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ABSTRACT.

At the end of C4 campaign at JET, a 1% SiH4/99% D2 mixture and pure 13CH4 were injected into

the torus from the outer divertor wall and from the top of the vessel, respectively, in order to study

material transport and Scrape-Off Layer (SOL) flows. A set of MkIIGB tiles was removed during

2001 shutdown for surface analysis. The tiles were analysed with secondary ion mass spectrometry

(SIMS) and time-of-flight elastic recoil detection analysis (TOF-ERDA). 13C was detected in the

inner divertor wall tiles implying material transport from the top of the vessel. Silicon was detected

mainly at the outer divertor wall tiles and very small amounts were found in the inner divertor wall

tiles. Si amounts in the inner divertor wall tiles were so low that rigorous conclusions about material

transport from divertor outboard to inboard can not be made.

1. INTRODUCTION

Deposition in JET divertor tiles has been observed to be asymmetric; i.e. heavy deposition occurs

in the Scrape Off Layer (SOL) at the inner divertor whereas there is little deposition at the outer

divertor. Heavy deposition at the inner divertor has led to flaking on the water-cooled louvres and

after the DTE1 tritium experiment at JET it was observed that the majority of the retained tritium is

in the flakes that have spallen from the louvres. The asymmetry in the deposition implies a drift in

the SOL from outboard to inboard, as has been seen in JET using reciprocating probes [1].

The deposition at the inner divertor, as analysed when tiles were removed from the vessel, is the

result of typically 2 years of JET operations with about 2000 discharges covering many types of

operation. It is thus difficult to tell which aspects of operation are important in controlling the

deposition. Prior to the 2001 shutdown, an experiment was devised to provide specific information

on material transport and SOL flows observed at JET. 13CH4 and SiH4 were injected into the plasma

boundary in the last day of discharges using one type of discharge only. The methane was puffed at

the top of the vessel, and the silane at the outer divertor wall. A set of special tiles was installed in

the Mk IIGB divertor during the 1999 shutdown. These tiles were removed in the 2001 shutdown,

and have been analysed in 2002 to determine the erosion/deposition profile, and 13C and 28Si

distribution over the entire divertor cross-section. Thus from these analyses, specific transport

information on these last few pulses should be obtained. The analysis techniques used have been

secondary ion mass spectrometry and the ion beam analysis (IBA) method time-of-flight elastic

recoil detection analysis.

2. EXPERIMENTAL

A set of divertor tiles analysed in this work was installed in the MkIIGB divertor during the 1999

shutdown at JET. The tiles were coated with poloidal stripes of a boron doped carbon layer with a

thickness of ~2.5µm on a rhenium interlayer with thickness of about 0.5µm.

During the last day of the C4 campaign, a 1% SiH4/99% D2 mixture and pure 13CH4 were

injected through gas introduction modules (GIMs) into the outer divertor (GIM 10) and at the top
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of the vessel (GIM 5), respectively, for up to 10s in 13 pulses. GIM 10 is a toroidal ring in the

sidewall of the outer divertor (see Fig.1) with injection holes every 11o, whilst GIM5 injects at one

toroidal location only in octant 5. The pulses were ohmic plasmas with BT of 2.5T and Ip of 2.4

MA. The total numbers of Si and 13C atoms introduced were 3.2×1021 and 1.3×1023, respectively.

The injections resulted in the line averaged density approximately doubling to 7.5×1019 m-2. During

the gas injection experiments light collected from the midplane was routinely monitored by the

KS3 survey spectrometer, and CH molecular band at 431nm, Hα and Dα (656nm) lines were

measured. Silicon was observed spectroscopically with the KS6 X-ray spectrometer at a low

concentration as an impurity in the plasma, but there was no measurable change in Zeff.

JET is equipped with two fast reciprocating probes (RCP) which can be inserted three times

during a discharge. During the gas puffing experiments the retarding field analyser (RFA) probe

was inserted twice for each pulse into the plasma boundary to within 10mm of the separatrix. From

the data the Mach number was derived for the flow in the SOL.

After removal a set of samples of 17mm in diameter was cut from the divertor tiles using a

coring technique [2]. The poloidal positions of the samples are shown in Fig.2.

The depth profiling was carried out by SIMS using a double focusing magnetic sector SIMS

(VG Ionex IX70S). The current of the 5 keV O2 primary ions was typically 400nA during depth

profiling and the ion beam was raster scanned over an area of 270×430µm2. 13C and 28Si were

profiled using a higher mass resolution of 2000 (m/∆m at m/z 28) to separate the element peaks

from the interfering isobars (e.g. 13C+ from 12CH+ and 28Si+ from 12CO+, 12C2H4
+). The 13C and 28

Si ion intensities were converted to 13C and 28Si contents by integrating through the surface layer,

and comparing with the integrated TOF-ERDA result for the same sample. Sputter rates were

determined for the C+10% B layer, bulk CFC material and for the Be rich deposit. Crater depths

were measured using a profilometer (Dektak 3ST Auto).

The TOF-ERDA measurements of elementary concentration profiles were performed with the

5-MV tandem accelerator EGP-10-II of the University of Helsinki. In the measurements, a 53-

MeV beam of 127I 10+ ions was used. The detector angle was 40°, and the samples were tilted

relative to the beam direction by 20o. The elementary concentrations were calculated using known

geometry and SRIM-96 stopping powers in energy-loss calculations. The maximum analysis depth

was about 1µm.

3. RESULTS

Plots of experimental signals for one typical pulse are shown in Figure 3 in the time range of 53-

65s. SiH4 injection was delayed by 1s with respect to 13CH4 puff in this pulse. CH molecular

signal, which is due to break-up of CH4 molecule, increases only slightly during the puffing. The

gas injections can be observed in the H/(H+D+T) intensity ratios clearly. The peak of the H/(H+D+T)

curve at t ~ 55s results from introducing the CH4 before the SiH4/D2 injection. When 13CH4 was

puffed at first, the relative amount of hydrogen increased in the plasma decreasing consequently
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the relative amount of deuterium. After 1s delay, SiH4/D2 mixture was injected increasing the relative

amount of deuterium, so that overall the ratio returns to near its original value.

Drift velocities in the SOL were measured with the RFA probe. Figure 4 shows that in these

ohmic pulses the maximum drift velocity is about Mach 0.6 in the direction required to sweep

impurities into the inner divertor. The Mach number curve in Fig. 4 has three maxima and the peak

structure in the profile can at least be partly explained by different ionisation states of carbon [3].

Drifts in SOL have earlier been observed at JET with a peak velocity of Mach 0.35-0.6 for ohmic,

L-mode and H-mode pulses [4,5]. After the C4 campaign and 13 CH4 and silane puffing experiments

the RFA probe head was analysed using nuclear reaction analysis (NRA) [5]. Carbon was the major

impurity deposited onto the probe with quite high deuterium concentration. The impurity densities

from the ion drift direction were observed to be higher by a factor of 2-3 than those measured from

on the electron side, again indicating a flow of impurities towards the inner divertor. However, 13C,

beryllium and silicon were not detected, indicating that the amounts of these elements were below

the detection limit for the NRA technique.

Some analysis results of the core samples are shown in Figs. 5-8. Figure 5 shows low mass resolution

SIMS depth profiles in sample 1/1, which was from near the bottom of the inner divertor wall tile 1

(see Fig.2). There is a deposit, which is formed of two layers, on the surface with a thickness of about

11µm. The surface layer contains mostly carbon and beryllium with a higher deuterium content, and

some nickel which arises from inconel used as the JET vessel wall material and for internal metal

fittings, bolts etc. The films underneath the surface layer are very rich in beryllium and nickel peaks

also in this region. High resolution depth profiles of 13C in samples of inner divertor wall tiles 1 and

3 are given in Figs. 6. In tile 1 13C profiles have a half width (FWHM) of about 300nm whereas in tile

3 the half width is about 600nm. This may be due to difference in surface roughness, or it may reflect

a different balance between 13C deposition from the puffing and deposition of impurities from the

plasma core.

Figure 7 shows TOF-ERDA depth profiles of 13C in inner wall tile 1. The raw data are in atoms/

cm 2 but for comparison with the SIMS profiles, the scale has been converted to actual depth when a

film density of 2g/cm3 is assumed. The TOF-ERDA profiles are very similar to those measured with

SIMS (in Fig. 6), and including a broader 13C profile in certain samples.

The SIMS analysis of the floor tiles shows heavy deposition of carbon-rich deposits at all parts of

tile 4 and thick powdery deposits on the sloping parts of both tiles 4 and 6. In both floor tiles the

amount of 13C is small. The level of silicon in tile 4 is low whereas in the sloping part of tile 6 (sample

6/7) and in the region on tile 6 shadowed by tile 7 (sample 6/9) there is silicon in larger amounts than

in the areas shadowed by the septum. This is in agreement with the TOF-ERDA results.

In some areas at the outer divertor wall tiles several microns erosion has occurred since no

signals of the boron and rhenium markers could be found by SIMS. The amount of 13C in the outer

divertor wall tiles is very low and corresponds to the natural abundance of 13C. In tile 7 the amount

of silicon is lower at the centre of the tile and higher at the edges (see Figure 8). In samples 7/4 and
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7/8 Si profile has sharp surface peak whereas in sample 7/1 the profile is clearly broader. One reason

for this can be that sample 7/1 is below the strike point in the private zone whereas samples 7/4 and 7/

8 are in the erosion zone. On the other hand, this may be due to difference in surface roughness.

4. DISCUSSION

13C from the puffing experiment is clearly deposited at the inner divertor wall tiles 1 and 3, but it

is not found at the outer divertor. This confirms the drift of impurities from outboard to inboard, the

13 C injected from the top of the vessel is swept towards the inner divertor. The injection of a Si

containing species was supposed to show whether material from the outer divertor is transported all

the way round the SOL to the inner divertor. However, the amount of Si injected as silane in a D2

carrier gas for safety reasons was small, and SIMS and IBA measurements have shown that CFC

material contains Si as an impurity, at a concentration comparable to the amount redistributed by

the plasma interaction. Thus no conclusions may be drawn on this specific point.

High concentrations of 13 C were found on the surfaces of tiles 1 and 3, but not on tile 4. The

model for erosion/deposition in JET when the vessel wall is at 320 o C predicts that impurities in

the SOL come at tiles 1 and 3, but the carbon is chemically re-eroded and transported to the shadowed

regions of tile 4 and the inner louvre region, leaving a rich Be layer on tiles 1 and 3 [5,7]. However,

the outer C-rich part of the film on these tiles may indicate that the re-erosion was “switched off”

by reducing the wall temperature of JET to 200 o C [7]. The puffing experiments described here

were performed during this period at 200 o C, and certainly there is no evidence of transfer of 13 C

to the shadowed regions. Furthermore, integrating the amounts of 13 C on this poloidal section

through tiles 1 and 3 and extrapolating to the entire inner divertor wall of JET (assuming uniform

concentrations toroidally), gives •50% of the injected amount of 13 C. This estimate may be

considered accurate to not better than a factor of 2, but it does demonstrate that most of the 13 C

transported to the inner divertor is remaining at the surface of tiles 1 and 3.

The precise distributions of 13 C along the inner divertor wall profile, and the absolute amounts

resulting from this experiment form an excellent data set for the modelling of the SOL transport in

JET, being a single well-characterised pulse type. Such modelling exercises need to be developed

to incorporate SOL drift and other parameters, and successfully reproduce the JET erosion/deposition

data in order to predict behaviour in ITER (especially to predict tritium retention).

There are many variables such as impurity source location, wall temperature, types of discharge,

etc. to be explored, so gas puffing experiments should be repeated prior to each JET shutdown

when tiles can be removed for surface analysis. 13 C has been shown to be a suitable isotope for the

purpose, since it can be puffed in sufficient quantities for detection above the natural level. Also,

since carbon is the critical impurity in fusion devices, there is no question of the relevance of the

data. Other impurities that may have high detection sensitivity and are not normally found in JET

unlike the silicon, which we discovered after the event, was already present everywhere as an

impurity may also be used as additional sources, so that two or more experiments (e.g. different
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injection points) may be conducted simultaneously, with the caveat that the behaviour of the impurity

must be understood relative to carbon.

CONCLUSIONS

Puffing of 13 C has clearly demonstrated sweeping of impurities through the SOL to the inner

divertor. The data from the experiment are a valuable check on modelling work on SOL transport.

The puffing experiment should be repeated whenever possible to provide similar data set in different

plasma conditions, wall temperatures, etc.
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Figure 1. Cross-section of JET showing GIM 5 and GIM 10 gas introduction modules, and Mach probe.

Figure 2. The JET MkIIGB divertor tile set. The samples for SIMS and IBA measurements are indicated with numbers.
The first number in the sample code refers to divertor tile and the second one to the position in the tile.
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Figure 3. Time evolution of CH molecular signal, H/
(H+D+T) intensity ratio, silicon XIV X-ray emission, and
puff rates for SiH4/D2 mixture and 13CH4 for Pulse No:
54340.

Figure 4. Drift velocities measured with RPC probe for
Pulse No: 54336.

Figure 5. SIMS depth profiles of 1H, 2H, 9Be, 11B, 12C,
13C, 58Ni, 185Re in sample 1/1.

Figure 6. SIMS depth profiles of 13C in tile 1(a) and in
tile 3(b), respectively.
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Figure 7. TOF-ERDA depth profiles of 13C in tile 1. Figure 8. SIMS depth profiles of Si in tile 7.
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