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Abstract. The method allowing the characterization of the so-called ablation cloud of a pellet from its 
spectroscopic emission lines (intensities and shapes) is described. It is illustrated using measurements concerning 
carbon and aluminum pellets injected in the Large Helical Devices (LHD). The electron densities in pellet 
ablation clouds are sufficiently high that the energy levels of the main emitting species are at Local 
Thermodynamic Equilibrium (LTE). This justifies the electron temperature determination from the measured 
intensities using Boltzmann plots. In the case of carbon pellet, the C II 723 nm line was previously fitted with a 
convolution of a Lorentzian and a Gaussian profiles to determine the electron density. It is proposed here to use 
more elaborate theoretical profiles accounting for the Stark-Zeeman contributions in order to obtain more 
accurate plasma parameters especially for the high-resolution spectra in which both Zeeman and Stark features 
are visible. We present some preliminary comparisons with such spectra which were measured recently in LHD 
and discuss the possible improvement of the considered investigation technique once all the contributions to the 
line profile are effectively included.  

 

1. Introduction 

In magnetic fusion devices, pellet injection is seen as a major technique for deep fuelling and 
plasma control by mitigating edge instabilities like ELMs or triggering ITBs [1]. Owing to its 
high efficiency in burning plasmas compared to gas fuelling, pellet injection will be the 
primary core fuelling system for ITER [2]. Usually H/D pellets are used to extend the 
operational regimes to higher densities without deteriorating the quality of the plasma 
confinement. In parallel, pellets made from other materials like carbon (C), aluminum (Al), 
Molybdenum (Mo) and titanium (Ti) are used for other purposes like impurity transport 
studies [3-5]. During the pellet ablation process, which ends after about 3 ms, a high-density 
plasma forms around the pellet core (the so-called ablation cloud) and emits a strong line 
radiation. In this context, spectroscopy helps in understanding the ablation physics. The 
ablation of an injected pellet can be characterized by two main parameters: the mass 
deposition profile and the penetration depth. From the early days of pellet injection, 
spectroscopy has played a key role in understanding the ablation of pellet. For instance, in [5], 
the pellet penetration depth was measured and compared to predictions from the Neutral Gas 
Shielding model (NGS) and was linked to the pellet mass deposition profile. Line intensities 
are used to extract population densities of excited levels, which are compared to theoretical 
values calculated at Local Thermodynamic Equilibrium (LTE). Except for H/D pellets, line 
emission is due to ions having different ionization stages. For carbon pellets injected in the 
Large Helical Device (LHD), the radiation from the ablation cloud, which is dominated by C 
II and C III lines, is used to determine its parameters [6]. The ablation cloud temperatures are 
obtained assuming LTE for both ions while the electron densities are determined from Stark 
broadening and the optical thickness of the C II 723 nm and the C III 117 nm lines. A two-
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layer model is assumed for the ablation cloud: a small high-density layer surrounded by a 
larger layer having a low density. Up to now, the density of the high-density layer, was 
determined by fitting the C II 723 nm line spectra whose shapes are affected by Stark 
broadening. Although all splitting and broadening effects have been included in the line 
fitting procedure, the use of computed line profiles accounting for both Stark and Zeeman 
effect in addition to the Doppler effect should improve the accuracy of the determined plasma 
parameters. In this work, we present preliminary comparisons of Stark-Zeeman profiles 
calculated with the PPP line shape code and C II 723 nm line spectra in which both Zeeman 
splitting and Stark broadening were visible. 

2. Measurements 

In LHD, pellets are injected from the equatorial plane using a pneumatic pipe gun system, 
which uses helium gas at a high pressure (see Fig. 1). The pellets injected in LHD, which are 
of millimetric dimensions, travel the plasma with an estimated velocity of 200 m.s-1 according 
to a time-of-flight technique. Their penetration depth is estimated to be about 1 m. The 
ablation process of each injected pellet is accompanied by a strong radiation emitted by the 
so-called ablation cloud surrounding the pellet core. In LHD, several optical fibers are used to 
collect this radiation. The fibers are connected to a 0.5 m Czerny-Turner spectrometer 
operating in the UV-visible domain, transmitting the signal to a CCD detector allowing the 
record of the emission spectra. For all types of pellets, the major contribution to the observed 
spectra is due to lines emitted by singly and doubly ionized ions, i.e., for instance C+ and C2+ 
for carbon pellets and Al+ and Al2+ for aluminum ones. Using a low-resolution spectrometer 
allows to cover a large frequency domain by measuring tens of spectral lines. The plasma 
parameters of the ablation cloud can be obtained from the line intensities and spectra.   

 
FIG. 1. Top view of the equatorial plane of the Large Helical Device. Pellets are injected from this 

plane. The field of view the spectral measurements are indicated by the shadowed areas. 
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3. Results from previous analyses 

For an injected pellet, the intensities of the identified lines are used to obtain the electron 
temperature of the ablation cloud. Let us briefly the theoretical background on which the 
method is based. 
The intensity 

€ 

Ipq  of a line, i.e., a transition from an upper level p and a lower one q, emitted 
by a plasma of volume V is given by: 

€ 

Ipq = hν  n(p)  Apq  V         (1) 

where 

€ 

n(p)  and 

€ 

Apq are the population density of the upper level p and the Einstein 
coefficient. Dividing the intensity 

€ 

Ipq  by both 

€ 

Apq and 

€ 

hν gives the volume-integrated 
population 

€ 

N(p) = n(p)V . Most values of the Einstein coefficients can be found in the NIST 
database [7]. If an excited level p of a species is in Local Thermodynamic Equilibrium (LTE), 
then its population obeys the Saha-Boltzmann equilibrium law: 
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Here Z refers to the ionization stage of the species (Z=0, Z=1 and Z=2 correspond to the 
neutral, singly and doubly ionized atoms respectively). 

€ 

NZ (p), 

€ 

gZ (p) and 

€ 

χZ (p) represent 
the population, the statistical weight and the ionization potential of level p of the species with 
ionization stage Z. Equation (2) depends on the volume-integrated population 

€ 

NZ +1(gr.)  and 
the statistical weight 

€ 

gZ +1(gr.)  of the ground level of the next ionization stage (Z+1) of the 
same species. In practice, the intensities of the measured spectra are obtained by fitting each 
identified spectral line with a gaussian representing the instrumental function. This method is 
illustrated in Figure 2 for the case of an aluminum pellet injected in LHD. In this case two 
electron temperatures are found from the intensities of Al+ and Al2+ ions suggesting the 
coexistence of two layers for the ablation cloud. 

 
FIG. 2. Boltzmann plot in the case of an aluminum pellet injected in LHD. An electron temperature of 
1.8 eV is obtained for the Al2+ ions with an uncertainty of 0.3 eV. A lower value (1.3 eV) is obtained 

for the singly ionized atoms (Al+ ions).  
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If instead of a two-layer model, one uses a single layer model for the ablation cloud, one can 
estimate the electron density by assuming a complete LTE for the species with ionization 
stage Z+1. In such a case, one can write for the population densities of the species with 
ionization stage Z: 
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Using eqs (2) and (3) one can get simultaneously the electron temperature and density. In the 
case of the data shown in Figure 2, one gets Te=1.4 eV and ne=6.2x1021 m-3 [8]. In this way, it 
was possible to follow the evolution of both the electron density and temperature during the 
pellet ablation process [8]. A more rigorous method to determine the electron density is to use 
high-resolution spectra of lines broadened by Stark effect due to the high electron densities. 
However, this method was not used in [8] as all attempts to measure such lines were not 
successful. Things are different for carbon pellets, which were studied in details in [6]. The 
spectroscopic measurements from the ablation cloud of carbon have allowed the 
determination of the electron temperatures of the emitting species, i.e., C+ and C2+ ions. 
Moreover, as some C II lines sensitive to Stark effect were measured, it was possible to use 
Stark line broadening to infer the electron density [6]. It was the C II [1s2 2s2] 3p 2P°-3d 2D 
723 nm line which was used for this purpose. In fact, these are three transitions from fine-
structure levels 2P°1/2, 3/2 and 2D3/2, 5/2. Fitting the measured spectrum of such a line requires to 
account for all splitting and broadening mechanisms. As can be seen in Figure 3, fitting with a 
convolution (thin solid line) of a Gaussian (representing Zeeman-Doppler broadening, dashed 
line) and a Lorentzian (Stark broadening) is insufficient, unless the reabsorption effect is 
accounted for (solid thick line). As the fitting procedure is explained in details in [6], figure 3 
is aimed illustrate the technique mentioned above.

 

FIG. 3. Fit of the C II 723 nm line, which has two peaks centered around 723.1 nm (transition 3p 
2P°1/2-3d 2D3/2) and 723.6 nm (transitions 2P°3/2-3d 2

3/2 and 3p 2P3/2-3d 2D5/2). The shown plasma 
parameters correspond to the best fit. 
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4. Improvement of the diagnostic technique 

The spectrometer slit and resolution used for the spectroscopic measurements analyzed 
previously like in [6] don’t allow to get all the possible features of a line emitted from a 
magnetized medium. For instance, the C II 723 nm line spectrum shown in figure 3 is 
composed of two peaks at 723.1 nm and 723.6 nm resulting from the transitions already 
described. More recently, using a spectrometer with a higher resolution, it was possible to 
measure C II 723 nm line spectra in which both Stark and Zeeman features are visible like 
those shown in figure 4. It is clear that the fitting procedure developed for spectra such as that 
of figure 3 does not apply to those of figure 4. In such cases, it is necessary to use a line shape 
code to account simultaneously for Zeeman, Stark and Doppler effects. The PPP line shape 
code [9,10] is well suited for such calculations. For the present calculations, Zeeman effect is 
account for by the code in the framework of the weak field approximation. In the following 
we describe the calculations obtained by this code. 

 

 
FIG. 4. Measured C II 723 nm line spectra showing both Stark and Zeeman features. Vertical and 
horizontal stand for observation almost perpendicular and parallel to the magnetic field direction. 
Vertical lines are Zeeman components. 

Any line profile calculation by the PPP code [9] requires as an input some atomic physics of 
the emitter. For the C II lines, we have first used atomic data provided by an MCDF code. 
However, these data result in C II transitions which are shifted towards lower values without 
respecting the wavelength separations between the transitions 3p 2P°1/2-3d 2D3/2, 3p 2P°3/2-3d 
2D3/2, and 3p 2P°3/2-3d 2D3/2. This difficulty was overcome by substituting all the level 
energies of the database by those provided by the NIST web site [7], while keeping the dipole 
reduced matrix elements from the MCDF code as they are very close to the NIST ones. All 
the calculations presented here were carried on using this base. Moreover, for simplicity, the 
calculated profiles shown hereafter don’t include the Doppler broadening. Profiles calculated 
for a temperature (equal ion and electron temperatures) of 2.5 eV, a density of 8x1020 m-3 and 
a field value B=2T are shown in Figure 5 for two observation angles (90° for perpendicular 
and 0° for parallel observations with respect to the magnetic field). 
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FIG. 5. Theoretical Stark-Zeeman profiles of the C II 723 nm line calculated with the PPP line shape 
code for the indicated plasma parameters (T stands for the ion and electron temperatures). Perp. Obs. 
and Par. Obs. refer respectively to the observation direction in respect with the magnetic field 
direction. Dashed line represent the profile in the absence of magnetic field. 

The calculations show that each of the two main peaks obtained for B=0 T splits into two or 
more peaks.  For the parallel observation the components of each main peak have equal 
intensities as well as the lateral ones in the case of a perpendicular observation. Unlike the 
calculations, the corresponding components of the experimental spectra are not symmetric. 
Therefore, it is not possible to perfectly fit these experimental spectra with these symmetric 
theoretical profiles. A qualitative comparison is however shown in figure 6 for an observation 
angle of 45°. As the calculated profiles shown in this figure don’t include the Doppler 
broadening and the instrumental function and as the angle of observation is also different, 
these profiles are not intended to reproduce the measured spectrum even though the 
components positions are retrieved.  

It is however clear that, prior to any spectral fitting, in addition to the inclusion of all the 
broadening mechanisms, the issue of the asymmetrical components should be solved. This 
may be due to the use of the weak magnetic field approximation as the Zeeman splitting for 
B=2 T is only three times the separation between the fine structure levels 3p 2P°3/2 and 2P°1/2. 
However, at this phase it is early to confirm or discard this point since neither Doppler 
broadening nor the optical thickness have been included. In the next phase of this project, 
comprehensive theoretical profiles will be computed and compared to the experimental 
spectra of LHD. In addition to the expected improvement of the diagnostic technique applied 
to the plasma formed by a pellet ablation cloud, it will be useful to interpret the obtained 
characteristics in relation with the host plasma parameters.  
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5. Conclusions 

The method allowing the characterization of the so-called ablation cloud of a pellet from its 
spectroscopic emission lines (intensities and shapes) was described through number of 
illustrations using measurements concerning carbon and aluminum pellets injected in the 
Large Helical Devices (LHD). The electron temperature of each species with a given 
ionization stage have been obtained using Boltzmann plots deduced from the measured 
intensities. Owing to the high electron densities characterizing the pellet ablation clouds, the 
spectra of some line are sensitive to Stark broadening. In the case of carbon pellet, a good 
candidate is the C II 723 nm line. For this line, spectra measured with a low-resolution 
spectrometer show two main peaks. Such spectra were previously fitted using a fitting 
procedure including the optical thickness in addition to Zeeman, Stark, Doppler effects to 
determine the electron density. This procedure cannot be used for spectra in which both 
Zeeman and Stark features are visible. For such spectra, it is proposed to use a line shape code 
for the calculation of Zeeman-Stark profiles. Only preliminary comparisons with the 
measured spectra were presented. The comprehensive calculations are underway. They are 
expected to provide accurate parameters of the plasmas formed by pellet ablation clouds. 

 
FIG. 6. Stark-Zeeman profiles calculated for B=2T, a temperature T=2.5 eV and two electron density 
values but without the inclusion of the Doppler broadening and the instrumental function. An 
experimental spectrum is added for a qualitative comparison.  
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