst. Assuming that the tungsten ions are
sputtered from a region in which the electronic temperature is
T. = 60eV and the electronic density is 7. = 10'* cm ™3, the
S/XB ratios are of the order of 3, we can infer a total tungsten
flux of the order of 10'* particles per cm? per second at the
peak. Indeed, we show in figure 10 the calculated total tungsten
flux from the plasma-facing surface towards the interior of the
EAST device, which follows the behavior of the line intens-
ity in time for discharge #100 300, having a peak at r=5.2s.
The fluxes are calculated using three independent calculations:
HULLAGC, AS, and FAC. The three calculations agree at the peak
between 45% in the worst comparison case (HULLAC VS. FAC).

5. Conclusions

In this study, we derive the relevant equations for calculating
the S/XB coefficients in scenarios where, rather than assum-
ing a single initial state, multiple metastable states with signi-
ficant populations and influence on ionization processes are
considered. Unlike excited states, metastable states primar-
ily equilibrate their populations with those of neighboring
ions. This allows for the expression of the relative popula-
tions of the excited states in terms of the populations of the
metastable states, without the need for explicitly specifying the
latter’s population values. Similarly, ionization events, which

are dependent on the metastable populations, can be described
in terms of the radiative emissions from the excited states.

Extensive theoretical calculations of atomic structure, radi-
ative decay, electron-impact excitation, and electron-impact
ionization have been carried out to generate the data neces-
sary to model the W>* ion in a plasma environment. We use
three different atomic computational codes — FAC, HULLAC,
and AUTOSTRUCTURE — which allow us to assess the accuracy
of our theoretical results. For the electron-impact ionization,
we included contributions from excitation-autoionization pro-
cesses up to n =15 manifolds and calculated the rate coeffi-
cients for the total ionization from both the two 4/145d config-
uration levels.

Using these data, we solved a collisional-radiative model
to obtain the effective population coefficients needed in
to determine the S/XB ratios. We selected the radiat-
ive transitions (4£'45f)s/, — (4/'*5d)3,, and (4/**5f);/» —
(47'45d)s />, which are prominent in the 320-460 A range.
The process of radiative cascade from energy terms higher
than the upper terms involved in the radiative transition was
found to have a negligible effect on the S/XB ratios for both
types of transitions at low and intermediate energy densities.
Therefore, by using a simple four-level collisional-radiative
model consisting of the two upper levels and the two lower
metastables, we can generate S/XB ratios that agree very well
with the 430-level model. That is particularly useful because
it allows us to derive simple analytical expressions that help
us understand the principal mechanisms contributing to the
ionization.
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Appendix. Derivation of S/XB coefficients for
four-levels and two metastables

The collisional-radiative equations (2) for four-levels is:

dny

dr
dny

dr

Cu Cp
Cx»
Csx

Cyp

Ci3
Cx
C33
Cy3

(A1)
0

and for the excited-levels part of the matrix, the corresponding
system of equations is

(

which is equivalent to

0
0

Csiny + Cypong + Ca3nz + Cyang

A2
Cyny + Cypny + Cyznz + Caang ) (A2)

Csyzng + Cyqng _ —Csin; — Gy (A3)
Cu3ng + Cusny —Cyny —Cappny )~ ’
In matrix form:
Cs'ﬁxzél'nl—‘réz'nz (A4)
where
- ns3
iy = < s > , (A.5)
the reduced matrix for the excited levels is
Cyz Cyu
C, = A.6
’ ( Cyz Cuy ) (A-6)
and the column vectors are
> —C3
Ci = A7
1 ( —Cu ) (A7)
and
= —Cx
G = < —Ch > . (A.8)
The solution for the excited levels is
fy=[C ™" Crom +[C] " Cromy
=Fi - m+Fm (A.9)

in which the column vectors are

—

Fi [Csr1 .G, and Fr= [Cs]f1 Gy .

(A.10)

The inverse of C; is

1
"~ C33Cy — C34Cy3

Cuy
—Cs3

—C34

—1
[CY] C33

(

) (A.11)

and
(A.12)

becomes

1
~ C33C44 — C34Cy3

« —C31C44 + C34Csy
C31Cq3 — C33Cyy

(F)

—C3pCy4 + C34Cy
C3Cyp3 — C33Cy2

).

(A.13)

The inverse of the reduced matrix is

1
~ C31Cyp — C3Cyy
C30Cs3 — C33Cyp2 C32C44 — C34Cys2
—C31C43 + C33C41  —C31Ca4 + C34Cyy

(P

(

From the definition (20) for the S/XB coefficients

X

).

(A.14)

1

SXB#/{E —S#R#k (A15)
Ay

we obtain

1
~ C31Cp — CCy

y ( % (C32C43 — C33Ca2)
D1
Agp

SXB

= (—C31Ca3+ C33Can) )
(C32Caa — C34Ca2) Asfz (—C31Caa + C34Ca1)
(A.16)

and replacing the corresponding elements of the matrix
(equation (3)), we obtain finally the expressions for the S/XB
coefficients
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SXBy; = 1eS1 ne023 Q34 — neQ24 (—Asz1 — Az — neQ31 — neQ3 — neQ34) (A17)
Az ne Q131024 — 1 Q141023

SXBy; = neSy —neQ131e034 + ne Q14 (—Az1 — Azp — 1 Q31 — Q3 — neQ34)
Asy neQ131: 024 — e Q141023

SXByy = 1St neQ23 (—Aa1 —App — Az — neQa1 — neQur — neQa3) — Q24 (Asz + neQa3)
Agp neQ131e 024 — e Q141023

SXBay = 182 neQ13 (Aa1 +Agx +Agz +1eQut +1eQap +1eQa3) +neQia (Agz + neQus) .
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