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Abstract

ITER (https://www.iter.org) will take advantage of tungsten (W) actively cooled Plasma Facing Units (PFU) in the lower
divertor. These PFUs will receive a steady state plasma heat flux of 10 MW/m? and up to 20 MW/m? in slow transients, pushing
these components to their limit. For machine protection reasons and for the study of the plasma wall interactions, temperature
measurements are foreseen with Mid Wave Infra-Red (MWIR: 3-5 pm) thermography systems to cover most of ITER chamber
including the divertor (tungsten material) and first wall (beryllium material) [1]. Absolute temperature measurements from
70 °C, the cooling temperature of the PFUs, up to 3500 °C (W melting temperature at 3422 °C), are considered. Those
measurements require the knowledge of the emissivity of the tungsten PFU surfaces as function of the temperature and
wavelength used for the IR monochrome thermography system. This paper summarizes the emissivity measurements performed
on tungsten surfaces in High Heat Flux (HHF) test beds and the WEST tokamak [2] and uses the experimental emissivity values
to compute the expected uncertainties in ITER (AT/T) using monochrome and bicolor thermography techniques. Results show
that monochrome technique is not able to fulfill the AT/T < 10% requirement, while bicolor technique is able to reduce the
temperature uncertainty below 10%. Laboratory bicolor thermography measurements using a filter wheel (including 6 MWIR
interference filters) have been successfully performed up to 830°C with temperature uncertainty AT/T <3%. In the WEST
tokamak, the two dimensions emissivity map is varying by a factor of five within 27 cm along a PFU, from 0.13 to 0.65, showing
that the monochrome IR thermography will have difficulties to stay within the ITER requirements AT/T < 10% from 70 °C up to 3500 °C.

Keywords: Thermography, Tungsten, Emissivity, Monochrome, Bicolor

other main challenges is the physical environment in which all
these measurements have to be done. These are: the

1  Introduction
The primary role of the IR thermography systems in fusion

devices such as tokamak or stellarator, is absolute surface
temperature measurement, roles for which the diagnostic is
expected to be well suited for ITER. It falls in the categories:
machine protection, basic control, advanced control and
finally physics measurements [3]. This diagnostic is expected
to make absolute surface temperature measurements (in °C)
with relative uncertainty < 10 %, as given in the ITER
requirements. It is well known [4,5] that the surface
temperature measurement of the Plasma Facing Components
(PFC) in ITER will be difficult due to highly reflecting
materials such as tungsten and beryllium, used for divertor and
first wall respectively, having a low and varying emissivity
during plasma exposition, evolving with surface state,
temperature, wavelength, and angle of observation. One of the
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transmission evolution of the thermography system, thermal
properties of the targets, first mirror degradation due to
plasma deposition/erosion, specular reflection on the observed
object from others hot spots in the machine, multiples
reflections from the “sphere effect” (hot divertor radiating in
a highly reflective environment), bremsstrahlung emission
from the plasma, radiation effect on refractive optics
(blackening) and camera detector (noise). As it is shown, the
surface state of the PFC (deposition/erosion) during plasma
operation is the main driving parameter of the local effective
emissivity.

The first part of the paper deals with the emissivity of tungsten
surfaces reported in HHF tests and tokamak facilities. In
WEST, in-situ measurement [6] have recently shown that

© xxxx IOP Publishing Ltd
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emissivity varies significantly along one W-coated graphite
PFU. Low emissivities are found in the Inner and Outer Strike
Point areas (ISP, OSP) where the power density is high,
corresponding to an erosion zone. Higher emissivities are
found in the re-deposition areas located away from the plasma
strike point footprints. Slow variation of the surface emissivity
is observed along the experimental campaign, as the magnetic
equilibrium and plasma parameters are always changing
during plasma experiments. The second part of the paper deals
with monochrome IR thermography and more particularly the
uncertainty of the absolute temperature measurement as
function of the uncertainty of the emissivity that have been
derived from the published literature. The emissivity
variations observed in WEST are used to compute the
accuracy of the IR monochrome thermography. The third part
of the paper deals with bicolor thermography temperature
measurement. This technique is not relying on absolute
emissivity at one wavelength, but relying on the ratio of the
emissivities at two relatively close wavelengths. An
experimental set-up has been specifically designed to
investigate the temperature uncertainties using six different
interference filters in laboratory (up to 850°C).
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Figure 1. (Top) Image of the 7 monoblocks ITER-like PFU mockup.
(Bottom) Emissivity variation of the surface of 2
monoblocks during the screening test [12].

2  Emissivity of tungsten surfaces

Hemispherical total emissivity and spectral emissivity of
tungsten has been measured for decades [7,8]. For the last 15
years, a large number of HHF tests have been performed with
ITER like PFU mockups made of different grade of tungsten
[9], with different techniques (grinding, electro discharge
machining), from different material makers, from different
manufacturers. Currently, the applicability of the world-wide
developed manufacturing technologies of tungsten monoblock
plasma facing components has been confirmed by intensive
HHEF testing, e.g. 5 000 cycles at 10 MW/m? and 1 000 cycles
at 20 MW/m?, on mock-ups of ITER divertor [9]. It is
observed during HHF tests on real monoblocks of PFU mock-
ups at GLADIS (10.75 pm) [10] and JUDITH (3.85 pm)
[11,12], strong variations of the emissivity, up to a factor 2
figure 1.

Testing was done on Judith-1 of an ITER-like PFU mock-up
made of 7 monoblocks, by thermal cycling at 10 MW/m? and
20 MW/m with a maximum of 1200 cycles at 10 MW/m?
followed by 500 cycles at 20 MW/m> without obvious damage
formation. The difference of the emissivity between blocks 4
and 5 is due to a preloading of block 4 causing a strong surface
roughening and a larger emissivity. At 10 MW/m? during the
screening test of figure 1, no degradation of the surfaces is
observed. At the very beginning of cycling at 20 MW/m? we
see a strong modification of the emissivity of block 4
associated to induced surface modifications caused by local
high power density of the beam spot on small W grains,
leading to their erosion [12]. At FE200 (3.99 um) [13],
measurement of the emissivity of ITER like PFU tungsten
mockup have been done as a function of temperature. Finally,
a dedicated campaign was conducted at CEA laboratory in
2018 to measure the emissivity of tungsten samples [14], from
200 to 800 °C for different central wavelengths from 1.7 to
4.75 um. These samples where cut in a real ITER PFU
mockup to ensure a good representability of what is expected
in ITER. All these observed emissivities during PFU test
campaigns at worldwide facilities, GLADIS, JUDITH, FE-
200 and CEA (laboratory), are plotted figure 2. It shows large
differences between the different measurements. The
difference of the emissivity between the HHF tests is not
known since within the publications there is usually no clear
indication on the state of the observed samples (Presence of
deposition and surface composition prior to the tests, Ra,
cracks, etc.).The dashed lines represents the modified
extended Hagen-Rubens model (see below).

2.1  Analytical models

The emissivity of pure ideal metallic material (undamaged, no

crack, pristine mirror-like surface) has been modelled by
£E=—=

T
x Hagen-Ruben E—a\/:,

exponential € = e**PT | polynomial € = ZZ:O a(k) A(k),
etc. Unfortunately, these models are not adequate to represent
the experimental measurement variations of the emissivity
with wavelength and temperature. An extension of the Hagen-
Rubens model [15] has been proposed [16], which improves
the agreement of the model with experiments.

expressions: Drude

&(M,T) increases with temperature increase and a decreases
with wavelength increase:

_ /@_ () MY (1)
&.m= 0.365 |22 - 0.0667 %2 + 0.006 (A)

where  p(T) = po (1 + a AT) is the electrical resistivity at
temperature T. The tungsten electrical resistivity at 20 °C
Po = 5.5 10 Ohm-cm, and the coefficient of variation of the
electrical resistivity is a = 5.2 103 K.

Figure 2 shows the measured normal emissivity at different
HHF test facilities and test stand: JUDITH in the 2-5.7 um
band [17], GLADIS at 10.75 um [10], FE200 at 3.99 um [13]
and finally at CEA in 2018 at 4.35 um on a dedicated test
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bench. One can see that large differences are apparent, for
example at 800°C the data from CEA (4.35 um) indicates

€=10.143 and for FE200 (3.99 um) € = 0.243. An equation
scaling inversely with the square root of the wavelength agrees
with the trend of the data [13], which are falling as well with
increasing temperature. Note that a slope and an offset have to
be added to the extended Hagen-Rubens (HR) emissivity:

€ = Offset + Slope x HR-Emissivity(A, T).
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Figure 2. Tungsten emissivity dependence as a function of
temperature. These measurements were done during HHF tests at
JUDITH (3.85 um — Lower blue line), GLADIS (10.75 pm — Orange
line), FE200 (3.99 um — Upper blue line), and finally at CEA
laboratory (4.35 um — Green line). Dash lines are the modified
extended Hagen-Rubens model, see below.

Figure 2 indicates the results of the modified extended Hagen-
Rubens in dash-black lines. The offset and slope are
respectively: CEA (0, 1.6), FE200 (0, 2.55), JUDITH (0.11,
2.7). The CEA 2018 experimental measurements on PFU
material mockup, have been done in a dedicated, well-
controlled and instrumented test-bed.

2.2 Effect of surface state

The emissivity is dependent on the surface state, including
oxidation, deposition (especially in tokamaks during machine
conditioning or during plasma operation), and surface
roughness or eventually due to cracks formation during HHF
exposition [14]. It has been observed on real dimensions ITER
PFU mockups [18] that the emissivity is strongly dependent
on the surface roughness Ra, especially when Ra < 1.2 pm.
For ITER the PFU specifications indicates Ra < 1.6 um which
is verified on measurements done on six real ITER-like PFU
for WEST showing 0.2 < Ra < 1 um. In conclusion, the effect
of the surface morphology on the emissivity dominates over
the temperature and/or wavelength dependences.

2.3 Observations made in WEST during the 2019

experimental campaign
During the WEST 2019 experimental campaign (1523 valid
shots with Ip > 100 kA), some semi-inertial (the PFU is not
actively cooled, but its support is actively cooled) graphite
PFUs coated with a 10um W layer, equipped with embedded

thermocouples were monitored during discharges. The
ratcheting effect of the pre-pulse temperature (which increases
shot after shot) is completely homogeneous within the PFU.
This is exploited to make emissivity profiles along two half
PFU equipped with thermocouples. We took advantage of the
double heating method assuming that the background
radiation is constant prior to the shots [19,6] since most of the
plasma facing component supports are actively cooled at 70
°C by a dedicated water-loop. Figure 3 [24] shows the ISP and
OSP positions on the two half of one PFU, in the configuration
mostly exploited during the experimental campaign. Ten
optical lines (endoscope + IR camera) [19] are installed in the
upper ports, each covering a portion of 40° of the lower
divertor figure 3. The WEST thermographic system [20] is
working at 3.9 pm. The spatial resolution vary within the field
of view from 2.3 to 5.4 mm/pixel. For 80% of luminance
modulation (which corresponds to a measurement error of
10% @1000 °C), the spatial resolution is 5.4 mm (PFU width
~30 mm). Figure 4 presents a picture of the analyzed PFU,
together with a profile of the estimated emissivity distribution,
unless this profile is reconstructed from two one-half PFU
equipped with thermocouples, located at two different toroidal
locations in the machine. It shows a large inhomogeneity
along the PFUs, due to erosion at the strike point locations,
and re-deposition away from the strike points as it is observed
in other tokamaks [21]. Figure 5 presents the temperature map
between two shots (no plasma). The global emissivity map
cannot be estimated from the IR thermography measurements
since the individual temperature of each PFUs is not known
due to a limited number of available embedded
thermocouples. The profile figure 4 reflects probably the
history of all the scenarios encountered with different
positions of the ISP and OSP. The non-uniformity of the
emissivity profile cannot be directly linked with laboratory
emissivity measurements made in ideal condition of pure
pristine tungsten, where no plasma erosion or redisposition is
taking place. In fact, only the lowest emissivity found,
€min = 0.13, at the maximum heat flux location of the OSP, is
representative of laboratory measurements made on pure W
samples. We observe figure 5 that the two dimensions
apparent temperature map is complex in the toroidal direction,
associated to a non-uniform heat flux map due to the WEST
toroidal magnetic field ripple. The modulation of the ripple
due to the 18 superconducting coils is complex. In this paper
the authors want just to point out the fact that the emissivity
pattern is complex in the poloidal direction (factor 5 in the
emissivity change over 27 cm) but also toroidal directions
(ripple effect), and inevitably the monochrome will have
difficulties to assess temperature maps since the emissivity
also changes over the temperature increase of the PFC during
the pulses. In the case of bicolor measurement, the hypothesis
of a constant emissivity ratio over the temperature change
during plasma operation is assumed. This emissivity ratio is
measured pixel by pixel during the baking of the machine. The
question that is raised here is: does this assumption is still
valid for a W ITER-like PFU in an all-metal machine like
WEST during plasma operation? So far we do not have the
response. On the other hand for the monochrome IR
thermography, we know during WEST operation that 1) the
emissivity profiles evolve, profiles obtained between 2 plasma
discharges when the PFU temperature is homogeneous (from
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two temperature method), 2) at one location the emissivity is
evolving with temperature (but we do not know this evolution
since it depends on the surface composition and the surface
state of each observed area corresponding to 1 pixel (pixel
dependent). Post mortem studies are being conducted and will
be published. Between two discharges (no plasma), each
individual PFU temperature is homogeneous as measured by
fibre Bragg gratings (uncertainty: £ 1 °C) placed along some

PFU. The emissivity pattern (from €=0.13 to € = 0.65;
variation = 5 within 27 cm) along one PFU is evolving during
plasma operation (different plasma scenarios) and machine
conditioning [14]. The following up over experimental
campaign of the 2D emissivity map of the tungsten PFUs
should give us some indication on how we could eventually
handle this observation. The WEST lower divertor was
equipped with graphite tiles coated with ~ 10 pm tungsten on
top of ~ 3 um molybdenum. Six of these PFU were coated
additionally with a thin Mo interlayer (~ 0.1 um) and a W
cover layer (1-4 um) as erosion markers. After experimental
campaigns these tiles were analyzed [22] by Rutherford
Backscattering Spectroscopy (RBS), and by Nuclear reaction
Analyses (NRA) to get the amounts of tungsten, boron, carbon
and deuterium (depth profiles). Confocal Laser Scanning
Microscopy (CLSM) has also been used for measuring the
height profile on microscopic length scale. Net erosion above
1 pm is observed in the OSP and ISP areas as can be concluded
from RBS combined with results from scanning electron
microscopy (SEM) assited by energy dispersive X-ray
spectroscopy (EDX) and focued ion beam (FIB) cutting.
Moderate deposition is observed elsewhere while a sharp
transition to thick deposition layers up to the order of 10 pm,
is observed near the ISP area. From EDX, no further elements
in significant amounts are present in the deposited layers
besides the expected ones (W, Mo, carbon, boron from
boronisations, copper used in heating devices and finally
oxygen due to oxidation at the latest by air exposure after the
venting of the vacuum vessel) [22].

The conclusion that we can infer from these observations, is
that after plasma exposure most of the surface of the divertor
is no longer a pure pristine tungsten material, except at the ISP
and OSP where the heat flux is large corresponding to erosion
zones. Within material deposition zones in tokamaks, it seems
difficult to rely on theoretical or laboratory measurements of
the W emissivity, to make in-situ absolute monochrome
surface temperature measurements. Absolute temperature
measurement rely on the knowledge of emissivity, which is
evolving with temperature, wavelength and surface state.
Usually in present day machine, the emissivity of the PFCs is
supposed to be spatially uniform and not dependent on
temperature during shots.

3  Bicolor thermography

3.1 Principle

Another method to measure the absolute surface temperature
of an object is to exploit bicolor thermography. Let us see the
bicolor technic where the spectral radiance (W . sr'' . m? m!)
is measured at two different wavelengths A; and A,. The
spectral radiance at the two wavelengths is given by the Planck
law:

& C1 li_s

Li(eih,T) = Semms —hi@D i=lor2 @)
When integrated over the Full Width Half Middle (FWHM) of
the interference filter of the camera, the result is
the irradiance or the power per unit area. We assume for the
simplicity of the presentation that the irradiance is
proportional to the spectral irradiance since the FWHM of the
interferences filters used are generally quite small,
AL =FWHM ~ 0.2 pm in our case. On such a small bandwidth,
the transmission of the interference filters and spectral
irradiances at the two wavelengths are assumed constant.

The temperature T measured by the camera is calculated from
the measured power flux P(A,T):

P(T) = f/1 LAT) A~LAT) AA 3
Assuming the same A A = FWHM for the interference filters,
taking equation (3) at two wavelengths A; and A, we have
three unknowns: €, &, and T. A system of two equations with
three unknowns is undetermined since there is an infinite set
of three parameters that fulfill the system. We can reduce these
two equations into one equation to calculate the temperature.
For wavelength ~ 4 pm the Wien approximation
(exp(Co/AT) >> 1) is valid up to ~ 500 °C (A.T <3124 um.K
corresponding to 1% error).

Figure 3. (Top) picture of the two parts of plasma facing units made
of graphite coated with a layer of 10 um of tungsten. (Down) Inside
view of WEST tokamak equipped with tungsten covered coated tiles.

When the Wien approximation is valid, we can infer the
temperature from:



Nuclear Fusion XX (XXXX) XXXXXX

D. Guilhem et al

1 1
C2 (E_H

T- = ©
(26 )

When the Wien approximation is no longer valid, it can be
shown that the temperature is calculated from the relation:

C2 C
EXp(Az T’z)_l _ Exp(g, )1 _
Cz = &R Cz = farper (D ®)
B () . Exp(gy )1 ;
| I
Measured Look Up Table
apparent (LUT)
temperatures

where T’; and T, are the apparent temperatures (¢ = 1) and
er = €1/ & the emissivity ratio at A; and A,. The look-up table
is only dependent on the emissivities ratio er and the
temperature T. The emissivity ratio is calculated from
equation (5) during calibration, thanks to known temperature
of the divertor (350 °C for ITER), and apparent temperatures
T’; and T’; measured by the bicolor IR camera. Using the
extended Hagen-Rubens emissivity for tungsten [15] we
calculated that for the couple of wavelengths A1 = 4.4 pm and
A2 = 4.7 um, the uncertainty of the relative emissivity ratio is

Ager/er = 0.15 % for temperatures from 100 °C to 3000 °C. gr
is measured during calibration, and then assumed constant
since its variation with temperature is quite small figure 8.

Apparent Emissivity

ISP

l osp

ta 41

Figure 4. (Up) Measured emissivity profile plotted along a PFU
(dash red line) similar to the one showed here. The emissivity varies
along the PFU by a factor of ~ 5 within 27 cm, from 0.13 to 0.65.
(Down) Picture of divertor equipped with W-coated graphite PFUs.

Figure 5 is the apparent surface temperature map (¢ = 1) of
one sector of the divertor prior to shot #55946 (-1s). We can
observe a strong toroidal and poloidal inhomogeneity of the
apparent surface temperatures. FEach individual PFU
temperature is homogeneous as measured by some
thermocouples (uncertainty: + 0.4% of the measure) placed
along some PFUs. Figure 5 (bottom) presents the plots of the

thermocouple temperature of a PFU during shots #55945,
#55946 and #55963. It evidences the ratcheting effect
(increase) of the PFU temperature prior to the shots (-1 s):
115 °C, 161 °C and 204 °C.

We took advantage of shots #55946 and #55963 to calculate
the apparent emissivity of the W coated PFU, assuming that
the reflected ambient radiance was the same prior to shots.

3.2 Relative temperature uncertainty
The question we can raise about the bicolor technic is the
temperature uncertainty dependence, AT/T, with the
dependence of the uncertainty of the ratio of the emissivities
at the two wavelengths. Using the Wien approximation for
simplicity of the literal expression, the relative temperature
uncertainty considering no error on photons fluxes and
wavelength dL/L = dA/A = 0 is:
AT _ AR Af

0

T~ C2 &g

500 | P
a0}
300}
205 #55963

#55946

#55945 .
100 oy e . . . ; ; Time (s)

0 5 10 15 p1 25 30 35 40

Figure 5. (Top) Apparent (e = 1) surface temperature of a sector of
the divertor (refers to figure 3 for the view). (Bottom). Plot of one
PFU thermocouple temperature during shots #55945, # 55946 and
#55963.

Al. A2
A2-21

where: Ag = and & = % (8)
In the Wien approximation, the relative temperature
uncertainty is linearly proportional to the relative emissivities
ratio uncertainty. This is not the case at high temperature
(T >500°C at 4 um), where it increases more rapidly. Figure 6
presents the uncertainty of the temperature AT/T as a function

of the uncertainty of the ratio of emissivities at the two
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considered wavelengths, A;=4.1 uym and A,=44 pm
(Ar = 69), without the Wien approximation. For this set of
wavelengths we estimated that W emissivity ratio uncertainty
<0.92% is required to have a temperature uncertainty < 10 %
up to 3500 °C, and < 1.5 % for temperatures up to 1000 °C.
The temperature precision is = 2 % for the MWIR camera and
0.4 % for type K thermocouple.

3.3 Test of the bicolor technic

We propose to exploit these observations for the bicolor
thermography  within the MWIR infrared region,
measurements made in the CEA laboratory. The test bed was
optimized to minimize the effect of any reflected flux from the
surrounding, so that residual reflected flux was negligible. We
took advantage of a TELOPS® infrared camera fitted with a
filter wheel equipped with 6 interference filters: Ag =3.2 um
(FWHM = 0.6 um), A7 = 3.7 um (FWHM = 0.64 pm), A = 3.8
pm (FWHM = 0.55 um), As=3.9 um (FWHM = 0.52 pm),
As=44pum (FWHM = 0.18 um) and A3 =4.7um (FWHM =
0.24 um). The tungsten sample was equipped with a K-type
thermocouple used as a reference temperature. The reference
emissivities and reference emissivity ratio were estimated at
the ITER divertor baking temperature of 350 °C, and then kept
constant during the experiment. Figure 7 is a trace of the
uncertainty of the measured monochrome temperature at the
different wavelengths and of the bicolor temperature, as
function of the reference temperature. We estimated that the
maximum temperature uncertainty is 15.9 % < AT/T <23.5 %
at 850 °C for the monochrome technic at different
wavelengths (W emissivity measured during calibration at 350
°C and then kept fixed), and AT/T < 3.5 % at 822 °C for the
bicolor technic (W emissivity ratio measured during
calibration at 350 °C and then kept fixed). The camera
accuracy is * 2% as shown figure 7. The bicolor technic
matches the thermocouple measurement within the ITER
specification.

AT/T
45%
40%
35%
30%
25%
20%
15%
10%

5%

0%

0.0%

AM=41pm A,=4.4pum

T
1
1
: AEg/Eq

0.5% 1.0% 1.5% 2.5% 3.0%

2.0%

Figure 6. Dependence of the temperature uncertainty AT/T as a
function of the relative emissivity uncertainty Aer/er for different
surface temperatures up to 3500 °C. The ITER requirement is
AT/T < 10%.

The advantage of the bicolor technic is to exploit the ratio of
the emissivities at two wavelengths, which is weakly
dependent on the temperature at the considered wavelengths.
In our experiment the ratio of the emissivities estimated at
350 °C was kept constant gg=0.9402 to infer the bicolor
temperature uncertainty dependence of figure 7. From the
measured apparent surface temperatures T’;, T’; and the
thermocouple temperature, one can estimate the sample
emissivity evolution with temperature for each wavelength.
Figure 8 [24] shows the dependence of the emissivities ratio
as a function of the thermocouple temperature. It indicates that
the uncertainty on the emissivities ratio is within + 0.3 % from
300 to 850 °C, well below the required accuracy of £ 1 % to
have a temperature uncertainty [1T/T < 10 % up to 3500 °C,
figure 6.

4  Conclusion

The main variation of the emissivity is principally due to
deposition, presence of cracks or cracks networks on the
surface, but also with temperature and wavelength. It depends
on the location of the observed zone, in a HHF region where
erosion is taking place, or far from the strike point location
where we observe deposition. In ITER the PFUs will receive
heat flux of 10 MW/m? (the design value), after a long process
of increasing slowly the heat flux on the PFCs to ascertain the
operating scenarios, and after having ensured that surface
temperature measurements are made within a maximum
relative uncertainty of 10 % (in °C) to guaranty the protection
of'the ITER divertor. If the parts were sound, without presence
of any deposition or pollution, no modification of the true
surface temperature of the tungsten monoblocks would be
expected if the emissivity is known with enough precision.
However, we know that baking and conditioning
(boronisation) of the metallic walls in present day tokamaks is
regularly made. We also know that erosion in the HHF zones
and deposition in the low heat flux zones takes place, locations
depending on the operating scenario. Unexpected incident
could take place at any time, as vertical displacement event, as
disruption. Each of these effects may jeopardize the
knowledge of the absolute emissivity map needed to make a
monochrome surface temperature measurement with a good
precision (< 10%). The difficulty with the monochrome
surface temperature measurement is the temporal and spatial
variation of the emissivity of the PFUs surface material over
time (long pulses) and plasma scenarios (moving the strike
points). The main difference for the ITER-like actively cooled
PFU compared to the W coated graphite semi-inertial PFU
(studied in the paper), is the amplitude of the variation of the
emissivity along a PFU. For the ITER-like PFU a minimal
emissivity value of 0.06 is measured at the OSP and a
maximum value of 0.9 (x 15) far away from the ISP (instead
of 0.13, 0.65 and x 5 respectively). These data are to be
published with details. As the W-coated PFU have been
removed from WEST and replaced by ITER-like PFU (spring
2021), we will repeat the procedure after the restart of
operation, and compare the changes. However, we do not
anticipate to have a clear and predictable emissivity evolution
over experimental campaigns since the major player for the
absolute value of the effective emissivity rely on the surface
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state (erosion/deposition, baking, conditioning, boronisation,
experimental scenario, crack formation, etc...). We cannot
detangle all these physical effects since we do not have this
information. Much more details can be found on the effective
emissivity profile along a W coated PFU in [14].
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Figure 7. Dependence of the temperature uncertainty (monochrome
and bicolor) as a function of the thermocouple temperature
(reference). The reference temperature for the emissivities, or ratio
of emissivities, is 350 °C the baking temperature of the ITER divertor.

It will be valuable in the future to see if the bicolor absolute
surface temperature measurement can help to minimize the
temperature uncertainty. Concerning the extended Hagen-
Rubens emissivity relation, it was experimentally shown that
this expression is able to give the tendencies for A > 2 um for
pure pristine mirror-like tungsten, but it is not satisfactory for
rough, corroded, oxidized or coated/redeposited surfaces in a
real tokamak environment. This particular analytic
formulation of the emissivity is not taking into account the
diverse surface properties of PFCs, and can be misleading
because of the strong variations of the properties of the PFUs
surface material during plasma operation over time. Thus, it is
not possible to predict the radiative properties of plasma
facing components in a tokamak, unless the tungsten surface
approach ideal conditions of composition finish and state. This
is the case in a well-controlled experiment in a dedicated test
bed in a laboratory, but not in a tokamak. The emissivity to
apply to each individual pixel of an image (camera frame) is
different and dependent on temperature and its time history for
each wavelength. One route to get absolute surface
temperature is to take advantage of bicolor thermography and
have regular calibration of the ratio of the emissivities (and at
the same time the transmission of the optical system), pixel-
by-pixel during the known baking temperature of the machine
(350 °C for the ITER divertor). We have to point out that
bicolor thermography has already proved his ability to make
good measurements of metallic plasm facing components.
This technic has been successfully demonstrated on the NSTX
fusion research device [23] where the surface temperature of
lithium as it transitioned from solid to liquid and back was
observed both when it was electrically heated without the
presence of plasma, and when heated by plasma alone, then

cooled by conduction.

€R (4.4 /4.7 um)
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Figure 8. Dependence of the emissivity ratio as a function of the
thermocouple reference temperature. The fixed value taken at 350°C
for the emissivity ratio is 0.9402 for the bicolor temperature
estimation.
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