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Abstract 
43 spectral emission lines from F-like to Li-like sulphur ions have been identified in the 

wavelength range from 17.5 to 50 nm in spectra obtained following tracer injection into 

plasmas created in a magnetically confined plasma device, the stellarator TJ-II. Plasmas 

created and maintained in this heliac device with electron cyclotron resonance heating achieve 

central electron temperatures and densities up to 1.5 keV and 8×1018 m-3, respectively. Tracer 

injections were performed with ≤6×1016 atoms of sulphur contained within ~300 µm diameter 

polystyrene capsules, termed Tracer Encapsulated Solid Pellets, using a gas propulsion 

system to achieve velocities between 250 and 450 m s-1. Once ablation of the exterior 

polystyrene shell by plasma particles is completed, the sulphur is deposited in the plasma core 

where it is ionized up to S+13 and transported about the plasma. In order to aid line 

identification, which is made using a number of atomic line emission databases, spectra are 

collected before and after injection using a 1 m focal length normal incidence spectrometer 

equipped with a CCD camera. This work is motivated by the need to clearly identify sulphur 

emission lines in the vacuum ultraviolet range of magnetically confined plasmas, as sulphur 

X-ray emission lines are regularly observed in both tokamak and stellarator plasmas. 
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1. Introduction 

The identification of impurities (elements other than fuelling element(s)) in hot magnetically 

confined plasmas, plus the study of their origin, ionization states, and transport, is, and will 

continue to be, an important contribution on the pathway to the development of steady-state 

scenarios in fusion reactors [1, 2]. Indeed, it is well known that increasing impurity 

confinement at high plasma densities can lead to impurity accumulation with subsequent 

radiation collapse, in particular in helical devices [3]. Many impurities are intrinsically 

present in tokamak and stellarator plasmas [4], while other impurities are routinely injected 

using the gas puff, laser blow-off, dust injection, and TESPEL methods [5-8]. Hence there is a 

clear need for databases that provide tabulated spectral emission lines that have been clearly 

identified in magnetically confined plasmas. At present, there exist in the literature a limited 

number of spectral line surveys covering different wavelength ranges [4, 9 - 11]. In most 

cases such data tabulate intrinsic, vacuum wall deposited elements, and/or commonly injected 

elements, e.g., helium, lithium, boron, carbon, oxygen, neon, aluminium or iron. However, 

spectral line emissions from other elements are often reported in such plasmas albeit for a 

very limited range, e.g. sulphur or chlorine X-ray emission lines. Indeed, the observance of 

sulphur X-ray lines has been reported for many devices. For instance, when using crystal 

based detection systems, He-like and H-like sulphur lines were identified between 0.386 and 

0.53 nm in the Alcator C tokamak [12, 13], He-like sulphur lines were observed in the 

Compass-D [14] and ASDEX [15] tokamaks, whilst He-like and H-like sulphur lines were 

observed, using a pulse height analyser system, on the recently inaugurated W7-X stellarator 

[16]. In all cases the source(s) of sulphur remain(s) unknown, although out-gassing tests made 

on anodized aluminium used in the DIII-D tokamak showed possible traces of sulphur [17]. 

However, as sulphur is a reoccurring impurity in magnetically confined plasmas, there is a 
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requirement to identify spectral emission lines at other wavelengths so as to broaden its 

database and contribute to impurity transport studies, i.e. to complement studies made on 

nearby argon. Moreover, such data can also be of interest to astrophysical community for 

element identification. 

In this paper, trace quantities of sulphur are injected into plasmas created and 

maintained in the stellarator TJ-II using the tracer-encapsulated solid pellet (TESPEL) 

injection method [8]. TESPEL is a double-layered impurity pellet developed at the National 

Institute for Fusion Science in Japan. Its outer layer consists of a polystyrene (C8H8)n polymer 

while the tracer impurity is embedded in its centre that permits an impurity to be deposited 

within a three-dimensionally limited region in the plasma. In the TJ-II, the tracer impurity 

deposition occurs in the plasma core where electron temperatures are typically around 1.5 

keV. Then, using a 1 m focal length normal incidence spectrometer, equipped with a CCD 

camera at its output focal plane, spectra are collected before and after such injections into TJ-

II. Finally, standard spectral emission line databases allow identification of the emission lines, 

their ionization states and energy levels, from the injected element. 

2. Experimental set-up 

2.1 TJ-II stellarator 

The TJ-II is a low magnetic shear stellarator of the heliac type. It has a major radius of 1.5 m 

with an average minor radius, 〈a〉, of ≤0.22 m for its standard configuration [18]. Its magnetic 

fields are generated by a system of poloidal, toroidal and vertical field coils and the resultant 

cross-section of closed magnetic flux surfaces is bean shaped with its magnetic field at 

plasma centre, B0, is ≤1.1 T for the standard configuration (100-44-64 where the 

nomenclature reflects currents in the central, helical and vertical field coils, respectively). As 

a result, the plasma volume contained within the last-closed magnetic surface (LCMS) is ~1.1 

m3. In this work, plasmas are created using hydrogen as the working gas and heated using 
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electron cyclotron resonance heating (ECRH) with two gyrotrons operated at 53.2 GHz, i.e., 

the 2nd harmonic of the electron cyclotron resonance frequency (PECRH ≤500 kW, tdischarge ≤300 

ms). In this way central electron densities, Ne(0), and temperatures, Te(0), up to 0.7×1019 m-3 

and 1.5 keV, respectively, are achieved. See Figure 1. Finally, the vacuum chamber inner 

walls are occasionally coated with boron and lithium, and ~30 min glow discharge cleaning 

with helium is performed daily, in order to improve plasma control and to reduce plasma 

impurity content. 

2.2 TESPEL details and injections 

Recently, a TESPEL injector loaned to Ciemat by the National Institute for Fusion 

Science at Toki, Japan was piggybacked onto the up-stream end of a cryogenic pellet injector 

(PI) that is operating on the TJ-II since mid-2014 [19, 20]. The PI is a 4-pellet system, 

developed in conjunction with the Fusion Energy Division of Oak Ridge National Laboratory, 

Tennessee, USA. In order to attach the TESPEL to the PI one of the cryogenic pellet 

formation tubes was removed so that a vacuum-tight coupling guide tube could be attached 

between the TESPEL output and the up-stream end of the corresponding PI guide tube. This 

is outlined in more detail in Ref. [20].  

In TJ-II, pellets should contain ≤8×1018 electrons for injection into ECRH plasmas in 

order that the post-injection central electron density does not rise above the gyrotron cut-off 

limit (~1.7×1019 m–3). For this reason, ≤310 µm diameter polystyrene TESPELs, (C8H8)n, are 

used for containing the tracer element. TESPELs were pre-loaded with pieces of powdered 

sulphur before being loaded into chambers on a rotating wheel [8]. A good estimate of the 

sulphur content is established (≤5×1016 atoms) by measuring the dimensions of the powdered 

sulphur pieces to determine their volumes (a density of 2.07 g/cm3 is assumed [21]). Next, in 

order to identify spectral emission lines from hydrogen atoms and from carbon atoms or ions, 

empty TESPELs are also injected into reproducible plasmas. Finally, it should be noted that 
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the laser blow-off (LBO) technique is also used on the TJ-II but the range of pure elements 

that can be used is limited to those that can be deposited onto quartz support slides [22]. 

2.3 TESPEL ablation and penetration depth 

Pellet ablation in magnetically confined plasmas has been extensively studied, albeit 

several aspects remain to be fully understood [23]. Similarly, plasma parameter contributions 

to TESPEL ablation rates are known [24]. Here, plasma electrons impacting on the TESPEL 

outer surface ablate the polystyrene, (C8H8)n, casing and create a cloud of neutral atoms 

(plasmoid) that subsequently surrounds, and travels along with, the pellet before being 

ionized. Optical access to the plasma, i.e., through TJ-II viewports located above (TOP) and 

behind (SIDE) the TESPEL flight path, permits collection of the Balmer Hα light (at 656.28 

nm) emitted from this cloud [19]. See Figure 1 of reference [20]. For this, an amplified silicon 

diode equipped with an interference filter centred at 660 +/- 2 nm and a coherent fibre bundle 

is located outside the TOP viewport. Then, knowing the TESPEL velocity and its plasma 

entry time [20], a Hα emission profile is created and a penetration length can be established. 

Next, once the polystyrene casing has been fully ablated, the tracer is exposed to the plasma 

and incident plasma electrons stimulate light emissions from this tracer-rich plasmoid. In 

order to collect such light, the SIDE viewport is equipped with an avalanche photodiode 

(APD) and an interference filter centred on an intense neutral spectral line. Detection of this 

second peak confirms tracer deposition and permits its radial deposition position to be 

determined. Finally, the hydrogen, carbon and tracer ions trapped by the magnetic field drift 

along the magnetic field lines and diffuse around the plasma. 

2.4 Plasma diagnostics 

The TJ-II is equipped with a wide range of passive and active plasma diagnostics [25]. 

The principal diagnostic for this work is a 1 normal-incidence spectrometer equipped with a 
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1200 grooves per mm holographic grating (aperture ratio of f/10.4) and a back-illuminated 

charge-coupled device (CCD) camera [26], located in a sector at 135º toroidally from the 

TESPEL sector. Its input slits are located 1.35 m and ~1.1 m from the plasma centre and 

edge, respectively. With the entrance slit width set to 50 µm, the spectral line resolution 

achieved is 0.0661 nm at 58.4 nm. Here a wider entrance slit was used in order to increase 

light throughput. Next, spectrograms, covering a 22.5 nm wavelength range, are collected 

once every 3.84 ms during a plasma discharge. In order to cover a broad wavelength range, 

the spectrometer central wavelength at the output focal plane is moved between discharges. 

Other diagnostics of interest include a single laser pulse (≤40 ns) pulse per discharge 

Thomson Scattering (TS) system that provides one set of electron density and temperature 

profiles per discharge [27], as well as a microwave interferometer and an 12 channel Electron 

Cyclotron Emission (ECE) system that follow, with 10 µs temporal resolution, the line-

integrated electron density and the electron temperature evolution at different radii, 

respectively, along a discharge [25]. These systems are located at 180º, 67.5º, and 123.75º 

toroidally, respectively, from the PI/TESPEL. See Figure 2 of reference [28]. The latter 

microwave system provide continuous electron temperature profiles, this being essential when 

attempting to identify possible tracer ionization states after injection due to the large plasma 

temperature drop arising from the ablation process and from the addition of a population of 

cold TESPEL electrons (≤5×1018 electrons) that is similar to the plasma electron population. 

3. Spectra and emission line identification 

Repeated injections of individual sulphur-loaded, or unloaded, TESPELs were made into 

reproducible ECRH plasmas in order to compare spectra containing emission lines from 

sulphur plus carbon with spectra with spectral lines from carbon. Moreover, the central 

wavelength of the spectrometer was varied between sets of discharges in order to cover the 

wavelength range from 17.5 to 50 nm. This restricted wavelength range was decided 
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beforehand due to the limited number of available sulphur-loaded TESPELs and the 50% 

probability of a successful injection and deposition [20]. The decision was based on criteria 

established during previous works in which nearby elements in the periodic table (Al, Si) 

were injected using LBO and TESPEL into TJ-II plasmas [4, 20]. In those cases, the observed 

spectral line emissions from N-like to Li-like Al and Si ions (between 28 and 60 nm) 

originated from transitions with upper energy levels ≤~50 eV. Using available atomic line 

emission databases, similar N-like to Li-like sulphur emission lines are found to occur below 

50 nm [29, 30]. 

 Spectra collected at two time instances, just before and within 20 ms after TESPEL 

injection, are used to produce the spectra in Figure 2. In these spectra, the identified sulphur 

emission lines are labelled. Numerous emission lines from highly ionized metallic elements 

(Fe, Cr, and Mn) that reside in the TJ-II plasma core are also identified [4]. The intensities of 

such lines increase due to the transitory rise in core electron density after an injection. In 

addition, some carbon emission lines are also identified. The source of the carbon is the C8H8 

cladding of the TESPEL. Such lines increase immediately after an injection, (≤4 ms), but 

thereafter decay rapidly (≤8 ms). Next, from these spectra, the tabulated data of identified 

sulphur lines Table 1 were created. In the Table, the most intense lines of each ionization state 

are highlighted using a # symbol. This is done in order to aid the reader to identify spectral 

lines that may be suitable for plasma, or other, spectroscopic studies. In addition, unresolved 

close-neighbour lines from the same ion type are highlighted using an asterisk. In such cases 

the corresponding wavelength is the gk × Aki weighted average where gk is the statistical 

weight of the upper level and Aki is the transition probability [30]. From the spectra, it is seen 

that emission lines from F-like to Li-like sulphur are observed in TJ-II plasmas. This 

ionization state range is slightly broader than that found for aluminium and silicon. Moreover, 

several of the weaker spectral lines observed here, have upper energy levels up to 90 eV, this 
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being somewhat higher that for aluminium and silicon (≤ 50 eV). This may be explained by a 

recent realignment of the mirrors that are closest to the plasma, in the gyrotron quasi-optical 

transmission lines. This has led to increased central electron temperatures, as can be seen in 

Figure 1 of this work and of reference [20]. 

4. Conclusions 

Forty three spectral emission lines from F-like to Li-like sulphur ions have been identified in 

the stellarator TJ-II, a magnetically confined plasma device. Sulphur is an impurity element 

that has been regularly report in the core of plasmas created in such devices. However, its use 

in impurity transport studies has been limited, rather its He-like and H-like X-ray emission 

lines have been used to determine electron temperatures only. One reason for this may have 

been the limited availability of positively identified emission lines in other wavelength and 

ionization stages. This has been the case for W7-X stellarator plasmas, in which sulphur X-

ray emission lines were observed but where transport studies were limited to neon and argon 

[]. For this reason, this study should help fill the void in the sulphur line emission database. 
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Figure 1: Electron temperature (continuous) and density (dashed) profiles of the target 

plasmas used in this study. These were obtained using the Thomson Scattering Diagnostic 

which is limited to measurements within ρ ≤ 0.7. 
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Figure 2. Spectra showing the sulphur lines identified after sulphur-loaded TESPEL injections 

into TJ-II plasmas. Each spectrum is the difference between spectra collected before and after 

an injection. Note: the spectrometer sensitivity drops off rapidly at the shortest wavelengths 

(below ~20 nm). Relatively intense emission lines from other ions are also identified. The 

wavelengths of some unidentified emission lines are provided. 
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Wavelength (nm) Ion Notation Transition 

17.755 S+9 S X 2s22p3 2D0 - 2s2p4 2P 

17.929 S+8 S IX 2s22p4 1D - 2s2p5 1P0 

18.067* S+9 S X 2s22p3 2D0 - 2s2p4 2P 

18.684 S+10 S XI 2s2p2 3P - 2s2p3 3S0 

18.868 S+10 S XI 2s2p2 3P - 2s2p3 3S0 

19.036 S+10 S XI 2s2p2 3P - 2s2p3 3S0 

19.126 S+10 S XI 2s2p2 3P - 2s2p3 3S0 

19.349 S+9 S X 2s22p3 2P0 - 2s2p4 2P 

19.612 S+9 S X 2s22p3 2P0 - 2s2p4 2P 

19.682 S+9 S X 2s22p3 2P0 - 2s2p4 2P 

19.855# S+7 S VIII 2s22p5 2P0 - 2s2p6 2S 

20.755 S+9 S X 2s22p3 2P0 - 2s2p4 2S 

20.7967 S+11 S XII 2s22p 2P0 - 2s2p2 2P 

20.834 S+9 S X 2s22p3 2P0 - 2s2p4 2S 

21.212 S+11 S XII 2s22p 2P0 - 2s2p2 2P 

21.517 S+11 S XII 2s22p 2P0 - 2s2p2 2P 

21.5968 S+10 S XI 2s22p2 1D - 2s2p3 1D0 

21.821 S+11 S XII 2s22p 2P0 - 2s2p2 2P 

22.124 S+8 S IX 2s22p4 3P - 2s2p5 3P0 

22.143 S+11 S XII 2s22p 2P0 - 2s2p2 2P 

22.329 S+8 S IX 2s22p4 3P - 2s2p5 3P0 

22.477# S+8 S IX 2s22p4 3P - 2s2p5 3P0 

22.75 S+11 S XII 2s22p 2P0 - 2s2p2 2S 

22.8476* S+9 S X 2s22p3 2D0 - 2s2p4 2D 

23.348* S+11 S XII 2s22p 2D - 2p3 2P0 

23.448 S+11 S XII 2s22p 2P0 - 2s2p2 2S 

23.982 S+10 S XI 2s22p2 3P - 2s2p3 3P0 

24.278* S+10 S XI 2s22p2 3P - 2s2p3 3P0 

24.689 S+10 S XI 2s22p2 3P - 2s2p3 3P0 
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25.5063 S+9 S X 2s22p3 2P0 - 2s2p4 2D 

25.668# S+12 S XIII 1s22s2 1S - 1s22s2p 1P0 

25.714 S+9 S X 2s22p3 4P0 - 2s2p4 4P 

25.95 S+9 S X 2s22p3 4S0 - 2s2p4 4P 

26.424# S+9 S X 2s22p3 4S0 - 2s2p4 4P 

28.14 S+10 S XI 2s22p2 3P - 2s2p3 3D0 

28.5777* S+10 S XI 2s22p2 3P - 2s2p3 3D0 

28.8416 S+11 S XII 2s22p 2P0 - 2s2p2 2D 

29.158# S+10 S XI 2s22p2 3P - 2s2p3 3D0 

29.9536# S+11 S XII 2s22p 2P0 - 2s2p2 2D 

30.894 S+12 S XIII 1s22s2p 3P0 - 1s22p2 3P 

41.766 S+13 S XIV 1s22s 2S - 1s22p 2P0 

44.57# S+13 S XIV 1s22s 2S - 1s22p 2P0 

49.146# S+12 S XIII 1s22s2 1S - 1s22s2p 3P0 

 

Table I: List of identified sulphur emission lines in TJ-II plasmas after sulphur loaded 

TESPEL injection together with the emitting ions, their spectroscopic notation and the 

identified transition. Here, the symbol # identifies the most intense line of each ionization 

state while the symbol * signifies gk x Aki weighted average wavelengths for unresolved lines 

emitted by the same ion. 

 


