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ABSTRACT

In fusion devices, the surface temperature of plasma facing components is measured using infrared
cameras. This method requires a knowledge of the emissivity of the material, the reflected and
parasitic fluxes (Bremsstrahlung). For carbon, the emissivity is known and constant over the detection
wavelength (~3-5um). For Berylium and Tungsten, the reflected flux could contribute significantly
to the collected flux.

The pulsed photothermal method described in this paper allows temperature measurements
independently of both reflected and parasitic fluxes. A local increase of the surface temperature
(AT~10-15K) introduced by a laser pulse (few ns) results in an additional component of the photon
flux collected by the detector. Few us after the pulse, a filtering of the signal allows to extract a
temporal flux proportional only to the variation of the emitted flux, the emissivity and AT. The ratio
of simultaneous measurements at two wavelengths leads to the elimination of AT and emissivity.
The range of application increases for measurements at short wavelengths (1-1.7um) with no

limitation due to the Bremsstrahlung emission.

1. INTRODUCTION

In most of the existing tokamaks, the plasma facing components are in carbon, allowing large
temperature excursions without any dramatic and irreversible damages. However, in future fusion
devices, to alleviate the problem of tritium retention, carbon will be limited to the strict minimum
and likely replaced by metallic materials. In these conditions of metallic environment, the power
handling capability of the Plasma Facing Components (PFC) (mainly divertor and first wall) in
both steady state and fast dynamic heat deposition events (ELMs, disruption...) is of a major issue.
For next step fusion devices, such as ITER, the reference scenario of ELMy H-mode with type I
ELMs is of a particular concern. The ITER-like wall project [1] of JET with a full metallic machine
(first wall in Be and divertor in W) will require a careful control of the plasma scenario in terms of
plasma wall interactions associated with reliable surface temperature measurement techniques in
this high reflectivity and parasitic environment.

In today fusion devices, the surface temperature of the target plates is generally measured using
an infrared camera. This is a robust and well known method widely used in tokamaks for surface
temperature analysis [2-4] with carbon as main plasma facing components since the carbon emissivity
is generally always high (>0.8) and also independent of the plasma conditions. This method is also
used for safety considerations to limit and avoid the possible damages of the plasma facing
components in case of too intense heat load [2]. The development of techniques using optic-fibres
to estimate the surface temperature has also been carried out and have shown that, for opaque
materials, the surface temperature can be estimated, [5] assuming a uniform temperature profiles
on the viewed area, by each fibre. Other methods have also been considered, like measuring at two
and even three wavelengths [6], to take into account the possible variation of the emissivity over

the detection range. However, for all of these methods, it is assumed that the reflected flux



contribution to the collected flux is negligible. This is generally correct since the observations
nearly always concern the hottest area with a high emissivity. With metallic walls, the emissivity of
these PFCs is lower at least by a factor of two compared to carbon and/or exhibits variations over
both the temperature and wavelength detection ranges. In these experimental conditions, the reflected
flux will contribute to a non-negligible part of the flux collected by the detector and for the outer
wall, this contribution will be very likely larger than the emission due to its low surface temperature.
The modelling of the multiple reflections could be carried out, but, contrary to the industrial furnaces
with steady state conditions, in time varying tokamak conditions, the assessment of temperature
measurements can be very difficult and not reliable [7] in terms of safety during fast dynamic
events. As a consequence, if the reflected and parasitic fluxes cannot be removed from the total
signal, the classical IR thermography, relying on a collected flux solely resulting from the emitted
flux, cannot be used to measure correctly the true surface temperature of the viewed area.

In this paper, a pulsed photothermal method is proposed allowing the surface temperature to be
measured without error due to reflected fluxes from surrounding surfaces [7-9] and also from parasitic
emission from the plasma like Bremsstrahlung. In this method, a pulsed laser (few ns) induces a
local surface temperature variation. The resulting temporal increase of the emitted flux is proportional
to the surface temperature variation and independent from both the reflected flux and the parasitic
emission assumed to remain constant over the heat pulse duration and few us after the laser pulse.
The radiation collected by the detector results from the sum of a constant term (emission, reflection
and parasitic flux) and a dynamic term (variation of the emission). The separation of these two
components can be performed using a filtering of the signal. The surface temperature can be deduced
from the dynamic term since it depends on three unknowns: the surface temperature of the target,
its emissivity and the dynamic component of the surface temperature introduced by the laser pulse.
The ratio of two simultaneous measurements at two different wavelengths is performed to eliminate
the surface temperature induced by the heat pulse. The resulting ratio of the emissivities at these
two wavelengths can be estimated either at a known temperature (before the plasma breakdown for
example) or by assuming a known ratio. An essential feature of this technique is that changes in
emissivity, parasitic fluxes and/or of the temperature of the environment over timescales larger
than typically 10uss do not introduce any errors in the surface temperature determination.

The theoretical considerations of the pulsed photothermal method applied to the surface
temperature measurement are discussed in the first section. The principle of the surface temperature
measurement is presented in the second section. The temperature and wevelength ranges of the
method in the environment of a tokamak and in the frame of the project of a metallic wall is

discussed in the last section.

2. THEORITICAL CONSIDERATIONS
The photon flux collected at a wavelength A by a detector viewing a solid surface of an opaque

material at temperature T, in a surrounding assumed to be at temperature T, and exposed to a



plasma flux can be described by its radiance Lekand written in the form:
Ly =&, Ly (T,)+(1 —¢&y) L3 (T,)+ Bremy (Plasma) (1)

where LOX stands for the blackbody radiance, e'k for the spectral directional emissivity and Brem,
(Plasma) for the Bremsstrahlung emission of the plasma located between the target and the detector.

Only the first term on the right hand side, the emitted radiance, depends on the temperature of
the sample. However, a detector cannot separate the emitted flux from the reflected flux and the
parasitic flux. In case of high emissivity, when T >T_, classical pyrometry can be used by assuming
that both the reflected and parasitic fluxes give negligible contributions to the collected signal.
However, when these experimental conditions are not fulfilled, the difference between estimated
temperature and the true temperature can be very high. Figure 1 shows the values of the temperature
T, which would be deduced from a monochromatic pyrometer assuming that the spectral emissivity
is known but without considering a contribution from the reflected flux and assuming negligible
Bremsstrahlung. As it can be seen from this figure, when the emissivity of the observed target is
higher than about 0.7, the effect of the reflected flux at 3um is in the order of 18 to 25% provided
the surrounding temperature, T, remains less than 1200-1400K. However, for emissivities lower
than 0.3, the contribution of the reflected flux in the collected flux leads to very high errors. Indeed,
for a surrounding temperature of “only” 1200K and a real surface temperature of 1000K, the
temperature is estimated to be 1600K. It is worth noting that for longer wavelength this error is
even higher and at Sum a temperature of 2200K would be estimated. This is due to the lower
contribution of the emitted flux at 1200K at Sum compared to the intensity at 3um.

In tokamaks, optical pyrometry can be used only when e,)LLO,1 (T,) >> (1 —.s'k)LO/1 (T,) Brem,
(Plasma). These are the typical experimental conditions in today’s tokamaks where carbon is used
to handle high heat flux on the target plates of the divertor whilst the emissivity is >0.8.

In future fusion devices, the carbon will be replaced by metallic walls; Be for the wall and W for
the divertor in the case of the JET-EP2 project [1]. The actual methods to measure the surface
temperature are based on IR measurement integrated over the 3-5um wavelength range [2-4] but
the use of the classical IR camera detection could be compromised by the contributions of both the
reflected and the parasitic fluxes. The pulsed photothermal method is used to separate the emitted
flux from the collected flux and therefore to deduce the true surface temperature independently of
the reflected and parasitic fluxes. This method has been developed both in modulated and pulsed

regimes [8, 9] and has also been applied for further development with optical fibres [10].

3. PRINCIPLE OF THE SURFACE TEMPERATURE MEASUREMENT
In tokamak’s experimental conditions, the emitted, reflected and parasitic fluxes can be assumed
constant over a duration of 10-20us. The local perturbation AT(r,t) of the temperature introduced

by means of a pulsed local illumination results in a local temperature which can be written as



T(r,t) =T + AT(r, t). If if AT(r,t) <<T_ (10K compared to 1000K) and the variation of the emissivity
over this temperature variation can be considered negligible, the flux leaving the target is proportional

to the following expression:

@, (o &Ly (T,) +(1 —¢3) Ly (T,)+ Bremy, (Plasma) + s’kﬂ%ﬂ(m AT(?) (2)

Therefore, the radiation leaving the target appears to be the sum of a continuous term and a dynamic
term, as schematically described in figure 2. The continuous term contains the emitted flux, the
reflected flux and the parasitic emission. The dynamic term only depends on the target temperature
and its associated emissivity. Therefore, by filtering the electric signal delivered by the detector, it
is possible to separate the continuous from the dynamic components and consequently to separate
the reflected, emitted and parasitic fluxes from a term which only depends on the emitted flux.
The dynamic photothermal signal collected by a detector depends on three unknown parameters:
the surface temperature, T , the emissivity, sl)h, and the dynamic component of the surface temperature,
AT(t,) introduced by the laser pulse. For a given wavelength of detection, this signal S, (t) can be

written in the form [8, 9]:

Sy, (f) = Dy &3 AQT AN %D(To) JAT(H)dS )

where D, is the detectivity of the detector, AQ the solid angle of the detection, T, the transmission
factor of the overall measurement chain, AA the spectral bandwidth of the detection and AS the area
viewed by the detector.

In practice, in today’s tokamaks, the emissivity of the plasma facing components (PFC) is more
or less known, and in the case of the carbon there is a wide data base allowing a good confidence in
the value of the emissivity used to estimate the surface temperature. However, with mixed materials
already used in ASDEX [11] and foreseen in JET [1] and in ITER [12], the emissivity will be in the
range 0.2 to 0.8-1.0 depending on the material and also on the possible deposited layers on the
PFCs. Therefore, the emissivity has to be eliminated from the chain of measurement. To determine
the surface temperature, the second unknown, AT(t), of Eq. (3) has also to be eliminated since this
value cannot be determined with sufficient accuracy.

To eliminate AT(t), two simultaneous measurements at two wavelengths, A, and A, can be performed

and by making the ratio of theses signals, the following expression results:

SL3, )
SM B DMTMA}\‘M € or ¢ )
Sy Dy oAby | &y OL3,

ST (T,)

In this expression, it can be seen that the geometrical factor AQ has also disappeared while the first



ratio of the right hand side of the Eq.(4) can be determined by an appropriate calibration procedure.
In this equation, the ratio of the emissivities is also present and at this stage it has to be eliminated
to extract the surface temperature. The problem of the emissivity can be overcome using the so-
called two colour approximation, in which it is assumed that the ratioe}'»l/ € ‘Mis known and/or equal
to unity. In the case of the tokamak the surface temperature of the targets is generally well controlled
and known just before the plasma breakdown. Therefore, measurements before the plasma discharge
can be easily carried out and used as a reference to calibrate the ratio of the emissivities and also to
monitor a possible drift of this ratio. Finally, the time resolution of this method depends on the
detection system and the surface temperature which both have an impact on the resulting signal to

noise ratio and are discussed in the following section.

4. CHARACTERISTIC TIME AND DETECTION WAVELENGTH

From laboratory experiments it appears that the surface temperature measurement can be carried
with a delay lower than 7-10us with respect to the time of the laser pulse. Figure 3 displays the time
evolution of the surface temperature of a graphite tile of Tore Supra during a series of laser pulses.
The fluence of each heat pulse is =0.7 J/cms=, the repetition rate is 10 kHz, the laser wavelength is
532 nm, the pulse duration is 90 ns and the detector is at“Pyroskop 274-LWL” with a time response
of Sus at 90% of the final signal. In this example, the amplitude of the thermal perturbation is very
high compared to what would be necessary for the pulsed photothermal method where 10K is large
enough to get a significant signal to noise ratio. The surface temperature variation is proportional to
the energy of the heat pulse and a lower energy would simply leads to a lower signal amplitude.
However, the bulk temperature of this sample was about 300K and it can be seen that this temperature
is nearly recovered already 90us after the laser pulse.

Three phases can be clearly distinguished from this plot. The first phase occurs immediately
after the heat pulse and range from 0.09us to 7us. The peak observed on the temperature results
from hot spots due to the energy deposition on a non uniform surface and therefore leading to
locally very high temperature. This phenomenon is similar to what is observed during plasma wall
interaction on carbon [13]. This phase is difficult to use for surface temperature measurement since
the “information” of the surface temperature is not easy to extract from this part of the photothermal
signal. Indeed, the signal intensity clearly results from the contribution of the non-uniform surface
temperature (local hot spots) and possibly from dusts. The two following phases, respectively from
32 These

two time evolutions can be explained by the area observed compared to the area heated (diameter

7 to 80us and above 80us, exhibit a time evolution respectively proportional to t "% and t

~Imm) by the laser. In the first phase (t_m), the heat diffusion on the observed area (diameter of
0.5mm) takes place only in depth and can be assumed as the classical semi-infinite modelling. The
observed area is smaller than the characteristic length of heat diffusion in the radial direction, w=/D
where w is the laser beam waist and D the thermal diffusivity. After 80us, the diffusion process

over the radial direction is also observed and the time constant evolves as t . In terms of time



resolution, this example clearly shows that a synchronised acquisition of the signal between 7 and
10us after the laser pulse would allow measurements without any contribution from hot spots,
reflected and parasitic fluxes. During this width of 3us, the plasma conditions (Bremsstrahlung)
and the reflected flux can be supposed constant. The signal acquisition over 1us in this window is
short enough to envisage a time resolution for the power ELM deposition.

The pulsed photothermal method has been demonstrated to be a valuable technique for surface
temperature measurements [8-10] in the range covering the temperature observed on PFCs. Also, if
the emissivity is not well known at short detection wavelength, the effect on the resulting temperature
deduced either by monochromatic pyrometry and/or photothermal pyrometry leads to a weak error as
the wavelength of detection is decreased. However, it should be noted that working at short wavelengths
does not avoid the problems due to the reflected and parasitic fluxes. Figure 4 shows the ratio of the
signals (Eq. 4) plotted as a function of the temperature for two wavelength A, = 1.1um and A, = 1.6um
and for two ratio of the emissivities €,/ €,,= 1 and ¢,/ €,,=0.75. The same ratio is plotted for a pair of
wavelengths in the IR detection bandwidth A, = 3.0um and A, = 5.0um. From this figure it can be
seen that the effect of an error on the ratio of the emissivities is also significantly reduced for short
wavelengths while the signal ratio exhibits a wider dynamic as a function of the temperature. Indeed,
an error of 25% on the emissivity ratio leads to a maximum error of 200K for a temperature of
2000K at A, = 1.1um and A, = 1.6um. while it would be of 600K for A, = 3.0um and A, = 5.0um.

InGaAs CCDs detectors work in the 1.1-1.6um range and can cover a temperature range from
300 to 2000°C by adjusting the exposure time and/or by using natural filters for higher temperature.
This could also permit to work with “ordinary” glass optics at 1.6um. Finally, it is worth noting that
the noise resulting from neutrons is also significantly less compared to the InSb detectors more
traditionally used in the 3-5um range and also that the price of these detector is significantly lower
than the InSb detectors.

CONCLUSIONS

In future fusion devices, the PFCs will be mainly made of metallic materials like Berylium and
Tungsten. The surface temperature measurements will be essential for the global understanding of
the plasma wall interaction as well as for safety reasons. Moving from carbon with high emissivity
to materials with low emissivity results in an enhanced contribution of the reflected flux to the
collected flux by the detector. The pulsed photothermal method allows a measurement of the surface
temperature independently of the reflected flux and of the parasitic flux (Bremsstrahlung). The
measurement is still proportional to the ratio of the emissivities which result and can be either
supposed to be known and/or measured experimentally at a reference temperature well controlled
and known just before the plasma breakdown. From this analysis, the typical time width of the
measurement can be triggered over less than 10us after the pulsed laser and integrated over a
period of 1 to 3us, which can possibly allows for an analysis of the ELMs and disruption power

deposition. Finally, it shown that the detection in the wavelength range from 1.1 to 1.6um presents



several significant advantages in terms of time constant and price and that InGaAs detectors appear

well adapted to this purpose.
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Figure 1: Influence of the reflected flux on the measured
surface temperature T,, by classical pyrometry given by
L% = €,L°%, (T,) assuming that all the collected flux is
the emitted flux. The target is at a temperature T,=1000K
located in a surrounding at a temperature of T,. Three
target emissivities are considered, the detection
wavelength is taken at 3um and the Bremsstrahlung
emission is neglected.
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Figure 2: Schematic view of the principle of the pulsed
photothermal method.
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Figure 3: Time evolution of the surface temperature of a
graphite tile of Tore Supra during a series of laser pulse.
The fluence of the laser heat pulse is = 0.7 Jlem®, the
repetition rate is 10kHz, the laser wavelength is 532nm
and the pulse duration is 90ns. This signal represents the
averaged of the sum of 7 consecutive pulses to analyse
the characteristic times.

Figure 4: Ratio of the photothermal signals plotted as a
function of the surface temperature for two sets of
wavelengths (A; = 1.1um and A,=1.6um) and (A;=3.0um
and A,=5.0um) and for two ratio of the emissivities €,/
Ep=1and &,/ €,=0.75.
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