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Abstract

Two possible techniques for the measurement of erosion/redeposition in
the new JET divertor have been assessed; colour fringe analysis (CFA) and
speckle interferometry. CFA is a simple technique in which the target is
viewed with a colour camera, and can study deposited films up to 1um in
thickness. Speckle interferometry is a powerful technique for following
changes in surface topology, but its sensitivity of > 1lum makes it more
ideally suited to the next generation of tokamaks.

Introduction

One of the crucial physics issues to be faced in a fusion reactor such as the
proposed International Thermonuclear Experimental Reactor (ITER)
concerns the amount of power incident at the divertor strike point (1). Peak
power fluxes onto the plasma-facing surfaces during normal operation are
expected to be 5-100 MW/m2, and much higher during transient events
such as disruptions. Extrapolation of the results from existing tokamaks
would suggest that at these power levels the rate of erosion by sputtering on
the target plates would be unacceptably high. However, if the divertor
operates in a high-recycling regime, (i.e. at high target density) local
redeposition of the eroded material (2> may reduce the nett erosion to an
acceptable level (1). At the present time these high-recycling conditions
cannot be produced reliably so the extent of the redeposition predicted
cannot be measured. The Joint European Torus (JET) is currently being re-
configured to include a divertor (3) which is planned to operate at
- conditions close enough to those of ITER for significant local redeposition to
be expected. In order to validate the redeposition theory and thus increase



confidence in the probable success of a machine like ITER, it is clearly
important to measure. the nett erosion rate at the new JET divertor target as
a function of target density.

Post mortem measurements of the JET divertor targets will be made during
and after the first divertor phase (when the target consists of tiles fastened to
a rigid support structure). These measurements may give an overall
average for the amount of erosion per pulse, but the plasma conditions will
have varied considerably, and will not have been close to the ITER
parameters. During the second phase, plasma conditions in the divertor
should approach those expected for ITER, but the integral cooled target
structure will make physical measurements of erosion almost impossible. It
is then necessary to identify methods of making time-resolved in-situ (but
non-intrusive) measurements of divertor erosion (and deposition in other
areas). Two such methods are described in this paper, "Colour Fringe
Analysis” and "Speckle Interferometry”. The techniques both involve
optical viewing of the divertor target, and will be shown to be
complementary in several ways, most notably in the amount of
erosion/deposition observable.

Experimental: De‘}elopmeht of Colour Fringe Analysis

When a thin transparent film is present on a metal or graphite substrate of
different optical properties and is viewed in white light, interference colours
can be seen. As the film thickness increases colours change through yellow,
purple, blue, back to metallic white and then the sequence is repeated with
green instead of metallic. Each interference order represents approximately
50 - 200 nm change in film thickness, depending on the optical properties of
the film (and substrate). The phenomenon has been used by Wienhold and
co-workers for a-C:H and a-C/B:H films deposited in the TEXTOR tokamak
to map film thickness 4, 5), Similar deposits on polished substrates were
used to determine the optical properties of the films,and to determine a
colour/film thickness calibration.  The colours of limiter and wall
components removed from TEXTOR were then compared with the
calibration chart to produce (by hand) contour maps of the samples ).

The first stage of the development of colour fringe analysis for JET, was to
arrange satisfactory in situ viewing of the target in a tokamak. A cross



section of the TEXTOR tokamak is shown in Figure 1. Samples on the
movable limiter assembly in TEXTOR were viewed with a colour video
camera which was mounted on port A. Lamps of various types were fitted
to ports B, C and D. The distances of ports A to D from the target are each
about 1.6 m. The samples used were part of a graphite limiter head and an
aluminjum foil, each with a clear set of coloured fringes from previous
experiments. A 50 W lamp with a back-reflector gave adequate
illumination from any of ports B, C and D. In practice port D was most
satisfactory, because lines of sight from ports B and C to the target were
largely blocked by support structures for the ICRH antenna inside the vessel.
For incidence at 15° to horizontal from port D using the directed 50 W lamp
and a 38 mm camera lens, optimum viewing of the fringes on either sample
required an aperture of f/4. For illumination from close to the camera, the
preferred aperture was £/5.6. The distances involved at JET are three times
greater, so stronger illumination (which need only last for the 20 msec of a
video frame) and more aperture should be able to counteract the order of
magnitude reduction in solid angle.

a-C:H films have excellent optical properties for colour fringe analysis. JET
currently uses a mixture of beryllium and carbon first wall components, and
this is expected to also be the case for the divertor phases 3). As a result,
films deposited in the scrape-off-layer (SOL) of JET are normally a mixture
of carbon, beryllium and hydrogen isotopes (particularly deuterium) (plus
trace impurities) so may be termed a-Be/C:H films. In order to check the
optical properties of these films a special probe was exposed in the JET SOIL,
using the Fast Transfer System (FTS) (7). The cylindrical probes consist of an
outer (graphite) shield with a longitudinal slot which exposes a sector of the
(rotatable) inner collector assembly: a cross-section of the probe is shown in
Figure 2. For this experiment the collector was fitted with three sets of
nickel and polished silicon samples, and each set of silicon samples had a
close-fitting stainless steel shield overlapping one edge. The set of samples
being exposed. covers a distance of 39 mm through the SOL, which should

give a factor of 7 - 10 in film thickness. The first set were exposed to JET .

pulses 26813 to 26817, whilst the second set were exposed closer to the
plasma boundary to the six pulses 26952 to 26957 (a total of 245 secs of 2 MA
flat top). Strongly coloured fringes were observed on both sets of samples
and the substrate (Si, Ni or stainless steel) did not appear to influence the
colours. Colours on the first set ranged through the first order of



interference to yellow of second order, whilst on the second set five orders
of interference could be seen.

Ellipsometry data were obtained from the samples of the first set, and the
thinnest parts of the second set, but other surfaces were too rough for
ellipsometry, possibly due to buckling at the film/substrate interface. The
results give a refractive constant of about 1.4 and very low absorption. The
refractive constant is remarkably low (cf. 2.2 - 2.4 for a-C:H films), so
indicates somewhat thicker films than a-C:H films of the same colour, and
leads to the colour-thickness calibration curve on an RGB (red, green, blue)
colour plot shown in Figure 3. (Only four basic colours are indicated in the
figure, but in practice a large number of hues can be ascribed). Profilometer
data taken across the sharp film edges produced by the stainless steel guards,
and the results of Ion beam analysis of the samples were both in reasonable
agreement with the ellipsometer predictions.

We thus have a preliminary calibration for coloured images from the JET
divertor phase if a Be divertor target is installed. Since the calibration relies
on only one experiment (and in view of the unusual value for the dielectric
constant obtained), a number of polished samples will be installed in JET
during its next operational phase, which on retrieval can be used to produce
a more definitive calibration curve. The interference colours in the image
recorded from the divertor each represent a point in the RGB plot in Figure
3. After an interactive programme to establish interference order, the
conversion to thickness can be made automatically using the
preprogrammed- ellipsometer results. The technique should provide film
thicknesses from ~60 nm to ~1 pm with a sensitivity of about 20 nm.

Experimental: Development of Speckle Interferometry

Conventional interferometry requires a highly reflective surface, and
analysis of the specularly - reflected beam. The nature and geometry of the
JET divertor makes this technique almost impossible, but the restrictions do
not apply to speckle interferometry. A characteristic speckle pattern from a
surface illuminated by a laser beam can be obtained at any non-specular
observation point near the image plane. The surface can be of any finish:
_and of .any material. If a laser operating at two wavelengths is used,
superposition of the two speckle patterns leads to a fringe pattern, the shape



and spacing of the fringes depending only on the focusing conditions and
the relative wavelengths. Preliminary experiments have been conducted
using the strongest lines from a 100 mW Ar ion continuously working
(CW) laser at 514.5 nm and 488 nm. The laser and optical components need
to be on a rigid bench, but the target can be decoupled from this structure:
injtial setting up was done using the lid of a tin can. The distance from the
final lens to the target, and from the target to the imaging plane was about
50 cm. Observation of the fringes was by a standard CCD camera, and the
image could be read into an image processing package on a personal
computer.

Figure 4a shows a set of fringes from an area of surface of 5 mm diameter
(the laser beam diameter). The inter-fringe spacing, A, is given by(®)

A1 A2
(A1 = X2)1+ cos 6)

A =

where Ay and A, are the two interfering wavelengths and 0 is the angle
between the laser beam and the surface normal. For the wavelengths
quoted above, A = 4.7 um. Figure 4b shows the effect of viewing across the
edge of an ink film on a relatively smooth metal surface (which gives less
speckle contrast than in Figure 4a): the film thickness. is about 4 pm.
Reasonable values for the limit of detection and the sensitivity of the
method are each 1 pum, but by selecting different wavelengths and
interference conditions (e.g. density of the fringes) the upper limit to
changes in surface position can be increased to hundreds of microns. Note
that changes within the field of view may be positive and/or negative (i.e.
erosion and/or deposition).

Further experiments are necessary before speckle interferometry might be
applied to JET. The sensitivity range for the technique, and its applicability
~to technological surfaces such as a divertor element have been
demonstrated, but a different laser and a different detection system would be
necessary to accommodate the much larger working distance (x 10) required
for JET. There is, however, little doubt that similar images would then be
obtained over the larger distance. Part of these follow-up experiments
would - demonstrate imaging larger areas of the target (e.g. 20 - 30 mm
diameter to cover a complete divertor element width (3)),. and investigate



multiple beam arrays to give imaging of several adjacent areas to give a
complete picture of the divertor erosion/redeposition.

Discussion

The first issue to address is the extent of erosion/redeposition expected in
the JET divertor. The particle flux and likely incident ion energies for a 4 sec
pulse of 20 MW swept over a 20 cm strike zone suggest sputtering losses
(without prompt redeposition) of the order of 0.5 to 1um per pulse, which is
about a factor of 5 less than the cumulative evaporation expected if water
cooled beryllium-faced divertor elements are used (9. A schematic of the
toroidal cross-section of some divertor elements is shown in Figure 5. The
design, wherein each element shields the edge of the adjacent one
guarantees that erosion will not be uniform. The flux density for the areas
being eroded will be almost twice the toroidal mean and each element will
have a region which is not directly exposed and will probably be an area of
nett deposition. The topographical contrast across each element will thus be
rather larger than the figures above suggest (and would be an ideal field of
view for speckle interferometry, subject to the sensitivity limit). These
conditions will be reached during the second divertor phase, beginning late
1994. In the first phase beginning late 1993 the divertor will not be directly
cooled, and lower fluxes and shorter pulse times will mean losses by
sputtering of probably no more than 0.1um per pulse.

Erosion losses from sections of the divertor imply equal (integrated)
amounts of deposition elsewhere in the machine (and mostly in other parts
of the divertor channel). Deposition rates may approach the peak erosion
rates in localised areas but will decrease away from the strike zones (deeper
into the SOL) to cover a range of at least two orders of magnitude. Colour
fringe analysis can be applied directly to redeposited films, and the
magnitude of the deposition expected in the divertor seems to be ideally
suited to the method. A direct measure of the erosion rate could be
obtained if the thinning of a pre-existing film over the erosion zone were
observed. Such a film could, perhaps, be deposited in a previous pulse
using different plasma parameters or a gas (e.g. methane) puff near the area
-observed, or could be present when the divertor was installed.



Deformations of the target will also be detected by speckle interferometry. In
order to separate this from erosion/deposition reference surfaces can be
used which show no erosion/deposition.. Another method could be to use
the different time scales to separate the two effects.

The predicted erosion/deposition rates for the first divertor phase are not
large enough for speckle interferometry. The intention is to continue the
- development of the method for application to a tokamak, and to see what
erosion actually occurs in the first divertor phase. The results from the first
phase will allow an accurate forecast for the second divertor phase, and if -
this suggests that surface changes per pulse will be visible using speckle
interferometry then the technique will be considered as an additional
diagnostic for the second phase.

It should be noted that the sensitivity ranges for speckle interferometry and
colour fringe analysis do not overlap, the former being able to observe
changes >1 pum and the latter <1 pm: the techniques may thus be considered
to be complementary. If erosion of 1 um per pulse is observed (and speckle
interferometry is possible), then the colour fringe analysis will be possible
only of deposits in the SOL where rates are much lower. As deposition
builds up to >1 pm in a given region or if temperatures regularly exceed
500° C and the optical properties deteriorate, colour fringe analysis w111 in
- any case no longer be possible from that area.

Conclusions

Erosion at the divertor has been identified as a major physics issue for the
next generation of tokamaks (e.g. ITER), though theory suggests prompt
redeposition may mitigate the effect. The new JET divertor should
approach ITER conditions and attempts should be made to measure erosion
therein.

Colour fringe analysis has been shown to be possible in TEXTOR and to be
suitable for a-Be/C:H films. The technique will be used to make in situ
measurements of deposition (and possibly erosion of preformed films)
routinely in TEXTOR and in JET: the method is applicable to films up to
1pm thick. Speckle interferometry is being developed as a method to
measure surface changes of >1 pum in a tokamak. If results from the first



divertor phase of JET suggest erosion per pulse in the second phase may
exceed this value for high power shots, it might be possible to include
speckle interferometry as a JET diagnostic for the second divertor phase.
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Figure 4(a) The fringe pattern obtained by speckle interferometry from a
flat (but unpolished) surface using two laser wavelengths.
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