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ABSTRACT: Tore-Supra is a Tokamak (Ip=1.5MA, Bt=4T) aiming at doing researches in the 
field of controlled nuclear fusion. It has been constructed with a steady-state magnetic field 
using super-conducting magnets and water-cooled plasma facing components for high 
performances long pulse plasma discharges. When not actively cooled, plasma-facing 
components can only accumulate a limited amount of energy since the temperature increase 
continuously (T~sqrt(time)) during the discharge until radiation cooling is equal to the 
incoming heat flux (T>1800K). Such an environment is found in the most today Tokamaks. In 
the present paper we report the recent results of Tore-Supra, especially the design of the new 
generation of infrared endoscopes to measure the surface temperature of the plasma facing 
components. The Tore-Supra system is described in details, the new JET infrared 
thermography system is presented and some insight of the ITER set of visible/infrared 
endoscope is given. 

 

KEY WORDS: Nuclear Fusion, Tokamak, Infrared Thermography, Endoscope, Actively cooled, 
Calibration, Data acquisition, Interlock, Feedback, Safety.  

 
 
 

QIRT Journal. Volume 2 – N° 1/2005, Papier 2004-016, pages 1 to n 



2     QIRT Journal. Volume 2 – N° 1/2005, Papier 2004-016 

1. Introduction 

Tore-Supra team has developed some experience on real time feed-back 
control of long plasma pulses, and on safety control of heat flux limits of 
actively cooled components (see Guilhem et al. 1999). If these limits are over-
passed, a high risk of a water leak is present (see Schlosser et al. 1995) which is 
not the case of non-actively cooled machines, even during long pulse operation 
(see Sakamoto et al., 2002; Kamada et al., 1999). A water leak inside the 
vacuum vessel inevitably stops the machine operation for a few months. The 
surface temperature from the main components are viewed with infrared 
cameras. In each camera field of view, windows are set-up on zones of interest 
and temperature thresholds are defined within these zones. When any of the 
thresholds are crossed (with some integration time to avoid spurious warning), 
the main feed-back control system switches down additional power. This 
infrared interlock is used to protect cooled plasma facing components. More 
sophisticated digital feed-back control is actually tested for longer operation, 
with the steady-state as ultimate goal. In 2001 the Tore-Supra machine has 
undergone a complete upgrade of internal components with the aim to provide a 
heat extraction capability of 25 MW for 1000 s (CIEL project) (see Garin et al., 
2001). This assembly has been operated since spring 2002 (see Cordier et al., 
2003), leading to a world record with long discharge achievement of 6 min 10s, 
with the injection and extraction by the active water loop, of ~ 1 GJ. 

It is a difficult task to guarantee the safety of a machine, especially when 
running steady state with only actively cooled plasma facing components (see 
Mitteau et al. 1999). The Tore-Supra team has been confronted with such 
scenarios optimisation and has developed some experience (see Reichle et al., 
2003) with 3 generations of thermography systems (actively cooled or not, 
lenses and mirrors, spherical or aspheric components), on digital real time feed-
back control of long plasma pulses, as well as on safety control to prevent heat 
flux limits of actively cooled components. We present here the latest actively 
cooled generation of endoscopes in use on the Tore-Supra Tokamak (7 
endoscopes bodies equipped so far, with 8 infrared cameras – ultimately 12), the 
JET thermography system actually under construction, to be installed in 2005 
and finally the pre-design of the ITER thermography system. The main lines 
guiding the technical choices are explained, the principal solutions presented 
and measured characteristics of the existing Tore-Supra system showed. 

2. Infrared thermography systems  

Infrared surface temperature maps are essential measurements to run Tokamaks 
especially Tore-Supra, figure-1, having only actively cooled (150°C, 20 bars) 
plasma facing components to prevent damages and so water leaks. Even when 
plasma facing components are not actively cooled (as it is today in most Tokamaks), 



Thermography in an actively cooled Tokamak     3 

one deduces a lot of informations from such a diagnostic. This ensures reliable shots 
and most of it, contribute to understand the physic of the interaction of the plasma 
with facing components. For non-actively cooled machines and when no fusion 
reaction are taking place (no radiation or neutron irradiation and so no volume 
heating), simple endoscopes made with standard infrared lenses design is acceptable. 

 
 

Toroidal Pumped Limiter
     7,5m²   15m long

 3 / 5 additional
heating antennas

2m high

 

Figure 1. Overview of the inside of Tore-Supra where one can see the toroïdal 
Pumped Limiter and 3 of the 5 additional antennas of the plasma heating system. 

For Tore-Supra one had to take into account the fact that this diagnostic had to 
be entirely actively cooled (see Portafaix et al. 2004) because of the pulse duration 
(no radiation or neutrons presents here). This diagnostic is the first one in the world 
to be designed for steady state operation, which had strong consequences for the 
design.  

We have injected and so extracted so far 1 GJ during a shot lasting more than 6 
minutes (2.5 MW of 3.7GHz radio-frequency injected power to drive the plasma 
current), a world record (December 4th 2003).  

For the European JET Tokamak (see JET Team 1994), since a modest quantity 
of radiation and 14MeV fusion neutrons are presents, the first part of the endoscope 
had to be made of stainless-steel mirrors. Here, no need to actively cooled them 
since the shot duration is rather short ~30s.  

For the ITER project (see Kukushkin, 2003) we are designing infrared 
endoscopes, where the closest part of the viewing line is made of actively cooled 
mirrors because of radiation and 14Mev neutrons effects in glasses will take place 
and because the plasma duration is expected to last 500 seconds (8 minutes and 20s). 
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Ripple loss protection

Infrared cameras

Actively cooled head equipped with 3
sapphire windows

 

Figure 2. Overview of one of the 7 actively cooled (steady state) endoscopes (2.5m 
long; 3 viewing lines embedded; 2 infrared cameras able to see 2 x 35° of the 

toroidal pumped limiter and 1 additional power antenna). 

2.1. Tore Supra infrared  thermography system 

Thermography system made of 7 infrared endoscopes: The infrared 
thermography system figure-2, has been designed in order to be able to look at the 
whole surface of the toroidal pumped limiter (7,5 m², 15m long) and to the 5 
additional heating antennas. Figure-3 shows one of the two toroidal pump limiter 
viewing lines of one endoscope, the optical path (up to the prismatic recombining 
mirror) of the 7 points of interest defining one section of the toroidal pumped 
limiter. A zoom (shown at different scales) of the ray tracing of each section of the 
optical path is presented figure-4. Four sections can be distinguished:  

1. The front end-optic, which is equipped with a deflecting Si prism. The 
purpose of this section is to form the first image of the observed scene;  

2. A long relay optic constituted with 4 identical individual relays made of 5 
lenses each. The magnification of each individual relay is 1;  

3. The recombining box include for each line, a relay optic and 4 flat mirrors 
among which one is a recombining prismatic (slope = 45°) golden stainless steal 
mirror used to merge the 2 optical lines corresponding to the 2 portion of 35° of the 
toroidal pumped limiter, figure-5. The “head” of the endoscope, where the deflecting 
Si prism is located is presented figure-6. One can see the optical bundle paths 
associated to the 7 points of interest defining one section of the limiter.  

4. Finally the camera relay optic made of 5 lenses to form the image on the 
detector (AGATHE 320 x 256 pixels; 3-5µm from CEDIP). 
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1.9 m

1.8 m

Optical diameter
 = 32 mm

1.3 m 

 

Figure 3. Ray tracing issued from the points of interest defining one of the two 
sections of the Toroidal Pumped Limiter, up to the prismatic recombining flat mirror. 
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Figure 4. Two viewing lines observing each 35° of the toroidal pumped limiter are 
combined to form a unique image observed by one infrared camera to optimize the 
usefulness of all the pixels (each part of the optical lines are not at the same scale). 
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Gold plated flat mirrors

45° recombining prismatic
gold plated flat mirror  
 

Figure 5. Optical path of the bundles of light associated to the 7 points of interest 
defining one of the two sections of the toroidal pumped limiter. Two identical optical 
lines (only one is shown here) are recombined on one mirror (on the right of the figure). 
The recombined image is observed by one infrared camera. 
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igure 6.  Optical path of the bundles associated 
f the two sections of the toroidal pumped limiter.
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Note that the optical components are cooled (see Portfaix et al. 2000) by a water 
loop at 25°C and that the body of the endoscopes is cooled by another water loop at 
150°C, 20 bars (water loop of all the Tore-Supra plasma facing components). Since 
there is a differential movement of the body of the endoscope from 25°C to 150°C 
during operation on the machine, we had to take it into account to define the head 
diaphragm position and diameter, figure-6. It has been designed for a temperature of 
150°C ±50°C. To be able to qualify these endoscopes, a stand figure-7 has been built 
which enable to verify the field of view of each line (simulation of 2 x 35° sections 
of the toroidal pumped limiter and of 1 antenna). It is also equipped with 
blackbodies to calibrate the global transmission of the endoscope and measure the 
Line Spread Function of each individual viewing line. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Simulation of 2 x 35° sections of the
Toroidal Pumped Limiter  

a 

Black Bodies equipped with an 
adjustable slit to determine the 
Slit Response Function and 
overall endoscope Transmission 

Figure 7. Calibration stand of one endoscope. The two sec
limiter are simulated by the green heated simulator and o
heated simulator. The line spread function is obtained from
adjustable slit. 
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Figure 8. Left: Endoscope installed on the machine ready to view the Toroidal Pumped 
Limiter underneath. Right: Actively cooled head. 
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igure 9. Left: 6 endoscopes (E1-E6) equally spaced to see 360° and 4 antennas (A1-A4) and 
nally a 7th endoscope (E7) to view one antenna (A5). Right: 2 cameras are used, one (top) to 

see 2 sectors of 35° of the Toroidal pumped limiter and one (bottom) to see 1 antenna. 
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To cover the entire surface of the toroidal pumped limiter and all 5 antennas, a 

set of 7 infrared actively cooled endoscopes figure-8, are spaced around the torus 
figure-9. The measured spatial resolution with less than 5% temperature error (slit 
response function at 95%) has been measured to be from 7.5 to 9 mm at the 1.8m 
nominal distance of the endoscope diaphragm, figure-10. This is to be compared 
with the width of the smallest element constituting the plasma facing components, 
20 mm. Each endoscope is equipped with 3 viewing lines figure-9, 2 for 2 sections 
of 35° (with 5° crossover to chain all 6 cameras together) of the toroidal pumped 
limiter located at the bottom the machine and one line for one antenna. Each 
viewing line is made of 2 sapphire windows (Vessel_vacuum / Endoscope_vacuum; 
Endoscope_vacuum / Atmospheric_air), 1 deflection Si prism, 28 lenses (Φ = 35 
mm to Φ = 85 mm) made of Ge, Si and ZnSe, 4 gold plated stainless-steel flat 
mirrors (or 1 prismatic Si blade for the antenna line). The overall transmission of 
each line of view is ~ 0,2. This transmission value is rather low, due to presence of 
28 lenses and to 2 sapphire windows, the latest having a transmission < 0,85. On the 
one hand, the first window close to the plasma is inserted in the endoscope’s head 
which is actively cooled since it will receive a fraction of the plasma radiated power. 
On the other hand the temperature of the water loop running inside the endoscope’s 
external envelope has to be the temperature of the whole set of plasma facing 
componenets between 100°C and 200°C (programmable, usually at 150°C), to 
prevent the formation of cold points inside the vacuum vessel (which would lead to 
a bad conditioning of the vacuum vessel). So we have a hot optical element having 
of rather bad transmission leading to a non-negligible contribution to the signal 
received by the camera detector. The endoscope’s internal part supporting the relay 
lenses is also actively cooled by another water loop at 25°C. Here the temperature of 
the 20 lenses is rather low, but since the overall transmission is relatively low < 0,4  
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Figure 10. Line Spread Function of the thermographic system (Camera + endoscope). 
Here the spatial resolution at 95% of temperature modulation (°C) is 7.5mm. This has to 
be compared to the 20mm of the smallest element to be observed. This spatial resolution 
corresponds to 210 instants Field of View (IFOV) within a line of 340 camera pixels. 
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Figure 11. The observed luminance is the sum of the contribution of the observed objetct but 

also of the background environment and of the different contribution of the endoscope. 
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Figure 12. Example of the estimated temperature accuracy in %, taking into account all 
known information for the endoscope N°5. 
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his contribution to the spurious signal is also not negligible, figure-11. To ensure a good 
absolute temperature measurement of the plasma facing components, even at the lowest 
temperature ~100°C, one has to take into account of the different stray light getting to the 
detector, figure-11. The analysis software developed is taking into account the 
contribution of each part of the viewing line, calculated from the respective transmission 
and temperature, which are subtracted from the received radiance before to translate the 
result in temperature. 

If one does not follow such a procedure the error bar can be very large especially 
when the observed object is cold (between shots) at the temperature of the water loop 
(100°C to 200°C). For this new generation of endoscopes the error bar is estimated to be  
<8%, figure-12, within the temperature range of interest, 120°C to 1200°C. 

Interlock and feedback: We are able to decrease the amount of additional power when 
overheating is taking place figure-13. Here the threshold was set at 435°C on one of the 
additional power antenna. When this temperature is reached, the additional power is 
stopped. This function is set up for security reasons: not to overpass the maximum 
allowed surface temperature of a component. On the other hand one would prevent to 
come to such a drastic situation and so we have been able to use temperature 
measurements from the limiter, to feed-back on the level of additional power so that the 
maximum temperature is between 2 predefined temperatures figure-14. The active 
feedback is active from t=12,5 s where one can see that the surface temperature stays 
within the predefined low and high allowed predefined temperatures envelop. 
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Figure 14. Feedback control: (top) Infrared surface temperature time trace with maximum 
and minimum allowed temperature values, validated from t = 12.5s; (bottom) injected power 

in blue and asked power in green if the feed-back was not activated at t = 12.5s. 
 
 

Data acquisition and short-term storage (see Buravand et al. 2004 and Moulin et 
al. 2003): Each camera has a 320 x 240 pixels (16 bits) detector with a 50Hz 
acquisition rate. The flow rate is about 8Mbytes/sec/camera. A 1000 seconds 
discharge will produce about 100 Gbytes of data that have to be stored on a hard 
disk. In order to minimize the cost, each PC (for the acquisition of 2 cameras) owns 
a 288 Gbytes independent storage unit on which, in a first stage, all acquired data is 
stored, figure-15. This capacity is sufficient to store the data for a period of 2 weeks. 
However every night the new data is compressed and sent to the long term storage. 
So far 8 cameras (maximum 12) are in operation. 

Analysis between pulses: For post processing, we have accepted that data are not 
available in full precision. After some test of different algorithms, we choose the 
JPEG standard to compress the data. A JPEG compression factor of 95 (between 0 
and 100) is used leading to real compression ratio between 10 and 30, which is 
acceptable for our application (this value depend on the level of details present in the 
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images). Today 7 analysis workstations are running a dedicated analysis software 
(ShotPlayer) designed to display up to 12 cameras temperature movies on the same 
screen, and to check the correct operation of the real time safety and protection 
system. The server software, which is a part of the acquisition software, runs on 
each acquisition PCs. It is active only between shots. It uses video streaming to 
select and send images requested by the analysis workstations so the viewer is able 
to watch images before the entire films are downloaded. The analysis workstations 
are connected to a gigabyte IR network through 2 x 100 Mbits/second Link. 
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igure 15. Short term uncompressed and long term JPEG compressed data storage. 

ost-processing and long-term storage: As it was already mentioned, a JPEG 
lgorithm is applied for the long-term data storage. The average error is evaluated to 
e less than 1%, which is quite acceptable for such long-term storage. Some movies 
re accepted in the long-term database with no compression. This is scarce and 
orresponds to the record shots obtained on Tore-Supra. Accessibility of compressed 
ata is done by mean of a client/server system, figure-16. Two software servers run 
n the PC, one server is used to answer requests sent by the ShotPlayer clients, the 
ther for in-depth analysis via the Matlab® clients. To minimize the network load 

ages are sent compressed, they will be uncompressed on the client machine using 
e JPEG library which is embedded in the Matlab® function.  
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Figure 16. Long term MJPEG 
compressed data storage. Note that 
2 independent data servers are 
presents, one for the ShotPlayer 
Workstations (uncompressed data 
transfer) and one server for the 
Matlab Clients (JPEG compressed 
files). 

2.1. JET infrared thermography system 

Taking into account our experience on Tore-Supra we have designed an infrared 
endoscope for the Joint European Torus (JET) machine located in Oxford (England). 
Here the goal was to design an endoscope composed principally of metallic mirrors 
because of radiation effects in glasses (not designed to be neutron compatible). Only 
the recessed elements far from the plasma (were radiation and neutrons have been 
largely attenuated) are made of conventional infrared lenses (Ge, ZnSe). This 
endoscope is composed of a head, figure-17, equipped with 2 mirrors, one is an 
aspheric off-axis design, and the other one is flat. This secondary mirror is pierced 
by a hole. All the light gathered by the endoscope is passing through this hole, 
which is a small diaphragm (as small as possible) to prevent the primary mirror to be 
polluted by the plasma from the main Tokamak chamber. After this head, a 
Cassegrain telescope, figure-18, is used to produce a flat on-axis image of the main 
JET chamber. This latest is imaged by conventional infrared optical relay lenses, 
which focus on the Focal Plane Array of an infrared camera (EMERALD 640 x 512 
pixels; 3-5µm from CEDIP). 
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Secondary mirror

Diaphragm hole

 
Figure 17. Head of the endoscope made of a primary aspheric, off-axis mirror (not seen here) 

and a secondary flat mirror where a small hole is present. Through this diaphragm all the 
beams of light are passing through 

 
Visible light

Primary mirror

Secondary mirror

IR Camera

 
Figure 18. Cassegrain telescope equipped with a 45° mirror (in red) placed at the back of the 
secondary mirror, to collect the unused beam of light (for the IR) which is deflected to be used 

for spectroscopic purpose. 
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The main line of such a design is that a hole is placed in the middle of the 

secondary head mirror to obtain a very closed design, to prevent the first mirror to 
be contaminated by the plasma. The second originality is the use of an a-spherical, 
off-axis mirror and finally the use of a Cassegrain telescope. Here the pulse duration 
is rather short ~ 30s and so actively cooled mirrors are not mandatory. The first part 
of the endoscope is made of only reflecting mirrors and so this part is achromatic. 
This specification has allowed providing a way to extract the part of the optical 
bundle not re-imaged by the Cassegrain telescope. To extract this part a 45° flat 
mirror is placed at the back of the secondary mirror of the Cassegrain telescope. 
Here a conventional optical relay lenses in conjunction with a CCD detector is used 
with different interference filters to do spectroscopic plasma measurements. This 
endoscope is already designed and is being manufactured. It will be installed on JET 
during summer 2005. 

2.3. ITER infrared  thermographic system design 

The ITER (Inernational Tokamak Experimental Reactor) Tokamak figure-19, is 
designed to produce a large fraction of fusion power ~500 MW and so produce a 
large volume of radiation and neutron flux. A decision is pending on the localization 
of the site (Japan or Europe) where it will be built.  
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igure 19. View of ITER plasma facing components from the entrance pupil of 1 endoscope. 
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Here are the challenges:  
- a large heating source within the first elements in front of the plasma due to 

radiation and volume neutron heating;  
- only metallic actively cooled mirrors have to be used for the 5 first meters, the 

5 other meters can be build with conventional lenses (or mirrors) since radiation and 
neutron irradiation is low there;  

- distances between the front end mirrors close to the plasma and the camera 
detector, are large ~ 10m;  

- the optical elements clamped to machine will move respectively of δR ~ 20mm 
and δz ~ 3mm with respect of the biological shield (due to the heating of the 
machine, the vacuum inside the vessel and finally the magnetic forces).  

All these elements make the exercise difficult but we do not anticipate any 
blocking point so far. CEA is actually in charge to design the set of IR endoscopes 
for ITER located in the equatorial plane. Our American colleagues should be in 
charge of the design and procurement of the upper port infrared endoscopes to 
measure the surface temperature of the ITER divertor localised at the bottom of the 
machine. 

3. Conclusion 

From our knowledge of designing and running infrared endoscopes for 
thermography surface temperature measurements for the Tore-Supra Tokamak, we 
have designed an infrared endoscope for the European JET machine. It is under 
fabrication and will be installed in 2005. These experiences are used to define the 
ITER set of infrared endoscopes to measure the surface temperature of the actively 
cooled plasma facing components. 
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