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ABSTRACT

In JET, the hydrocarbon transport in the inner divertor has been studied on a shot for shot basis by
means of a Quartz Micro Balance (QMB) mounted at the entrance of the inner divertor pump duct.
Movement of the strike point downwards the vertical divertor target in the direction to the QMB
increases the deposition. Largest carbon deposition is found with the strike point located at the corner of
the horizontal divertor plate which offers a direct line-of-sight to the QMB. Monte-Carlo modelling with
the ERO transport code reproduces the dependence of material deposition at the QMB on the plasma
configuration. A further enhanced carbon flux to the QMB is detected if the strike point is moved for the
first time to a location where a carbon layer was built up in former shots. This can be understood in terms

of a much larger erosion yield for re-deposited carbon compared with bulk material.

1. INTRODUCTION

In the current design of ITER [1] Farbon Fibre Composites (CFC) are still foreseen for the divertor
target plates. Main reason for this choice is to handle off-normal heat loads of more than 10 MW/mz.
Carbon-based materials have the advantage not to melt even under such extreme conditions wherefore
strong material erosion due to melt layer losses will not arise. This competes with the main
disadvantage of carbon materials, which is their erosion due to formation of hydrocarbon molecules
being - in contrast to physical sputtering - effective even at the lowest plasma temperatures. This
chemical erosion may lead to a limitation of the lifetime of highly exposed plasma facing components.
More severe is the transport of eroded carbon away from the strike zones leading to formation of
carbon layers, which retain large amounts of fuel by co-deposition. This co-deposition has been
identified to be by far the strongest retention mechanism in present fusion devices. Due to licensing,
the maximal allowed amount of retained tritium in ITER is limited to 350g. A pre-requisite for
development of procedures to minimise and remove retained tritium is a detailed knowledge about
how carbon is transported, the locations of re-deposition, the conditions, which influence the re-deposition
and the properties of the re-deposited layers.

In JET and other fusion devices formation of carbon layers has been studied by postmortem
analysis of tiles in between experimental campaigns. Measured deposition patterns represent an average
of various plasma conditions and configurations. Since spring 2000 a Quartz Micro Balance (QMB) is
mounted at the entrance of the pump duct in the inner divertor of JET allowing a shot-resolved measurement
of deposition on this special location. This contribution presents a brief overview of the current knowledge
of carbon transport in JET and focuses then on experimental results obtained with the QMB. The data

are compared with Monte-Carlo modelling of carbon transport for the inner divertor.

2. CARBON TRANSPORT AND DEPOSITION IN JET

2.1. OVERVIEW OF PAST RESULTS

Analysis of divertor tiles from JET MKIIA after divertor plasma operation of about 18hrs has shown
that the inner divertor is everywhere deposition dominated with most of the deposition on the water

cooled louvers at the entrance of the pump duct [2]. Only very little deposition is seen in the outer



divertor including the louver region. This behaviour is understood in terms of flows in the Scrape
Off Layer (SOL), which are directed to the inner divertor [3] and drive carbon eroded at the main
chamber to the inner divertor. The total amount of deposited carbon on the inner louvers is estimated
to about 900g which corresponds to a carbon deposition rate of about 7.10%° C/s, a fraction of 1%
of the total deuterium plasma flux towards the inner divertor. If standard assumptions for chemical
erosion (1 - 2%) and for sticking of re-deposited carbon species (according to TRIM database or
molecular dynamic calculations) are made the modelled carbon transport in MKIIA to the inner
louver using the Monte-Carlo code ERO [4] is in large discrepancy with the measured carbon
deposition [5]. The deposition could be modelled when the sticking probability of returning
hydrocarbon fragments was set arbitrarily to zero and assuming a plasma configuration with the
strike point near to the louver entrance. In our picture zero sticking is understood in terms of a very
high probability for the re-deposited hydrocarbon to be reeroded at plasma-wetted areas. A very
similar picture has been deduced from dedicated experiments in TEXTOR where Becr 4 Was injected
through testlimiters and their deposition was compared with ERO modelling [6].

After the JET MKIIGB gas box divertor operation (1999 — 2001) tile analysis reveal again a net
deposition zone in the inner divertor with layer thickness of up to about 80microns [7]. As for
MKIIA at most of the outer divertor area erosion is in balance with deposition with only a small
zone close to the entrance of the pump ducts on the horizontal target being deposition dominated
[8]. Again, asymmetric flows drive the eroded carbon mainly to the inner divertor leading to strong
deposition on the tiles, in particular on the shadowed parts of the inner horizontal tiles. The total
amount of carbon deposition on plasma facing sides and shadowed areas of the horizontal tiles is
estimated to about 400g during a total plasma divertor time of 16hrs. The overall carbon deposition
rate is thus 5-10% C/s, slightly lower compared with MKIIA operation. However, in MkIIA the
majority of carbon deposition in the inner divertor is at the remote louvers (~90%) while in MKIIGB the

majority is deposited at the divertor tiles itself mainly on the shadowed part of the horizontal tile.

2.2. MEASUREMENT OF CARBON DEPOSITION ON THE LOUVER AREA USING A
QUARTZ MICRO BALANCE

A specially designed Quartz Micro Balance (QMB) has been mounted at the entrance of the inner
louver region of JET during the recent MkKIIGB-SR divertor operation campaign for which the
septum had been removed. The measurement is based on the change of the resonance frequency of
a quartz crystal caused by the change of its mass due to material deposition or erosion. The QMB
system allows shot-by-shot measurements of deposition with a resolution of about 0.4 nm. Details
of the QMB system in JET are described in [9].

The system, which is equipped with a shutter, has been exposed from march 2002 till the end of
2003 for about 600 discharges corresponding to a total exposure time of 4900s. The material
deposition averaged over about 310 shots with various plasma configurations, heating power, L-

and H-mode is about 1.5-1019 C/s [10, 11]. This averaged value shows a much smaller mean carbon



transport towards the inner louver area compared with the MKIIA operation, estimated to about
7.10%° C/s. However, most striking result is that the material deposition on the QMB system depends
strongly on the geometrical plasma configurations, which have been established at JET for different
plasma scenarios (Diagnostic Optimised Configurations to optimise the edge diagnostics). Figure 1
shows a schematic view of these different DOC configurations and in addition a configuration with
the strike point located on the horizontal plate (BASE case). In the DOC-U configuration the inner
strike point is located on the upper part of the vertical plates, moved down on the lower part of the
vertical plates in DOC-L and positioned in DOC-LL on the lower end of the vertical plates. The
QMB data show an increased deposition if the strike point is moved downwards on the vertical
plates into the direction of the QMB. For H-mode discharges above an input power of 8MW the
averaged deposition is mostly below the detection limit of about 5- 10" C/cmzs in DOC-U plasmas,
increases to about 1.4.1015 C/cmzs in average in the DOC-L configuration with the strike point
moved by about 20cm downwards and increases further significantly for the DOC-LL configuration
(factor of about 1.5). Moving the strike point to the horizontal plate (BASE configuration) the
deposition increases even more, in the average by a factor of about 6 compared to DOC-LL cases.

The QMB data show also that the carbon deposition and thus the erosion source can be
significantly stronger if the plasma configuration is changed such that surfaces are touched for the
first time by plasma impact. This enhanced carbon transport reduces within the following discharges
suggesting again an enhanced erosion of re-deposited carbon layers, which has been found in beam
experiments [12]. Figure 2 shows an example of this effect on a series of similar H-mode discharges.
Changing from DOC-L to DOC-LL configuration the deposition increases by a factor of about 9.
Going back to DOC-L leads to no deposition (rather erosion). The deposition is about a factor of
three smaller for the strike point moved back to the horizontal plate compared with the former shot
where the strike point was moved for the first time to this position. This indicates that a layer is
deposited on the horizontal target near the entrance of the louver region during previous plasma
operation, which is then preferentially eroded during the horizontal plate plasma operation. Similar
observations are obtained from locally resolved carbon spectroscopy in the inner divertor [13].
More detailed QMB results are described in [11].

2.3. MODELLING OF CARBON DEPOSITION ON THE QMB MONITOR

Transport of carbon in the inner divertor of JET MkIIGB-SR has been modelled with a variant of
the three-dimensional Monte-Carlo Code ERO [4]. Neutrals, which are physically or chemically
eroded according to semi-empirical models (such as the Bohdanski/Yamamura [14, 15] formula for
physical sputtering or the Roth formula [16] for chemical erosion) leave the solid with a Maxwell
or Thompson velocity and cosine angular distribution. They become ionised or dissociated following
rate coefficients (such as the Lotz [17] formula for atomic species or Janev/Reiter [18] database for
hydrocarbons) depending on the local plasma parameters. Movement of charged particles is governed

by Lorentz-forces, friction with the background plasma, thermal forces and diffusion. These forces



lead to a certain re-deposition of eroded particles on the surface. The transport calculation for a
single test particle is terminated if the particle is re-deposited or has left the simulation volume.

As input for the ERO calculations the two-dimensional distribution of the plasma parameters
inside a poloidal cross section are calculated with the B2-Eirene [19, 20] package. Three different
plasma configurations are used: DOC-U, DOC-L and a configuration with the inner strike point
located on the horizontal target (BASE configuration). For all three cases an input power of 12 MW
with a radiation fraction of 30% is used. The B2-Eirene solutions correspond to steady-state modelling
representing plasma conditions time-averaged over many ELM periods. Thus surface heating effects
caused by an increased power flux during ELMs are not taken into account. Figure 3 shows the
resulting profiles of ion flux along the inner target plates. A more detailed discussion of the plasma
parameters for the DOC-U and DOC-L cases is given in [21].

2.3.1. Carbon transport in DOC-L configuration

For the ERO modelling the simulation volume in z-direction towards the main plasma ends at z=—1.5m,
inradial direction the volume ends at r = 2.6m. The other boundaries are given by the tiles geometry.
The transport of chemically eroded CD, and physically sputtered carbon atoms is treated separately.
To elucidate a possible effect of low sticking for hydrocarbon radicals or respectively of high re-
erosion probability [6], sticking S of hydrocarbon species returning to the divertor plates is varied
between 0 and 1.

a) Chemical erosion: assumption of sticking one for hydrocarbon radicals and carbon atoms
First, a chemical erosion yield of 1% has been assumed with erosion only due to deuterium ions.
Changes of the erosion yield and erosion by deuterium atoms will be addressed later. For chemical
erosion formation of CD, molecules is assumed. Dissociation and ionisation rates for CDy species
are taken from [18].

Figure 4(a) shows the gross-erosion and re-deposition along the divertor tiles for sticking of one
for all returning species. The x co-ordinate (distance s along the plates) starts on the vertical tile #1
at z = —1.45m, reaches s = 350mm at the lower end of the vertical tile #3 and reaches values larger
than s = 350mm on the horizontal tiles (see Fig.1). As can be seen nearly all eroded particles are
re-deposited near their starting location resulting from very small penetration into the plasma
(especially near the strike point). The integrated amount of re-deposition on the divertor tiles is
about 99%. Figure 4(b) shows the difference of redeposition and gross-erosion. A zone (width ~ 20
mm) of net-deposition occurs near the strike point inside the Scrape-Off-Layer (SOL) and a
net-erosion zone downwards the target to the direction of the Private Flux Region (PFR). The net-
deposition zone results from particles eroded in the SOL and than re-deposited at the target shifted
to the direction of the PFR (towards higher s-values) due to the penetration into the near surface
plasma, ionisation and transport along the magnetic field lines. Particles, which are eroded below
the strike zone at the beginning of the PFR have a much higher probability to reach the low density

PFR plasma and escape therefore more likely into the direction of the horizontal plates or to the



direction of the outer divertor (visible as net-erosion in Fig.4(b)). The amount of particles leaving
through the gap of the louver region is only about 0.02% of the eroded species yielding an absolute
number of about 5.5.10"° C/cmzs. It has to be taken into account that only a certain fraction of
particles entering the louver region is finally deposited on the louver itself. Detailed modelling of
the particle transport in the louver region predicts this fraction to be about 50% [22], for which the
simulated values have to be divided by two to get a deposition rate. The modelled deposition rate is

therefore about a factor of 50 smaller than comparable deposition measurements on the QMB.

b) Chemical erosion: assumption of zero sticking for hydrocarbon radicals and molecular
dynamic reflection for carbon atoms

Assuming the other extreme case of zero sticking for all returning hydrocarbons and reflection
coefficients for carbon atoms according to molecular dynamic calculations [23] yields gross-erosion,
re-deposition and net-deposition profiles as shown in Fig.5. A broader zone of erosion appears
around the strike point with no clear net-deposition on the whole vertical target: this results from
the fact that only carbon atoms can be re-deposited whereas all hydrocarbons are re-injected into
the plasma leading to a higher particle loss rate into the PFR. The integrated re-deposition on the
divertor plates decreases from 99% (for S = 1) to about 84%. About 10% of the eroded particles
leave the simulation volume into the direction of the outer divertor. The remaining amount leaves
towards the main plasma. Compared with sticking one the amount of particles transported into the
louver region increases by a factor of about 7 to 0.14% or 3.8.10' C/cmzs. However, compared to
findings from QMB measurements this value is still about a factor of 7 to small. As an example, Fig.6 shows
the modelled distribution of CD, molecules inside the inner divertor. Near the strike point the penetration
is minimal due to the high plasma density. Clearly visible is the preferential loss of methane eroded in the

PFR, inside the PFR ionisation or dissociation is very unlikely due to the low density.

c) Chemical erosion: influence of the erosion yield
As mentioned, a chemical erosion yield of 1% for deuterium ions has been assumed so far and
erosion by atoms has been neglected. Compared to QMB measurements the modelling leads to a 7
times reduced carbon deposition on the louver in the DOC-L configuration even for the extreme
assumption of zero sticking for returning hydrocarbons. For fully sticking this discrepancy increases
to a factor of 50. The new empirical fitting formula, which has been developed to describe the
chemical erosion yield in dependence on flux, impact energy and surface temperature [24] results
in a very similar yield of about 1% near the strike point assuming a surface temperature of about
900K where the chemical erosion has its maximum. Typically this temperature is not reached all
along the target in JET. However, at lower fluxes apart the strike point the Roth formula predicts
larger erosion yields.

In any case, the inner divertor is a deposition dominated region where carbon eroded from the
main chamber is deposited and subsequently re-eroded. These deposited carbon layers can suffer

from an enhanced chemical erosion yield. Indeed, chemical erosion yields of up to 10% have been



deduced from spectroscopy in the inner divertor of JET [25]. In addition, erosion by deuterium
atoms can be assumed to contribute to the overall chemical erosion [26]. These effects increase the
simulated amount of carbon entering the louver region by a significant factor (5-10). A more precise
modelling would need better validated chemical erosion yields in the inner divertor of JET (which
is difficult because the plasma usually detaches when hydrocarbons are injected). It should also be
mentioned again that a possible effect of ELMs is not included in the present simulations.
Nevertheless it can be concluded, that a satisfactory agreement between simulation and experiment
is achieved assuming a low effective sticking of hydrocarbons (S ~ 0 to be interpreted as high “self
re-erosion’ of deposited layers) and an erosion yield as suggested by the Roth formula for impinging

background deuterium ions and atoms.

d) Physical sputtering: assumption of molecular dynamic reflection for carbon atoms

Figure 7 shows profiles of gross-erosion, re-deposition and net-deposition for physically sputtered
carbon. About 73% of the eroded C atoms are re-deposited on the plates. The remaining amount of
particles leaves the simulation volume in z-direction (19%) and towards the outer divertor region
(8%). For DOC-L configuration no physically eroded carbon can enter the louver region. The
physically eroded particles originate from a region nearly fully located in the SOL, whereas physical
sputtering becomes zero due to low plasma temperatures at s values larger than 240 mm (Fig.7(a)).
Particles not re-deposited locally on the vertical target are transferred through the low density PFR
into the direction of the outer divertor region or to the horizontal plate of the inner divertor. Due to
their starting location of s smaller than 240mm physically eroded particles impinge the horizontal
plate at s values larger than 440mm. A reflection from these locations into the louver region is
extremely unlikely. In comparison, part of the chemically eroded particles hits the horizontal plate
already at values of s larger than 360mm (see Fig.4(b)), which increases the probability of reflection into
the louver region. A net-erosion zone near the maximum of gross erosion appears (Fig.8(b)) followed
again by a net-deposition area. The pronounced development of the net-deposition maximum results

from the fact that the gross-erosion peak is located deeper in the SOL, in opposite to chemical erosion.

2.3.2. Dependence of carbon transport on strike point position

More important than absolute values is here the comparison of the three different plasma
configurations which is summarised in table 1 for chemical erosion and physical sputtering. The
table shows also mean deposition rates from QMB measurements for H-Mode shots with an input
power larger than SMW.

In DOC-U configuration the amount of chemically eroded carbon entering the louver region is
very small. Compared to DOC-L the relative amount (related to the number of eroded particles)
decreases by a factor of 50 for fully and about 16 for zero sticking. The corresponding absolute
values decrease by a factor of 100 for S = 1 and 30 for S = 0 (the gross-erosion in DOC-U is about
a factor of two smaller than in DOC-L). This is in agreement with QMB measurements which show

a decrease of at least a factor of three changing from DOC-L to DOC-U (the measured values for



DOC-U are below the detection limit). Similar as for DOC-L configuration, the transport of physically
eroded particles to the louver region is negligible in DOC-U. In the BASE configuration with the
strike point on the horizontal target the modelled relative amount of chemically eroded particles
reaching the louver region increases by a factor of about 150 compared with DOC-L and the absolute
number by a factor of about 60. No significant difference in these factors occurs between the
assumptions S = 1 and S = 0 for hydrocarbons. The main reason for this large increase is that the
BASE configuration offers a direct line-of-sight for eroded and reflected particles to the louver
region. This behaviour is in clear agreement with QMB observations, which show highest deposition
with the strike point on the horizontal plate although the increase changing from DOC-L to BASE
is less pronounced. In contrast to DOC-U and DOC-L configuration, physically eroded particles
can be transported to the louver region in BASE configuration.

Deposition on the QMB in BASE configuration shows also a dependence on the history of
previous discharges (section 2.2). The simulations show that in configurations with the strike point
on the vertical target part of the eroded carbon is deposited on the horizontal plate. These deposition
zones are shifted nearer to the louver and the amount of re-deposition increases if the strike point is
located more downwards along the vertical target. In such configurations carbon not re-deposited
locally is partly re-deposited on the base plate from where it can be re-eroded during a base plate
discharge (with an enhanced erosion yield) and transported towards the louver. Such behaviour is
indeed seen experimentally. This shows that part of the carbon transport is stepwise from one
location to another driven by different (geometrical) plasma configurations. Such behaviour is also
in line with carbon transport studies using 13CH4 methane injection from top of JET in dedicated
discharges in a given plasma configuration (DOC- L like) at the end of a campaign, followed by
surface analysis for Be deposition: most of the 13 was found on the inner vertical tiles with no

measurable amount on the shadowed region of the horizontal tile at the entrance of the louver.

CONCLUSIONS

New shot-resolved deposition measurements by means of a quartz microbalance at the entrance of
the inner divertor louver region in JET (MKIIGB-SR divertor) show that the carbon transport to this
remote region depends on the geometrical position of the strike point. With the strike point on the
upper vertical target (DOC-U) the deposition is below the detection limit and increases with the
strike point moving down. Largest deposition occurs if the strike point is located at the lower end of
the vertical plates (DOC-LL configuration) or on the horizontal target. This dependence is very
well in line with ERO modelling of carbon transport towards the QMB location. Modelled absolute
deposition rates for a standard 12MW H-mode discharge agree within a factor of 2 - 4 with the
experimental data assuming enhanced erosion of re-deposits (in the modelling negligible sticking
of hydrocarbons, S ~ 0). The simulations show that plasma configurations with the strike point at
the lower end of the vertical target (DOC-LL like) lead preferentially to deposition on the horizontal

plate which can be re-eroded effectively with the plasma positioned on this plate. Such behaviour is



indeed observed experimentally showing an enhanced deposition on the QMB depending on the
history of previous discharges. Carbon transport towards special locations therefore can occur
stepwise involving different plasma configurations. Deposition patterns from post mortem tile
analysis thus represent the average of many different plasma geometries during the corresponding
operation campaign.

In order to model absolute deposition on the louver, small effective sticking or enhanced
re-erosion of freshly re-deposited carbon must be assumed. This is in agreement with modelling of
transport of injected 13CH4 in TEXTOR and of carbon transport in JET MKITA.
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chemical erosion (1%) | chemical erosion (1%)
physical erosion QMB
plasma S=1 $=0
configuration #louv.er (%] # louver #louv.er (%] # louver #louv.er (%] # louver | deposition
#erosion [C/em’s] | #erosion [C/em?s] | #erosion [C/em?s]| [C/em’s]
DOC-U 4-10*| 5.510" 9-10°| 1.3 10" 0.0 0.0 <5.010"
DOC-L 0.02| 5.510" 0.14| 3.810" 0.0 0.0/ 1.410%
BASE 3.7] 4.010" 21.8] 2.310' 12.5 8310 1.210"

Table 1: Simulated amount of particles entering the inner louver region in dependence
on the plasma configuration and sticking assumptions together with average deposition
rates from QMB measurements for discharges with input power larger than 8§ MW.
According to [22] about 50% of particles entering the louver region are deposited on
the louver wherefore the simulated values have to be divided by two to obtain deposition
rates on this area.
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Figure 1: Diagnostic Optimised Configurations (DOC)
of the divertor plasma in JET.

Figure 2: Deposition on QMB for subsequent H-mode
discharges with different plasma configurations.
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Figure 3: Ion flux profiles along the inner divertor plates
of JET MkIIGB-SR modelled with B2-Eirene for three
different plasma configurations (input power of 12 MW
and 4MW radiation).
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(b) for chemical erosion in DOC-L. Sticking of hydrocarbons is
assumed to be zero, sticking of carbon atoms according to
molecular dynamics calculations.
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Figure 6: Simulated distribution of chemically eroded  Figure 7: Simulated profiles along the inner divertor
CD4 in DOC-L. Sticking of hydrocarbons is assumed to  plates of gross-erosion and re-deposition

be zero, sticking of carbon atoms according to molecular  (a) and net-deposition

dynamics calculations. The green lines indicate exemplary  (b) for physical sputtering in DOC-L. Sticking of carbon
flux surfaces. For comparison the co-ordinate s along  atoms is assumed according to molecular dynamics
the plates as well as the JET co-ordinates (r,z) are given.  calculations
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