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Introduction 

For long discharges in tokamaks as Tore Supra, great attention must be paid to prevent 
overheating of the Plasma Facing Components (PFCs). Tore Supra explores the possibility to 
provide a comprehensive safety system using thermography. With infrared (IR) 
thermography, the surface temperature of PFCs is deduced assuming that they radiate as a 
grey body with a uniform temperature distribution in the field of view and in the case of 
carbon with a high emissivity coefficient ε ≈ 0.8. During the 1999 experimental campaign of 
Tore-Supra, spectral luminance has observed, in the near infrared range 0.9 � 1.55 µm, on 
neutraliser plates of the Modular Pump Limiter (MPL) that could not be described with these 
assumptions [1]. Spectral luminance distributions deviating from a Planck distribution make 
it difficult to obtain a well defined surface temperature. To explain the observed modified 
spectra, contributions from dust and/or strong temperature gradients in the surface layers 
have been proposed. These neutraliser plates made of pyrolitic graphite were covered with 
flaky carbon deposits of up to 200 µm of thickness. In 2002, during the initial phase directly 
after the installation of the new PFCs, similar results on the neutralisers placed underneath 
the Toroïdal Pumped Limiter (TPL) have also been observed. Later in the campaign when 
the leading edge of the TPL�s neutraliser was completely covered with deposited carbon, the 
spectral luminance observed was in good agreement with the assumptions of a grey body (ε 
≈ 0.8) and a uniform temperature distribution in the field of view. Here we present results of 
laboratory investigations that show spectral luminance distributions similar to those obtained 
in the Tokamak experiments.  

Experimental set-up 

The device used to produce plasma impact on the target is an Helicon plasma source, where 
the gas is ionised with a 13.56 MHz RF generator. Different targets were tested: Highly 
Oriented Pyrolytic Graphite (HOPG) and pyrolitic graphite sampled from the MPL 
neutraliser covered with flakes (a loosely attached deposited carbon layer). Electron 
transmission microscopy analysis made on this carbon deposited layer has shown a nano-
crystal structure. The target size was ~1 cm² with ~1 mm thickness. The target, placed in the 
centre of the vacuum vessel, was positively biased to ensure an electrons bombardment only. 
Tables 1 shows the range of operating conditions. The power density on the target is 



 

estimated to be around 0.2 MW/m² and the electron density is of the order of 1010 - 1011 cm-3. 
An area of 1 cm diameter of the surface was observed by a near-infrared fibre transparent up 
to 2 µm. This fibre was connected to a near IR spectrometer (Jobin-Yvon CP200) with a 
linear detector array of 256 pixels (Lot-Oriel) for the measuring range of 0.9 - 1.55 µm. A 
focal plane array infrared camera (AGEMA 515) observing the entire solid was used for  
reference.  
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Gas Pressure (mbar) U(V) Target 

Ar 0.410-3 � 4.10-3 180 - 600 HOPG 
Ar 0.510-3 � 5.10-3 200 - 400 MPL with flakes 
H2 2.10-3 � 10-2 430 - 630 MPL with flakes 

 
Table 1: Range of operating conditions
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luminance intensity is most important with the highest current for the same surface 
temperature. In Fig.5, where luminance measured at 1.33 µm from deformed spectra and the 
theoretical grey body luminance calculated at the same wavelength is plotted in an Arrhenius 
diagram, we observe a linear behaviour in both cases. For the theoretical plot, the slope, 
which gives an activation energy, is 0.93 eV and corresponds to hc/λ of Planck�s radiation 
law. This is not the case with the measured luminance at 1.33 µm where the slope is 0.84 eV.  
Discussion 
Elsewhere the hypothesis of strongly inhomogeneous target temperatures as possible 
explanation of deformed spectra is discussed already to some degree [1]. Here we 
concentrate on the possibility that the spectral deformation is caused by Thermo 
Luminescence (TL)1 [3]. Considering TL responsible for the deformed spectra, the 
maximum wavelength (1.3 µm) would possibly correspond to an electron recombination 
from an excited level to fundamental level separated by E= hc/λ ~ 1eV. In this way, the 
current threshold (~ 30 mA) could be the minimum incident electron flux necessary to fill in 
the excited level. This hypothesis implies the existence of a 1 eV energy gap in band 
structure of graphite. The fact that the extra luminance shows a linear behaviour in a 
Arrhenius plot might be seen as indication of an activation energy necessary for the TL 
process. It has to be admitted however that the applied method does not separate excitation 
and heating as it is usually done in investigations of TL effects. On the other hand, recent 
results in High Resolution Energy Loss Spectroscopy made on HOPG have shown an 
unexpected loss structure in the range 1 � 4 eV [4] that might indicate the existence of such a 
gap. The sp²/sp3 hybridisation ratio has an influence on the energy band gap width [5] for the 
π plasmon. In graphitic structure, the amount of sp2 hybridisation is close to 100 %. The 
sp²/sp3 ratio diminishes with the amorphisation of the graphitic structure and the amount of 
isotopic hydrogen in carbon. The difference of the hybridisation ratio and its corresponding 
band structure might in principle explain the existence or not of gaps as needed for extra 
luminance. In this picture we would probably expect TL phenomena depending on the 
electronic band structure, which could be different for each kind of graphite. In tokamaks 
there are some results which seem to be in line with this hypothesis: on rough CFC in Tore 
Supra presumably with a high degree of sp2, deformed luminance spectra are observed and 
on thick films, probably richer in sp3 hybridisation, they disappear.  
Conclusion and outlook 
NIR spectral luminance deformation phenomena as observed in Tore Supra, have been 
reproduced in the laboratory. Additional NIR luminance, with a maximum around 1.3 µm 
considering T1.55µm as temperature reference, has shown up on the same carbon deposited 
                                                 
1 Thermo luminescence (TL) in solids takes place during heating of a solid following an earlier absorption of 
energy from radiation. TL is also a phosphorescence because it�s a delayed emission and τ is the time spent in 
metastable state. The luminescent centres of a solid are raised to their excited state e by the absorbed energy of 
the radiation. The system transits to a metastable level m. The return to the excited level and finally on the 
ground state g is caused by thermal excitation and occurs with the emission of light. 



 

layer that actually gave rise to the first reports on the phenomenon but not on HOPG. The 
phenomenon occurs in Ar and in H2 when the current collected on the target exceeds ~ 20 or 
30 mA/cm² respectively. The intensity of the effect increases with growing target 
temperature and seemingly with growing collected current density and it disappears after 
electron bombardment with a time constant of 0.34 s. It shows some linear behaviour in a 
Arrhenius plot. In the light of first reports on the possible existence of electronic band gaps 
of suitable energies, the hypothesis of TL playing a role was tested on the existing data set. 
The hypothesis is interesting and probably merits more dedicated research with emission 
measurements experiments that separate excitation by plasma impact and heating. But the 
existing dataset is not sufficiently clear to give this hypothesis precedence over the more 
traditional approach of explaining the observed spectra by non-homogeneous temperature 
distributions on the target.  
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Figure 2 : grey body luminance subtracted 
to measured luminance 

∆T
Figure 1: blackbody luminance at T= 642 °C 
and measured luminance (I= 38 mA) 
Figure 4 : extra luminance at 1.3 µm over inverse 
target temperature for I=38  (black), 32 (red), 26 

(blue), and 29 (magenta) mA. 
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Figure 3 : temperature difference at 1.5 and 1.3
µm versus collected current 
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re 5 : absolute measured luminance (slope 0.84 eV in 
k) and calculated luminance (slope 0.93 eV in blue) 
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