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Abstract
Extreme ultraviolet (EUV) spectra emitted from low-Z impurity ions in the wavelength range of
10–500 Å were observed in Experimental Advanced Superconducting Tokamak (EAST)
discharges. Several spectral lines from K- and L-shell partially ionized ions were successfully
observed with sufficient spectral intensities and resolutions for helium, lithium, boron, carbon,
oxygen, neon, silicon and argon using two fast-time-response EUV spectrometers of which the
spectral intensities are absolutely calibrated based on the intensity comparison method between
visible and EUV bremsstrahlung continua. The wavelength is carefully calibrated using well-
known spectra. The lithium, boron and silicon are individually introduced for the wall coating of
the EAST vacuum vessel to suppress mainly the hydrogen and oxygen influxes from the vacuum
wall, while the carbon and oxygen intrinsically exist in the plasma. The helium is frequently used
as the working gas as well as the deuterium. The neon and argon are also often used for the
radiation cooling of edge plasma to reduce the heat flux onto the divertor plate. The measured
spectra were analyzed mainly based on the database of National Institute of Standards and
Technology. As a result, spectral lines of He II, Li II–III, B IV–V, C III–VI, O III–VIII, Ne II–X,
Si V–XII, and Ar X–XVI are identified in EAST plasmas of which the central electron
temperature and chord-averaged electron density range in Te0=0.6–2.8 keV and ne
= (0.5–6.0) × 1019 m−3, respectively. The wavelengths and transitions of EUV lines identified
here are summarized and listed in a table for each impurity species as the database for EUV
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spectroscopy using fusion plasmas.

Keywords: line identification, EUV spectroscopy, EUV spectra, impurity line emissions,
tokamak plasmas

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic-confinement fusion plasma always contains multi-
ple kinds of impurities due to sputtering [1, 2] and desorption
[3] processes in the interaction between the edge plasma and
material surface. The presence of impurity ions in a fusion
plasma normally enhances radiation power loss and reduces
the ion density of the bulk plasma, resulting in a reduction in
the fusion reactivity. Spectroscopic measurements of line
emissions from impurity ions are crucially important to
monitor the behavior of impurities and to minimize the effects
of impurities on plasma performance. In Experimental
Advanced Superconducting Tokamak (EAST), molybdenum
tiles have been used for the first wall since 2012, and the
upper divertor has been upgraded to W/Cu monoblock since
2014, while the lower divertor is covered by graphite tiles
with a SiC coating [4]. The graphite guide limiter of the lower
hybrid wave (LHW) antenna has consisted of tungsten since
2018. Therefore, multiple low- and high-Z impurities exist
intrinsically in EAST plasma, e.g. carbon (C, Z=6), oxygen
(O, Z=8), iron (Fe, Z=26), copper (Cu, Z=28), molyb-
denum (Mo, Z=42) and tungsten (W, Z=74).

Wall conditioning in EAST operation is necessary to
remove the residual gases, reduce edge particle recycling,
minimize the low-Z impurity content, and sustain good
plasma performance. In recent years, several wall condition-
ing techniques in EAST plasma have been developed [5],
including baking, glow discharge cleaning (GDC)/ICRF
discharge cleaning using deuterium (D2) and helium (He)
gases and surface coating such as boronization, siliconization
and lithium coating [6]. It has been proven that lithium
coating is the most effective technique to reduce the hydrogen
and oxygen contents and particle recycling [6, 7]. Although
lithium coating has been performed routinely in recent stu-
dies, boronization and siliconization were previously
attempted for comparison. Furthermore, ELM suppression
using boron granule injection has been recently attempted in
EAST [8] for comparison with the use of lithium granules [9].

The presence of impurities in plasma also has some
beneficial effects, the greatest of which is volumetric power
loss, which occurs either in the scrape-off layer (SOL) or near
the periphery of the main plasma. Nitrogen, neon and argon,
due to their short mean free path and high radiative loss rate
under the divertor plasma parameters in tokamaks, are
therefore widely used to dispel the heat flux prior to the
divertor targets in so-called radiative divertor experiments
[10–12]. Recently, feedback control of neon and argon
seeding has been attempted via supermolecular beam injec-
tion (SMBI) into EAST plasma to enhance the radiation
power in the SOL and to realize steady-state divertor

detachment [13, 14]. During these experiments, neon and
argon are externally introduced impurities in the EAST
plasma, and diagnostics of these impurities with high tem-
poral resolution are therefore crucially important for the
evaluation of their content and minimization of their effects
on plasma performance. On the other hand, neon and argon
transport studies can be carried out with a combination of
experiments and simulations. For this purpose, the emission
lines from silicon, neon and argon in similar wavelength
ranges were analyzed in HL-2A [15] and LHD [16].

To monitor the impurity behavior and study the impurity
transport in EAST plasma, several extreme ultraviolet (EUV)
spectrometers were used to observe line emissions and pro-
files from highly ionized impurity ions [17, 18]. Two fast-
time-response EUV spectrometers were used to observe the
line emissions from all the low- and high-Z impurities. It was
found in previous work that the line emissions from high-Z
impurities are widely distributed in the EUV spectra, espe-
cially in the tungsten spectra. Several tungsten unresolved
transition arrays (W-UTA) composed of W24+

–W45+ were
observed at shorter wavelength ranges of 20–40 Å, 45–70 Å,
and 75–83 Å [18, 19]. Therefore, good identification of
emission lines from low-Z impurities in these wavelength
ranges is expected to be very helpful for improving the acc-
uracy of tungsten line identification. In this work, line ana-
lysis of the emission lines from He, Li, B, C, O, Ne, Si and Ar
was carried out systematically.

The remainder of this paper is organized as follows:
section 2 describes the characteristics of the two fast-time-
response EUV spectrometers. Section 3 presents the results of
the line analysis of EUV spectra with line emissions from He,
Li, B, C, O, Ne, Si and Ar. Finally, the paper is summarized
in section 4.

2. Experimental setup

All magnetic coils for the confinement of high-temperature
plasmas in EAST are made of superconductor materials, so
called full-superconducting tokamak, for a long sustainment
of the discharge, e.g. a few minutes. Then, the tokamak dis-
charge can be operated at a relatively high toroidal magnetic
field of Bt=2.0–3.5 T, which leads to production of the
high-performance toroidal plasma at high plasma current of
Ip=1 MA. The toroidal plasma in EAST tokamak has a
major radius of R=1.85 m and a minor radius of
a=0.45 m. The EAST plasma performance can be increased
by additional heating power input of LHW, neutral beam
injection, ion-cyclotron resonance heating and electron-
cyclotron resonance heating [20]. At present, the electron
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temperature and density of EAST plasmas can be varied in
ranges of 0.5keV�Te�10 keV and 0.5×1019 m−3�
ne�7.0×1019 m−3, respectively.

Recently, two fast-time-response EUV spectrometers
called ‘EUV_Short’ and ‘EUV_Long’ working at 10–130 Å
and 20–500 Å, respectively, were developed on EAST to
observe the EUV spectra emitted from impurity ions [15–17].
The line of sight (LOS) for the two spectrometers is indicated
together with the EAST plasma cross section in figure 1. It
could be found that both LOS pass through the core region of
EAST plasma. Both spectrometers are grazing incidence flat-
field spectrometers consisting of entrance slits, grating and a
back-illuminated charge-coupled detector (CCD). Flat-field
imaging is achieved by laminar-type varied-line-spacing
concave holographic gratings with 1200 (EUV_Long) and
2400 (EUV_Short) grooves/mm and with incidences of 88.6°
and 87°, respectively. The size of the CCD is 26.6×6.6 mm2

with 1024×256 pixels. The CCD is moved by a stepping
motor along the focal plane to scan the observation wave-
length interval. The spectra emitted by EAST plasma are
recorded by two spectrometers every 5 ms when the CCD is
operated with Full Vertical Binning mode.

The optical layouts of the two spectrometers are illu-
strated in figure 2. Based on the optical layouts and the
grating equation [17], the first-order spectral line at wave-
length of λ is focused at position of X on the focal plan via the
equation of

( ( ( ))) ( )/l a= - -d Xsin sin tan 235 , 11

where d, and α stand for the grating groove spacing and the
incidence angle. Meanwhile, the reciprocal linear dispersion of
two spectrometers as function of wavelength, dλ/dX, is theore-
tically calculated with equation (1) as shown in figure 3, which is
therefore used to calculate the wavelength (λcal) corresponding to
each pixel on CCD sensor when one well-known spectral line is
observed at particular pixel. The wavelength calibration is also
performed by cubic polynomial fitting with many well-known
spectral lines covering the whole observable wavelength ranges
for two spectrometers. The wavelength intervals which can be
simultaneously observed in one discharge vary in ranges of
42–97Å for EUV_Short and 131–253Å for EUV_Long
respectively, depending on the wavelength to be observed. The
wavelength calibration results for EUV_Short with one CCD
position (8–65Å) and EUV_Long with four CCD positions
(41–195Å, 99–292Å, 190–425Å and 245–500Å) are illustrated
in figure 4. The spectral lines used in calibration are listed in
table 1 and indicated in figure 4, of which the wavelength, λ, and
transitions are mainly from National Institute of Standards and
Technology (NIST) database [21]. Normally, the result from
theoretical calculation (λcal) and cubic polynomial fitting (λexp) is
used in real-time operation and post data analysis, respectively.
The uncertainty of the wavelength at each pixel for different
observation wavelength intervals introduced by different cali-
bration methods, Δλ = λexp−λcal, is then studied, as shown in
figure 5. The same work has been done in [22]. It is found that |
Δλ| � 0.03 and |Δλ| � 0.08Å for EUV_Short and EUV_Long
respectively.

In 2015 campaign, the spectral line intensities at
20–150 Å from EUV_Long were absolutely calibrated by
comparing the observed and calculated intensities of EUV
bremsstrahlung continua, in which the latter one is calcu-
lated with 〈Zeff〉 and Zeff(r) inferred from absolute intensity
measurement of visible bremsstrahlung continua at ∼5230 Å
[17]. Then in 2018, the absolute intensity calibration was
extended to 280 Å by relative intensity calibration using
resonance transition doubles from Li-like and Na-like ions
[23]. Recently, the absolutely calibration has been extended
for the spectra at 10–65 Å observed by EUV_Short and
40–500 Å observed by EUV_Long using Ohmic helium
plasma with 〈Zeff〉 =2.7–2.8 at high electron density of
6.5×1019 m−3. The uncertainty of the absolute intensity
calibration was estimated to be 30%–50%. The detailed
calibration method and process could also be found in
[24, 25]. In the following figures 6–13, the intensity of EUV
spectra is indicated in the unit of ‘photons·s−1·m−2·Sr−1

’,
which denotes line-integral absolute intensity at each
horizontal pixel (vertical pixels fully binning) of t
he CCD.

Figure 1. LOS of the two fast-time-response EUV spectrometers.
(EUV_Short: red solid line and EUV_Long: blue dotted line).
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3. EUV spectra and analysis

3.1. Helium (Z=2)

Figure 6 shows the EUV spectra at 190–420 Å observed for
the Ohmic phase in the helium plasma discharge measured
with EUV_Long. The electron temperature at the plasma
center, Te0, is 0.9 keV, and the electron density, ne, is
4.7×1019 m−3. As shown in figure 6, the Lyman series lines
from H-like helium ions (He II) can be clearly identified at
231–304 Å with a transition from the upper energy level up to
n=8. Two strong helium lines at 256.317 Å and 303.78 Å
are useful for wavelength calibration at longer wavelength
ranges in helium plasma discharges. The ionization energy,
Ei, wavelength, λ, and transitions of all the identified helium
lines from [26] and the NIST database [21] are listed in
table 2.

3.2. Lithium (Z=3)

Figure 7 shows the EUV spectra at 50–200 Å observed during
the ohmic phase in the discharges with a fresh Li coating. The
spectra were measured with EUV_Long. Te0 and ne are
1.5 keV and 0.9×1019 m−3 respectively. The 2nd-order line
emissions from He-like and H-like carbon, C V and C VI, can
be observed, as shown in figure 7. The Lyman series lines
from H-like lithium ions (Li III) with transitions from upper
energy level up to n = 6 emitted at 100–135 Å can be iden-
tified. Three Li II lines are observed with weaker intensity in
the longer wavelength range of 170–200 Å, as shown in

Figure 2. Top view of the optical layout of the two fast-time-response EUV spectrometers. (a) EUV_Short, (b) EUV_Long.

Figure 3. Reciprocal linear dispersion of two spectrometers as a
function of wavelength. EUV_Short: red solid line, EUV_Long: blue
dotted line. Note: 26 μm pixel−1.

Figure 4. Wavelength calibration result with theoretical calculation
(method 1, red solid line) and cubic polynomial fitting (method 2,
blue dotted line) for EUV_Short with one CCD position of
X0=15.68 mm (8–65 Å) and for EUV_Long with four CCD
positions of X0=26.48 mm (41–195 Å), 38.64 mm (99–292 Å),
52.63 mm (190–425 Å), 59.68 mm (245–500 Å). Emission lines
used in method 1 and method 2 are indicated with red solid circle
and blue stars respectively (X0: starting position of CCD sensor on
the focal plane).
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figure 7. However, only Li III at 135.0 Å and Li II at 199.28 Å
can be observed continuously during the whole discharge,
and other lithium lines disappear due to the increased Te.
These two lines were therefore used to perform the wave-
length calibration [20]. The Ei, λ, and transitions of all the
identified lithium lines from the NIST database [21] are listed
in table 3.

3.3. Boron (Z=5)

Figure 8 shows the EUV spectra at 10–200 Å observed after
real-time boronization, in which the spectra at 20–45 Å and
45–200 Å were measured with EUV_Short and EUV_Long,
respectively. Te0 and ne are 0.7 keV and 3.4×1019 m−3,
respectively. Figure 8(a) shows that the Lyman series lines
from H-like boron ions (B V) with a transition from an upper
energy level up to n=6 emitted at 37–41 Å can be identified.
Emission lines from H- and He-like boron ions with transi-
tions of 2p–1s, i.e. B V at 48.59 Å and B IV at 60.3144 and
61.088 Å, are observed with strong or saturated intensities;
therefore, the 2nd- and 3rd-order lines can be clearly

Table 1. Emission lines used in wavelength calibration. The wavelength, λ, and transitions are mainly from NIST database [21].

Lines λ (Å) Transitions Lines λ (Å) Transitions

Ne X 10.24 3p 2P°1/2 → 1s 2S1/2 O VI 150.1 3p 2P°1/2 → 2s 2S1/2
Ne X 12.13 2p 2P°3/2 → 1s 2S1/2 O VI 173.095 3d 2D3/2 → 2p 2P°3/2
Ne IX 13.447 1s2p 1P°1 → 1s2 1S0 Li II 178.02 1s3p 1P°1 → 1s2 1S0
O VIII 18.97 2p 2P°1/2 → 1s 2S1/2 O V 192.8 2s3d 3D1 → 2s2p 3P°1
O VII 21.602 1s2p 1P°1 → 1s2 1S0 Li II 199.28 1s2p 1P°1 → 1s2 1S0
C VI 28.465 3p 2P°1/2 → 1s 2S1/2 Ar XV 221.15 2s2p 1P°1 → 2s2 1S0
C VI 33.734 2p 2P°3/2 → 1s 2S1/2 O IV 238.57 3d 2D5/2 → 2p 2P°3/2
C V 40.268 1s2p 1P°1 → 1s2 1S0 He II 256.317 3p 2P°3/2 →1s 2S1/2
2nd OVII 43.16 1s2p 1P°1 → 1s2 1S0 2nd Li III 270.0 2p 2P°1/2 → 1s 2S1/2
BV 48.59 2p 2P°1/2 → 1s 2S1/2 He II 303.78 2p 2P°3/2 →1s 2S1/2
2nd C VI 56.93 3p 2P°1/2 → 1s 2S1/2 C IV 312.42 3p 2P°1/2 → 2s 2S1/2
BIV 60.314 1s2p 1P°1 → 1s2 1S0 Ar XVI 353.853 2p 2P°3/2 → 2s 2S1/2
2nd CVI 67.468 2p 2P°3/2 → 1s 2S1/2 C IV 384.18 3d 2D5/2 → 2p 2P°3/2
2nd CV 80.536 1s2p 1P°1 → 1s2 1S0 Ar XVI 389.066 2p 2P°1/2 → 2s 2S1/2
2nd BV 97.18 2p 2P°1/2 → 1s 2S1/2 3rd Li III 405.0 2p 2P°1/2 → 1s 2S1/2
Li III 105.5 5p 2P°1/2 → 1s 2S1/2 C IV 419.71 3s 2S1/2 → 2p 2P°3/2
Li III 108.0 4p 2P°1/2 → 1s 2S1/2 C III 459.63 2s3d 3D3 → 2s2p 3P°2
Li III 113.9 3p 2P°1/2 → 1s 2S1/2 O II 464.785 2p3 2P°1/2 → 2p2(1D)3d 2S1/2
Li III 135.0 2p 2P°1/2 → 1s 2S1/2

Figure 5. The uncertainty of wavelength calibration between two
methods of theoretical calculation and cubic polynomial fitting using
experimentally observed lines, Δλ=λexp–λcal.

Table 2. Ionization energy, Ei, wavelength, λ, and transitions of the identified helium lines.

Lines Ions Ei (eV)
λ (Å)

This work Databasea Transitions

He II He+ 54.42 231.43±0.04 231.454 8p 2P°3/2 →1s 2S1/2
232.54±0.05 232.584 7p 2P°3/2 →1s 2S1/2
234.35±0.05 234.347 6p 2P°3/2 →1s 2S1/2
237.28±0.05 237.33 5p 2P°3/2 →1s 2S1/2
242.98±0.06 243.026 4p 2P°3/2 →1s 2S1/2
256.28±0.07 256.317 3p 2P°3/2 →1s 2S1/2
303.75±0.03 303.78 2p 2P°3/2 → 1s 2S1/2

a

Data of He II 231.454 Å and 232.584 Å from [26].
Data of other lines from NIST database [21].
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identified at 75–150 Å, as shown in figures 8(a) and (b). The
Ei, λ and transitions of all the identified boron lines from
NIST [21] are listed in table 4.

3.4. Carbon (Z=6)

Figure 9 shows the EUV spectra at 10–500 Å observed after
injecting the reciprocating probe in three L-mode discharges at

Figure 6. EUV spectra at 190–420 Å observed in the helium plasma discharge. The identified He lines are indicated in red. Te0 and ne are also
indicated.

Figure 7. EUV spectra at 50–200 Å observed in the discharge after lithium wall coating conditioning. The identified Li lines are indicated in
red. The central electron temperature, Te0, and averaged electron density, ne, are also indicated.

Table 3. Ionization energy, Ei, wavelength, λ, and transition of the identified lithium lines.

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

Li II Li+ 75.64 171.57±0.03 171.58 1s4p 1P°1 → 1s2 1S0
178.04±0.03 178.02 1s3p 1P°1 → 1s2 1S0
199.28±0.02 199.28 1s2p 1P°1 → 1s2 1S0

Li III Li2+ 122.45 104.10±0.01 104.10 6p 2P°3/2 → 1s 2S1/2
6p 2P°1/2 → 1s 2S1/2

105.48±0.01 105.50 5p 2P°3/2 → 1s 2S1/2
5p 2P°1/2 → 1s 2S1/2

108.00±0.01 108.0 4p 2P°3/2 → 1s 2S1/2
4p 2P°1/2 → 1s 2S1/2

113.87±0.02 113.90 3p 2P°3/2 → 1s 2S1/2
3p 2P°1/2 → 1s 2S1/2

135.02±0.03 135.0 2p 2P°3/2 → 1s 2S1/2
2p 2P°1/2 → 1s 2S1/2
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different wavelength intervals. The spectra at 10–45 Å were
measured with EUV_Short, and those at 45–500Å were mea-
sured with EUV_Long. Te0, and ne are 1.5 keV and
(1.9–2.8)×1019 m−3, respectively. The 2nd- and 3rd-order line
emissions from He-like and H-like carbon ions, C V and C VI,

can be observed, as shown in figure 9(a). The Lyman series lines
from H-like carbon ions (C VI) with transitions at 25–35 Å and
Li-like carbon ions (C IV) with transitions at 240–420 Å can be
identified. The Ei, λ, and transitions of all the identified carbon
lines from the NIST database [21] are listed in table 5.

Figure 8. EUV spectra at 20–200 Å observed in the discharge after real-time boronization, (a) 20–110 Å, (b) 110–200 Å. The identified boron
lines are indicated in red. Te0 and ne are also indicated.

Table 4. Ionization energy, Ei, wavelength, λ, and transition of the identified boron lines.

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

B IV B3+ 259.37 49.44±0.02 49.4549 1s5p 1P°1 → 1s2 1S0
50.46±0.02 50.4347 1s4d 1P°1 → 1s2 1S0
52.67±0.02 52.6853 1s3p 1P°1 → 1s2 1S0
60.35±0.04 60.3144 1s2p 1P°1 → 1s2 1S0
61.06±0.04 61.088 1s2p 3P°1 → 1s2 1S0

B V B4+ 340.226 37.47±0.01 37.48 6p 2P°3/2 → 1s 2S1/2
6p 2P°1/2 → 1s 2S1/2

37.95±0.01 37.94 5p 2P°3/2 → 1s 2S1/2
5p 2P°1/2 → 1s 2S1/2

38.89±0.02 38.87 4p 2P°3/2 → 1s 2S1/2
4p 2P°1/2 → 1s 2S1/2

40.98±0.02 40.98 3p 2P°3/2 → 1s 2S1/2
3p 2P°1/2 → 1s 2S1/2

48.58±0.02 48.59 2p 2P°3/2 → 1s 2S1/2
2p 2P°1/2 → 1s 2S1/2
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Figure 9. EUV spectra in the wavelength range of 10–500 Å observed in the plasma. (a) 10–140 Å, (b) 140–300 Å, (c) 300–500 Å observed
from EAST plasma. The identified carbon lines are indicated in red. Te0 and ne are also indicated.

Table 5. Ionization energy, Ei, wavelength, λ, and transitions of the identified carbon lines.

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

C III C2+ 47.889 386.15±0.06 386.203 2s3p 1P°1 → 2s2 1S0
459.68±0.04 459.63 2s3d 3D3 → 2s2p 3P°2

C IV C3+ 64.49 244.89±0.06 244.91 4p 2P°3/2 → 2s 2S1/2
289.23±0.05 289.23 4d 2D5/2 → 2p 2P°3/2
312.44±0.02 312.42 3p 2P°3/2 → 2s 2S1/2

312.46 3p 2P°1/2 → 2s 2S1/2
384.16±0.06 384.18 3d 2D5/2 → 2p 2P°3/2
419.63±0.07 419.71 3s 2S1/2 → 2p 2P°3/2

C V C4+ 392.09 34.98±0.01 34.973 1s3p 1P°1 → 1s2 1S0
40.28±0.02 40.268 1s2p 1P°1 → 1s2 1S0
40.72±0.02 40.729 1s2p 3P°2 → 1s2 1S0
248.73±0.06 248.66 1s3d 3D2 → 1s2p 3P°1

1s3d 3D1 → 1s2p 3P°1
C VI C5+ 489.99 26.36±0.01 26.357 5p 2P°3/2 → 1s 2S1/2

5p 2P°1/2 → 1s 2S1/2
27.00±0.01 26.99 4p 2P°3/2 → 1s 2S1/2

4p 2P°1/2 → 1s 2S1/2
28.45±0.01 28.465 3p 2P°3/2 → 1s 2S1/2

3p 2P°1/2 → 1s 2S1/2
33.74±0.01 33.734 2p 2P°3/2 → 1s 2S1/2
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Figure 10. EUV spectra at (a) 10–140 Å, (b) 140–280 Å and (c) 280–500 Å. The identified oxygen lines are indicated in red. Te0 and ne are
also indicated.

Table 6. Ionization energy, Ei, wavelength, λ, and transitions of the identified oxygen lines.

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

O III O2+ 54.936 248.31±0.06 248.32 2p(2P°)7d 1P°3 → 2p2 1D2
305.66±0.02 305.66 2p(2P°)3d 3D°2 → 2p2 3P1
345.34±0.03 345.312 2p(2P°)3d 1P°1 → 2p2 1S0
356.55±0.03 356.561 2s2p2(4P)3d 3P0 → 2s2p3 3D°1

O IV O3+ 77.413 195.86±0.03 195.86 4d 2D3/2 → 2p 2P°1/2
231.07±0.05 231.07 2s2p(3P°)3d 4P°3/2 → 2s2p2 4P1/2

231.10 2s2p(3P°)3d 4P°1/2 → 2s2p2 4P3/2
233.57±0.05 233.56 2s2p(3P°)3d 4D°7/2 → 2s2p2 4P5/2
238.54±0.05 238.57 3d 2D5/2 → 2p 2P°3/2
249.38±0.06 249.365 2s2p(1P°)3d 2P°3/2 → 2s2p2 2P3/2
271.96±0.06 271.99 2s2p(3P°)3s 4P°5/2 → 2s2p2 4P3/2
306.59±0.03 306.62 2s2p(3P°)3s 2P°3/2 → 2s2p2 2D5/2
379.90±0.07 379.923 2s23p 2P°1/2 → 2s2p2 2D3/2

O V O4+ 113.899 151.49±0.07 151.447 2s4d 3D1 → 2s2p 3P°0
151.477 2s4d 3D2 → 2s2p 3P°1

167.92±0.06 167.99 2p(2P°3/2)3p
3D3 →2s2p 3P°2

2p(2P°1/2)3p
3D2 →2s2p 3P°1

170.28±0.06 170.219 2s4d 1D2 → 2s2p 1P°1
172.12±0.05 172.169 2s3p 1P°1 → 2s2 1S0
192.82±0.03 192.80 2s3d 3D2 → 2s2p 3P°1

2s3d 3D1 → 2s2p 3P°1
202.36±0.05 202.334 2p(2P°3/2)3d

3P°1 → 2p2 3P2
203.92±0.04 203.89 2p(2P°3/2)3d

3D°3 → 2p2 3P2
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Figure 11. EUV spectra at 10–500 Å observed in the discharge with neon gas puffing. (a) 10–140 Å, (b) 140–280 and (c) 280–500 Å. The
identified neon lines are indicated in red. Te0 and ne are also indicated.

Table 6. (Continued.)

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

215.27±0.01 215.245 2s3s 3S1 → 2s2p 3P°2
220.33±0.02 220.352 2s3d 1D2 → 2s2p 1P°1
227.34±0.04 227.372 2p(2P°3/2)3s

3P°2 → 2p2 3P1
O VI O5+ 138.119 104.89±0.03 104.862 8s 2S1/2 → 2p 2P°3/2

115.89±0.06 115.821 4p 2P°3/2 → 2s 2S1/2
115.83 4p 2P°1/2 → 2s 2S1/2

129.93±0.07 129.871 4d 2D5/2 → 2p 2P°3/2
132.38±0.07 132.312 4s 2S1/2 → 2p 2P°3/2
150.15±0.07 150.089 3p 2P°3/2 → 2s 2S1/2

150.125 3p 2P°1/2 → 2s 2S1/2
173.07±0.05 173.079 3d 2D5/2 → 2p 2P°3/2

173.095 3d 2D3/2 → 2p 2P°3/2
184.09±0.04 184.117 3s 2S1/2 → 2p 2P°3/2

O VII O6+ 739.327 21.62±0.02 21.602 1s2p 1P°1 → 1s2 1S0
21.80±0.02 21.804 1s2p 3P°2 → 1s2 1S0

O VIII O7+ 871.409 18.97±0.02 18.97 2p 2P°1/2 → 1s 2S1/2

10

Plasma Sci. Technol. 23 (2021) 075102 L Li et al



Table 7. Ionization energy, Ei, wavelength, λ, and transitions of the identified neon lines.

Lines Ions Ei (eV)
λ (Å)

This work Databasea Transitions

Ne II Ne+ 40.96 309.16±0.01 309.168 2p4(3P)8d 2D5/2 → 2p5 2P°3/2
Ne III Ne2+ 63.42 223.05±0.03 223.10 2p3(4So)4d 3D°3 → 2p4 3P2

2p3(4So)4d 3D°2 → 2p4 3P2
2p3(4So)4d 3D°1 → 2p4 3P2

379.29±0.06 379.3059 2s2p5 1P°1 → 2s22p4 1D2

Ne IV Ne3+ 97.19 151.84±0.07 151.8165 2p2(1D)4d 2D5/2 → 2p3 2D°5/2
164.84±0.06 164.795 2p2(3P)4d 2P3/2 → 2p3 2P°1/2

2p2(3P)4d 2P3/2 → 2p3 2P°3/2
208.47±0.02 208.4821 2p2(3P)3s 4P5/2 → 2p3 4P°3/2
212.55±0.01 212.549 2p2(1D)3s 2D5/2 → 2p3 2D°5/2

212.564 2p2(1D)3s 2D3/2 → 2p3 2D°3/2
357.84±0.05 357.8348 2s2p4 2P1/2 → 2s22p3 2D°3/2

Ne V Ne4+ 126.247 142.76±0.04 142.724 2s2p2(2D)3d 3D3 → 2s2p3 3D°3
2s22p3d 3P°2 → 2s22p2 3P2

143.36±0.04 143.344 2s22p3d 3D°3 → 2s22p2 3P2
147.17±0.04 147.132 2s22p3d 1F°3 → 2s22p2 1D2

154.51±0.04 154.5 2p3d 1P°1 → 2p2 1S0
164.29±0.04 164.294 2s2p2(4P)3s 5P1 → 2s2p3 5S°2
167.69±0.04 167.67 2s22p3s 3P°2 → 2s22p2 3P2
358.49±0.04 358.474 2s2p3 3S°1 → 2s22p2 3P1
359.38±0.03 359.375 2s2p3 3S°1 → 2s22p2 3P2
365.60±0.04 365.591 2s2p3 1P°1 → 2s22p2 1D2

Ne VI Ne5+ 157.934 122.49±0.02 122.52 2s23d 2D3/2 → 2s22p 2P°1/2
122.66±0.02 122.686 2s23d 2D5/2 → 2s22p 2P°3/2
136.36±0.03 136.34 2s2p(3P°)3s 4P°5/2 → 2s2p2 4P5/2
138.67±0.03 138.63 2s2p(3P°)3d 2P°3/2 → 2s2p2 2S1/2

2s23s 2S1/2 → 2s22p 2P°3/2
144.64±0.04 144.71 2s2p(1P°)3s 2P°1/2 → 2s2p2 2P1/2
144.86±0.04 144.88 2s2p(1P°)3s 2P°1/2 → 2s2p2 2P3/2
147.78±0.04 147.78 2s2p(3P°)3s 2P°1/2 → 2s2p2 2D3/2

168.79±0.04 168.73 2s23p 2P°3/2 → 2s2p2 2D5/2

168.82±0.04 168.85 2s23p 2P°1/2 → 2s2p2 2D3/2

184.97±0.02 184.953 2s23p 2P°3/2 → 2s2p2 2S1/2
196.50±0.03 196.52 2s2p(3po)3p 2S1/2 → 2p3 2P°1/2

196.54 2s2p(3po)3p 2S1/2 → 2p3 2P°3/2
Ne VII Ne6+ 207.271 75.78±0.04 75.765 2s4p 1P°1 → 2s2 1S0

80.53±0.04 80.533 2p4p 1D2 → 2s2p 1P°1
82.28±0.04 82.268 2s4d 3D3 → 2s2p 3P°2
89.41±0.05 89.368 2s4d 1D2 → 2s2p 1P°1
95.79±0.02 95.82 2p3p 3D3 → 2s2p 3P°2

2p3p 3D2 → 2s2p 3P°1
97.52±0.02 97.502 2s3p 1P°1 → 2s2 1S0
106.23±0.04 106.192 2s3d 3D3 → 2s2p 3P°2
115.54±0.05 115.522 2s3s 3S1 → 2s2p 3P°2
116.67±0.06 116.693 2s3d 1D2 → 2s2p 1P°1
120.44±0.06 120.42 2p3s 3P°0 → 2p2 3P1

120.487 2p3s 3P°1 → 2p2 3P2
121.24±0.06 121.20 2p3d 1P°1 → 2p2 1S0
127.66±0.07 127.663 2s3s 1S0 → 2s2p 1P°1
135.54±0.07 135.496 2s3p 3P°2 → 2p2 3P2

Ne VIII Ne7+ 239.097 60.83±0.04 60.796 5p 2P°3/2 → 2s 2S1/2
5p 2P°1/2 → 2s 2S1/2

65.90±0.04 65.895 5d 2D5/2 → 2p 2P°3/2
5d 2D3/2 → 2p 2P°3/2

67.39±0.05 67.382 4p 2P°3/2 → 2s 2S1/2
4p 2P°1/2 → 2s 2S1/2

73.59±0.05 73.563 4d 2D5/2 → 2p 2P°3/2
4d 2D3/2 → 2p 2P°3/2

11

Plasma Sci. Technol. 23 (2021) 075102 L Li et al



3.5. Oxygen (Z=8)

Three discharges at the beginning of one experimental campaign
are used to observe oxygen impurity lines due to the higher
oxygen content during these discharges. The oxygen lines in the
EUV spectra at 10–500Å observed in the plasma current ramp-
up phase were analyzed, and the results are shown in figure 10.
Te0 is 1.1 keV, and ne is 1.0 or 2.1×10

19 m−3, respectively. The
spectra at 10–45Å observed with EUV_Short contain three lines
with transitions of 2p–1s from He-like and H-like oxygen ions, O
VII and O VIII and 2nd-order lines. The Lyman series lines from
Li-like (O VI) oxygen ions at 104–185Å are clearly identified.
The lines at 150.1 Å and 173.095Å are used to monitor oxygen
impurities and perform wavelength calibration due to their high
intensity. The Ei, λ, and transitions of all the identified oxygen
lines from the NIST database [21] are listed in table 6.

3.6. Neon (Z=10)

The neon lines in the EUV spectra at 10–500 Å observed in
the radiation divertor experiment after neon seeding were
analyzed, as shown in figure 11. The spectra at 10–45 Å were
obtained with EUV_Short, and the spectra at 45–500 Å were
obtained with EUV_Long using three discharges. Te0 is 2.5 or
2.8 keV, and ne is 3.3×1019 or 4.8×1019 m−3. Compared
with the number of oxygen lines, the number of neon lines
increases substantially, e.g. more than 25 lines corresponding
to the 3p–2s, 3d–2p, and 3s–2p transitions of Ne IV–Ne VIII
(Ei=126.247–239.097 eV) are emitted at 78–405 Å, and
several lines corresponding to the 5p–2s, 5d–2p, 4p–2s, 4d–
2p and 4s–2p transitions of Ne VII–Ne VIII are emitted at
60–90 Å, while the 3p–1s and 2p–1s transitions of Ne IX

(Ei=1195.81 eV) and Ne X (Ei=1362.2 eV) are emitted at
short wavelength ranges of 10–14 Å, i.e. Ne IX at 11.547 and
13.447 Å and Ne X at 10.24 and 12.13 Å. It is clear that
several Ne VIII lines at 88.092/88.12 Å, 98.26 Å, 103.09 Å
and 402 Å and the Ne VII line at 106.192 Å can be used for
diagnosis due to their high intensity. The Ei, λ, and the
transitions of Ne X from [26] and other lines from NIST [21]
are listed in table 7.

3.7. Silicon (Z=14)

The silicon lines in the EUV spectra at 10–490 Å observed in
the plasma obtained with fresh silicon coating were analyzed,
as shown in figure 12. The spectra at 10–45 Å were obtained
with EUV_Short, and the spectra at 45–490 Å were obtained
with EUV_Long using three discharges. Te0 is 0.9–1.6 keV,
and ne is (0.5–1.0)×1019 m−3. As shown in figures 12(a)–
(c), several lines of Si V–Si XII are identified at 40–150 Å
and 215–315 Å, respectively. Figure 12(b) shows that lines
corresponding to the 2p–2s transitions of B- and C-like sili-
con ions (Si VIII and Si IX) have high intensity at the
wavelength range of 227–297 Å, and the lines at 277.055 Å
and 296.213 Å are suitable for the diagnosis of silicon
impurities in plasma due to their high intensity. The Ei, λ, and
the transitions of the identified boron lines from the NIST
database [21] are listed in table 8.

3.8. Argon (Z=18)

The argon lines in the EUV spectra at 10–500 Å observed in
the L-mode plasma after argon seeding in EAST were ana-
lyzed, as shown in figure 13. The spectra at 10–45 Å were

Table 7. (Continued.)

Lines Ions Ei (eV)
λ (Å)

This work Databasea Transitions

74.61±0.04 74.637 4s 2S1/2 → 2p 2P°3/2
88.05±0.04 88.092 3p 2P°3/2 → 2s 2S1/2
88.16±0.04 88.12 3p 2P°1/2 → 2s 2S1/2
98.25±0.02 98.26 3d 2D5/2 → 2p 2P°3/2

3d 2D3/2 → 2p 2P°3/2
103.10±0.01 103.085 3s 2S1/2 → 2p 2P°3/2
199.17±0.02 199.17 5s 2S1/2 → 3p 2P°3/2
292.48±0.02 292.47 4f 2F°7/2 → 3d 2D5/2

401.07±0.07 402.0 6d 2D3/2 → 4p 2P°1/2
6d 2D5/2 → 4p 2P°3/2

Ne IX Ne8+ 1195.81 11.52±0.02 11.547 1s3p 1P°1 → 1s2 1S0
13.44±0.02 13.447 1s2p 1P°1 → 1s2 1S0
78.27±0.04 78.30 3d 3D3 → 2p 3P°2

78.304 3d 3D2 → 2p 3P°2
234.21±0.05 234.17 4p 3P°2 → 3d 3D3

234.19 4p 3P°0 → 3d 3D1

234.24 4p 3P°1 → 3d 3D2

Ne X Ne9+ 1362.20 10.24±0.01 10.24 3p 2P°1/2 → 1s 2S1/2
12.14±0.02 12.13 2p 2P°3/2 → 1s 2S1/2

a

Data of Ne V–Ne IX from NIST database [21].
Data of Ne X from [26].
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obtained with EUV_Short, and the spectra at 45–150 Å,
150–280 Å and 280–500 Å were obtained with EUV_Long
using three discharges. Te0 and ne are similar between dif-
ferent discharges, i.e. Te0=2.4–2.7 keV and ne =
(1.8–2.4)×1019 m−3. As shown in figures 13(a)–(c), a total
of 38 lines of Ar X–Ar XVI (Ei = 479.76–918.375 eV) can be
observed and identified. It is clear that the wavelength dis-
tribution of the lines is divided into two groups, in which the
lines corresponding to the 3d–2p, 3p–2s, and 3s–2p transi-
tions of Ar XIII–Ar XVI (Ei=685.5–918.375 eV) have low
intensity in the short wavelength range of 20–30 Å, while the
lines corresponding to the 2p–2s transition of Ar X–Ar XVI
are observed in the longer wavelength range of 140–390 Å.
The line of Ar XV (2s2–2s2p) at 221.15 Å with a high
intensity is therefore good for monitoring Ar impurities in
core plasma. The Ei, λ, and the transitions of the identified
argon lines from the NIST database [21] are listed in table 9.

4. Summary

In this work, the emission lines in the EUV wavelength range
of 10–500 Å from low-Z impurities in EAST plasma were
systematically analyzed mainly based on the NIST database.
As a result, an impurity line emission database of line
wavelength, transition was established. The following lines
were successfully observed and identified, which will be
helpful for studies of the impurity transport and atomic pro-
cess in fusion plasma: Lyman series lines of He II emitted at
230–310 Å; Lyman series lines of Li III and Li II emitted at
100–200 Å; Lyman series lines of B V and B VI emitted at
37–62 Å; 2p–1s transitions of O VII-O VIII emitted at
18–22 Å; 3p–2s, 3d–2p and 3s–2p transitions of Si XII–Si V
emitted at 40–70 Å; 3p–1s and 2p–1s transitions of Ne X and
Ne IX emitted at 10–14 Å; 5p–2s, 5d–2p, 4p–2s, 4d–2p, 3p–
2s, 3d–2p and 3s–2p transitions of Ne VIII –Ne V emitted at

Figure 12. EUV spectra at 10–490 Å obtained with EUV_Long in the discharge after silicon wall conditioning coating siliconization. (a)
10–140 Å, (b) 140–300 Å, (c) 300–490 Å. The identified silicon lines are indicated in red. Te0 and ne are also indicated.
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Table 8. Ionization energy, Ei, wavelength, λ, and transitions of the identified silicon lines.

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

Si V Si4+ 166.767 117.90±0.05 117.86 2p53s 1P°1 → 2p6 1S0
119.00±0.05 118.97 2p53s 3P°1 → 2p6 1S0

Si VI Si5+ 205.279 75.52±0.04 75.483 2p4(3P)4s 2P3/2 → 2p5 2P°1/2
96.08±0.02 96.023 2p4(1D)3s 2D5/2 → 2p5 2P°3/2
96.52±0.02 96.49 2p4(1D)3s 2D3/2 → 2p5 2P°1/2
99.57±0.02 99.599 2p4(3P)3s 2P1/2 → 2p5 2P°1/2
100.98±0.02 100.971 2p4(3P)3s 4P1/2 → 2p5 2P°1/2
245.96±0.06 246.004 2s2p6 2S1/2 → 2s22p5 2P°3/2

Si VII Si6+ 246.57 69.63±0.05 69.602 2p3(2D°)3d 3P°1 → 2p4 3P2
69.664 2p3(2D°)3d 3P°2 → 2p4 3P2

73.32±0.05 73.35 2p3(4S°)3d 3D°1→ 2p4 3P1
2p3(4S°)3d 3D°2→ 2p4 3P1

84.04±0.04 84.082 2s2p3(2D°)3s 1D°2 → 2s22p4 1D2

85.27±0.04 85.29 2s2p3(4S°)3s 3S°1 → 2s22p4 3P2
217.86±0.03 217.827 2s2p5 1P°1 → 2s22p4 1D2

275.31±0.06 275.353 2s2p5 3P°2→ 2s22p4 3P2
Si VIII Si7+ 303.59 60.95±0.05 60.989 2p2(3P)3d 4P1/2 → 2p3 4S°3/2

61.019 2p2(3P)3d 4P3/2 → 2p3 4S°3/2
61.78±0.05 61.799 2p2(1D)3d 2D5/2 → 2p3 2D°5/2
61.89±0.05 61.851 2p2(1D)3d 2D3/2 → 2p3 2D°3/2
216.8±0.01 216.797 2s2p4 2P3/2 → 2s22p3 2D°3/2
235.19±0.05 235.249 2s2p4 2P3/2 → 2s22p3 2P°1/2
277.02±0.06 277.055 2s2p4 2D5/2 → 2s22p3 2D°5/2
314.32±0.01 314.327 2s2p4 4P1/2 → 2s22p3 4S°3/2

Si IX Si8+ 351.28 55.34±0.03 55.305 2p3d 3D°1 → 2p2 3P0
56.03±0.03 56.003 2p3d 1P°1 → 2p2 1D2

223.77±0.03 223.743 2s2p3 3S°1 → 2s22p2 3P0
292.73±0.02 292.763 2s2p3 3P°2 → 2s22p2 3P1
295.98±0.02 296.117 2s2p3 3P°2 → 2s22p2 3P2
296.20±0.02 296.213 2s2p3 3P°1 → 2s22p2 3P2

Si X Si9+ 401.38 50.53±0.02 50.524 3d 2D3/2 → 2p 2P°1/2
50.67±0.02 50.691 3d 2D5/2 → 2p 2P°3/2
52.31±0.02 52.32 2p(3P°)3d 2P°3/2 → 2p2 2D5/2

224.80±0.01 224.78 2p2(3P)3d 4P5/2 → 2s2p(3P°)3s 4P°5/2
253.77±0.01 253.788 2s2p2 2P3/2 → 2s22p 2P°1/2
278.65±0.02 278.621 2p3 2P°1/2 → 2s2p2 2D3/2

Si XI Si10+ 476.273 43.77±0.02 43.763 2s3p 1P°1 → 2s2 1S0
46.38±0.02 46.399 2s3d 3D3 → 2s2p 3P°2
49.20±0.02 49.222 2s3d 1D2 → 2s2p 1P°1
49.27±0.02 49.265 2p3d 1D°2 → 2p2 1D2

86.94±0.02 86.939 2p5d 1F°3 → 2s3d 1D2

139.38±0.03 139.364 2s4d 1D2 → 2s3p 1P°1
144.80±0.04 144.77 2p4d 3D°3 → 2p3p 3P2

Si XII Si11+ 523.415 44.17±0.02 44.165 3d 2D5/2 → 2p 2P°3/2
44.178 3d 2D3/2 → 2p 2P°3/2

45.71±0.02 45.691 3s 2S1/2 → 2p 2P°3/2
148.24±0.04 148.236 7d 2D5/2 → 4p 2P°3/2

7d 2D3/2 → 4p 2P°3/2
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Figure 13. EUV spectra at 20–500 Å observed in the discharge with argon gas puffing. (a) 20–110 Å, (b) 110–280 Å and (c) 280–500 Å. The
identified argon lines are indicated in red. Te0 and ne are also indicated.

Table 9. Ionization energy, Ei, wavelength, λ, and transitions of the identified argon lines.

Lines Ions Ei (eV)
λ (Å)

This work NIST Transitions

Ar X Ar9+ 479.76 165.56±0.04 165.539 2s2p6 2S1/2 →2s22p5 2P°3/2
170.65±0.03 170.641 2s2p6 2S1/2 →2s22p5 2P°1/2

Ar XI Ar10+ 540.40 151.88±0.04 151.86 2s2p5 1P°1 → 2s22p4 1D2

188.78±0.03 188.821 2s2p5 3P°2 → 2s22p4 3P2
Ar XII Ar11+ 619.00 149.97±0.04 149.93 2s(2S)2p4(3P) 2P1/2 → 2s22p3 2D°3/2

153.63±0.04 153.63 2s(2S)2p4(3P) 2P3/2 → 2s22p3 2D°3/2
154.47±0.04 154.43 2s(2S)2p4(3P) 2P3/2 → 2s22p3 2D°5/2
215.50±0.01 215.49 2s(2S)2p4(3P) 4P1/2 → 2s22p3 4S°3/2
218.31±0.01 218.29 2s(2S)2p4(3P) 4P3/2 → 2s22p3 4S°3/2
224.25±0.01 224.25 2s(2S)2p4(3P) 4P5/2 → 2s22p3 4S°3/2

Ar XIII Ar12+ 685.50 29.31±0.01 29.32 2s22p3d 3D°1 → 2s22p2 3P0
2s22p3d 3P°2 → 2s22p2 3P2

159.10±0.04 159.08 2s2p3 3S°1 → 2s22p2 3P0
161.60±0.04 161.61 2s2p3 3S°1 → 2s22p2 3P1
162.99±0.04 162.96 2s2p3 1P°1 → 2s22p2 1D2

164.83±0.04 164.80 2s2p3 3S°1 → 2s22p2 3P2
184.93±0.04 184.90 2s2p3 1D°2 → 2s22p2 1D2
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60–150 Å; 3p–2s, 3d–2p and 3s–2p transitions of Ar XVI–Ar
XIV emitted at 23–30 Å; 4d–3p transition of Ar VII– Ar IX
emitted at 150–21 Å; and 2p–2s transition of Ar X– Ar XVI
emitted at 149–389 Å.
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This work NIST Transitions
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25.68±0.01 25.684 3s 2S1/2 → 2p 2P°3/2
353.83±0.03 353.853 2p 2P°3/2 → 2s 2S1/2
389.01±0.06 389.066 2p 2P°1/2 → 2s 2S1/2
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