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SUMMARY

10 mm thick Beryllium tiles brazed to a CuCrZr vapotron have been shown to withstand power
densities of 20 MW/m? for up to 2 seconds without catastrophic failure of the braze. Some of
the tile surface was above liquidus temperature for up to 900 ms. A strong Be I line intensity is
observed approximately 500 ms after the start of surface melting. The emissivity of the surface
shows strong variations with time and location once the surface has been above liquidus. The
surface damage is quite limited, however cracks are observed after several exposures above
liquidus. The reflectivity for wavelengths to which the CCD camera is sensitive changes
strongly once the surface has been above melting. This might cause saturation effects leading to
misinterpretation. The experimental results are being used successfully by ITER and NET to

benchmark numerical models.

1. INTRODUCTION

Brazing of Beryllium tiles to CuCrZr heat sinks has initially been developed at JET for a water
cooled divertor [1] and tests have been carried out on 1.5, 2, and 3 mm thick tiles [2]. Later this
technology was applied to 10 mm thick tiles which are more relevant for the ITER divertor and
first wall components. In a first test the tiles were exposed to power densities of 5 - 6 MW/m?
as expected for the ITER divertor [3]. The present test tries to simulate the ITER fault condition,
when the radiative divertor is lost and the plasma burns through to the armour plate. The
expectation is that a radiative cloud forms due to evaporation from the Beryllium armour which
reduces the impinging power density and thus limits the damage to the armour tile [3]. In this
test we simulate the anticipated ITER power densities to provide benchmark data for modelling.

The vapour shielding itself can not be tested in this experiment as the particle energy is too high.

2. EXPERIMENTALTEST DETAILS

The test was performed in the JET Beryllium test rig which has been previously described [2].
The test section is detailed in table 1 and is shown in Fig.1. Only the upper part of the test
section with the discolouration in Fig.1 was used for the test described here. The same tiles had
been exposed to 100 pulses of mostly 10s duration at power densities between 5 and 6 MW/m2

[4]. One tile, which was used for visual examination, is removed from the test section in Fig.1.



Table 1: Test section details

Be tiles 27 x 27 x 10 mm3, uncastellated, Beryllium grade S65C
braze cycle induction braze at 720°C with InCuSil "ABA" braze
heat sink 27 mm wide vapotron with 4 mm fin height and 3 mm fin width

and fin spacing and 8 mm high water channel.

water flow rate 4.3 m3/h - corresponds to 7.7 m/s
water inlet temperature 20°C

water pressure approximately 6 bar in the test section
water pressure drop 4.4 bar

2.1 Test geometry

The test section was installed vertically behind a scraper with the outer 4 mm of the test section
shielded by one of the scrapers. A copper calorimeter with 16 mm spacing between the
individual calorimeters was installed beside the test section and used for measuring the vertical
profile and the power density. Both test section and copper calorimeter are inclined by 80°

against the beam normal. A schematic plan view of the experimental set-up is shown in Fig2.
2.2 Diagnostics

The surface of the test section is viewed by an IR imaging system and by a video camera. The
IR system can either run in frame mode with a repetition rate of 30 Hz or in line mode with a
repetition rate of up to 2.5 kHz. Most of the measurements were done in line mode. The highest
calibrated range is 500 - 2000°C which allows measurements above 2000°C for emissivities <1.
In this high temperature range a narrow bandwidth filter is used with maximum transmission at
2.8 micron. The viewing angles are shown in Fig.3 which gives the elevation view of the test
rig. Power density is measured with both an inertial copper calorimeter and water calorimetry.
In the case of water calorimetry we measure the absorbed total energy E,, and get the peak

power density pp,.x via

Etot = Pmax X W X TX jp(z)/pOdZ

with w = exposed width of the test section, T= exposure time, and p(z)/py as normalised vertical
power density.
It should be noted that both measurements give a power density averaged over the width

of the test section.




2.3 Power density profile

The vertical profile can be derived from the inertial calorimeter. Fig.4 gives an example for a
pulse with steady state conditions (6s) and modest power densities (7.6 MW/m2). On the
vertical profile the peak power density extends over approximately 80 mm which corresponds
to the width of 3 tiles.

On the horizontal profile the temperature drops by approximately 20% over the width of
the tile. The peak power density extends over roughly 5 mm.

The power density from water calorimetry and from the inertial calorimeter agree
generally quite well (Fig.5) with a scatter of £10% if plotted against extracted power. In the
case of modulated beams, which were used for the pulses with melting, the scatter of the water
calorimetry is larger.

2.4 Beam properties.

The tiles were exposed to a hydrogen beam with an energy of typically 75 keV/amu in the full
energy component. The beam is approximately 40% neutralised with roughly 70% of the power
in full energy particles, the rest in particles of 1/2 and 1/3 of the full energy . The pressure in the
vacuum chamber during exposure is approximately 4 pbar of hydrogen.

2.5 Beam modulation.

The power density in the beam was constant during a pulse. The average power density on the
test section can be varied by modulating the beam (on/off modulation). The modulation

sequence used throughout this test was:

1. Modulation with 18 ms on every 80 ms for 4 seconds ( average power density is 22.5%
of the peak power density) followed by

2. beam full on for up to 1.5 seconds followed by

3. modulation with 12 ms on every 34 ms (average power density is 35% of the peak power

density) for approximately 2 seconds.

The error in measuring the on time is approximately 1 - 2 ms per reapplication, which can
influence the actual average power density by up to 20% in the case of the modulation sequence
3. Additionally the power density in the modulated phase can be reduced by natural breakdowns

which increase the off time and reduce the on time. A typical current trace is shown in Fig.6.



3. TEST SEQUENCE

The test was carried out in several steps with visual examinations of the tile between each step.

The sequence was as follows:
1. Exposure to long pulses with surface temperatures up to 1000°C.

2. Exposure to modulated beam with a peak power density of 20 MW/m?2 and the power
density profile described above in 2.5 (22.5% - 100% - 35%). s of permanent beam on
and with part of the surface above liquidus for up to 300 ms.

3. Same modulation as in 2 but with 1.3 s permanent beam on and with some of the surface
above liquidus for up to 700 ms in 2 pulses.

4. Same modulation as in 2 but with 1.5 s permanent on ( 800 - 900 ms above liquidus for 4
pulses).

5. Calibration of the IR imaging system.

The calibration of the IR imaging system was done after the experiment and will be
explained later. For all the measurements we used an emissivity of 0.35 which had been
measured previously on several experiments with Be S65C. Some measurements were then

reprocessed using the emissivity as measured at the end of the experiment.

4. EXPERIMENTAL RESULTS

The experimental results are listed here in sequential order starting with unmodulated beams and
surface temperatures up to 1000°C, followed by the melt experiment, and finally the calibration

of the surface temperature measurement.
4.1 Pulses without melting.

This part of the experiment was performed to establish that the tiles could be heated up to
surface melting without being damaged. The beam ontime was increased in steps at fixed power
density until the surface temperature approached 1000°C. After that the pulse sequence was
repeated with a higher power density. The power density was increased in steps from 7 to 14
MW/mZ. The surface temperature rise followed an exponential law with a time constant of 2.9s.
The surface temperature as a function of time and the curves fitted to the data are shown in
Fig.7. In the case of equilibrium the surface temperature can easily be calculated with a one
dimensional model using a projected heat transfer coefficient of 70 000 W/m2/K between

vapotron and water [5] and the temperature dependent thermal conductivity of Beryllium [6]. As



Fig.8 shows, the agreement is acceptable. The fits in Fig.7 are done below 1000°C where the
thermal conductivity of Beryllium is well known. The good agreement suggests that the
measurements of surface temperature and power density are both correct, as simultaneous
wrong measurements in which the errors cancel are unlikely. This means that the IR imaging
system gave reasonable results at this stage with the usual emissivity of 0.35. It will be shown
below that the measured surface temperatures were far too high after the first surface melting
had occurred.

The main result from the test was, that the tiles are strong enough for the melting
experiment. Initially all tiles had a good uniform thermal contact to the heat sink as can be seen
from the uniform temperature distribution in Fig.9.

Exposure time and power density of this test sequence is shown in Fig.10. The pulse
parameters are listed in Annex 1.

4.2 Pulses with surface melting

The pulse statistics are shown in Fig.11 and Annex 2 for all three parts of the test.

4.2.1 Exposure with up to 1s at 20 MW/m2

The first sequence was terminated after the pulse in which the unmodulated beam on time
reached 1 second. Using an emissivity on 0.35 the surface temperature from the IR imaging
system reached 2000°C, but there was no visual sign of melting on the display of the video
system. Visual examination of the test section did not show any signs of melting (Fig.12a).
There was however a clear change in colour from blackish to grey in the area which was above
the liquidus temperature. A closer examination of the temperature / time dependence showed
that the cooldown is delayed, which must be caused by resolidification of molten material. This
is shown in Fig.13 in an expanded view. At the same temperature we also see a change in slope
during the temperature rise phase. This observation gives a calibration point for the IR imaging
system and we can determine the length of time for which the temperature was above liquidus
(Fig.11). Temperature profiles along one tile, taken every 2 ms, show that the tile centre cools
down before the edges, which means that in this case the melting was deeper at the edges
(Fig.14).

4.2.2 Exposure with up to 1.3 s at 20 MW/mZ.

In this run the exposure at full power density was increased to 1.3 seconds and the time above
melting was up to 0.7 seconds for 2 pulses. Fig.15 shows the surface temperature of the hottest
spot as a function of time. In the case of Fig.15 the surface temperature is corrected with the
emissivity from the IR calibration. The onset of melting and the resolidification is clearly

visible. Also plotted in Fig.15 is the intensity of a BE I line. This line intensity has the same



temperature dependence as the evaporation rate from literature [6]. In the case of Fig.15 it
appears that the surface temperature saturates just above 1400°C as could be expected from the
additional energy loss mainly due to melting, radiation, and evaporation. However this
observation could not be repeated in successive pulse - probably because of the strong variation
in surface emission with temperature and time which will be dealt with later.

The tile surface after the second cycle shows a significant discolouration pattern: black
near the scraper were the power density is lower, followed by a grey and a darker ring which
encloses a grey area (Fig.12b). The hottest area shows already some cracks and is also darker.
Another interesting observation from this view is that the copper scrapers are black - most
probably covered with sputtered Beryllium. The scrapers are at an angle of 30° against the beam

normal and erosion appears to be smaller than deposition.

4.2.3 Exposure with up to 1.5 s at 20 MW/mZ.

In this series we had problems with the IR imaging system which stopped recording during the
first three pulses, probably due to noise from breakdowns. The first fully recorded pulse was
done after three unsuccessful attempts. The output of the IR imaging system is now quite
confusing with local hot spots and with hotter areas appearing and disappearing during the
pulse - probably a consequence of the damage of the tiles near the surface from previous pulses.
This is demonstrated in Fig.16 with the time development of the vertical temperature profile
along 4 tiles. At the left side a temperature maximum builds up (a), the hot spot (b) remains
essentially unchanged and the peak (c) disappears during heat up. The onset of melting and the
resolidification are now obscured. The increased radiation from the damaged surface is however
not catastrophic with typically 400°C excessive temperature at 20 MW/mZ2. The extend of the tile
damage after four pulses with part of surface above liquidus temperature for 800 - 900 ms is
shown in Fig.12¢. The tile surface shows cracks, holes, and white lines. The melting is up to
0.7 mm deep and there is a clear undercut at the braze interface (Fig.17a). Some of the molten
material has disappeared, especially at the edge (Fig.17b).

4.3 Tile integrity.

4.3.1 Thermal tile response.

To assess changes in tile integrity, we repeated long unmodulated pulses with modest power
density of approximately 5 MW/m? after each of the above exposure sequences. Contour plots
of these pulses are shown in Fig.18. Initially the surface temperature distribution is quite
uniform. After the first sequence with melting one tile is hotter than both neighbours. After the
second sequence with surface melting the two middle tiles are hotter than the outer neighbours
and we see the grey line in Fig.12b as a region with increased gradients. Finally after the third

melting sequence we have some hot spots with a temperature excess of up to 300°C compared



to that of the neighbouring area (Fig.19). This might still be acceptable for operation at
5MW/m2,

Apuzzling observation is that the surface appears quite differently depending on what is
used to view it. Fig.20 shows a video picture taken from the same location and after the same
tile exposure as Fig.12b. The video picture was taken by illuminating the tile inside the test rig
with a fibre from outside and the right side of the beryllium tiles appears white, indicating a
large reflection of light. The method is similar to that used for in vessel inspection systems and
can be misleading, if the camera goes into saturation due to excessive exposure. One would get

an impression as if the surface is distorted due to melting.

4.3.2 Micrographic examination of the hottest tile

The top layer of the hottest tile has been cut off by spark erosion for visual examination after the
test. The molten area can be clearly identified by a completely different grain structure Fig.21.
The maximum melt depth is 0.7 mm. Cracks through the molten area partially penetrate into the
base with a depth of approximately 0.5 mm but there are also cracks confined to the melt layer
and cracks in areas without melting. Occasionally part of the molten material has disappeared.
There is no evidence of lateral cracks and the melt layer appears to be solidly attached to the
base material. ‘

4.3.3 Ultrasonic test of the braze connection after the test

The undercut between beryllium armour and CuCrZr heat sink shows up as a distortion of the
contact in an ultrasonic test carried out after the exposure sequence. All heavily exposed tiles
show reduced contact at the side with the highest power density (bottom in Fig.22) and the two
adjacent sides. The tiles are still well contacted in a roughly circular area with approximately 20
mm diameter. The centre of this well contacted area is shifted towards the side with the lowest
power density (top in Fig.22) and the edges at the side with the highest power density shows
the largest braze damage. The local faults on the ultrasonic are likely to be caused by melt

damage at the surface rather than localised damage at the braze.
4.4 Calibration of the IR system.

For the calibration of the IR imaging system the whole test section was heated up without
cooling. When the temperature had equilibrated we compare the output of the IR system with
thermocouple measurements and adjust the emissivity to match both temperatures. In this test
the emission from the surface was very non uniform (Fig.23) and we have to use a complicated
emissivity profile to reproduce a constant surface temperature. To derive the temperature
dependence of the emissivity-we use the following calibration procedure: The transfer function
of the IR system is



T2 (1)

" In(etR/1+F)

B. R, and F are calibration constants set by the manufacturer. € and T are emissivity and
transmission and I is the intensity of the source signal. The direct output of the imaging system
is the temperature T. With the intensity I fixed we can calculate the emissivity we need to match
surface and thermocouple temperature in (1). The calibration was done in the range 100 - 500°C
and the result is presented in Fig.24. Being mainly interested in areas with melting, we can get
an additional data point at the onset of melting, which is at 1289°C. To get the emissivity of the
solid material the data point from melting is slightly lifted up to 1330°C to compensate the
temperature rise observed with the onset of melting. This gives us an emissivity fit for the area
with surface melting:

£ =0.63 - 0.55x e 1/140°C 2)

(2) 1s used before the onset of melting. It appears that the emissivity is essentially constant
above 500°C. Above melting we use a constant emissivity of 0.68, which is derived from the
transition temperature.

With the emissivity in (2) the calibrated surface temperature T is then:

T, = B/ {m(fg(eB/TO - F)j + F} (3)

B and F are the calibration constants in the respective temperature range, Ty is the temperature
measured with the emissivity € set at 0.35 throughout this experiment.

The high emissivities observed in this experiment were surprising to us. In previous
experiments we measured emissivities of 0.15 - 0.2 on the material before exposure. With
exposure to energetic hydrogen beams the surface blackened and the emissivity increased to
0.35.

Higher emissivities are reported from Beryllium Oxide [7] but it is not obvious, why this
oxide should be formed more vigorously when the surface is close or above the liquidus

temperature.

5. DISCUSSION
5.1 Emissivity

The pronounced temperature dependence of the emissivity as observed after the melting was not

expected and not observed in our previous experiments. It appears that the temperature



dependence is a consequence of the melting. This can be concluded from the good agreement of
measured and calculated temperature in Fig.8.

5.2 Depth of the melt layer.

In Fig.15 we see a delay in cooldown due to resolidification by 100 ms. From Fig.8 we can
deduce that the equilibrium heat removal rate of the target cooling is approximately 8.7 MW/m?2
when the surface temperature is at the liquidus temperature of 1289°C and we conclude that
8.7MW/m? is released in the resolidification. With a heat of fusion of 1132 J/gr this means that
77 mgr have to fuse to explain the delay in cooldown. This corresponds to an average melt
depth of 0.42 mm. In the case of Fig.15 the surface was above melting for 700 ms. In the
pulses with the longest exposure the surface was 900 ms above the liquidus temperature and the
average melt depth is estimated at 0.53 mm. This compares with up to 0.7 mm melt depth seen
in Fig.21.

5.3 Vapour shielding

The Beryllium line intensity in Fig.15 is very similar to that of a neighbouring Balmer line from
the hydrogen background. From that we can assume that beam attenuation from the hydrogen is
larger than that from the Beryllium vapour shield as the path length in hydrogen is 2 m while
that in Beryllium is probably of the order of the tile width. For lower particle energies the result
would be different. In this experiment we can not expect to see the effect of vapour shielding in
form of a reduction in the impinging power density and thus the result is not relevant to the case
of plasma impinging to a divertor. The variation of the line intensity with surface temperature
indicates, that we observe the sublimation as expected from literature. Using simple gas kinetics

we can correlate the vapour pressure to an evaporation rate de/dt

d
%° =L fpo/po

6m

where p is the vapour pressure, m is the mass of the evaporated material and p is the density at
the pressure pg. For Beryllium this gives us an evaporation rate

d mbl

Sesisxp |

dt

S cm2 Torr

For the highest temperature in Fig.15 this gives an evaporation rate of approximately 2
mbl/s/cm2.

In the case of first wall applications the formation of charged clusters, which might form
from the liquid in the field of a plasma sheath, could be an additional mechanism for increased

erosion.



5.4 Comparison with model calculations

Model calculations of actively cooled Beryllium targets above liquidus temperature have been
developed by the ITER JCT [8,9,10] and the European ITER home team [11].

In the case of the ITER model "RACLETTE" two iterations were used with 20.5 and 19.5
MW/m?2 during the unmodulated phase and 8 and 6.5 MW/m?2 during the final modulation. The
result is shown in Fig.25. With the nominal power density of 20.5 MW/m?2 during beam on,
4.5 MW/m? for the preheat phase and 8 MW/m? after the melt phase the calculated temperature
is approximately 80°C above the measured temperature during the heat up. The time of the first
melting is correct in the model, the time for resolidification however is too long. Reducing the
power densities to 19.5 MW/m? for the heat up phase and 6.5 MW/m?2 for the final phase gives
a good match for the initial temperature rise and the time for resolidification is also correct. The
time of the first melting is however delayed by 300 ms with respect to the experiment. This
indicates that a peak power density of 20 MW/m? is probably correct. After the melting a power
density of 6.5 MW/m? gives reasonable agreement. Also shown is the net heat flux through the
Beryllium calculated with 19.5 MW/m?2 of incident flux. With the onset of melting the net heat
flux is gradually reduced to 14 MW/m?2.

The 2d finite element model from NET shows quite similar results (Fig.26). In this
calculation the power density in each of the three phases has been adjusted individually to
optimise the agreement with the measurement. The power densities used are well within the
experimental error of the measurement.

In comparing both results one should keep in mind that the temperature measured is not
too accurate because of the varying emissivity and the calculations use extrapolated material data
above 1000°C. Additionally in the NET 2D model a lower power density is used for the final

modulation to improve agreement.
5.5 Braze integrity

There is a clear tendency for the edges of the Beryllium to pull away from the heat sink. With
the limited number of pulses the failure was not catastrophic and the tiles were still reasonably

well cooled. For the application in a divertor a design with reduced stress has to be developed.
5.6 Relevance to Fusion experiments:

Although we can not simulate the vapour shielding process itself we can draw some

conclusions which are relevant for a Divertor:

J At 20 MW/m?2 the vapour emission becomes significant when the melt layer is
approximately 0.5 mm deep. This shallow melt layer appears to have a reasonable

10



strength and can sustain several exposures without catastrophic damage. The
evaporation is as expected from literature.

If the power density is lower the melt layer will be deeper before vapour emission
becomes significant. A deeper melt layer is expected to have less strength and will

be lost faster. A thicker armour is therefore expected to have a larger erosion rate.

In case of power densities just large enough to cause surface melting, the melted
layer might become unstable before the evaporation rate is large enough to reduce
the incipient heat flux.

Periodic structures on the surface of metals after melting have been reported [12]

from metals with impurities. These structures are not apparent on our surface
(Fig.12¢ and 18).
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Fig. 1. Photograph of the test section after the test (top) and schematic cross section.
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Fig. 2: Plan view of the test setup. The test section is installed behind vertical scrapers with a copper

calorimeter array right next to the test section.
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Fig. 3: Elevation view of the beryllium test rig. The test section is viewed by the IR imaging system and by a S-
VHS CCD camera under an angle of 300. The viewing field is limited top and bottom by scrapers.
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8 Vertical power density and surface temperature profile
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Fig. 4: Vertical and horizontal power density and temperature profiles on the test section. The power density is
almost constant in the vertical plane for #40mm from the centre line. In the horizontal plane the temperature

falls by 20% over the test section with first Smm from the middle corner at constant temperature.
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Scaling of power density without beam modulation
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Fig. 6: Trace of the extracted current with the modulation sequence.
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Fig. 7: Surface temperature rise for unmodulated pulses. The experimental fits give a time constant of 2.9 s and
allow to extrapolate to an equilibrium temperature.
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Fig. 8: Comparison of measured and calculated temperatures. Temperatures were calculated using steady
state conditions, the temperature dependent conductivity of Beryllium (extrapolated data above 1000 0C ) and
a fixed heat transfer coefficient into the water The equilibrium temperatures from Fig. 7 are lying on the curve

that fits the calculated temperatures.
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Fig. 9: Surface temperature distribution at the end of a 6s pulse. The temperature distribution over 4 tiles is
uniform.
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Fig. 10: Exposure statistics for the pre-test with unmodulated beams. Beam on times (bottom) are up to 5 s,
power densities (top) up to 15 MW/m?2.
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Fig. 11: Exposure statistics for the test with modulated beams and surface melting. The power density is
roughly 20 MW/m? during beam on. The time at which the hottest area was above liquidus (shown on the right
scale) was 300 ms in the first part, 700 ms in the second part, and 900 ms in the final part.
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Fig. 12a: Beryllium surface after the first series with surface melting for up to 300 ms. The surface shows

discoloration but no distortion. The grey colour probably marks the area which was above liquidus.

Fig. 12b: Beryllium surface after the second series with melting for up to 700 ms. The picture is taken through
the window of the IR viewing system. The grey area is enlarged and the surface shows small cracks and holes

on two tiles.

Fig. 12¢c: Beryllium surface after the third series with surface melting up to 900 ms. The surface shows cracks,
holes and white lines. The grey area has become blacker
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Fig. 13: Melting and recondensation. The top curve is taken from the hottest area, the lower curve is taken 10
mm away from the hottest area. Melting and recondensation are clearly visible. When the beam is turned off

the temperature decays with a credible time constant confirming that the radiation is from the bulk surface.
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Fig. 14: Cooldown of one tile with surface melting. While the surface is liquid, the temperature is uniform

across the tile. Cooldown at the edges is delayed indicating a deeper melt layer
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Fig. I5: Corrected surface temperature and intensity of a Be 1 line for a pulse at the end of the second series

(700 ms of surface melting). The temperature is corrected with the emissivity from the calibration (F ig. 24).
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Temperature (°C)

Fig. 16: Surface temperature as measured at the end of the third sequence with surface melting up to 900 ms.
Due to the melt damage the radiation from the surface becomes erratic: Maxima form (a) and disappear (c).
Some spikes persist (b). Nevertheless the overheating is not catastrophic in the sense that most of the incident

power is radiated.
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Fig. 17a: Be tiles viewed from the side after the test. We see an undercut between heat sink and tile on three of
the four tiles shown. There is also a fault line in the beryllium over several tiles running above the braze. The

melt layer depth is estimated at 0.6 mm.

Fig. 17b: Blow up of two tile edges showing the surface damage. Some Beryllium has disappeared at the edge.
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Fig. 18: Surface temperature contours before melting and after each melr sequence. The measurements are
Sfrom unmodulated reference pulses with at least 5 s exposure at approximately 5 M W/m?. After the first melt
sequence the area which is grey in Fig. 12a is hotter (second plot from left). After the second melt series both
tiles in the middle are hotter and there is a band with increased gradients between the 400 and 500 degree line.
This corresponds to the grey band in Fig. 12b. At the end of the test we see hot spots due to surface damage. The
temperature is up by approximately 10 - 20% in these hot spots.
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Fig. 19: Change in surface temperature distribution with exposure. The tiles in the centre are hotter (100 - 200

degrees) and show hot spots at the end of the experiment. Early in the experiment the temperature distribution
was flat.



Fig. 20: View on the tile inside the test rig after the second exposure sequence with melting. Left: S-VHS
camera with a cold light source. The resolidified Beryllium has a high reflectivity.
Right:: Photographic picture of the same object in the same location. The two side scrapers, made from copper

appear black as they are completely covered by Beryllium.



Fig. 21: Micrographs of the hottest tile after the test. The melt layer is up to 0.7 mm deep. Cracks partially
penetrate through the melt layer into the base material. Occasionally some of the molten material has flown

away.
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Fig. 22: Ultrasonic test result after the test. The centre of the tiles remains solidly attached, the sides have lost

contact.
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Fig. 23: Measured surface temperature distribution of the test section in thermal equilibrium (470 0C)

(bottom). To reproduce a constant surface temperature of 470 0C \ve have to use the emissivity distribution
shown on the top.
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Fig. 25: Output from the ITER model raclette for 15.5 and 20.5 MW/m?. At 20.5 MW/m2 the onset of melting
coincides but the recondensation phase is longer than observed, at 19.5 MW/m? the recondensation phase is

as observed but the onset of melting is too late.
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Fig. 26: Output from the NET finite element model. The good agreement is forced by adjusting the power
density in the in the modulated exposure after melting. This is justified as the power density is not accurately

known during this fast modulation and exposure is also interrupted by breakdowns (Fig. 6).
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