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ABSTRACT.

During the ICRF(lon Cyclotron Range of Frequencies) heating on JET (Joint European Torus)
the highly localised impurity influxes from the Faraday screens(FS) of RF antennas are observed.
The influxes result from the acceleration of deuterium and impurity ions in the RF enhanced
Bohm-Debye sheaths. The RF enhanced sheaths form when amagnetic field line, linking alarge
RF magnetic flux, connects two surfaces and closes aloop where the RF voltage isinduced. The
FS influxes depend on two intimately linked parameters, antenna voltage and the density at FS,
aswell as on the magnetic field angle, antenna phasing, FS geometry and material. The influx of
Beryllium(Be) from the front face of the Be—gettered FSis (p';se: 3= 1x10" atoms MW slin
monopol e(k; = Om_l) phasing when the torus had carbon( C) belt limiters. The contribution of the
Be front face influx and the remaining Ni influx from the FS gaps to theion dilution iS3Z /Pge
< 0.015 MW, When the C-belt limiters were replaced by the Be-belt limiters, the influxes were
reduced by morethan afactor of 2. Inthe dipole phasing(k;= 7m‘l) thefront facinflux isnegligible.



1.0 Introduction.

ICRF heating of the tokamaks has been successfully used on a number of
devices[ JACQUINOT 1988, ODAJIMA 1986, STEINMETZ 1989, WEYNANTS 1988,
WILSON 1988]. A major drawback of the ICRF heating was the gas and impurity release
associated with the RF pulse. In JET, as elsewhere, a density rise and an increase in
radiated power were observed. Depending on the amount of the deuterium desorption, Z off
remained either constant or increased, the latter implying an enhanced ion dilution. The
density limit achieved with the RF heating was only marginally higher than in the ohmic
phase of the discharge. Successful coupling of large amounts of RF power into an H-mode
was not possible.

Recently, the RF impurity situation in JET was radically improved. It can be accounted
for by a number of factors. The most important were the introduction of Beryllium(Be) as
a wall(Be—gettering) and limiter material(Be—belt limiters). Equally important is the
coverage of the nickel(Ni) antenna screens by a Be layer, which together with the dipole
phasing(k; ;=7 m_l) and the high RF wave absorption per pass allowed for a very
successful operation of the ICRF heating system. The previously observed RF density limit
was exceeded by more than a factor of two. A high quality H—mode was obtained with RF
heating alone[JACQUINOT 1990] and combined with NBI(neutral beam injection).

On JET, the RF induced influxes can be categorized into three groups. First, the most
important one[BURE§ 1990b,¢], is the "global" impurity influx(not specific to the heating
method) associated with the RF power conducted into the scrape—off layer(SOL) from the
bulk of the plasma, Pi=Pa+PrpTPRaAp- During the RF pulse the parallel energy flow in
the SOL increases and the sputtering in the Bohm—Debye sheaths at the limiter and wall
surfaces rises as a function of the electron temperature. The characteristic time associated
with the released influxes is comparable to the incremental confinement time of the RF
energy T?NC W/ (PRF—SPQ), where §W is the increase of the plasma stored energy and

GPQ is the usually observed drop in the ohmic power. This process is a general mechanism



which will arise whenever any power, not necessarily RF, is applied to heat the plasma. It
should be resolved in a more general comtext and the recent proposal for JET
extension[THOMAS 1990] adresses this particular issue.

The second type of influx identified on JET[BURES 1988b, 1990b,c] is & fast influx from
the limiters and wall which was observed before conditioning techniques, such as
carbonisation, helium discharge cleaning and Be getiering were systematically employed.
The characteristic time associated with these influxes was typically 7810 ms or less,
indicating that an RF ﬁeld.interaction with the vessel surfaces was taking place rather than
the increase of the power flow in the SOL. Indeed, with the tokamak properly conditioned,
these influxes are not observed anymore. The fact that a prompt source of impurities and
neutral gas influx is not seen, neither at the limiter nor at the wall, is indirect evidence
that no significant fraction of the RF power is directly coupled into the edge of the plasma.

The third, and only remaining "RF specific" influx clearly identified on
JET|BEHRINGER 19862, BURES 19882,1990b], is the influx from the Faraday screen(FS)
of the RF antennae. It results from the interaction of the large amplitude oscillating field
and the plasma close to the surface of FS. The experimental observations and the influx
scaling are consistent with ion sputtering in the RF enhanced sheaths which form at the
front face of the FS and also in the gaps between the FS elemeﬁts[PERKINS 1989, MYRA
1990, D’IPPOLITO 1890a). In general, RF sheaths will form at the points of contact
between the magnetic field lines, linking a large RF magnetic flux, and the material
surfaces. The time scale of these influxes is very short, 7<10 ms.

One important aspect of the JET results should be pointed out here. JET is a large
device with plasma parameters close to the reactor range. This implies a high RF wave
absorption per pass. The resulting RF field pattern is highly localised around the antennae.
This enables the separation of the "global" influxes from the "RF specific" ones by
localised measurements at the antennae screens, limiters and the wall. In smaller devices a

similar distinction and, in particular, a quantitative estimate of the different contributions



is not easy to make.

In this paper we will summarise the observations of the FS influxes from the different
JET antennae, give their scaling with the plasma and antenna parameters, estimate the
contribution of these influxes to Z ofpy nd compare the observations with the predictions of
a theoretical model. The theoretical model itself, and some prelimirary comparisons with
JET results, are presented in a separate publication[D’Ippolito 1990b]. The two papers
taken together present compelling evidence that the physical origin of the FS influxes is
understood. Finally, the substantial reduction of the FS influxes, to very low levels, by the

implementation of various design and operational elements will be pointed out.

2.0 Experimental arrangements.

The JET device is a low aspect ratio tokamak with the major radius R=3 m and the
minor radius a=1.2 m. The elongation is typically k=1.4—1.6 and the maximum magnetic
field on axis is B 0=3.4 T. The plasma current, in the discharges discussed in this paper, did
not exceed Ip=3 MA. The RF heating system consisted originally (period 19851986} of
three A  antennae of prototype design[KAYE 1985]. Each was able of delivering 3 MW of
RF power in the frequency range 23 — 57 MHz. The characteristic feature of the A0
antennae, relevant to the subject discussed in this paper, is that the front face of the FS
was flat. Before installation in the vessel, one of the antennae was coated by a lum
chromium(Cr) layer. Schematic cross sections of the A o and A, antennae are shown in
Fig.1. The FSof both antennae were made of Ni. The important feature of the A4
screen[KAYE 1987] is the V—ﬁhaﬁed indentation which was implemented to avoid direct
interaction of the plasma with the FS due to ripple of the magnetic field. The characteristic
distance és between the Antenna Tile Tangency Surface(ATTS) and the FS is different in
the two cases. In the case of the A o antenna it is typically 4-5 mm while in the case of the
Al antenna it is in the range 8-10 nim. The parallel connection length relating to the

"private SOL" of both antennas is very similar, L%I” 0.2 m. Eight Al antennae were



opefated on JET during the period 1987-1989 with a powér capability 3 to 4 MW per
antenna depending on the level of the generator upgrade. Both A o and A1 antennae had
the capability of exciting a l;II spectrum which peaked either at kn=0 m! (called
monopole) or at k=7 m_l(since 1687 called toroidal dipole). The most widely used
heating scenarios were D(H),4He(H) and D(3He), with minority species indicated in the
brackets. The frequency was usually adjusted so as to place the minority resonace layer on
axis. In the experiments described below, hydrogen was used as the resonating species.
Four different experimental situations are discussed in this paper. First is the operation of
three Ao antennae in a non-<conditioned JET with eight discrete C limiters. One FS was
coated with Cr. The second case is the operation of eight A; antennae with the Ni FS when
the JET device was fitted with two C—belt limiters. The last two cases refer to the
Be—gettering phase, one with the C—belt limiters and the other with the Be—belt limiters.
The typical thickness of the deposited Be layer on the FS was = 300 A.

3.0 Overwiew of experimental results.
3.1 Summary of the Faraday screen influx behaviour.

The most important experimental aspects of the FS influxes can be-summarised
according to their dependencé on the plasma and the antenna parameters. It was found
that FS influxes depend on, or are characterised by:

1) localisation to the powered antenna

2) angle between the magnetic field at the plasma edge and the S elements
3) antenna voltage(power at constant coupling resistance)

4) antenna phasing(ky; spectrum), FS geometry

5) FS material

6) plasma edge density

7) general level of impurities.

These dependences are consistent with the FS sputtering by deuterium and impurity ions,



including seli-sputtering by ions from the FS material, accelerated in the RF and Debye
sheaths as proposed in [PERKINS 1989, D’IPPOLITO 1990a and MYRA 1990]. It will be
shown below that the original models have to bg extended to include the sputtering of the
front face of the FS. We proceed with an expanded discussion of each of these observed

dependences.

3.2 Localisation of FS influxes to the powered antenna.

To establish the dependence of FS influxes on power, a direct measure of the FS influx is
highly desirable. For a Ni FS, this proved to be difficult. No suitable low ionisation state
line of the Ni exists which could be monitored by the existing telescopic system capable of
viewing some of the antennae. However, the experiment with the Cr coated A, antenna FS
provided the possibility of monitoring the intensity of the CrI{4254.35 K) line, which can
be related to the neutral Cr influx{Behringer 1989]. As shown in Fig.2, a Cr influx is
observed only when the antenna is powered. Note that the power emitted by the adjacent
antenna does not release any Cr at all. These conclusions were previously
drawn[BEHRINGER' 1986; BURE§ 1988a] from the VUV measurements of the high
ionisation stages of Ni and Cr, e.g., CrXXI(149.89 A), CrXXII(223.01A), NiXXV(117.94
f&) and NiXXVI(165.35 f&). The characteristic time of the Crl response to the RF power is
7<10 ms. It is clear that the Cr influx cannot be correlated to the parallel power flow in
the main SOL in front of the antenna. It is a result of the interaction of the RF oscillating
field with the plasma close to the surface of the FS. The localisation of this interaction is
consistent with the RF field being highly localised around the antenna and decaying
rapidly both in the toroidal and poloidal directions. Such field patterns are excited in JET

because of the high single pass absorption efficiency, which is in the range 50-90%.

3.3 FS influx dependence on FS angle with respect to B edge

The FS elements of JET antennae were installed at an angle of 15 with respect to the



toroidal direction. This implies that the elements are aligned with the total magnetic field
at the edge during 5 MA discharges at the full toroidal field By=3.4 T. In most of the
discharges the typical angle is » 5-10°. Experiments in which direction of the toroidal field
was reversed (where the angle FS—-Bp was = 25°) were discussed in previous
publications[JACQUINOT 1988, BURE§ 1990). The FS influxes of Ni, were enhanced in
these cases by more than a factor 2—4. These experiments were performed with the A1

antennae(Ni screens) and the C—belt limiters.

3.4 FS influx dependence on antenna voltage.

It was apparent already during early operation that the level of Ni contamination in the
plasma scaled with RF power[DENNE 1985). The VUV spectral line intensities of the high
ionisation stages of Ni, INIXXV and INiXXVI, normalised to the plasma density was used
as a measure of the Ni content in the plasma. INiIXXV/<n_>, which is an indication of the
number of the Ni ions along the line of sight, is plotted in Fig.3 as a function of the total
input power. The scaling with RF power is indeed observed, but the level of scatter in the
data is quite large. This is not surprising because a number of additional parameters play a
role when relating the level of Ni in the plasma to the influx from the FS. In particular, the
Ni released from the FS is eventually re—deposited on limiters from where it can be
sputtered by the normal processes(parallel energy flows in the SOL). In such a case, the Ni
concentration cannot be related to the FS influx even if the Ni confinement in the plasma,
as well as the degree of the Ni screening in the boundary, are knowﬁ. The evidence for Ni
migration and accumulation on the limiters, during the RF operation, is presented in Fig.4.
Here the measure of the Ni concentration in the plasma during the ohmic phase, before the
application of RF power, is plotied as a function of the pulse number. Note the general rise
in Ni concentration with pulse number, as well as the tendency for the concentration to
drop after several successive ohmic or low power pulses which effectively clean the limiters.

Much clearer information about the FS influx scaling can be obtained by studying



signals related directly to the influxes. Such an analysis{D’IPPOLITO 1990a] has been
performed on the Crl data obtained during the operation of the Cr coated A o dutenna. The
analysis yields the scaling of the ICr](intensity of CiI) with V). Here Vi=Z,(P A/RC)O‘S is
the antenna line voltage(measured as maximum voltage across the transmission line), R c 18
the corresponding coupling resistance, P A8 the power coupled by the antenna, and Zo is
the characteristic impedance of the transmission line. Strictly speaking, V, as defined here,
is somewhat lower than the voltage across the current strap(or FS) of the antenna. This
distinction is important for the theoretical model and is discussed further in Section 6.
Recently, Be-geitering was used in JET to improve the general impurity
levels THOMAS 1990]. During RF pulses the Be influx was monitored by means of the
radiance of the BeI{4573 R) line. The first results suggested[BURE§ 1990b] a scaling
IBeI>P, during a series of discharges with the coupling resistance R, kept approximately
constant. The clarifying illustration that the FS influx depends on voltage rather than
power is shown in Figs.5a and 5b. During this discharge, the coupling resistance R, was
modulated by the demnsity transients resulting from sawtooth activity. Due to the large
changes in R o the generator power was periodically limited, resulting in a periodic decrease
of RF power. At the same time, the Be influx from the FS was periodically increasing.
Taking the R, variation into account a clean correlation with the voltage emerged. The '

additional fast IBel transients, observed in the signal, are caused by edge density spikes.

3.5 FS influx dependence on phasing(kp; spectrum).

The first evidence of the benefit derived from the antenna phasing was observed during
early 1986 operation. As discussed in the corresponding publications[JACQUINOT 1986,
BURES 1988a)}, the level of metals originating at the FS of two adjacent Ao antennae, Ni
and Cr, was reduced by factor » 2 when the antennae were phased so as to emit the
maximum power at kH=7 m ! However, the direct measurement of the ICrl suggested

that the Cr influx per MW was roughly the same in both cases, i.e. independent of phasing.



How do we reconcile these observations? Originally, it was suggested that the enhanced
diffusion of the plasma in front of the antennae is phasing dependent. Indeed, the plasma

edge density and temperature profiles were modified witk k;;=0 m !

80 as to increase the
density at the screen. As shown later, this implies increased sputtering in the RF sheaths.
With kp;=7 m™! the FS density was much lower. The coupling resistance was also much
lower(factor >3) and therefore the antenna voltage was higher by a factor >305. These
two effects nearly compensated and the resulting influxes were comparable. The cbserved
difference in the Cr and Ni content in the plasma resulted from the difference in the edge
profiles and the coresponding degree of screening. With respect to the behaviour of the n,
and Te edge profiles, the observed strong modiﬁcation(kH=0 m_l) can be significantly
reduced by the conditioning techniques, but the enhanced tramsport in {he immediate
vicinity of the FS is still observed in JET[TAGLE 1990] even in the case of a well
conditioned machine.

An alternative explanation of these results, obtained for the A o antenna, could be that -
the FS influx does not depend on the phasing but more Ni and Cr was sputtered from the
limiters with kH=0 m™L. This would be due to having higher edge fields at locations far
away from the antennae, because the k=0 m? component reflects from the resonance
zone. This mechanism can explain a markedly kqy dependent content of Ni in the plasma
when the limiters were polluted by redeposition of the Ni and Cr.

The influx measurements from the V-shaped A, antenna provided much clearer
answers and, in particular, the Be influx from the Be—gettered FS provided strong
evidence[BURE§ 1990b] that
a) the FS influx for V—shaped screens is phasing dependent(larger infilux in monople
phasing) and |
b) a large fraction of the FS front face is exposed to sputtering.

In Fig.6 the Be influx, signal is corrected for the background Bremsstrahlung, is shown as a

function of the antenna voltage in the monopole and toroidal dipole ﬁhasing. The antenna



power was modulated to estimate the time scale of the signal response. As discussed in
Section 6 below, the essential element, which can explain the observed difference, is the
V—shaped geometry and the formation of the front—face RF sheaths in the monopole

phasing.

3.6 FS influx dependence on screen material. |

One way to eliminate the Ni influxes, used frequently on JET, was the carbonisation of
the vessel including the FS. After the carbonisation the Ni concentration in the plasma
would drop by an order of magnitudefBEHRINGER 1986b]. The previous levels were
recovered after 2050 RF discharges. Similar reduction of the Ni level was observed when a
large amount of additional power was applied to heat the plasma resulting in the "carbon
bloom" phenomenon[PASINI 1990]. The carbon fluxes, present in the vessel, provided
in—situ carbonisation of the FS. After a long series of RF heated discharges the Ni would
reappear again. An estimate of the Cr influx, from the noncarbonised FS of the AO

20

antennae, was published earlierl BEHRINGER 1086b]. ¢5.0=1020atoms MW 15! from the

Cr™
effective area AFS ~1m> was derived. The rather high influx can not be explained by the
deuterium sputtering alone but, as discussed below, the sputtering by light impurities and
self-sputtering play the dominant roles. Therefore a screen material 'with a low
self—sputtering coefficient should give a correspondingly lower influx. This was indeed
observed with the Be gettered Al screens. Based on the hypothesis of the Be layer
erosion[BURE§ 1990b] the influx in monopole phasing was estimated to be
¢g§z(1——2.5)xlﬁlgatoms MW—ls_l, a reduction by a factor ~4—10. The entire surface of
the FS of the Al antenna is %1 m2. In Section 4.2 we provide an estimate of the Be
influxes, from the same series of discharges, based on the VUV measurements of the Be
concentrations in the plasma. The suitable choice of the FS material should depend
crucially on its sputtering properties. The sputtering yields by D, O, C and self-sputtering

should be well below one in the range of energies 0—1keV.

10



3.7 FS influx dependence on the plasma edge density.

To sputter the material from the FS, the density has to be finite at the surface facing the
plasma. In order that enhanced sputtering in the RF sheath can take place, the density has
to exceed the threshold value £10%° m-s[D’IPPOLITO 1990a]. The first clear evidence of
the FS influx dependence on the plasma density was found for the Cr influx from the A0
antenna and the Be influx from the A1 antenna. In the case of the Cr, the influx was
found[D’IPPOLITO 1990a] to scale with the line integrated density measured along a
vertical cord approximately 20 cm inside the plasma. Similarly, the Be influx was found to
depend on the volume averaged density[BURE§ 1990b), this dependence implicitly
implying a scaling with the edge density. A direct comparison with the Cr data could not
be made because the line density data were not available in the latter experiments. The
two quantities are closely correlated and therefore the same trends of the influx behaviour
are expected. To assess the influx behaviour in detail, the local density at the surface of the
FS should be known. Such measurements proved to be difficult and only a limited amount
of data existsTAGLE 1990].

There are number of processes which can control the density at the FS. First, it will scale
with the density at the ATTS which, in turn, depends on the volume averaged density,
total RF power, recycling etc. In particular the level of the gas desorptiﬁn from the limiter
and wall is important. Second, RF induced diffusion in front of the FS can modify the local
density at the screen.

Later, in Section 4.2, the measurements by the Langmuir probes in the antenna
protection tiles]BRINKSCHULTE 1986] will be used to estimate the influx scaling.
Because the above mentioned desorption, diffusion and the resulting FS density depend on
the antenna voltage, the density and voltage scaling can not be separated in a

straight—forward fashion.
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3.8 FS influx dependence on general level of impurities.

The-previously quoted Cr influx can be understood only if impurities contribute to the
sputtering of the FS. The deuterium alone could not explain the results unless large fluxes
at the maximum yield are involved in the sputtering process. Such D fluxes are not
consistent with the calibrated D o [neasurements. It was suggested by D'IPPOLITO et
al.(1990a) that C, which is the dominant impurity during the operation with the C—belt
limiters, is involved in the sputtering process. Indeed, C sputtering and the Cr
self—sputtering can account for the measured Cr influx{D’Ippolito 1990a]. Recently, the
C—belt limiters were replaced by Be-belt limiters. As a result C was replaced by Be as the
dominant impuxity. The influxes from Be-gettered Al antenna screens, with both the C
and Be—belt limiters, were measured. In the case of Be—belt limiters the Be influx from the
FS is reduced(compare Figs.6,7). Because the sputtering yields C —> Be and Be —> Be are
comparable the difference in the influx could be attributed to the general level of impurities
being lower in the latter case. Another contributing factor to the reduction of the FS flux
might be a lower density at the ATTS due to the strong deuterium pumping by the
Be[THOMAS 1990, BURES 1890c]. Unfortunately the edge data supporting this claim do
not exist, but the possibility of a strong reduction of the edge demsity in the Be

environment will be discussed in more detail in Sections 4.3 and 6.

4.0 Be influx from the Be—gettered FS.
4.1 Experimental method.

Be was introduced into the JET device in two stages consisting of 1)Be—gettering of the
vessel interior with the C—belt limiters and 2)Be—gettering of the vessel with the new
Be—belt limiters. During both experimental stages the Be influxes from the FS were
measured by monitoring IBel. The preliminary results from the first stage were reported
earlier[BUREg 1990b]. To correlate the IBel to the Be neutral flux the number of

ionisations per excitation(photon efficiency S(T,, n.)), for the experimental range of the

12



edge densities and temperatures, has to be known. In Fig.8 the photon efficiency of the Bel
line is presented for a wide range of plasma parameters. The shaded area indicates the
experimental range as obtained from the Langmuir probe data. Fig.9 shows IBel as a
function of the corrected signal 5(T,, n )IBel. We find that the deviation from the IBel
signal, introduced by the correction, is well within the experimental error bar on 1Bel as
well as the Langmuir probe data. Therefore both the corrected and raw signals are equally
representative of the influx. The contribution of the background Bremssirahlung is
correctly subtracted. Typically it amounts to < 20% ot the total signal. One uncertainty

remains unresolved. To relate IBel to the neutral flux not only Dedge and T must be

edge
known but also the fraction of Be atoms in their metastable states. The latter effect might

introduce some additional density dependence which is not included in the present analysis.
Measurements are not available to clarify this latter point. However theoretical
investigations by SUMMERS(1990) relate the metastable fraction of the total neutral Be
flux to the dynamic ionisation and thence to the local electron temperature. These results

indicate that for T >25 eV, the metastable fraction is reduced.

edge

To understand the sputtering process at the FS, the voltage and density dependence of
the ¢FS should be studied independently. This is not possible because the density at the
FS, ak°
in Section 3.7, which can influence nfs; the enhanced diffusion in front of the FS and the

, is a function of RF power. There are two important processes, briefly mentioned

deuterium desorption due to the heating of limiters. These were found to depend on the

conditioning. Consequently, estimates of ngs

require measurements directly at the FS. The
desorption process depends also on the limiter material, the amount of implanted gas and
the total amount of the power, Py interacting with the limiters and wall.

While measurements of n};‘S were not normally available, an estimate of density at the
ATTS could be derived from an analysis of Langmuir probe data. The Langmuir probes

were installed in the protection tiles of two of the antennae and the data represent the

behaviour of the plasma edge density‘, temperature and their profiles. Because most of the
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discharges were of the "Monster"[CAMPBELL 1988] type with the stabilised sawtieeth, the
Langmuir probe data proved to be of higher than usual quality. In a sawteething discharge
the plasma edge parameters are strongly fluctuating as a result of the heat pulse, associated
with the sawtooth collapse, reaching the plasma edge. |

Generally the density at the ATTS is a function of the total RF power PR%OT

The RF
system was operated so as to keep the RF power on all antennae approximately equal. This
is important because IBel was monitored at the antenna 3D while the Langmuir probe data
were collected at the antenna 1D. Thus PR /P 1D _ 085 0.1 and PRF /P TOT

ATTS

=0.15 + 0.04. From the Langmuir probes results o, can be expressed in form

n8TT5(1018 73 = 0.3 4 0.3(P 10T paw) %8 (1)

The characteristic e—folding length associated with the n, profile is An =1.8 * 0.5 cm and
does not depend on PE(F)T This A is characteristic »of the main SOL. The profile
characteristics right in front of the FS, in the "private" antenna SOL, are not known. Later
in Section 4.3, when simulating the measured ¢FS, the change of this particular parameter
with the antenna voltage has {o be assumed.

The edge temperature also increases with RF power but somewhat slower. The scatter in
the data is much larger, when compared to the density, and the best fit can be written in

the form
TATTSev] = 25 + 4.0(P 5 10T w07, 2)
The corresponding temperature scale length in the main SOL is AT =4z 2cm.

4.2 Behaviour of Be influx from the Be—gettered FS in JET with carbon belt limiters.
During the experimental campa.ign' with the Be—gettered FS and the C—belt limiters the

14



Be signal monitoring the FS influx decays as a function of the number of Joules radiated
through the FS. If the decay is attributed to the erosion of the Be layer the influx can be
estimated(see Section 3.6). During a similar campaign with the Be—belt limiters the decay
of the signal is not observed. This suggests that ihe Be—erosion is compensated by Be
redeposition. If this assumption is valid, then at least part of the decay observed with the
C-belt limiters could be due to the deposition of C on'the FS.

In this Section we esiimate the FS influx from independent measurements of the Be
concentrations in the core plasma. These are derived from the calibrated intensities of the
BelV line(75.93 A). The conservation equation which relates the number of the Be ions in

the plasma, originating at the F'S, to the Be influx from the FS reads

FS

NBc.=:

= (1-n)45> Mw s 3)
"Be

Here Ngz [MW"I] is the total number of ions per MW of RF power which have the FS as
their source. We define the total flux of the Be atoms originating at the FS of all eight

antennas

¢FS T ¢FS PTOT [5—1] | (4)

where ¢§§ [MW_1 s-l] is the flux per MWs. As in the case of the A  antenna, the
corresponding area of the FS is AFS ¥ 1 m?. n is the screening efficiency which can be

expressed in the form
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LCMS
nn

(5)

n=1-

FS
nll

where ngMCS
FS
n

is the density of the Be neutrals at the last closed magnetic surface(LCMS)

is their density at the FS. TBe is the global Be conﬁnenient time defined at the

LCMS. The procedures to estimate Ngg, TBe and n are described in detail in the

and n

Appendices. The same series of discharges is used in the analysis as in the case of the

FS
e!

The 30d 7 the Be influx can be calculated from Eq.(3). It becomes, for the monopole(ky
=0 m_l) phasing, ¢g§ =(3 + 1)x1019

estimates based on the hypothesis of the Be layer erosion. Knowing the quantities NB

atoms MW 151 and compares favourably with the
- previously derived influx quoted in Section 3.8. For the estimate of the neutral Be
screening the Langmuir probe data were used. The quoted error bar relates to the
experimental uncertainties. An additional uncertainty is introduced when the influx is
extrapolated to large powers and to very different operational scenarios.

The Be influx depends strongly on the density at the FS. The screening is also very
sensitive to the absolute value of the edge density and its profile. In.general these two
dependencies tend to compensate each other.

How important is the Be influx from the FS in terms of the ion dilution in the
plasma? Assume that the electron density can be written in the form

_ FS, -
Dg =10y + 8yZ; + ng, Zg, (6)

where nyZ; represents the dominant impurity originating at the limiter and ngz Zg,
accounts for the fraction of electrons due to the FS. Then the contribution to Zeff per MW

of RF power is expressed
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SCR
NBe ZBe(zBe —1)

62 g = _ (7

where Ne = <ne>V and V is the plasma volume. Taking the value Ngg » 2.5x10'8i0ns

MW"I(Appendix Al) and the corresponding N, & 3.1x10%}

, we find that ﬂeﬁ » 0.01
[MW“I]. This value is a factor = 2 lower than derived previously[BURE§ 1990b] because it
takes into account the SOL screem'ng.

One way to study the ¢B scaling is to use regression analysis. In Fig.10 the IBel is
plotted as a function of F = cte(V3D) (PTOT)ﬁ ~7. Here, 5 is the number of plasma
pulses after the Be evaporation and the negative exponent indicates the decay of the signal
partly due to the Be-layer erosion and partly due to the deposition of C. Even though
nATTS is known, it appears that a more precise regression is obtained using PTOT

RF !
assuming that nATTS PEgT This can be understood in terms of the scatter in the

‘:TTS data set introduced by the profile extrapolation from the measurements at two
radial points. The values of the various exponents obtained in the regression analysis are a
= 0.9z 0.28, f = 0.85 + 0.12 and y = —0.2 = 0.02. The antenna voltage V3D is related to
the power coupled by the 3D antenna through the coupling resistance as defined in Section
3.4. The coupling resistance (-kH =0 m—l) does not vary appreciably during the entire
series of shots.This allows us,using Pap /PTOTz ¢'", to express the dependence of ¢B o OB
)6

voltage, e.g., ¢ od.(V and § = a+ 28 = 0.9 + 1.7 = 2.6. The value of the exponent

6 = 2.6 is typical of the conditions with the C—belt limiters. The ¢BS dependence on

voltage has to be primarily understood in terms of the nl;‘S

evolution as a function of
voltage. In this particular case, the stronger than linear(2f ~ 1.7) dependence is a result of
gas desorption and the corresponding edge density increase. The remaining, & linear(a »
0.9), dependence is due to a combination of enhanced diffusion in the "private SOL" in

front of the FS, weak dependence of the Be sputtering yield on voltage and some increase of
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the C density. It is clear that the total exponent § can depend sensitively on the state of
the tokamak and some additional parameters like the plasma—antenna distance
(LCMS—-ATTS), plasma shape in front of the antenna etc.(See also the discussion in Sec.6).
The exponent § might change at high total powér levels as a result of the saturation of the

deuterium desorption.

4.3 Behaviour of Be—influx from the Be-gettered FS in JET with Be—belt limiters.

During the experimental period with the Be—belt limiters the behaviour of the Be
influxes from the FS was different. The signal was relatively weaker and did not decay as a
function of the coupled RF energy. As suggested in the previous Section, this implies a
redeposition of the Be on the FS.

The bulk plasma density behaviour in these discharges is dominated by the strong
deuterium pumping with the recycling coefficient RD<0.9 during the entire RF
pulse[BURE§ 1990c]. A moderate amount of gas ¢g % 3x10%%670 was puffed into the
plasma boundary to avoid an excessive drop in the plasma density. Unfortunately, during
these discharges, Langmuir probe data were not available. In view of the complicated
density behaviour it is not surprising that a regression analysis of the ¢g§ does not show
any correlation with the volume averaged density <n>. In fact, with the present JET gas -
introduction system, it was not possible to reach a density steady—state during RF heating.
In Fig.11 the IBel signal is plotted as a function of F=cte(V3D)a for both the monopole
and toroidal dipole antenna configurations. An exponent of @ = 1.95 + 0.25 was obtained
from the regression analysis performed on the monopole phasing data. It can be concluded
that, in toroidal dipole phasing, the influx ¢g§ is practically eliminated. The scaling law
¢g§ M(V3D)1'95 should be compared with the scaling in the C—belt limiter case(exponent
2.6). It is plausible to assume, on the basis of experimental observations, that there are two
aspects of the weaker voltage dependence. First, the edge density does not increase with

ngT as strongly as with C—limiters. Second, the background level of impurities is lower.
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In Fig.12, the influxes for both the C— and Be-limiter cases with monopole phasing
are plotted as a function of antenna line voltage V}. The IBel data for the C-limiter case

19 atoms MW—1 s_1

was normalized to the value ¢g§= 2x10 , which is consistent with
both the erosion estimate of Sec.3.6 and the global particle balance estimate of Sec.4.2. The
data referring to the C—limiter are corrected for the decay of signal as a function of pulse
number 5. At a voltage Vy % 18 kV(corresponding to P, » 1 MW) the influx for the
Be—limiter case is reduced by a factor > 2 compared with the C—limiter case.. We conclude
that the numbers for 4)%2 [MW"“ls-l] and 6Z¢ [MW_l] quoted in the previous section for
C-limiter are reduced by more than a factor of 2 when Be limiters are employed. The solid

curves in Fig.12 represent the model simulations and are discussed in Sec.6.

5.0 Nickel influx from Be—gettered FS.

The Be—gettering does not deposit a Be film on surfaces which are not directly "seen"
by the Be—getter heads. While the front face of the FS is covered by a Be layer, the
surfaces in gaps of the FS have very small or no Be coverage at all. Therefore an influx of
Ni is expected even when the FS is Be—gettered. For the same FS material, the influx from
the gaps should be relatively less important than the influx originating at the front
face[D’Ippolito 1990b). The influx from the gaps is expected from theory to depend only
very weakly on antenna phasing. In Fig.13 the signal INiXXV is shown for the cases of
monopole and toroidal dipole phasing. Both discharges were run at similar densities,
electron and ion temperatures and similar RF powers. As expected, no appreciable
difference is noticed.

It is difficult to quantify the Ni influxes because no suitable spectroscopic line{low
ionisation state monitoring the FS) exists. However, an estimate based on the Ni
conceniration in the plasma, confinement time and the neutral Ni screening can be made in

a similar fashion as for the Be(see Appendix). There are two independent measurements of
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the Ni concentration. The first is based on the VUV intensities of the NiXXV and NiXXVI
lines and the second comes from the intensity of the Ni+*26(1.5886 K) x—1ay line. The latter
is routinely used to derive the central ion temperature. The two methods agree within a
factor of 2-3, but some cases exist where the discrepancy is larger. The detailed Ni
behaviour will be treated in a separate publ.icétion. In particular the Ni migration from the
FS to the belt limiters and subsequent sputiering by various mechanisms will be discussed.
Here we estimate the influx immediately after the Be—gettering and after a relatively small
number of RF shots. Under these conditions the contamination of limiters and the antenna
protection tiles should not be too important. Tﬁis is indeed the case because the Ni+28
photon count rate, in the ohmic phase of the discharges studied, is very low. Taking the
uncertainties in the estimates of the Ni concentration and confinement into account, the
influx from the gaps of the FS for the C—limiter case can be estimated as ¢§?,gap % 14 x
1018 atoms MW 15, This assumes that the FS is the only source of Ni, which is actually
not the case, so this estimate is only approximate. The contribution of Ni to Zeﬂ' is, in
these discharges, very small. How do we reconcile these observations with the previously
observed high Cr influxes from the A o antenna? First, the characteristic dimension & of
the A "private SOL" was » 50% of the corresponding & of the A; antenna(see Fig.1).
Second, the influx originating in the gap is much smaller than the influx coming from the
front face of the FS, which gave the dominant contribution to the influx from the Ao

screens.

6.0 Theoretical model.

The formation of Bohm—Debye sheaths on the limiters, wall and other surfaces in
contact with the plasma is the dominant mechanism of the physical sputtering by the
plasma and impurity ions. As mentioned in Sec.1.0, this process leads to a "global"
impurity influx associated with the RF power flow into the SOL. This process is not

sufficient to account for the observed impurity influx from the FS of powered
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ICRF antennae. In a recent paper, PERKINS(1089) suggested that the impurity release
from the screen could be explained by enhanced sputtering due to ion acceleration in the
RF sheaths which form along magnetic field lines connecting the two surfaces of the FS§
gap. The pshysics of the gap sheaths has been studied in several other recent
papersfMYRA 1990, D’IPPOLITO 1980a, CHODURA 1990]. However, the formation of
RF—_enhanced sheaths is expected to occur on other surfaces as well In
D'IPPOLITO(1990b) and in the present section, the treatment of RF sheaths is extended
to include front face sheaths on the V—shaped FS of the type used in the A1 antennae(see
Fig.14). Generally speaking, whenever a substantial RF flux is linked by the magnetic
fields connecting two conducting surfaces(thereby forming a complete circuit), RF sheaths
will form at the points of contact with the surface, giving a potential drop across the sheath
on the order of the induced voltage across the magnetic filed line segment. This voltage is
typically much larger than the electron temperature which characterizes the potential drop
of the Debye sheath. The RF sheath therefore leads to a greatly enhanced sputtering from
the FS when the antenna is activated. '

A complete sputtering model requires a quantitative treatment of the particle
inventory in the vicinity of the FS because i)the sputtering yields are senmsitive to the
masses and charges of the incoming particles; ii)the degree of self-sputtering depends on
the local ionization and therefore on the electron density; and iii)the RF sheath potential is
also sensitive to the local electron densitylMYRA 1990]. A theoretical model has been
developed which includes the physics of radial transport, ion acousﬁc flow along field lines,
neutral free streaming, ionization, and the sputtering and self—sputtering associated with
both gap and front—face RF sheaths. A detailed description of the model is given in
D’IPPOLITO(1990b) and only a brief summary of the main results of the calculation will
be given here. The detailed comparisons given below, demonstrate that the model can
reproduce the magnitudes of the measured influxes for the various JET antenna/limiter

configurations and gives good qualitative agreement with observed dependence of the metal
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impurities on anfenna phasing and voltage, magnetic field angle with respect to the FS,
and screen material. The role of oxygen and the general level of impurities can also be
understood in the context of the model. Thus the model provides a useful framework for
understanding and interpreting the experimental impurity influx data summarized in Secs.
3.0-5.0.

The model is restricted to two regions: the "private SOL", bounded by the surface we
refer to as the ATTS, where field lines terminate in the antemna protection tiles(see
Fig.14), and the "sputtering region" where the field lines intersect a surface of the FS. For
simplicity, sputtering by only two species of ions diffusing in from the SOL is retained, the
majority ions and one species of limiter impurity. The density and charge states of these
ion species and the electron density are specified at the ATTS as inputs to the model and
their radial profiles in the private SOL are calculated using the standard diffusion equation.
The model includes the volume—averaged particle inventory equations for the FS neutral
and ion species to give an accurate evaluation of the neutral impurity influx including
self—sputtering by the FS impurity species. The electron density is determined by the
quasi—neutrality condition including the contribution of the FS ions, and the FS ion
density in turn depends on the electron density through ionization. Thus, the neutral influx
is a highly nonlinear function of density in the regime where self—sputtering is ‘importa.nt.

The main result of the theoretical model is the following expression[D'IPPOLITO
1990b] for the influx of the neutral metal impurities(a.toms/cmzs) from the screen towards

the plasma:

rio) - @)

where PEO) is the probability of a sputtered neutral atom reaching the SOL without either
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sticking to another FS surface or ionizing in the sputtering zone, I‘go) denotes the FS
impurity influx due to the sputtering by ions of species j, and A is the neutral amplification
factor due to self—sputtering by impurity ions(summed over all charge states). The prime
denotes that the species summation does not include the FS ions, whose self—sputtering
contribution is contained in the factor (1—A) in the denominator of Eq.(8). Note that when
A approaches unity, the neutral influx becomes arbitrarily large in the model leading to an
"avalanche" of metal impurities[D'IPPOLITO 19902, 1990b]. The impurity influx rg") is
given by

A p

rg") = (@ g Y 8in¥); —— (9)
A

FS
where (n +f) j is the volume—averaged density of ion species j in the sputtering region, (c[i f).

is the corresponding sound speed, Y.i is the sputtering yield of FS atoms for each inciden’f
ion species j, and the angle ¥ is defined between the magnetic field line and the tangent to
the sputtering surface. Finally, A sp/ AFS is the ratio of the area of the total sputtered FS
to the entire area of the FS frame. Both ¥ and the area ration Asp/AFS are functions of
the angle # between the magnetic field and the Faraday screen. The RF sheath potential
enters Eq.(9) through the functional dependence of the sputtering yield, Y = Y(E,¥),
where the sputtering energy E = ZeV and Ven is the total time-averaged sheath
potential taking into account both the rectified RF voltage and the contribution of the
Debye sheath. As the geometric factors in the model and magnitude of Ven differ for each
sheath, the model is formulated separately for the gap and the front face sheath, as
discussed in detail in the theoretical paper.

The key physical quantities which determine the predicted influx I‘Fgo) are the local
electron and ion densities at the FS and the driving voltage of the sheath. The species

ATTS

density at the screen depends on the assumed density at the ATTS, n ; , the diffusion

coefficient D , and the separation & between the ATTS and the screen(see Fig.1). The
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toroidally—averaged value & = 7 mm for the front—face sheath model and & = 9 mm for
the gap sheath model in modeling the A, antennae; the choice of density and diffusion
coefficient are discussed below. The driving voltage of the RF sheath is proportional to the
antenna line voltage V| and depends on the antenna phasing and on the specific sheath
geometry(flux linkage), as discussed in detail in D'IPPOLITO(1990b). In the gap case, the
driving voltage can be approximated as the total voltage along the FS(which is larger than
the line voltage by a factor of about 2.6 for the Al antennae) divided by the number of
screen elements, and is only weakly dependent on the antenna phasing. For the front face
sheath, the driving voltage in monopole phasing equals the gap voltage times the number of
gaps spanned between field line connection points (¢ 2—3 for JET) and thus typically
dominates the sputtering. In toroidal dipole phasing, the driving voltage for front face
sheaths vanishes by symmetry if the FS has the V—shaped indentation typical of the A1
antennae(illustrated in Figs.1 and 14) leaving only the weaker gap sheath sputtering. This
dramatic phasing dependence vanishes for flat screens of the A o type. Thus, the phasing
dependence of the front face sheath model corresponds with experimental observations for
the Ao and Al antennae discussed in Sec. 3.5 and illustrated for the Al antenna Be influx
data in Fig.11.

In preliminary comparisons of the model with experiment{D’IPPOLITO 1990b}, the -
densities n?TTS, the diffusion coefﬁcient Du and the antenna line voltage V1 were treated
as independent parameters. Even at this level of approximation, it was possible to establish
that the influx predicted by the model roughly agreed with the measured influxes for the
various A o and A1 experimental situations outlined in Sec.2.0, given reasonable
assumptions about the parameters. Morover, it was shown in that paper that the model’s
predictions agreed qualitatively with the experimental dependence on magnetic filed angle
#discussed here in Sec.3.3) and antenna phasing(see Sec.3.5). An important conclusion
from this comparison was that RF—enhanced diffusion was needed to achieve sufficient

screen density to produce the observed impurity influx. Additional experimental evidence
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on the limiter impurity fraction and the ATTS electron density was also illustrated in that
paper[D'IPPOLITO 1990b), with an emphasis on the important role of self—sputtering at
higher density.

In the present paper, we carry the comparison of theory and experiment further by
incorporating models of the experimentally observed dependences of the SOL density and
the RF—enhanced diffusion coefficient on the antenna voltage V). Our goal here is to
account for the observed voltage dependence of the Be influx data with C and Be limiters
shown in Fig.12. For purposes of this comparison, we convert the local flux
I‘Fgo)(atoms/cm2 8) into the total flux ¢Fs(atoms/s) by multiplying by Apg, the total
surface area of the FS[to which Pl(?g) is normalised in Eq.(9)],

¢S =y aarf » rf2) Ape (10)

and we use AFS = 0.9 m? for each PS in the A, JET antenna system.

In the numerical results presented here, the majoﬁty species is assumed to be
deuterium and the notation A/B is adopted to indicate the choice of the remaining two ion
species in the model(limiter impurity A and FS impurity B). For the C/Be case, we fix the
carbon to electron density ratio at the ATTS to n c/ne = 0.1 and assume a typical charge
state in the SOL of C*3, As discussed in Sec.4.1, the density n‘gTTS is a function of RF

power through the processes of desorption and ionization. The empirical relation(1) can be

expressed in terms of antenna line voltage as

ATTS __ATTS v 2v
pATTS pATTS o Py v, ) (11)
where 1 215 = 3x10Mm ™2, ¢ = 3x 10'm™3, P_[MW] = 8, V [kV] = 17 and v = 0.95.

The scaling of D _(V,) in the private SOL is not known experimentally. We used the scaling
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D, =D_ (1 + cp(Vy/V ¥ | (12)

with D 0= 1 mzs_l(appro:cimately Bohm diffusion using edge parameters), Cp = 2, and
ref[kV] = 10. The choice of these parameters is constrained by the observation that the
experimental flux ¢B is negligibly small as Vl_> 0 and has the estimated value ¢SCR 3

+1x 100

atoms MW 5571 at the voltage Vi=18kV corresponding to Ppp =1 MW.
Comparing the results of the model for diferent values of 4 with the data, it was found that
good agreement of the influxes was obtained with a linear scaling(y = 1). We remark that a
linear scaling in Eq.(12) is also consistent with the idea that RF—induced transport, most
likely convective, near the screen is caused by E x B drifts associated with the spatial
variation in the rectified RF sheath potential which should induce a large convective cell in
front of the FS.

For the Be/Be case, the following changes in the parameters were made. The
dominant limiter impurity was assumed to be Be+2, becguse the ionization energy for the
second state of Be is significantly higher than that for carbon. The impurity fraction was
also reduced to nBe/ne = 0.05, motivated by the observed gettering of oxygen by Be
limiters with consequent reduction in limiter sputtering. Also, the density parameter v in
Eq.(11) was reduced to ¥ = 0.7 to model the deuterium pumping by the Be limiters -
(discussed in Sec.4.3).

The results of the model calculation of I‘Fgo) versus V, for the C /Be and Be/Be cases
are shown in Fig.12 with the most important physical parameters chosen as discussed in
this section. The other parameters in the model(not discussed in detail here) were chosen as
in the earlier paper[see Sec.4.B of D’IPPOLITO 1990b]. Only the front face sputtering
contribution was included, because the coverage of the gap surfaces by the evaporated Be is
thought to be small. It is importan{ to note that the spectroscopic Be influx data is
illustrated in Fig.12 i'or the normalization ¢B e = 2 X 10'% atoms MWL s_l, whjci}

represents a good compromise between the two experimental methods used to estimate the
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influx(the erosion rate estimate in Sec.3.6 and the global particle balance estimate in
Sec.4.2). With this normalization, the theoretical and experimental influx estimates show
excellent agreement over 2 wide range of antenna volltages. However, it should be kept in
mind that the error bars on both the theoretical and experimental influx estimates are
substantial. Due to uncertainties in the inputs to the model and in the calibration of the
data, agreement of the influxes to within a factor of two is considered good. Even taking
the ﬁpper limit of the estimate of Sec.4.2, cbgse = 4 x 10'? atoms MW_ls"l, we find that
the agreement between theory and the data can be considered satisfactory.

The most important aspect of the model is that it reproduces the relative difference
between the C and Be limiter data, given reasonable assumption about the RF and
SOL parameters. This suggests that the basic physics of the model is correct. The fact that
the model curves also reproduce the voltage dependence of the data indicates that the
assumed relationship between the antenna voltage, edge density and the SOL diffusion
coefficient are reasonably accurate. Thus, we have used the data and the model together to
infer that the voltage dependence of the experimental influx in JET is due primarily to the
increase in edge density with RF power(determined from probe data) and to the increase in
the local diffusion coefficient(characterizing the convective process) with RF voltage. The
sputtering yield of Be is insensitive 10 energy(and hence to RF voltage) in the range
corresponding to Fig.12.

Another possible point of comparison between theory and experiment is the Ni influx
from the gap during the Be evaporation experiments with carbon limiters. The

experimental estimate of the Ni influx from the gap given in Sec.5.0 yields 1 — 4 x 1018

1

atoms s ~ at a power level of 1 MW. The corresponding theoretical value(assuming

18 otoms s—l, which is

monopole phasing, V; = 17 kV, and Apg = 0.9 m?) is 5.8 x 10
within a factor of {wo of the high end of the experimental estimate. The two results would
be consistent if we assume 50% coverage of the sputtering surface in the gap by the

evaporated Be. This is not unreasonable because of the "rounded—T" shape of the FS bars,
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which allows some line of sight from the plasma to the gap sputtering surface.

Finally, in Fig.15 we use the model to illustrate both the phasing dependence and the
sensitivity 10 FS material of the impurity influx from the JET Al antennae. Three cases
are illustrated: (a) momnopole operation with C limiters and Ni screens without Be
evaporation; (b)monopole operation with Be limiters and Be screens; and (c) dipole
operation with Be limiters and Be screens. For completeness, the gap sputitering
contributions are retained in all three cases; as noted above, in dipole phasing, the gap
contribution constitutes the entire FS flux. The parameters for the C/Ni case are chosen as
in the C/Be case of Fig.12 except that nc/ne = (.15 is used to model the higher level of C
observed in the absence of Be evaporation(probably due to limiter sputtering by O), and Ni
sputtering and ionization data is used for the screen impurity. The parameters for cases (b)
~and (c) are identical to that of the Be/Be case of Fig.12, except that in case (c) toroidal
dipole phasing is assumed. Comparing curves (a) and (b) in Fig.15 clearly shows the
advantage of Be as a screen and limiter material. One important reason for this is the
reduced seli—sputtering coefficient for the Be screen. At VI = 25 kV, the Ni influx is
enhanced due to self—sputtering by approximately a factor of 2(i.e. the neutral
amplification factor A # 0.5). Curves (b) and (c) show the dependence of the influx on the
antenna phasing. The Be influx is greatly reduced in dipole phasing for the A1 antennae
because the RF voltage driving the front face sheath vanishes by symmetry, leaving only

the much smaller gap sputtering contribution.

7.0 Conclusions.

During ICRF heating in JET, local metallic influxes from the F'S of RF antennae are
usually observed. The FSinfluxes depend strongly on the antenna voltage and the
FS density. In general, these two parameters are coupled through the power dependent gas
desorption processes and the enhanced diffusion/convection in front of the FS. Both tend to

increase the density at the surface of the FS. These two dependences and the additional
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observed dependences on the magnetic field versus FS angle, antenna phasing, FS geometry
and FS material are consistent with the sputtering processes in the RF enhanced
Bohm-~Debye sheaths. Such sheaths will form at the surfaces connected by the magnetic
field lines linking a substantial RF magnetic flux. In the case of JET antennae, RF sheaths
will form in the gaps of the FS and, in particular, at the front face of the V—shaped FS of
the A, antenna. The V-shaped FS allows for a larger separation ATTS-FS when
compared to the flat front iace(Ao antenna). The A, front face sputtering is sensitive to
the antenna phasing and, in the toroidal dipole, the influx is reduced to a very low,
practically negligible level since the RF flux driving front face sheaths nearly vanishes in
this phasing. In monopole phasing the front face Ni influx is eliminated by the
Be—gettering. An additional benefit from Be—gettering is derived from the reduced
background impurity level. During the operation period with the C—belt limiters and
Be—gettering the FS influx(in monopole phasing) can be estimated as ¢g§=3 +1x 100
atoms MW ™! §71. At the same time the Ni influx from the FS gaps is in the range 14 x
1018 atoms MW §71. The resulting contribution to Zyg 18 8Z,g/Ppp <0.015 Mw L,
which is somewhat lower than the previous estimate[BUB.E§ 1990b] because the screening
of neutral atoms in the SOL is now properly accounted for. The contribution to Z . from
the FS influxes in Be case is very low not only because the influx is substa.ntia.lly reduced
but also because the charge number of Be is low. The derived front face influx
¢g§compares favourably with the estimate based on the hypothesis of the FS erosion(see
Section 8.6). During the operation period with the Be—belt limiters the numbers quoted
above are reduced by more than a factor of 2. The fact that the FS influxes are small, even
in monopole phasing, is confirmed by the global measurements of Z off and radiated power
Prad‘ It should be kept in mind that the FS influxes are low in JET because a number of
necessary conditions are met: Be is a material with a low self—sputtering coefficient; the FS
elements are at small angle with respect to the magnetic field; the RF power density and

therefore the antenna voltage are reasonably low; and, the background impurity level and
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FS density are also low. If any of these requirements are violated the influxes need not
remain negligible, and the process of gradual limiter pollution may take place. Then the
metallic impurities, which originally came from the screen, can be sputtered by the
"normal®, power linked processes. On smaller devices, with low RF wave absorption per
pass, the distinction between the influxes associated with the RF field and those associated
with RF power cannot be easily made, and the impurity influx due to the RF power
appearing in the SOL might be mistakenly attributed to some exotic RF wave
phenomenon.

In recent experiments on JET the Ni FS were replaced by the Be FS and the Ni influx
from the FS was completely eliminated. The preliminary conclusions indicate that in the
dipole phasing the remaining Be influx from the FS gaps is indeed completely negligible.
The total influx{from the front face and gaps), in monopole phasing, is low erough to allow
for the successful coupling of large RF powers to H—mode plasmas. A detailed assessment

of the Be screens on the JET antennae will be subject of a future report.
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APPENDIX.

Al.Estimate of the number of Be ions in the plasma originating at the FS.

The total number of Be ions in the plasma, during the RF pulse, NEST is shown in

1:;) contributions, as a function of pulse

Fig.16 together with the ohmic (N5 ) and RF (NL
number. The pulse # 19720 was the first discharge after a fresh Be—gettering. The NBe

quantities are defined:

TOT

Npe =Cpe<n,>V (A11)
RF_ TOT 0
Nge =Nge —Npe (A12)

Here Ce = <Dpe> /<n e is the Be concentration and V is the plasma volume. We note

that the ohmic level Ng e decays with pulse number. This indicates that the Be-layer on

RF
e

sputtered partly from the FS and partly from the Be covered C—limiters.

the limiters is quickly eroded. NB includes the Be ions in the plasma which are

RF _ LIM , FST
Np. =Nge' + Npo (A13)

The general impurity behaviour during Be—getiering, with both the C and Be limiters,
indicates that the dominant impurity in the plasma is that of the belt limiter material. It
was found[BURES 1990a, b] that in both cases the effective charge scales as

€3
ProT
(Zogg—1)=c® ———— i=0C,Be (A14)

<ne>
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where PTO'I‘ = PQ + PRF’ €q 2 0.4 and €Be

e

0.55. Expressing Z ¢ in terms of the

dominant impurity we derive

te

Z(Z 1)

Thus, assuming that the Be layer is sputtered from the C-belt limiters by the same

process as from the Be—belt limiters, we can obtain N]IééM in the form

LIM _ 0 €8
Be = NpelPToT/Po) " (A16)

N
Usually the FS influx per MW is quoted in literature. It can be argued in a given case
that another scaling(eg. voltage and density) might be more accurate. However, because in
most cases an approximate scaling with the power is always found, we adopt the same
normalisation here. In Fig.17 Ngg = NEE’T/ngTis plotted as a function of pulse
number. The signal shows a decay which is similar to that of the influx measured directly
at the FS. This is encouraging because these two quantities should be directly related '
through the confinement and screening. In the inset the best fit to this decay (only D(H)
discharges were considered) yields Ngg = (2.5 + (}.5)x1018 jons MW in the plasma. The
exponent of the decay(as a function of pulse number) is higher than in the case of the FS
influx. That there is some difference is not too surprising given the error bar in the BelV

data and the estimate of NILBEeM'

A2. Estimate of the Be confinement in the plasma.

One way to estimate the global Be confinement time 74 o 15 to measure the characteristic
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decay time at the RF power switch—off. The e-folding time is a measure of the
confinement if the influx is instantaneously switched—off. This is the case only for the
influx from the FS. The influx coming from the belt limiter, which is comparable in the
amplitude, continues to enter the plasma even after the RF power was switched—off due to
the decay of the stored RF energy. Because the principal impurity originating at the

limiter scales as ngé%, we assume that the corresponding influx can be expressed

LIM LIM E
‘b (t)= ¢ exp(—t/2'rI NC) (A21)
The time decay of the N%E, which has two separate influx sources, can be shown to have
the form

NRE(1) = {NEE + 45 M7 (1 — exp(—t/7 )]} exp(~t/7g,) (A22)

* E E E .
Where T = (2TI NC TBE/(TBE - TINC)) and TI NC =6W/(PRF - Jpn) Expressmg
¢LIM-— NBe/TBe’ Eq.A22 can be fitted to a particular decay, as shown in Fig.18, yielding
a2 best fit confinement time TBe= 0.2—0.25 s. The pertinent incremental energy

confinement time is T?NC = 0.42 5. Note that in Fig.18 the Be density <nBe>TOT=

N%‘ST/V is plotted. It has the same time evolution as Ngg in Eq.22 because the plasma
volume does not change during the time shown in the figure. The Be confinement time
obtained by the method described here is in the same range as the impurity confinement

times previously observed on JET by more sophisticated methods[HAWKES 1989].

A3. Estimate of Be screening.
In order to relate the FS influx to the influx across the plasma boundary(LCMS) we have
to calculate the degree of screening. Consider the Be neutrals, after being sputtered,

streaming across the "private SOL" of the antenna and then across the main SOL. We will
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calculate the neutral Be decay due to ionisation and assume that only the remaining
neutrals enter the plasma. Those which are ionised before reaching the LCMS will be
assumed to be completely screened—off. The conservation of the Be neutrals, in

steady—state, is written
- div(nn?n) =10 & : (A31)

§; is the ionisation rate as defined in Ref[LENNON 1986, HIGGINS 1989]. We assume
that £i does not vary appreciably across the ionisation regions. Assuming poloidal and
toroidal symmetry and the exponential electron density decay, with e—folding lengths
A1)ang A()(index 2 refers to the main SOL), the neutral Be density at the LOMS can be

expressed
(2) ,(2) (1) ,(1)
& A &7
LCMS_ FS LCMS _ATTS ATTS _SCR
n; =" exp{ -~ —— [ng = ———[n, " Ty 1}
Yn n
(A32)
Here n‘gTTS and ngs are the electron densities at the ATTS(defined in Section 3.7) and .

the FS and A is the Be neutral velocity at which the neutrals are released, which
corresponds to a typical energy of 1 eV. Values of {; and A are based on the Langmuir

LCMS/nFS ~ 0.4, implying a

probe measurements. For the discharge shown in Fig.18, o o ¥

screening efficiency # = 0.6. The estimate of screening in the "private SOL" does not
account for the enhanced diffusion. This is a reasonable assumption because the major part

of the ionisation takes place in the main SOL.
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Fig.1. Schematic drawing of the antenna cross sections which have ﬂat(Ao) and
V—-shaped(Al) FS. LCMS denotes the Last Closed Magnetic Surface defined by the belt
limiters, ATTS represents the Antenna Tile Tangency Surface defined by the tips of
antenna protection tiles. & is the distance LCMS—ATTS and LII is the parallel connection
length within the "private SOL" of the antenna.
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the correlation with Vl'
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