EFDA-JET-CP(08)02/10

GJ. van Rooij, S. Brezinsek, J.P. Coad, W. Fundamenski,
V.Philipps, G. Arnoux, M.F. Stamp, and JET EFDA Contributors

Appearance of Hot Spots

Due to Deposits 1n the
JET MKII-HD Outer Divertor



“This document is intended for publication in the open literature. It is made available on the
understanding that it may not be further circulated and extracts or references may not be published
prior to publication of the original when applicable, or without the consent of the Publications Officer,
EFDA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”




Appearance of Hot Spots
Due to Deposits 1n the
JET MKII-HD Outer Divertor

G.J.van Rooijl, S. Brezinsekz, J.P. Coad3, W. Fundamenski3, V.
Philippsz, G. Arnoux’, M.F. Stamp3, and JET EFDA Contributors

JET-EFDA, Culham Science Centre, 0X14 3DB, Abingdon, UK

'FOM-Institute for Plasma Physics Rijnhuizen, Association EURATOM-FOM,
Trilateral Euregio Cluster, Nieuwegein, 3430BE Utrecht, the Netherlands
*Institut fiir Energieforschung - Plasmaphysik, Forschungszentrum Jiilich,

Association EURATOM-FZJ, Trilateral Euregio Cluster, Germany
SEURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK
* See annex of M.L. Watkins et al, “Overview of JET Results 7,

(Proc. 21* IAEA Fusion Energy Conference, Chengdu, China (2006)).

Preprint of Paper to be submitted for publication in Proceedings of the
18" Plasma Surface Interactions in Controlled Fusion Devices, Toledo, Spain
(26th May 2008 - 30th May 2008)






ABSTRACT

Deposited layers in the JET MKII — HD outer divertor have been investigated on the basis of their
transient heating. The Planck radiation in the 400 — 600nm wavelength range and IR thermog-
raphy data were analyzed to correlate the appearance of the layers with plasma conditions. Both
methods yielded signi cantly di erent surface temperatures: typically > 2000K for the visible
lightspectroscopy and down to 800K for the thermography. This is explained by the existence of high
temperature emission areas as small as 1-2mm®. Analysis of the reoccurrence of hot spots in the
outer divertor throughout the 2006 campaigns indicated that the formation is determined by the
combination of the outer strike point location and the plasma stored energy. The observations did
not indicate any changes in thermal properties nor cyclic formation and desintegration of the

layers,i.e. it were stable and so-called hard layers.

1. INTRODUCTION

Carbon 1s widely used in present — day fusion experiments and is proposed as wall material for
the high power regions in the ITER divertor. However, carbon erosion and transport leads to co
— deposition of tritium in deposited layers. Understanding of the formation and migration due to
re — erosion and re — deposition of these layers is the starting point for predicting tritium retention
due to plasma-wall interaction in these regions. In this contribution, we analyze the behavior of
deposits in the JET outer divertor during the 2006 campaigns. In all divertor con gurations in JET,
asymmetric deposition of carbon has been observed. Thick flaking deposits were found in the inner
divertor close to the pump duct entrance and only little in the outer divertor [1]. This is explained
by material eroded predominantly in the main chamber being transported by flows through the SOL
(scrape — o layer) to the inner divertor. The outer divertor seems to be a more closed system in
which a local balance between erosion and deposition determines the net material deposition. In the
past, only few cases have been reported in which carbon deposition on the horizontal target of the
outer divertor (MKIISRP) was observed [3, 5]. The observations were based on the appearance of
hot spots attributed to the heating of thin surface Ims with poor thermal contact to the divertor CFC
tile [6]. Usually, this is explained by carbon erosion at the lower vertical target plate and line-of-
sight transport to the horizontal target. In this contribution we follow the same approach to identify
layers in the JET MKII — HD outer divertor. The pulse history for the cases found is investigated
to obtain insight in the conditions that led to the formation of the layers and their stability with
respect to disintegration and thermal conductivity. Two approaches are used to detect excursions
in surface temperature. IR thermography in the 4.2 — 4.4 um wavelength range and analysis of
black body radiation in the 0.4 — 0.6um range. The results of both techniques are compared to draw

conclusions on the nature of the deposits.

2. DIAGNOSTICS AND METHODS
Following the approach described by Stamp et al. [3], we used the Central Physics File (CPF)



database to search for pulses in which the outer target exhibited hot spots. The radiation collected
within the range 523 — 524nm (this wavelength is used to determine Z-e ective from Bremsstrahlung)
along a wide angle vertical line-of-sight (I-o-s) that views the outer divertor (see Fig. 1 and [2])
and a horizontal one were compared throughout the 2006 campaigns. If hot surfaces are present in
the divertor 1 — o — s, also Planck radiation will contribute to the signal. At JET, 523.5nm Planck
radiation exceeds the Bremsstrahlung level if the surface temperature is 1900K. Short-lived hot spots
(e.g. < 1ms due to ELMs) are only detected at even higher temperatures. Given the 50ms exposure
time of the detectors, 1 ms hot spots of >2600K will be detectable. A second 1 — 0 — s of 33 mm
diameter [2] that intersects the outer vertical divertor target at 2.873m (see Fig.1) was analyzed
with a spectrometer (KS3A) that covers the wavelength range 423 — 614nm. Spectra are recorded
with a 50ms exposure time at 20Hz. These spectra are used to determine hot spot temperatures
from the black body radiation. The JET wide angle IR thermography was used to determine the
surface temperatures in the divertor [4]. The system was operating with a 4.2 — 4 4um band filter
at S0Hz. Typical spatial resolution of the system is 6 mm.The maximum temperature was for these

measurements ~ 1200°C.

3. RESULTS

3.1. LOCATION OF THE HOT SPOTS

Table I lists all 2006 pulses that were selected on the basis of strong Planck radiation at 523nm from
the outer vertical target of the MKII-HD divertor. These data show that the strike point was always
close to the pumping duct in the outer divertor corner at a major radius R > 1:87m. In addition,
the diamagnetic energy was always larger than 3MJ. Detailed analysis of these pulses and those in
adjacent sessions indicated that these are the main requirements for the occurrence of hot spots in
the outer divertor. In fact, similar discharges with the strike point at a major radius less than 1 cm
shorter than 1.87m did not lead to significant cant Planck radiation. A drop in the diamagnetic energy
below 1MJ caused existing hotspots to extinct. It is noted in this context that the listed strike point
locations are based on EFIT magnetic reconstructions. The real outer strike point location may be
up to 2cm shifted, depending on the magnetic pressure and ELMs. This was observed e.g. early in
discharge 68554 (at t=15.7s) were due to an increasing 3 a hotspot was formed at an apparently
constant strike point. Pulse #69554 was a unique experiment for visualization of the location of the
deposited layer causing the hotspot. It contained a slow sweep of the outer strike point over the region
2:86 <R <2:92 during the heating phase. Fig. 2 shows the details of this pulse. Both the contribution
from black body radiation to the Bremsstrahlung signal and the maximum surface temperature of
the horizontal outer divertor target measured with IR thermography contain the signature of a hot
spot when the outer strike point is beyond 2.885m major radius. The Bremsstrahlung I-o-s does not
detect the hot layer when the strike point is beyond 2.900m. This is caused by the limited width of
the 1-o-s, which ends at this position. The tangential IR view covers the entire target and detects
the hot layer up to 2.915m. At this position, the heating phase was ended (see WDIA) and the



power fluxes at the strike point become too small to heat the layer. In conclusion, the layer starts at
R =2.885m and is at least 3cm wide (and probably wider). The IR signal contains also spikes on
the temperature measurement when the strike point is still away from the layer. These excursions
coincide with the occurrence of ELMs.

We interpret this as the result of a slight movement of the strike point during the ELM. The
visible signal is observed to be less sensitive to the heating during ELMs due to the larger integration

time.

3.2. TEMPERATURE MEASUREMENTS

The evolution of the peak temperature measured by IR thermography on the outer divertor target
and the temperatures that were deduced by fitting the background in the visible with the Planck
curve for black body radiation for the preceding pulse (#68553) are compared in Fig. 3. The heating
phase of pulse #68553 was shorter (between t = 12 — 19s) than in the slow sweep pulse #68554
and the strike point was moved between R =2:86 — 2:89m, so only just reaching the border of the
layer. As a result, the temperature excursions in the IR are much more moderate compared to pulse
# 68554. The temperatures determined from the spectrum in the visible are up to 1000°C higher,
in particular when the hot spot occurs for the rst time at t = 15:5s. At the end of the sweep, at t =
18:8s, the surface temperature exceeds the dynamic range of the IR system and it is difficult to
judge any (dis-) agreements.

In order to determine the origin of the observed disagreement between the two temperature
determinations, the black body radiation is inspected in detail in Fig.4. It is seen that the emitted
power and the spectral shape do not correspond in temperature. If a 100% emission area (and unity
emissivity) is assumed, the radiated power at 600 nm would correspond to a temperature of 1200°C.
Fitting the Planck curve to the entire background shape, the surface temperature should have been
2100°C. This implies a limited e ective emission area of 0.27%. This would be explained by a
granular nature of the hot spot, in consistence with [3, 8].

These observations lead to the picture that the analysis in the visible spectrum is more sensitive
to small features at high temperatures whereas the IR measurements represent some kind of average
over the entire surface. The question remains whether both measurements represent the same
physics. Starting from the results in the visible, an effective emission area of 0.25% for the 33mm
diameter l-0-s corresponds to a hot structure of 2mm”.The IR spatial resolution was 6 X 6 mm, thus
here the hot feature constitutes 6 % of a spatial element. If the overall temperature of the layer was
1000°C (as for pulse #68554,t=21 — 23 s), the contribution of this small hotspot would have been
20%. This contribution would have increased the outcome of the IR measurement by 100°C. For
a cold background of 200 C (as for pulse #68553, t = 16s), the hot feature would dominate the IR
measurement. This would lead to a temperature reading of 560°C, which is in fact very close to the
experimental values in Fig. 3. Here, the temperature excursion in the IR measurement at t = 15:7s

is indeed matching the radiated power from the high temperature feature detected in the visible.



3.3. STABILITY OF THE HIGH TEMPERATURE COMPONENT

In order to assess the stability of the high temperature features measured in the visible spectrum,
we return to the data of pulse #68553 in Fig. 3. It is seen that the temperature determined from the
visible spectrum decays from 2130°C to 1860°C within 0.25s. Not only the temperature decreased,
but also the e ective emission area: from 0.25% to 0.10% (data not shown). This is indicative of a
physical removal of the feature, e.g. removal of so-called soft deposits. Evaluation of the pulse
sequence #68553-#68555 indicates that this is not the case.

After the slow sweep in pulse #68554, which induced even slightly higher temperatures than the
previous one and was expected to remove all soft features, the first pulse was repeated. In Fig. 5
the peak temperature measured with IR thermography of pulses #68553 and #68555 are compared.
This demonstrates that the temperature excursions are essentially the same, which shows that the

hot features are stable. Evaluation of the visible spectrum confirmed this view.

SUMMARY AND CONCLUSIONS

We have demonstrated that the absolutely calibratedsurvey spectrometer (423 — 614 nm) and the
IR thermography provide complimentary information on the surface temperature and temperature
homogeneity. The former is most sensitive to temperatures above 2000K at emission areas down
tol -2 mmz, whereas the latter yields values averaged over 36 mm-.

Analysis of all 2006 pulses exhibiting hot spots learned that there exists a stable deposited layer
on the vertical outer divertor target at a major radius > 2.885m. Also the granular features exhibiting
temperature excursions up to 2200°C were found to be stable.

It is evident that power balance calculations on basis of IR thermography temperatures are
influenced by the existence of small high temperature features on the surface. It should be possible
to combine both diagnostics so that the temperature and emission area information from the visible

spectrum are used to correct the temperatures measured by IR thermography.
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Pulse T RSOL | Hor/Ver 1(523) W DIA
(s) (m) (10" ph/s/cm?/sr/nm) (MJ)

65588|53.136| 2.877 75 2.96 3
65596|53.136| 2.874 44 2.27 3
66147|57.879| 2.905 58 2.53 6
66148159.368 | 2.920 44 2.15 4
66456|55.872| 2.884 45 1.5 5
66457|55.872| 2.885 45 9.02 5
66458| 55.872 2.88p 40 742 5
66470155.629 | 2.882 54 1.26 5
66779|54.868 | 2.890 70 1.37 n.a.
66780|54.868 | 2.889 55 0.94 n.a.
67952157.635| 2.926 63 3.70 n.a.
67954|57.635| 2.927 51 2.59 n.a.
67955|57.635| 2.926 63 3.11 n.a.
68380148.393| 2.910 55 2.28 4
68381|48.880| 2913 66 2.62 4
68382148.880| 2.919 81 3.57 4
68383149.366| 2910 115 3.94 4
6838453.865| 2913 80 4.20 4
68386|49.366| 2910| 146 5.01 4
68387149.366| 2.907| 103 3.26 4 o
68393|53.865| 2917 190 9.87 5 o
68394152.376| 2.920| 243 10.2 5 g
68554|61.116 | 2.905 41 4.08 4 §

Table 1: All 2006 pulses that exhibited strong Planck radiation from the outer vertical
divertor target at 523 nm. Listed are the time T, the position of the outer strike point
RSOL, the ratio between the horizontal and vertical intensity Hor=V er, the absolute
intensity recorded along the horizontal wide angle l-o-s 1(532), and the diamagnetic
energy WDIA at the moment of maximum Planck radiation.
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Figure 1: Schematic of the lines of sight viewing the
outer divertor. A wide angle l-o-s covered the entire outer
divertor and was used to select pulses with the hot spots
in this region. The 33mm diameter high resolution vertical
l-0-5 crossed the horizontal target at major radius R=2.87
m and was used to analyze the hot spot temperature and
emissivity in the 400 — 600nm wavelength range.

Figure 2: Pulse #68554 contained a sweep of the outer
strike point over the layer in the outer divertor. (a) shows
the position of the outer strike point, (b) the diamagnetic
energy, (c) the signal in the vertical l-o-s monitoring 523
nm Bremsstrahlung, and (d) the maximum temperature
measured on the outer divertor horizontal tile by IR
thermography (which saturated above 1200K).
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Figure 3: Comparison of the maximum temperature at
the horizontal outer divertor target measured with IR
thermography and the temperature deduced from the black
body radiation in the 400-600nm wavelength range (KS3A,
track 6) for pulse #68553. The black body contribution in
the visible was too low to allow tting with a Planck curve
where no data is plotted. At t=18.8s, the dynamic range
of the IR system is exceeded.

Figure 4: Spectrum exhibiting black body radiation
(pulse#68553, t = 18:875s, KS3A track 6). The base line
is fitted with Planck curves. Assuming 100% emission
area and fitting the emission at 615nm yields 1210°C
but underestimates the black body radiation at lower
wavelengths. With the emission area as a free parameter,
the temperature is tted to 2100°C and the area to
0.27%.
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Figure 5: Peak temperature in the outer divertor determined
with IR thermography in pulse #68553 and #68555, which
were identical. It demonstrates that all hot features remain
essentially unchanged, which shows that these are stable.
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