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ABSTRACT 

During the last Tore Supra campaigns, an anomalous deformation in the near infrared 

spectrum of radiation has been observed on neutraliser underneath the Toroidel Pumped 

Limiter (TPL) [1] on which we observed the growth of carbon layer [2]. The consequence is 

the difficulty to asses the surface temperature of the components and the power loaded. 

Laboratory experiment has been performed, using an Electron Cyclotron Resonance (ECR) 

ions source, to reproduce, characterize and explain this phenomenon. The luminance emitted 

by Carbon Fibre Composite (CFC) and pyrolitic graphite, have been observed under 95 keV 

of H+ bombardments. The amplitude of the deformation was found to depend on the type of 

material used and the power density of the incident power loaded. This paper presents the 

possible hot spots explanation. The experimental luminance deformation is reproduced and 

these results are validated using a thermal model of dust in radiate equilibrium. 
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1-INTRODUCTION 

Prevent overheating of Plasma Facing Components (PFCs) during long pulse discharges in 

tokamaks as Tore Supra (TS) and ITER is important for the future course of magnetic 

confinement fusion research. This is the reason why an infrared (IR) safety system has been 

installed in TS using spectrometer in the range [0.9 – 1.55] µm and optical fibres transparent 

up to 2 µm. In IR thermography the surface temperature of PFCs is deduced assuming that 

they radiate according to the Planck law. An anomalous deformation of radiation from plasma 

facing components under plasma particle impact, have been observed. The goal of this work 

was to reproduce this phenomenon in laboratory experiments, characterize it and explain it, so 

that the measurements of the temperature of plasma facing components can be made with 

confidence. Laboratory experiments have been performed using an ECR ions source. Here we 

present the experimental luminance measured on pyrolitic graphite and CFC heated under 

ions impact. The non uniform surface temperature caused by carbon layer and/or dusts could 

be a possible explanation.  

2-EXPERIMENTAL SET UP  

The ECR High Intensity Light Ion Source (SILHI) produces proton beams of 8mA at 95keV 

with a proton fraction of 96%, the remains 4% being splitted between H2
+ and H3

+. The 

Guaussian beam had a standard deviation of about 10 mm. Pyrolytic graphite and CFC were 

exposed at power densities of 1 - 3 MW/m². The standard size of the targets was 30 x 50 x 35 

mm. Thermocouples were inserted in each target as reference temperature measurement, to 
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eliminate the uncertainty of the emissivity, ε. An area of 1 cm diameter of the surface was 

observed from outside the vacuum vessel by a near-infrared fused silica fibre (Oxford 

Electronics) transparent up to 2 µm. This fibre is 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. The absolute calibration of the measuring chain, including spectral response of 

spectrometer, optical fibre, lens and beam splitter, was performed using a blackbody radiator 

at 400°C with an emissivity εbb of 0.85 ± 0.15 and a focal plane array infrared camera 

(AGEMA 515) with a narrow transmission range around 3.9 µm observing the entire solid.  

 

3-EXPERIMENTAL RESULTS 

3.1-Laboratory emissivity measurement 

An emissivity calculation was made at 0.9 - 1.55 µm and 3.9 µm when considering 

transmission of optical chain and temperature reference of thermocouples after heating, when 

the temperature is equilibrated in the solid around 700 – 800 °C. It has been observed a 

decrease of emissivity coefficient with the wavelength and an increase of surface emissivity 

after few hours of bombardment on the area directly under ions impact. This phenomenon it 

may be due to the surface alteration with 95 keV ions impact, creating micro cavities and 

giving rise to a micro black bodies effect. 

3.2-Laboratory luminance measurement 

As with previous experiments on Tore-Supra, the observed near-infrared spectra are different 

from simple black body radiation curves. It has been noticed for all samples, a non uniform 

surface temperature on the sample due to Gaussian beam and also hot spots in visible light on 

the area directly under ion impact as shown in figure 1. The figure 2 displays the measured 

luminance from pyrolitic graphite compared to blackbody luminance at 822 °C. To quantify 
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the amplitude of the luminance deformation we can calculate the extra luminance in 

subtracting the Planck simulation from the measured luminance. To follow in time the 

deformation of the spectra during heating, we can display the extra luminance at 1.3 µm 

versus the surface temperature of the sample for different power densities. In figure 3, we 

notice that the amplitude of the deformation increases with the surface temperature and 

depends on the incident power density. The pyrolitic graphite, an orthotrope material, has 

been heated with incident flux parallel and perpendicular to the high conductive plans. Figure 

4 displays the extra luminance versus the surface temperature for CFC and pyrolitic graphite 

with flux perpendicular and parallel to high conductive plans. The thermal conductivity is 1.1, 

90 - 140 and 340 W/m.K respectively for the lower pyrolitic conductivity, the CFC and the 

higher pyrolitic conductivity. For a same surface temperature, the extra luminance is more 

important when the thermal conductivity is low.  

3.3-Tore Supra luminance measurement 

During the 2002 experimental campaign, the surface temperature of the leading edge of the 

TPL neutraliser was seen to increase for the same plasma conditions. This is attributed to the 

growth of a carbon layer at the surface of the neutraliser. For temperature safety analysis, 

target plates have been cleaned and carbon layers were sampled for Scanning Electronic 

Microscopy (SEM) study. SEM micrographs have shown ovoidals and columnars structures 

and a sub-structure in stratified layers (Figures 5). These analyses have allowed identifying 

ballistic deposition as the fractal growth mechanism. The columns follow a direction of 

growth which seems to be parallel to the magnetic field lines underneath the TPL (see ref [2]). 

A correlation with the evolution of the infrared emission spectrum has been made, outlining 

the sequence of layer growth and the corresponding spectral deformation characteristics. At 

the beginning of the campaign, the luminance is in disagreement with the Planck law. In the 
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second stage granular structures recover non uniformly the leading edge and the spectra are 

still deformed [1]. In the third stage a thin carbon layer is visible on the surface neutraliser. 

The thickness is about 10 – 20 µm. The measured luminance still shows a disagreement with 

the Planck law. The carbon deposited layer grows, the thickness is now of about 180 µm and 

the layer is partly detached from the neutraliser. The spectrums are now in perfect agreement 

with the blackbody law. The spectral luminance stays in agreement with the Planck law until 

the end of the campaign with a thickness layer of about 800 µm [2]. The temperature 

calculation of the surface temperature of the layer is made but not the TPL surface 

temperature as expected. This new problem is actually under investigation and can be 

resolved with a layer model partly detached from the surface [4] [5]. Nowadays only for thick 

and loosely attached films a black body radiation curve is observed [6]. 

 

4-HOT SPOT HYPOTHESES 

A systematic consideration and evaluation of alternative explanations for the observed 

spectral deformation has been made. A number of plausible interpretations has been 

considered and discarded as e.g. Bremsstrahlung radiation, or assigned a low probability as 

the luminescence effect [3]. The luminescence emission implies a deformation localised 

around 1.3 µm which is not the case according to the last R. Reichle’s results showing a 

luminance deformation up to 3.6 µm. The possible partial transparency of the material has 

also been considered at some length, but finally discarded because the low thermal 

conductivity of the graphite materials under consideration does not permit a strong enough 

temperature gradient to cause the observed deformation. 

The presence of other heat source can modify the luminance received by the IR detector. The 

spectral luminance can be deformed and the temperature deduced can be overestimated. The 
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flux φs received by the detector is the sum of the flux emitted by the sample at the temperature 

Ts and the flux from the heat source at Tenv.  

φs = ε σ Ts
4 + (1 - ε) σ Tenv

4   (equ 1) 

The temperature is overestimated only when the temperature of the heat source is superior to 

the surface sample temperature. In laboratory experiments and in Tore Supra, this 

phenomenon can’t be responsible of the luminance deformation. 

The possible explanation is reduced to the non uniform surface temperature. The spatial 

structures measured with SEM have smaller dimensions than the typical area observed with 

optical fibres, with the consequence, that the luminance measured is a mixture of photons 

originating from different temperatures in the field of view. If we consider a Gaussian profile 

temperature, we can calculate the luminance, LTOT, integrated on the length dx.  

LTOT = ∫T (dx/d) ε Lλ(T) dT  (equ 2) 

In figure 6, the luminance LTOT is simulated throw 12 µm for a uniform temperature profile 

and for a Gaussian profile with a standard deviation of 50 µm to simulate a hot spot. The 

luminance is integrated for dx = 10 mm, the standard diameter of the observed area. The 

surface temperature, TS, is 500 K, the temperature hot spot, TH, is 2000 K. The deformation 

depends on the temperature gradient (TH - TS ) and the hot spot coverage, γ. The deformation 

is clearly higher for lower wavelength. 

For CFC under 1.5 MW/m², the experimental spectral luminance, LTOT, can be well simulated 

according to the hot spot hypothesis (equ 3). 

LTOT = (1-γ) . L (TS) + γ . L (TH)  (equ 3) 

The hot spot coverage, γ, has to be in the range 1 - 5 % for a good experimental luminance 

simulation. The hot spot temperature, TH, and the surface temperature, TS, can be 
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simultaneously deduced. The temperature gradient between the surface temperature, TS, and 

hot spot temperature, TH, has to be superior to 500 degrees. The figure 7 displays the time 

evolution of hot spot and surface temperature. We notice that the hot spot temperature 

increase quicker than the surface temperature and the hot spot temperature stabilize around 

1250 °C. For CFC, the time resolution data was 1 s. This resolution doesn’t allow seeing the 

beginning of hot spot heating and we can asses a time constant of hot spot < 1 s. For pyrolitic 

graphite the time resolution of acquisition data was 40 ms. Even in that case the beginning of 

hot spot heating is not seen and we deduce a time constant τ < 40 ms. A model of dust in 

radiate equilibrium on the surface has been tested, in order to explain the thermal behaviour of 

the hot spot (equ 4 [4]).  

e. ρ.Cp.dT(t)/dt = ϕi - 6.σ.(T(t)4-Tamb
4)  (equ 4) 

The temperature of equilibrium obtained depends on the incident flux, ϕi. The volumic mass, 

ρ, has been previously measured on deposited materials from Tore Supra (ρ = 1 g/cm3) [7]. 

To obtain a stabilized temperature of 1250 °C, Cp = 4000 J/kg and ϕi = 1.8 MW/m². The time 

constant, τ, depends on e, the dust size. For e = 40 µm, the time constant τ = 40 ms. This 

thermal model allows to deduce an average size of the dust < 40 µm. These results are 

confirmed by the laser heating experiment’s on CFC of A. Hermann et al. [8] in which it is 

inferred that the size of hot spots are down to 30 µm, the spatial resolution of the camera. The 

use of this model is justified by the observations of dust on the neutralisers targets and also on 

the TPL’s tiles observed by 7 actively cooled endoscopes on which the surfaces state leads to 

a distorsion of the measured temperature [9]. 

 

5-CONCLUSIONS 
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Spectral luminance deformation has been reproduced in laboratory experiments under ions 

bombardment. The phenomenon appears on surface under plasma particles impact and the 

intensity depends on the incident power density and the material thermal properties. The 

possible explanation is reduced to the non uniform surface temperature due to surface state 

which is modified during Tore Supra campaign. The presence of granular structures and dusts 

in bad thermal contact or thin carbon layer loosely attached on the surface can be responsible 

of a non uniformity surface temperature on the integration area. When the layer is thick and 

homogen, the surface temperature gradient is probably not enough to produce a spectral 

deformation. The hot spot hypothesis allows to asses simultaneously the dust and surface 

temperature by reproducing the experimental spectrum. A dust thermal model allows 

deducing an average dust size down to 40 µm.  
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Figures captions 

 

Table 1: Emissivity, ε, in the range 0.9- 1.55 µm and at 3.9 µm for CFC 

and pyrolitic graphite before and after ion impact. 

 

Figure 1 : Hot spots observed on pyrolitic graphite during 95 keV ions bombardment. 

Figure 2 : Measured luminance from pyrolitic graphite under 95 keV ion impact  

compared to blackbody luminance at 822 °C. 

Figure 3 : Extra luminance at 1.3 µm emitted by  pyrolitic for different power density  

(+ : P = 4.5 MW/m² ; o :P = 1 – 2.5 MW/m²) 

Figure 4: Extra luminance for CFC (blue), pyrolitic graphite with flux perpendicular to high 

conductive plan (red) and flux parallel to high conductive plan (green). 

Figure 5 a): SEM micrograph of carbon deposited layer sampled  

from leading edge neutraliser.  

Figure 5 b): SEM micrograph of ovoidal structure observed on carbon deposited layer 

sampled from leading edge neutraliser 

Figure 6 : a) uniform temperature profile (black) T = 5OO K, Hot spot profile temperature 

(blue) T max = 2000 K, Tmin =500 K. b) Luminance simulated in the range 0.9 - 12 µm for a 

uniform profile temperature (black) and for the hot spot profile. 

Figure 7: time evolution of hot spot and surface temperature during ions bombardment. 
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Figures 

 

Matériau ε 0.9-1.55 µm ε 3.9 µm ε 3.9 µm (after ion impact) 

CFC 0.92 ± 15%  0.66 ± 0.04 0.72 

Pyrolytique ε⊥ 0.94 ± 15%  0.64 ± 0.01 0.88 

Pyrolytique ε// 0.99 ± 15% 0.96 ± 0.01  

Table 1: Emissivity, ε, in the range 0.9- 1.55 µm and at 3.9 µm for CFC 

and pyrolitic graphite before and after ion impact. 
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Figure 1 : Hot spots observed on pyrolitic graphite during 95 keV ions bombardment. 

~ 30 mm 
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Figure 2 : Measured luminance from pyrolitic graphite under 95 keV ion impact  

compared to blackbody luminance at 822 °C. 
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Figure 3 : Extra luminance at 1.3 µm emitted by  pyrolitic for different power density  

(+ : P = 4.5 MW/m² ; o :P = 1 – 2.5 MW/m²) 
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Figure 4: Extra luminance for CFC (blue), pyrolitic graphite with flux perpendicular to high 

conductive plan (red) and flux parallel to high conductive plan (green). 
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Figure 5 a: SEM micrograph of carbon deposited layer sampled  

from leading edge neutraliser. 
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Figure 5 b: SEM micrograph of ovoidal structure observed on carbon deposited layer 

sampled from leading edge neutraliser 

 

Figure 6 : a) uniform temperature profile (black) T = 5OO K, Hot spot profile temperature 

(blue) T max = 2000 K, Tmin =500 K.  

10 µm 
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b) Luminance simulated in the range 0.9 - 12 µm for a uniform profile temperature (black) 

and for the hot spot profile. 
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Figure 7: time evolution of hot spot and surface temperature during ions bombardment. 

 


