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Abstract

Erosion at the JET vessel walls has been investigated by means of carbon long term samples (LTS), partly covered with
530 nm Al and 750 nm Ni as well as implanted with Mo markers in a depth of 380 nm. The samples were exposed to JET
plasmas between April-June 1995 (about 940 discharges). Upon removal, the surface layers of the LTS were analyzed with
MeV ion beam techniques. On the inner torus walls, net erosion is found with an average of about 1.2 X 10'> Al-atoms /cm?
and 9.4 X 10" Ni-atoms /cm? per JET discharge, respectively. The erosion of carbon was > 3.9 X 10'3 C-atoms /cm? per
JET discharge. The erosion is due to sputtering by energetic charge-exchange neutrals emitted from the plasma during the
discharge and He glow discharge cleaning between the discharges.
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1. Introduction

For a magnetically confined plasma the major plasma-—
material interaction takes place at limiters and divertor
plates, which are hit directly by the particle and energy
flux through the scrape off layer (SOL) plasma [1,2]. With
the introduction of divertors the influx of impurities re-
leased at the target plates into the central plasma is largely
reduced [3], especially if a low temperature and high
density plasma can be achieved in front of the divertor
plates [4]. With the reduction of the influence of divertor
and limiter plates on the central plasma the plasma-—
material interactions at all other plasma facing areas of the
vessel walls becomes the dominant processes for the intro-
duction of impurities [5].

The plasma facing vessel walls of thermonuclear fusion
experiments are bombarded with high fluences of energetic
neutral hydrogen atoms created in charge-exchange colli-
sions [6—9]. This bombardment causes an erosion of the
vessel walls [6-11] and the introduction of impurity atoms
into the plasma. The erosion by charge-exchange hydrogen
is the dominant erosion mechanism at wall areas which are
not hit directly by ions from the plasma [1,5]. Additionally
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the vessel walls are eroded by He glow discharge cleaning
between the discharges.

In the joint European torus (JET) major parts of the
vessel walls consist of Inconel. These parts are protected
from the confined plasma by protection limiters made of
carbon. During the last years of JET operation in addition
beryllium has been routinely evaporated onto the vessel
walls.

In this work the erosion at the vessel walls of JET has
been investigated with long term samples (LTS), which
have been installed and removed during major openings of
the JET vessel [12]. The erosion of C, Al and Ni was
measured with ion beam techniques.

2. Experimental

The LTS were mounted in a poloidal ring in octant 3
(outer wall) and octant 4 (inner wall) and in the toroidal
direction in the torus midplane at the inner and outer walls
[12]. The LTS were installed between the protection lim-
iters directly at the vessel walls with good thermal contact
to the wall. The temperature of the LTS can be taken to be
the regular temperature of the wall, which is about 500 K.
The LTS had an undisturbed line-of-sight to the plasma,
but they were not hit directly by the plasma due to the
limiters [12].
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The vessel walls were regularly conditioned with Be by
routinely evaporating Be with 3 evaporators in octants 1, 5
and 7, which are located slightly below the torus midplane.
The vessel walls were regularly conditioned by He glow
discharge cleaning for about 18 h each week.

During this discharge period the divertor was Be. Most
discharges start as a limiter plasma at the inner wall for
about 10 s, followed by a divertor plasma. A typical JET
discharge lasts for about 25 s.

The LTS were installed in April 1995 and were re-
moved in June 1995. During this time about 940 dis-
charges with a total discharge time of about 22500 s were
performed. The plasma density was between 2-9 X 10'°
m~* and the plasma current typically 3 MA. About 10%
of the discharges were puffed with N,.

All LTS were made of fine grain carbon with an
exposed area of 60 mm>. Two different sets of LTS were
used. The first set consisted of samples where half of the
sample was coated with 800 nm Al. The second set of LTS
was coated with 530 nm of aluminum on one third of the
sample surface, a further third was coated with 750 nm
nickel, and the remainder of the sample was uncoated
carbon with an Mo-marker implanted to a depth of 380
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nm, thus allowing the measurement of the total erosion of
these three materials. The surface layer composition as
well as the thickness of the evaporated layers before and
after installation in the JET vessel was measured by ion
beam analysis on areas of typically | mm?. The following
surface analysis techniques have been applied:

@ RBS (Rutherford backscattering spectroscopy) with
2.6 MeV *He ions and 2.3 MeV protons at a scattering
angle of 165° giving a quantitative analysis of the thick-
nesses and compositions of the Al and Ni layers as well as
the depth of the implanted Mo markers. The analysis depth
with protons is > 10 um,

@® PIXE (proton induced X-ray emission) with 1.5
MeV protons giving a quantitative analysis of all elements
with Z > 10 within a surface layer of several um.

@ NRA (nuclear reaction analysis) with 0.79 MeV *He
ions by means of the DC'He, a)p nuclear reaction at a
scattering angle of 102.5° giving a quantitative analysis
and depth protile of D in a surface layer of about 1.2 um.

@® ERDA (elastic recoil detection analysis) with 2.6
MeV *He ions at a scattering angle of 30°, allowing the
detection of H and D in a surface layer of about 0.6 um.
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Fig. 1. Depth profiles of Ni, Al and the Mo marker implanted in C before (dashed) and after (full line and symbols) the exposition in JET.
The depth profiles were measured by RBS with 2.6 MeV *He at 165°.
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3. Results
3.1. Measured erosion of the LTS

Depth profiles of the Al and Ni layers, as well as a
depth profile of the Mo markers before and after the
exposure in JET from April-June 1995 are shown in Fig. 1
for a sample mounted at the inner wall. About 17% of the
initial Ni-layer and about 60% of the initial Al-layer
thickness were eroded. Some additional carbon in the
range of several atomic percent is found in the Ni layer
after exposition. Due to the additional carbon the decrease
in the Ni layer thickness is less pronounced than in the
case of the Al layers. In the case of carbon, the Mo-marker
initially implanted to a depth of 380 nm, is found at the
surface of the sample and is partly eroded. This means that
all the carbon which was initially above the marker is
eroded and only a lower limit for the erosion of carbon can
be given.

All LTS installed at the inner wall showed erosion of
the Al and Ni layers at an average rate of 1.2 X 10"

Al-atoms /cm? and 9.4 X 10'* Ni-atoms/cm? per dis-
charge, respectively. The observed erosion rate of Al
during the discharge period April-June 1995 is nearly the
same as observed in earlier discharge periods from Febru-
ary 1994-March 1995. This is noteworthy because the
Be-evaporator in octant 3 did not operate during the later
discharge period resulting in a much smaller amount of
evaporated Be on the LTS. Therefore the amount of evapo-
rated Be at the inner wall seems to be low and does not
influence the erosion measurements significantly.

The erosion of carbon was > 3.9 X 10'% C-atoms /cm”?
per discharge. LTS mounted in oct. 1, 5 and 8 at the inner
wall in the torus midplane showed within 30% the same
amount of erosion of C, Al and Ni as the samples mounted
in octant 4 at the inner wall, see Figs. 2 and 3.

LTS mounted at the outer wall in octant 3 (no evapora-
tor) showed minor deposits (maximum about 80 nm) and
in some cases erosion, see Fig. 2. The deposited layers
consist mainly of Be, C and O with varying composition.
N, P, S, Cl, K. Ca, Ti, Cr, Fe and Ni were detected as
traces, typically betow 2 X 10'® atoms /cm?. LTS mounted
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Fig. 2. Poloidal distribution of the total deposition of all elements (top) and erosion of C, Al and Ni (bottom). For C in some cases only a
lower limit of the eroded amount can be given. These samples are marked with an arrow. Samples at the inner wall were mounted in octant
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Fig. 3. Toroidal distribution of the total deposition of all elements (top) and erosion of C, Al and Ni (bottom) at the inner wall. For C in
some cases only a lower limit of the eroded amount can be given. These samples are marked with an arrow.

in oct. l,. 5 and 8 at the outer wall in the torus midplane
showed no erosion but deposited layers up to 3 um
consisting mainly of Be.

3.2. Estimation of an upper bound for the CX-flux

The erosion measured at the LTS is due to sputtering
with energetic CX neutrals during the discharges and
additionally to He glow discharge cleaning. The measured
erosion of the LTS has been used to get an estimate of an
upper bound for the integral neutral CX flux.

For an incident flux with energy and angular distribu-
tion I'(E, ¢) an effective sputtering yield Y,; can be
defined by

1
yeﬂ.zr—dewa(E,¢)F(E,¢>), (H

tot
where Y(E, ¢) is the energy and angular dependent
sputtering yield and I, the total incident flux, I}, =
fdEfd¢ T'(E, ¢). The main contribution to the sputtered
flux is due to incident deuterium in the energy range

50-500 eV [7,11]. These particles originate mainly from
the scrape-off layer [13]. Because at JET the CX-measure-
ments are only performed in the keV-range and there are
large uncertainties in theoretical calculations with neutral
gas codes, we have taken an energy spectrum of the
CX-flux measured at ASDEX Upgrade during a standard
shot (#6535, n, =3 X 10" m™?). The spectrum is shown
in Fig. 4. At ASDEX Upgrade the energy distribution of
the CX-flux is measured in detail with the low energy
neutral particle analyzer (LENA) in the energy range
30-1000 eV [14,13,15] and with the neutral particle ana-
lyzer (NPA) for energies > 500 eV [16,13]. The flux
below 30 eV is based on a simulation with the EIRENE
code [17-19].

It should be noted that for different discharge condi-
tions (Ohmic discharge, H-mode with and without gas
puff) the total flux may vary strongly, however the effec-
tive sputtering yield Y, calculated from Eq. (1) changes
only about 30% for low and medium-Z elements for the
different discharge conditions. This is also the case for
preliminary calculations of the CX spectra for ITER [20].
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Table 1

Effective sputtering yields Y, for the bombardment of Be, C, Al
and Ni by D. Energy distribution of the incident flux as in Fig. 4.
For C only physical erosion and physical plus chemical erosion at
500 K is given. For Al experimental values of the sputtering yield
including a layer of Al,Q; on the surface were used

Material Y

Be 13x107?
C (phys.) 7.5x1073
C (500 K) 20%x1072
Al 59%x10°3
Ni 7.8%1073

The calculated values of Y using the sputtering data for
normal incidence from Ref. [21] are shown in Table 1. The
sputtering yields in this energy range are known with an
error of about 20-30%. In the case of Al oxygen was
always present on top of the Al coating of the LTS.
Experimentally determined sputtering yields include also
an Al,O, layer on top of Al and were used for the
calculation of Y.

One uncertainty in the calculation of Y, is the angular
distribution of the incident flux. The maximum in the
angular distribution of the CX-flux might be at an angle of
about 40—50° [22]. The sputtering yields for Al and Ni at
40° are about 1.5-2 times higher than the sputtering yields
at normal incidence [21].

Under the given assumptions the total CX-flux to the
inner wall of the JET torus can be obtained from the
erosion of the Al and Ni layers measured on the LTS. The
resulting mean CX-flux to the inner wall is 1.6 X 10'7
D-atoms cm™2 per discharge. Because of the different
phases of the discharge (first limiter plasma, then divertor
plasma) only a mean CX-flux for the whole discharge can
be given. Due to the uncertainty of the angular distribution
(higher sputtering yields for oblique incidence) and the
additional erosion by He glow discharge cleaning the
obtained value for the total CX-flux overestimates the total
neutral CX flux and can be only taken as an upper bound.

The measured erosion of carbon and the erosion calcu-
lated for a mean CX-flux of 1.6 X 10'7 D-atoms cm ™ per
discharge are compared in Table 2. The measured total
erosion of carbon was > 3.6 X 10!® C-atoms/cm”. Be-
cause the whole carbon layer above the Mo marker was
eroded, this is only a lower limit for the total erosion. The
effective sputtering yields Y. for physical erosion and
physical plus chemical erosion are given in Table 1. If we
assume only physical sputtering of carbon [21] the erosion

Table 2
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Fig. 4. Deuterium charge-exchange flux to the outer wall of
ASDEX Upgrade. Standardshot #6535, n, X 10'* m™%,

should be 1.1 X 10'® C-atoms/cm?. This is a factor of
about 3 lower than the measured erosion. Physical sputter-
ing of carbon alone is therefore not sufficient to explain
the measured erosion.

Physical and chemical erosion of carbon was calculated
using the formalism developed in Ref. [23]. It should be
noted that the flux density of the CX-flux is not much
higher than obtained in laboratory experiments. The uncer-
tainty of the sputtering yields due to the flux density
dependence therefore is low.

The calculated erosion including chemical and physical
sputtering is 3 X 10'® C-atoms /cm?, which agrees within
the uncertainties with the measured erosion of carbon. This
suggests that the main contribution to the erosion of
carbon at the JET vessel walls is therefore chemical ero-
sion.

3.3. Total erosion at the vessel wall

Assuming toroidal symmetry, we can use the measured
erosion of the LTS to calculate the total amount of eroded
material from the vessel walls.

The exposed metal area of the inner wall has an area of
about 15 m2. At the whole inner wall net erosion is
observed. The measured erosion of Ni with the LTS is
about 8.8 X 10'7 atoms /cm? during this discharge period.
The sputtering yields of the Inconel vessel walls and of Ni
are nearly equal. During the discharge period from April—
June 1995 therefore in total about 1.3 X 102 atoms (13 g
Inconel) were eroded from the inner wall.

Measured and calculated erosion of carbon on the LTS for a total CX-flux of 1.5 X 10'® D-atoms cm 2 s~ !

Measured erosion (C-atoms /cm?)

Physical sputtering (C-atoms /cm?)

Physical + chemical sputtering (C-atoms /cm?)

>3.6%10'® 1.1 x 10"

3.0 108
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The major part of the outer wall is covered with Be due
to the Be evaporations, except at areas shadowed from the
evaporation. Due to the inhomogeneous Be coverage the
erosion of Ni, Fe and Cr from the Inconel vessel wall at
the outer side of the torus cannot be determined. However,
it appears that the major source of Ni, Fe and Cr is the
inner wall because of the more effective Be evaporation at
the outer wall.

A small amount of the eroded Ni, Fe and Cr is rede-
posited at the vessel walls and can be found on LTS in
deposition dominated areas at the outer wall. The amount
of deposited Ni, Fe and Cr is typically about 1.4 X 10'®
atoms /cm>. The deposition dominated wall area is about
130 m>. The total amount of redeposited Ni, Fe and Cr is
therefore about 2 X 10>? atoms, which is about 15% of the
amount of eroded Inconel. More than 80% of the eroded
Inconel is most likely ionized in the scrape-off layer and
deposited at the carbon limiters or transported into the
divertor, where thick deposits are observed [24].

An upper limit for the total erosion of Be can be
estimated in the following way: The total wall area of JET
is about 200 m>. The effective sputtering yield Y, for
sputtering of Be with D is 1.3 X 10™? (Table 1). Assuming
a spatially homogeneous flux of 1.6 X 10'7 D-atoms ¢cm >
per discharge to the walls totally covered with Be the
sputtered flux of Be is of the order 4 X 102" Be-atoms per
discharge. This value is an upper limit, because
1. The CX-flux at the inner midplane cannot be extrapo-

lated to the whole of the vessel. In particular during the

initial start-up phase of the plasma the plasma rests at
the inner wall.

2. Not all wall areas (for example the inner wall, but also
areas that are shadowed from the Be evaporation) are
covered with Be.

4. Conclusions

The erosion of long term samples (LTS) mounted at the
vessel walls of JET between protection limiters is due to
the bombardment by energetic neutral deuterium atoms
created in charge-exchange collisions during the dis-
charges and additionally to He glow discharge cleaning
between the discharges. On the inner torus walls, net
erosion is found to a level of about 1.2x 10" Al-
atoms /cm® and 9.4 X 10'* Ni-atoms/cm? per JET dis-
charge, respectively. An upper bound for the charge-ex-
change neutral flux to the inner torus wall can be estimated
from the measured erosion of the Al and Ni layers to be
about 1.6 X 10'7 D-atoms cm ™ per discharge. The mea-
sured erosion of carbon (> 3.9 X 10'* C-atoms/cm? per
JET discharge at the inner wall) is mainly due to chemical
erosion of carbon. Physical sputtering of carbon alone can
explain only about 35% of the observed carbon erosion.

During one JET discharge about 2.9 X 10°Y Ni, Fe and
Cr-atoms are sputtered from the inner Inconel vessel wall.

About 15% of the sputtered wall material is redeposited at
the outer torus walls, while the rest is likely redeposited
either locally at the limiters or at the divertor plates. The
total amount of beryllium sputtered from the vessel walls
is <4x10%" atoms during one JET discharge. All impu-
rity fluxes are upper bounds because of the additional
effect of He glow discharge cleaning.

In ITER the CX-sputtering at the walls will be an
impurity source as well. In order to reduce the erosion at
the walls and the influx of impurities from the walls into
the plasma the CX-flux has to be reduced. The CX-fluxes
to the vessel walls of ITER are predicted to be lower by a
factor of about 10 than the CX-flux measured at the inner
wall of JET, but may be as high as observed at JET. The
measured erosion at the vessel walls of JET may be
therefore taken as an upper limit for the expected erosion
at the vessel walls of ITER.
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