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Abstract. The ITER actively cooled tokamak is the next-generation fusion device which will allow studying the
burning plasma during hundreds of seconds. ITER plasma facing components (PFCs) real-time protection will
be mandatory to minimize operational risks as water leak and critical heat flux leading to degradation of PFCs.
The protection systems routinely used on Tore Supra or JET are based on IR imaging systems controlling and
monitoring the power load on the PFCs through the surface temperature measurements. Thanks to Tore Supra
expertise in actively cooled tokamak and long pulse operation, three urgent R&D domains are discussed in this
paper addressing the feasibility and the performances of the PFCs protection function for the new and harsh
environment of ITER: 1) the understanding of IR signals in a reflective environment using a physic-based light
model simulation 2) a PFCs protection data processing architecture for event detection and identification 3) the
feasibility, performances and prototyping of the first optical component of the imaging systems, actively cooled,
facing the plasma which will impact the image quality and therefore PFCs protection performance.

1. Introduction
The ITER actively cooled tokamak is the next-generation fusion device which will allow
studying the burning plasma during hundreds of seconds. ITER plasma facing components
(PFCs) real-time protection will be mandatory to minimize operational risks as water leak
and critical heat flux leading to degradation of PFCs [1].
Relying on the experience of existing fusion facilities, urgent R&D domains are discussed in
this paper addressing the feasibility and the performances of the PFCs protection function
foreseen in ITER using a network of wide angle visible and IR imaging systems (VIS/IR
WAVS) [2]. Indeed, as ITER is a totally new device in terms of size and news materials
tested simultaneously, it was important to capitalize the knowledge to extrapolate to the ITER
tokamak measurements conditions.
Unlike many current tokamaks using carboneous PFCs, ITER will only use metallic PFCs,
highly reflective due to their low and variable emissivity. In this new and challenging
reflective environment, a physic-based light simulation has been developed to predict the IR
measurement performances and presented in section 2. Such a photonic simulation has been
first applied to Tore Supra and JET for helping the IR images analysis and is used to predict
the contribution of the reflected light that could disturb the measurement of surface
temperature of the fully metallic PFCs of ITER. The section 3 deals with a real-time image
processing for the plasma operations developed to monitor in real-time the PFCs protection.
Such an integrated software platform is currently being validated on existing fusion devices
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before extending its functionality to the ITER VIS/IR WAVS. Finally the feasibility and the
performances of the first mirrors facing to plasma which impact the image quality of the
system have been addressed in section 4. The prototypes of ITER first mirrors have been built
and tested and the first results are presented.
2. Prediction, understanding and analysis of IR measurements in a fully reflective
environment
The analysis of IR measurements will be very challenging in the new fusion devices as ITER
or JET using metallic components. Indeed, due to their low and variable emissivity (ranging
from 0.1 to 0.4), the total IR flux collected by the imaging systems includes both an emissive
part coming directly from the target surface and a so-called reflective part coming from the
hot surrounding areas and reflected by the observed targets. The inversion of this signal for
deducing the surface temperature should take into account the contribution of the reflected
flux which is challenging. A way to address and anticipate this new measurement
environment is to perform the most realistic photonic simulation able to predict the global
response of the complete system starting from the sources to the sensor.
2.1. Principle of the photonic simulation
The objective of the simulation is to evaluate the photon-flux collected by the sensor taking
into account all the effects of the environment (high radiative flux, reflections) and the
imaging system properties. The model is based on a Monte Carlo ray tracing (SPEOS®CAA
V5 Based) [3] able to propagate the ray through the complex geometry of our lighting scene
and taking into account the multiple inter-reflections of the ray in the vacuum vessel.
The photonic simulation process includes first the modeling of signals sources: in the infrared
range, the main sources in tokamaks come from the PFCs receiving the plasma radiation and
fast particles. The 3D temperature distribution on PFCs used as input is got from either
experimental data or a heat flux code (PFCFLUX [4]). Secondly, the model of material
optical properties (emissivity and reflectivity) is defined through the Bidirectional Reflectance
Distribution Function (BRDF). Finally, the optical system is modeled by taking into account
its main characteristics (field-of-view, the spatial resolution, detector size, etc).
Finally, two kinds of images are simulated: (1) the “reflection-free” images including only
the thermal emission of targets and (2) the “realistic” images reproducing the infrared camera
view also taking into account the contribution of the reflected flux. The comparison of these
two images gives the temperature measurement error between the actual surface temperatures
of the PFCs and the surface temperatures obtained through the IR camera.
2.2. Analysis of experimental IR images for the surface temperature measurement of
metallic PFCs
As a first qualitative validation of this approach, we have been interested in simulating the IR
view of the Lower Hybrid (LH) antenna in TS during an ohmic plasma scenario [5]. In this
simulated plasma scenario, the main heat sources come from the carboneous Toroïdal
Pumped Limiter characterized by regular heat patterns with a maximum surface temperature
range of 500 °C – 1000 °C. Figure 1 shows the IR images of the TS thermography system
viewing the LH antenna at a temperature of 150 °C. Similar features are found between the
real and simulated images: especially, reflections of the heat patterns localized on the TPL are
replicated on each side of stainless steel parts of the antenna (red zones on Fig. 1). In the same
way, similar structures are observed on the upper pipes. Thanks to the simulation, it is then
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possible to discriminate the light observed on the IR images coming from reflections and the
real hot spots.

FIG. 1 Real IR image of LH antenna during ohmic plasma (Digital Level scale) (Top) Real IR image
of the TPL (log scale) (Right) Simulated IR image of LH antenna (Right Bottom)

Moreover, the new configuration of JET PFCs, with
its ITER-like wall (tungsten divertor and beryllium
first wall), in addition to its ITER-like wide angle IR
camera, is a good opportunity to go one step further in
the understanding of IR signals in a fully reflective
environment by comparing the simulated and the
experimental data [6]. The simulated steady-state
plasma scenario is based on JET pulse #82631 with
11MW of total power and without auxiliary RF
heating. The resulting temperature 3D-field is
characterized by a mean temperature on the vessel
lower than 200°C and a peak temperature of 530°C on
the divertor tile in tungsten. Figure 2 shows the
experimental IR image in digital levels of pulse
#82631 and the simulated IR image giving the total
radiance flux collected by the JET ITER-like wide
FIG. 2. IR image of the JET ITER-like
angle infrared thermography. A rather good agreement
wide angle thermography simulated with
with experimental IR images has been found proving SPEOS CAA V5 based (radiometric unit).
the impact of the particles deposition power and of the
plasma radiation power in the divertor. Furthermore, thanks to the simulation, it is possible to
evaluate the reflection contribution and to predict the resulting surface temperature measured
by the IR camera. For this plasma scenario at low regime (with a maximum temperature of
530°C) and without transient events (ELMs), the part of the reflected part picked up by the
JET wide angle camera is evaluated lower than 50% for almost all the PFCs. This allows
getting a surface temperature for the colder targets with a maximum error of 40% if the
materials’ emissivity is known and without compensating the reflected flux. Now, the
contribution of reflection and the consequences on the measured temperature will have to be
evaluated to other plasma scenarios with high plasma power (30 MW) and with transient
events.
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2.3. Assessment of the IR measurements performances of ITER
A realistic photon-modeling is also of considerable interest for designing the ITER
diagnostics to evaluate the specified performances (accuracy measurement, signal-to-noise
ratio). This has been first performed to assess the contribution of the reflected flux in the
collected photon flux of the VIS/IR System of ITER located in the Upper port [7] and in the
Equatorial Port. In the simulated scenario, the temperature of the first wall remains constant at
175°C whereas the temperature of the divertor target increases up to 1600°C. For this steady
state scenario, the main reflections features can be pointed out; showing that overestimation
of the surface temperature from 20% to 400% can result, respectively for the strike point
location and the first wall, if the reflected flux is not taken into account. This demonstrates
that in a highly reflective environment, these overestimations can lead to false alarm and
limitations on the plasma scenario operations and thus developments towards high
performances.
3. Real-time image processing for the plasma operation and for monitoring the PFCs
protection
To ensure an efficient machine protection during plasma shots, PFCs must be continuously
monitored to prevent irreversible damages. The current systems routinely used at Tore Supra
(TS), JET and ASDEX consist in detecting a high increase of the IR signal beyond fixed
levels for a set of predefined Regions of Interest (ROIs). The setting of ROIs (several
hundreds at JET for 11 cameras) and thresholds is made by plasma physicists and
diagnosticians. Occasional adjustments are then applied to prevent both false alarms and misdetections. In the perspective of ITER, with a camera network of 36 cameras foreseen for the
ITER WAVS and no strong prior knowledge concerning heat loads localization and intensity,
a complementary approach must be found to alleviate this intensive user-interaction demand.
In addition, the future use of metallic components in ITER adds complications in temperature
estimation [8] because of multiple light reflections, making so even harder temperature
threshold settings. So in addition there exists a real need in improving the performance of
PFCs protection with more advanced image understanding functions capable of reproducing
the reasoning process of human experts as an operational help to future ITER session leaders.
Based on experience gained at Tore Supra [9], an intelligent vision system for automatic
recognition of thermal/plasma events (also called phenomenon) is proposed, that can handle
unforeseen situations, that can adapt to its environment (i.e. plasma condition awareness), and
that can reason from memorized or learned relevant information (event retrieval).
3.1. Proposed PFCs protection system architecture
From the image processing and interpretation viewpoint, in addition to real time computation
issues, the main challenge is to maintain a high degree of confidence of the system while
facing to: 1) unforeseen or unpredictable events, 2) a highly reflective environment leading to
low confidence on temperature measurements, 3) complex 3D scenes observed by wide angle
viewing systems. To this end, a hardware/software platform [10] has been developed
integrating different functionalities for real time transient event detection and offline data
analysis. It has also been successfully adapted to JET [11]. The system has been designed to
manage different data acquisition configurations as data coming from different camera types.
This system is composed of four sub-systems:
1) A data acquisition system grabbing data coming from camera network in real time.
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2) A machine control system performing alarm detection based on hardware level image
processing. This system may modify the acquisition parameters depending on raised alarms
interpretation (e.g. increase of acquisition rate around an abnormal overheating area).
3) An event recognition system. The goal is to detect and recognize phenomena as thermal
and plasma events from multi-sensor data and especially imaging data. The phenomena are
modelled thanks to prior knowledge based on both spatiotemporal visual attributes (e.g.
geometrical cues and duration) and physic parameters (e.g. plasma scenario parameters). This
system can store detected events for further offline analysis.
4) An offline data analysis relying on event recognition to build plasma/thermal event data
bases. The collected semantic information on recognized events is used to improve PFCs
protection during tokamak daily operation (e.g. by studying their conditions of occurrence).
3.2. Tore Supra Experimental Results
Our vision system has been implemented on the TS tokamak in parallel of the existing ROIsbased monitoring system, but with no feedback on the plasma control system. Our system has
been tested during the last 2011 campaign on about 50 plasma discharges lasting between 15
and 90 seconds. It has achieved the recognition of predefined phenomena such as electrical
arcing, impact of fast particles, reflections, badly cooled component, etc. in real time (50 fps).
At the end of each plasma discharge, these events are also saved for further analysis and for
system re-training (e.g. parameter setting optimization) based on human validation procedure.
A full performance evaluation of electrical arcing recognition can be found in [12].
3.3. First Results in Simulated ITER-like
Conditions
Based on results obtained so far with realistic
photonic simulation (see section 2.), we have been
able to apply our algorithms on simulated IR movie
of one ITER view. The goal is to demonstrate the
ability of our event recognition system to perform
successful phenomena detection and recognition in
realistic ITER conditions. We have modelled the
two main expected phenomena during an ohmic
plasma discharge as to know Hot Spot and
Reflection. In the scope of machine protection
function, this step is of primary importance to assess
hot spot dangerousness. In our framework, a hot
spot is defined as a locally contrasted area in an IR
image, independently of true surface temperature
measurements. Small detected patterns are merged
and surrounded by bounding boxes for an easy
localization during live analysis as shown in Fig. 3. FIG.3.
Hot
spot
detection
and
Hot Spots detected on areas made of metallic characterization on a simulated IR image of
components are considered as potential reflection ITER. Hot patterns detected in the target
candidates. Based on the analysis of cross- divertor region are correctly classified as
correlations between intensity evolutions of hot “Hot Spot” (red boxes). Patterns detected on
spot patterns detected in the divertor target region the first wall are correctly classified as
and reflection pattern candidates detected on the “Reflection” (yellow boxes).
first wall, the system is able to discriminate between real hot spots and reflection patterns.
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4. Feasibility, Performances and Prototyping of the First Optical Components facing to
Plasma
As the performance of the ITER PFCs protection will be directly linked to the image quality
of the ITER VIS/IR WAVS, feasibility, performances and prototyping of the first optical
components facing the plasma have been addressed. In ITER, the constraints of the
environment require the installation of the detectors at least 12 m away from the plasma,
which implies the use of a complex optical system to transport the light from the experimental
chamber to the detector. As a consequence, due to high energy neutron deposition (103–107
W/m3), only actively cooled mirrors can be used as the first optical component of such
complex optical system.
4.1. Engineering and Manufacturing of ITER First Mirrors with integrated cooling
system
One of the identified investigations on ITER
mirrors
concerns
the
engineering
and
manufacturing of a complex cooling system
directly integrated inside the mirror, toward the
development of technologically advanced
components [13]. In this scope, full scale actively
cooled mirrors of 109 mm in diameter have been
successfully designed and manufactured with
blanks of stainless steel and TZM (Mo-based
alloy) with Nickel interlayer, and reflective
coatings of rhodium and molybdenum of 3 to 5
µm thick.
Waterproof ness tests of the
integrated cooling system, using Helium, have
been conducted with success on two mirrors FIG. 4. Prototype of ITER first mirror under
(Fig. 4) : deviation of the Helium signal was waterproofness test
measured under 1.10-10 Pa.m3.s-1 and 5.10-9 Pa.m3.s-1 at 60 bars/25°C and 40 bars/200°C
environmental conditions respectively.
4.2. Thermo-Mechanical Analysis
The FMs thermo-mechanical behavior has been investigated for different ITER FMs designs
and geometries (100 mm and 200 mm), to evaluate during ITER operation the FMs heating
and optical surface deformation [14]. It is shown that the use of more conductive materials
than stainless steel for the blank, such as CuCrZr and TZM, and an active integrated cooling
system with channels optimized position and configuration can limit efficiently the FMs
heating and reduce their optical surface deformation under plasma radiation flux and neutron
load. These generic investigations on FMs have been used to progress in the ITER VIS/IR
WAVS optical design, with a sensitivity study led on the left tangential view and giving
orders of magnitude for mirror temperature increase and surface deformation during ITER
operation.
5. Conclusion
The ITER tokamak is the next generation fusion device actively cooled, with metallic PFCs
dedicated to D-T burning plasma physics with hundreds of seconds plasma discharges. An
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efficient protection of PFCs during ITER operation is mandatory to reach ITER foreseen
targets in terms of plasma discharges. By using IR images delivered by the ITER VIS/IR
WAVS for PFCs real-time monitoring and protection, different challenging issues due to the
new ITER harsh environment have been addressed. We have developed an integrated
approach addressing the issues from the collection of photons (first optical components facing
to plasma) to the interpretation of the measurements (understanding of the IR signals and
image processing). For this, we have performed a full predictive photonic simulation able to
assess accurately the contribution of reflected light and the consequences on the surface
temperature measurements. Such a simulation allows first to improve the understanding of the
IR measurement but also to help to the design/feasibility study of the future VIS/IR WAVS of
ITER. Real time image processing is also challenging to ensure the PFCs protection. We have
then proposed an integrated software platform validated on exiting tokamaks (Tore Supra and
JET) and the simulated images are used to develop extended functionalities to prepare the
operation on ITER. At last the image quality of the system under ITER harsh environment has
been also addressed thanks to engineering, manufacturing and testing activities on
technologically advanced first mirrors. These investigations on image quality are part of the
inputs necessary for the foreseen detailed design of the ITER VIS/IR WAVS, for which the
choice of FMs designs will have also to take into account the mirror mounting and the
manufacturing feasibility of Molybdenum, TZM and CuCrZr mirrors without Nickel
interlayer.
These preliminary results will allow a more precise definition of the functional specifications
of the ITER PFCs protection function and thus news R&D actions to be initiated in the near
future concerning the ITER VIS/IR WAVS in charge of this function.
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