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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 (~3-5 um). For beryllium 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 ~ 10-15 K) introduced by a laser pulse (few ns) results in an additional component of the photon flux
collected by the detector. Few ps 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
(1-1.7 pm) with no limitation due to the Bremsstrahlung emission.
© 2007 Published by Elsevier B.V.

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 reten-
tion, carbon will be limited to the strict minimum
and likely replaced by metallic materials. In these
conditions of metallic environment, the power han-
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dling 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 con-
trol of the plasma scenario in terms of plasma wall
interactions associated with reliable surface temper-
ature measurement techniques in this high reflectiv-
ity and parasitic environment.
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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 tem-
perature 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 pos-
sible damages of the plasma facing components in
case of too intense heat load [2]. The development
of techniques using optic-fibres to estimate the sur-
face temperature has also been carried out and have
shown that, for opaque materials, the surface tem-
perature 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 emis-
sivity 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 emissiv-
ity. With metallic walls, the emissivity of these PFCs
is lower at least by a factor of two compared to car-
bon and/or exhibits variations over both the tem-
perature and wavelength detection ranges. In these
experimental conditions, the reflected flux will con-
tribute to a non-negligible part of the flux collected
by the detector and for the outer wall, this contribu-
tion 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, con-
trary to the industrial furnaces with steady state
conditions [7], in time varying tokamak conditions,
the assessment of temperature measurements can be
very difficult and not reliable in terms of safety dur-
ing 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 [8,9] 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 tempo-
ral increase of the emitted flux is proportional to the

surface temperature variation and independent
from both the reflected flux and the parasitic emis-
sion assumed to remain constant over the heat pulse
duration and few ps after the laser pulse. The radi-
ation collected by the detector results from the sum
of a constant term (emission, reflection and parasitic
flux) and a dynamic term (variation of the emis-
sion). The separation of these two components can
be performed using a filtering of the signal. The sur-
face temperature can be deduced from the dynamic
term since it depends on three unknowns: the sur-
face 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 wave-
lengths is performed to eliminate the surface tem-
perature 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 10 us do not
introduce any errors in the surface temperature
determination.

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

2. Theoretical considerations

The photon flux collected at a wavelength 4 by a
detector viewing a solid surface of an opaque mate-
rial at temperature T, in a surrounding assumed to
be at temperature T and exposed to a plasma flux
can be described by its radiance LS and written in
the form:

L5 = €L;(To) + (1 — &) L3(T}) + L™, (1)

where L) stands for the blackbody radiance, ¢, for
the spectral directional emissivity and L¥™*™ for the
Bremsstrahlung emission of the plasma located be-
tween the target and the detector.

Only the first term on the right hand side, the
emitted radiance, depends on the temperature of
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the sample, but a detector cannot separate the emit-
ted 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 contri-
butions to the collected signal. However, when these
experimental conditions are not fulfilled, the differ-
ence between estimated temperature and the true
temperature can be very high. Fig. 1 shows the val-
ues of the temperature 7T, which would be deduced
from a monochromatic pyrometer assuming that
the spectral emissivity is known but without consid-
ering a contribution from the reflected flux and with
a Bremsstrahlung emission which is negligible at
3 um (see below). 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 18-25% provided the
surrounding temperature, 7T, remains less than
1200-1400 K. However, for emissivities lower than
0.3, the contribution of the reflected flux in the col-
lected flux leads to very high errors. Indeed, for a
surrounding temperature of ‘only’ 1200 K and a real
surface temperature of 1000 K, the temperature is
estimated to be 1600 K. It is worth noting that for
longer wavelength this error is even higher and at
5 pum a temperature of 2200 K would be estimated.
This is due to the lower contribution of the emitted
flux at 1200 K at 5 um compared to the intensity at
3 pm.
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Fig. 1. Influence of the reflected flux on the measured surface
temperature Ty, by classical pyrometry given by LY = &,L%(Ty)
assuming that all the collected flux is the emitted flux. The target
is at a temperature 7, = 1000 K located in a surrounding at a
temperature of 7. Three target emissivities are considered, the
detection wavelength is taken at 3 pm and the Bremsstrahlung
emission is neglected.

In tokamaks, optical pyrometry can be used only
when €,L9(T,) > (1 — &,)LY(Ts) + L¥™™. In today’s
tokamaks, where carbon is used to handle high heat
flux on the target plates of the divertor, the emissiv-
ity is >0.8. As a consequence, the contribution of
the term (1 — &,)L(T,) in the total signal remains
weak. The Bremsstrahlung emission LX™™ becomes
significant for short detection wavelengths (<1 pm)
and can therefore significantly contributes to the
collected signal in short detection wavelength range.

Fig. 2 shows the ratio R(4,T,) :$
function of T, for different detection wavelengths
for a central density of 1n,(0) = 6.0 x 10" m 3, a cen-
tral temperature of 7,(0) = 5 keV, parabolic profiles
and a minor plasma radius of 0.8 m. It can be seen
that for temperature lower than typically 1000 °C
and in the detection range 0.7-0.9 um, the contribu-
tion of the Bremsstrahlung emission can be signifi-
cant. It is worth noting that the Bremsstrahlung
emission increases proportionally to n.7T é/ 2 showing
that this contribution increases with the plasma
performances. Working at long wavelengths
(>5 um) for detection represents the advantage of
nearly no contribution from both Bremsstrahlung
and hot spots. However, the contribution of the
emissivity increases and in the case of strong varia-
tion of the emissivity (for example, when beryllium
melts, the emissivity drops from about 0.5 to only
0.1) this can lead to huge errors. Working at short
wavelengths allows to strongly reduce the impact
of the emissivity in the signal but as shown above
the Bremsstrahlung emission becomes non-negligi-
ble. However, it is worth noting that independently
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Fig. 2. Ratio R(4, T"):W as a function of T, for
different detection waveléngths for a central density of
14(0) = 6.0 x 10" m~3, a central temperature of 7,(0) =5 keV.
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of the wavelength range, the contribution of the
reflected flux remains.

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] while the plasma performances should be
improved also leading to an enhanced neutron flux.
The actual methods to measure the surface tempera-
ture are based on IR measurement integrated over
the 3-5 um wavelength range [2-4] but the use of
the classical IR camera detection could be compro-
mised not only by the neutrons (not discussed in this
paper) but also by the reflected and by the parasitic
fluxes particularly if short detection wavelengths
(CCD camera for example) are used. 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 applied for the surface temperature mea-
surement of wings in industrial turbines [10] (strong
reflected flux between fixed and moving wings) and
for further developments with optical fibres [11].

3. Principle of the surface temperature
measurement

In tokamak’s experimental conditions, the emit-
ted, reflected and parasitic fluxes can be assumed
constant over a duration of 10-20 ps. The local
perturbation A7{(r,t) of the temperature introduced
by means of a pulsed local illumination results in a
local temperature which can be written as 7(r,t) =
T, + AT(r,t). If AT(r,t) < T, (10 K compared to
1000 K) and the variation of the emissivity over this
temperature variation can be considered negligible,
the flux leaving the target is proportional to the fol-
lowing expression:

@,(t) o &,L(T,) + (1 — &))LY(T) + LBrem
, oL

+ 8, 2 (TO)AT(0) )

Therefore, the radiation leaving the target
appears to be the sum of a continuous term and a
dynamic term. The continuous term contains the
emitted flux, the reflected flux and the parasitic
emission. The dynamic term only depends on the
temperature derivative of the radiance, temperature
variation and its associated emissivity. Therefore,
by filtering the electric signal delivered by the detec-

tor, it is possible to separate the continuous from
the dynamic components and consequently to sepa-
rate 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 derivative of the radiance with respect to the tem-
perature 7, the emissivity &), and the dynamic com-
ponent of the surface temperature, A7(z), introduced
by the laser pulse. For a given wavelength of detec-
tion, this signal S,(¢) can be written in the form [8,9]:

Jor!
S,(1) = D¢, Qe 0725 (1) / AT(1)dS, 3)
or AS

where D; is the detectivity of the detector, AQ the
solid angle of the detection, 7, the transmission fac-
tor of the overall measurement chain, A4 the spec-
tral bandwidth of the detection and AS the area
viewed by the detector.

With mixed materials already used in ASDEX
[12] and foreseen in JET [1] and in ITER [13], the
emissivity will be in the range 0.2 to 0.8-1.0 depend-
ing on the material and also on the possible depos-
ited layers on the PFCs. Therefore, the emissivity
has to be estimated from the chain of measurement.
AT(?), has to be eliminated since this value cannot
be determined with sufficient accuracy.

To eliminate AT7{(¢), two simultaneous measure-
ments at two wavelengths, 4; and /,, can be per-
formed and by making the ratio of theses signals,
the following expression results:

S,ﬁz D,{ZTizA/lz

oLY
Si (DA] TilA/ll) &, = (To) @)
o )

or

In this expression, it can be seen that the geomet-
rical factor AQ has also disappeared while the first
ratio of the right hand side of Eq. (4) can be deter-
mined by an appropriate calibration procedure. The
ratio of the emissivities also results and it has to be
eliminated to extract T,. The problem of the emis-
sivity can be overcome using the so-called two
colour approximation, in which it is assumed that
the ratio ¢, /¢; is known and/or equal to unity.
An other possibility is to work at short wavelengths
as discussed in the following section.

4. Characteristic time and detection wavelength

This part focuses on the analysis of the time
evolution of the photothermal signal collected by
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Fig. 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 J/em?, the repetition rate is 10 kHz, the
laser wavelength is 532 nm and the pulse duration is 90 ns. This
signal represents the averaged of the sum of seven consecutive
pulses to analyse the characteristic times.

a pyrometer during a series of laser pulses carried in
a laboratory on a graphite tile removed from the
tokamak Tore Supra (Fig. 3). The fluence of each
heat pulse is 0.7 J/cm? the repetition rate is
10 kHz, the laser wavelength is 532 nm, the pulse
duration is 90 ns and the detector is a ‘Pyroskop
274-LWL’ (1.58-2.2 um of detection range) with a
time response of 10 ps. In this example, the ampli-
tude of the thermal perturbation is very high com-
pared to what would be necessary for the pulsed
photothermal method where 10 K is large enough
to get a significant signal to noise ratio. The surface
temperature variation is proportional to the energy
density deposition of the heat pulse. A lower energy
would ‘simply’ lead to a lower signal amplitude and
an increase of the illuminated area would also lead
to a drop of the amplitude, but in this case, the
space resolution would be affected.

Three phases can be distinguished from this plot.
The first phase occurs immediately after the heat
pulse and range from 0.09 us to 7 ps. The peak
observed on the temperature results from hot spots
due to the energy deposition on a non-uniform sur-
face and therefore leading to locally very high tem-
perature. This phenomenon is similar to what is
observed during plasma wall interaction on carbon
[14]. This phase is difficult to use for surface temper-
ature 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 7 to 80 pus and above
80 ps, exhibit a time evolution, respectively, propor-
tional to /"2 and /2. These two time evolutions
can be explained by the area observed compared
to the area heated (diameter ~1 mm) by the laser.
In the first phase (%), the heat diffusion on the
observed area (diameter of 0.5 mm) 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 80 ps,
the diffusion process over the radial direction is also
observed and the time constant evolves as /2. In
terms of time resolution, this example clearly shows
that a synchronised acquisition of the signal
between 7 and 10 ps after the laser pulse would
allow measurements without any contribution from
hot spots, reflected and parasitic fluxes. During this
width of 3 ps, the plasma conditions (Bremsstrah-
lung) and the reflected flux can be supposed con-
stant. The signal acquisition over 1 pus in this
window is short enough to envisage a time resolu-
tion for the power ELM deposition. In terms of time
constant, the limitations of the method come both
the transient hot spots (<1 ps [14]) induced by the
laser pulse (non-uniform surface temperature) and
of the assumption that in the time window between
the laser pulse and the final detection the surround-
ing remains in steady state even during ELMs and
sawteeth, for example.

If the emissivity is not well known at short detec-
tion wavelength, the effect on the resulting tempera-
ture deduced either by monochromatic pyrometry
and/or photothermal pyrometry leads to a weak
error as the wavelength of detection is decreased.
Also, it is worth noting that with classical pyrome-
try strong variations of the emissivity can lead to
very large errors in the temperature estimation. As
an example, during High Heat Flux (HHF) testing
on beryllium in JET Test Bed it was found [15] that
with increasing surface temperature the emissivity
increases (from ~0.3 up to ~0.5-0.6) but that imme-
diately after melting (~1200°C) the surface
becomes very clean and the emissivity drops dra-
matically to values as low as 0.1. With classical
pyrometry, such a decrease of the collected signal
by a factor of 5 could be interpreted as a result of
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a lower surface temperature. Since the emissivity
ratio does not change in this huge proportion the
photothermal method would clearly lead to a more
precise estimation of the surface temperature. In
addition, working at short wavelength also strongly
reduce the error associated to a variation of the
emissivity ratio as shown below.

Fig. 4 shows the ratio of the signals (Eq. (4))
plotted as a function of the temperature for two
wavelength A, =1.1 pm and 2, =1.6 um 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
A1=3.0pum and A, =5.0 um. 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 max-
imum error of 200 K for a temperature of 2000 K at
A1 =1.1 ym and A, = 1.6 um. while it would be of
600 K for 4; = 3.0 pm and A, = 5.0 um.

InGaAs CCDs detectors work in the 1.1-1.6 um
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 1.6 um. Even if no discussed in this paper,
it is worth noting that the noise resulting from neu-
trons is also significantly less compared to the InSb
detectors more traditionally used in the 3-5pum

A,=1.1um and A,=1.6um
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Fig. 4. Ratio of the photothermal signals plotted as a function of
the surface temperature for two sets of wavelengths (4, = 1.1 um
and 1, = 1.6 ym) and (4, = 3.0 um and 4, = 5.0 pum) and for two
ratio of the emissivities ¢;, /¢;, = 1 and ¢;, /¢;, = 0.75.

range and also that the price of these detector is sig-
nificantly lower than the InSb detectors.

The thermomechanical characteristics of the
PFCs change dramatically with the plasma interac-
tion and these modifications have consequences on
the characteristic time evolution of the heat diffu-
sion in the layers and/or bulk of the material. The
proposed method relies on a ratio of measurement
to eliminate the temperature variation introduced.
As a consequence the modifications of the surface
of the PFC does not affect at all the principle of
the measurement. It is worth noting that the modi-
fications of the PFC surface and characteristics are
not a problem for the surface temperature measure-
ment, using the proposed method and/or the classi-
cal IR pyrometry. However, this is a clear difficulty
for the estimation the heat flux interacting with the
surface and leading to the measured temperature.
Indeed, the estimation of this heat flux relies on
both a structure (semi-infinite, layers...) for the
PFC and a surface temperature. Since the structure
of the material changes the associated modelling to
‘invert’ the measured temperature becomes more
difficult and the heat flux estimation is less accurate;
this is independent of the method used to determine
the surface temperature.

5. Conclusions

In future fusion devices, the PFCs will be mainly
made of metallic materials like beryllium and tung-
sten. The surface temperature measurements will be
essential for the global understanding of the plasma
wall interaction as well as for safety reasons. Mov-
ing from carbon with high emissivity to materials
with low emissivity results in an enhanced contribu-
tion of the reflected flux to the collected flux by the
detector. The pulsed photothermal method allows a
measurement of the surface temperature indepen-
dently of the reflected flux and of the parasitic flux
(Bremsstrahlung) independently of the wavelength
detection range. This method represents a clear
advantage for surface temperature measurement
not only in presence of strong reflected flux, but also
when dramatic variation of emissivity occurs like
for beryllium which emissivity dramatically drops
by a factor of 5 when melting. From this analysis,
it is shown that the typical time width of the mea-
surement can be triggered over less than 10 us after
the pulsed laser and integrated over a period of 1-
3 us with the assumption that in this time window
(between the laser pulse and the final detection)
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the hot spots possibly induced by the laser pulse
(non-uniform surface temperature) have cooled
down and that the surrounding remains in steady
state. Therefore, this method can possibly allow
for a time resolution of the ELMs and the disrup-
tions. Finally, it is shown that the detection in the
wavelength range from 1.1 to 1.6 um presents sev-
eral significant advantages in terms of time constant
and price and that InGaAs detectors appear well
adapted to this purpose.
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