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Abstract.

The installation of beryllium(Be) Faraday screens(FS) at the ICRF antennas in JET
resulted in elimination of the RF specific effects on the plasma boundary by the
impurity influx originating at the screens. In dipole phasing, kj;=7 m"l, the influx is
for all purposes negligible. In monopole(ky;= 0 m—l) the beryllium influx does not

exceed ¢g§= 1x101?

atoms MW 15! and corresponding 8Z ¢/ Ppp< 0.005 Mw L.
The observed dependences of the ¢g§(in monopole phasing) on plasma density,
antenna voltage, antenna phasing and the angle between FS elements and the magnetic
field in the boundary B(a)=B(a)+By(a) confirm that the release mechanism is the
sputtering by the ions accelerated in the RF—enhanced Bohm—Debye sheaths forming
at the front face of the FS. When the angle between FS and the B(a) is » 22 degrees
the fraction of the RF power radiated by the antenna, dissipated at the screen, can
reach 40%. At high antenna voltage the arcing across the FS can occur. With dipole
phasing the heating efficiency is not degraded even with the large angle and all the
power coupled by the antenna is absorbed at the resonance position near the plasma
centre. The open screen design did not introduce any disadvantages. The experience
from the JET operation at powers up to 22 MW shows that, if the necessary conditions

are met, i.e.,, RF rectification is minimised and material with the low sputtering

coefficients at energies 0.5—1keV is used, then the influx from the FS is eliminated.



1.0 Introduction.
At the start of the 1990 experimental campaign on JET, the ICRF antennas of the
RF heating system were equiped[1,2] with all-beryllium Faraday screens(FS). The
reasons for replacing old nickel screens were the following: 1)to eliminate the nickel
influx from the FS observed[3,4] when the antenna is active, 2)to simplify the design
and to avoid the requirement for active cooling of the FS during long heating pulse
operation and 3)to test the open FS design. Previously, a good performance has been
achieved with the old nickel FS by the beryllium gettering of the FS front—face. The
detailed study of the beryllium influx from the FS led to understanding of the physical
processes responsible for the influx release[5,6]. It was found that the RF field
rectification at the Bohm—Debye sheaths, originally suggested by Perkins[7], can
produce quasi—dc potentials of s 0.5 keV and sometimes higher. The ions, accelerated
by such potentials, will impinge on the surface of the FS at an energy close to the
maximum of the sputtering yield. In some cases(Ni, Cr, Mo for example) the yield will
exceed unity. Such condition will lead to an important impurity release and a
subsequent pollution of the other internal surfaces of the tokamak. To eliminate the FS
influxes number of conditions have to be met[5,6). First, the RF rectification process
should be minimised by
1)aligning the FS elements with the magnetic field at the plasma boundary
2)lowering the plasma density at the F'S surface by using the side protection tiles
3)dipole(current straps out of phase) antenna phasing (k= m L onJ ET)
4)low antenna power density(low voltage per screen element).
Second, the effects of the RF rectification and subsequent ion acceleration and ion
sputtering should be minimised by using low Z material with the low deuterium
sputtering and selfsputtering yields.

During the tests of the new beryllium screens the previously observed
dependences(listed above) on antenna voltage, edge density, antenna phasing and the

FS/B(a) angle were studied.



2.0 Experimental arrangements.

The JET device is a low aspect ratio tokamak with major radius R=3m and minor
radius a=1.2 m. In the series of experiments reported in this paper, the plasma was
operated in a beryllium limiter configuration with a toroidal field on axis B | =2.9 and
2.2 T respectively and plasma current Ip= 3 MA. The data refer to two cases of the
direction of the toroidal field. The basic scans with the RF power and plasma density
were done with the normal direction of the toroidal field and the value of toroidal field
on axis B =2.9 T. In that case the angle between the FS elements and the magnetic
field in the plasma boundary was small, typically less than 5 degrees. With the torcidal
field reversed, the angle was »22 degrees. Heating scenario was the D(H) minority
heating with the minority species indicated in the bracket. The frequency was chosen
such that the wave was damped at the minority cyclotron resonance on axis. The
antennas were phased either as monopoles or dipoles. The angle of the FS elements, at
which they are installed, is 00 %15 degrees with respect to the toroidal field. The details
of the design features of the new beryllium screens are described in a publication by
Walker et al.[8] and the photograph of the antenna equipped by the beryllium screens
is shown in ref.[2].

The beryllium influxes from the FS were measured by monitoring intensity of
visible lines Bel and Bell. It was shown earlier[6] that Bel, even as a raw signal,
represents the neutral influx with an acceptable accuracy. The Bell is more sensitive
than Bel but the signal may include a contribution which is not related to the influx
from the screen. The data collected with the normal direction of the toroidal field were
taken at the beginning of the experimental campaign. The data with the toroidal field
reversed were obtained much later. This is an important aspect because the state of the
FS surface relates to the amount of the deposited carbon. The inspection of the screens,
after the end of the experimental campaign, has shown that a deposition of carbon
takes place. Carbon originates at the upper x—point target tiles which are eroded by

large power fluxes during the plasma discharges with the x—point inside the vessel.



3.0 Experimental results.

3.1 Normal direction of toroidal field.

The RF specific influxes from the FS, ¢FS, take place on a fast(7<10 ms) time scale[5).
A convenient way to identify the influx is to modulate the RF power by square wave
and to measure the corresponding fast response. In Fig.1 the intensity of Bell is
plotted as a function of time for two different shots with modulated RF power. The
power evolution was similar in both shots, modulated at 2 Hz with maximum power
increasing in 4 steps. The two discharges were run at different plasma density. It can
be concluded that, as expected, the beryllium influx increases with RF power(or
antenna voltage), its response is fast and it scales with plasma density. The dependence
of FS influxes on the plasma density implies that the FS edge density is proportional to

EDGE* <ne>ﬂ dependence is generaly observed[9] and at

the plasma density. The n
high densities § >1. It is interesting to note that the level of the background
signal(measured before the application of RF power) is rather high. It can be
attributed to the background Bremstrahlung and the beryllium ions not originating at
the FS. Summary of the Bell data is shown in Fig.2. The influx is shown to scale with
the RF voltage of the powered antenna and the plasma density. To infer the precise

scaling is not possible because the voltage and the density range are rather restricted.

To test the dependence of the ¢g§ on the angle a, defined as:
a=|8~0| =|0,*a/Rq|; —Bpnormal, + B reversed

where q is the safety factor at the plasma boundary, the plasma current was ramped
from 3 to 5§ MA and back to 3 MA as shown in Fig.3. Such a ramp iplies a variation of
the angle a in the range s 0—4 degrees. It proved to be difficult to keep the other
plasma parameters constant during the curent ramp and in particular the elongation.
As a consequence the antenna—plasma distance increases with plasma current (see also
the corresponding change of the coupling resistance Rc) and the resulting Bell

behaviour is dominated by the density changes at the screen. In particular a very steep



increase in the Bell signal, correlated to the R (and therefore nedge)’ is observed
during the time interval 14—16s.

A quantitative estimate of the ¢g§ was derived by comparing the Bel signal
with the previously calibrated[6] Bel data. The circles plotted in Fig.4 represent the
measurements on the Be screen. The restriction on the voltage was imposed by the
surface contamination of the insulator of the antenna electrical feed—through. It can be
seen that the level of influx is in the same range as that observed from the beryllium
gettered nickel screens[6], i.e., ¢g§ < 1x 10" atoms MW 172 implying 8Z,¢/Ppp
< 0.005 MW_l. These results were anticipated because the geometry of the screen did
not change. During the progress of the experimental campaign an increasingly larger
fraction of the JET discharges was run in the x—point configuration. Erosion of the
x—point target plates, due to the high power input by the NBI and RF systems,
implies large carbon fluxes which are subsequently deposited on the internal surfaces of
the vessel. Deposition on the FS was also observed. This explains the low Bel signal
level(Fig.4) during the latter part of the experimental campaign. It is possible that, at
that stage, a fraction of ¢FS constituted an influx of carbon. The nickel influx was, of
course, entirely eliminated and high quality H—modes with RF heating alone were
obtained. It was concluded [10] that the impurity influxes across the plasma boundary
play a key role in the quality of the H~modes in terms of both energy and particle

confinement.

3.2 Reversed direction of toroidal field.

The efficiency of ICRF heating is substantially reduced when the direction of the
toroidal field is reversed while the RF antennae are phased as monopoles. In Fig.5 the
plasma stored energy is plotted as a function of input power. Results with the dipole
configuration are compared to the degraded performance with monopoles. It was
previously shown[1l] that, with normal field direction, the heating efficiency is
approximately independent of antenna phasing. Also, there is no reason to assume that

the plasma confinement properties vary with antenna phasing. Rather the lower



heating efficiency can be explained by the dissipation of a large fraction of the antenna
power in the RF—enhanced sheaths at the FS. To estimate the fraction of this power
PFS is straight forward;

Dip _Mon
Perr("ING—TINC)
Ppg=
Dip
TINC

Here 7y i8 defined as the slope §W /6P and Ppp i8 the net RF power radiated across
the surface of the FS. It is derived from the generator output power PGEN and

corrected for the ohmic losses of the transmission line—antenna system. Thus

Prr="PgEN

1= (R~ R,)/R,

where Rc is the antenna coupling resistance measured in the presence of the plasma
while Rv is measured in the vacuum. The incremental confinement time, measured
with dipoles, has a value T]I) 1118 % 0.358 which is an average value typically observed.
The incremental confinement with monopole phasing, 'rhldgg s 0.2s implies that the
fraction of the power dissipated at the screen can be as high as ¥40%. An order of
magnitude estimate of the power dissipated per FS element published earlier[12] for the
case of sputtering in the gaps between the FS elements as proposed in references|7, 12,
13, 14].

In the present case the contribution to the screen sputtering and the
corresponding power dissipation come predominantly from the front face of the
screen[5, 6]. Then the modified expression for the power dissipated in the sheaths on
the F'S surface is



PFS =15x 10—152 A siny o, Z¢o (ZTe/p)I/2 (1)

where the units of power are PFS(wa.tts) and the relevant quantities are defined as

follows:

A(mz) = total area of the FS covered by the sheaths;

v = the angle between the field line and the FS surface(estimated along the radial
co—ordinate);

nio(m_a) = the local density at the FS;

¢ 0(V) = rectified sheath potential = C, V o Where

V., = AC voltage (0 to peak) across the rf sheaths and Cgp ® 0.6 is a factor resulting
from the numerical sheaths simulations[12];

T,(eV) = local electron temperaure at the FS;

4 = ion mass divided by the proton mass and the sum is over species. Because pt

gives the dominant contribution, we can set Z = 1 and neglect the sum. Using relation

between rectified potential and sheath voltage[12] we obtain

-15 , . 1/2
Ppg=09x10 " Asinyn V (T./p) / (2)

where the sheath voltage is defined

V,=(c VI/LAp) (Lp4/2) tana.

Here V, is the maximum voltage measured on the transmission line, ¢ %1.4 is the
transmission line/antenna transformation factor{15] and L Ap and L, , are the poloidal
and toroidal dimensions of antenna screen. The factor 1/2 comes from computing the
voltage of a "typical" field line connecting two points at the front face of FS. For
details of the F'S geometry the reader is refered to discussion and drawings in ref.[5].
Consider now, as an example, a reversed field case from the data set plotted in

Fig.5, where the total coupled RF power was s 6 MW. This implies, with 6 antennas



being operational, 1 MW per antenna. Given the coupling resistance Rcu5 1, L At =
04m. L Ap =14 m, a = 22 degrees the resulting sheath voltage V »1.5 kV and the
Eq.(2) give
io
PFS= x 110 kW (3)
(1017m—3)

Electron temperature Te=100 eV and "typical" 4 = 10 degrees are assumed. Thus 400
kW of dissipated power at the FS screen would require a local value of density at the
FS of 3.6 x 1017 mS, Because the dissipated power fraction PFS is a linear function of

? oTe o< P12{F' The enhanced particle flux into the FS was

Ppyp it follows that n
observed earlier{16] and the necessity for introduction of such flux in the modelling of
impurity generation was discussed in previous publications[5,6]. It should be noted
here, that in the dipole antenna phasing the dissipation at the screen is neither
observed nor expected. In the monopole phasing and the normal direction of the field
the dissipation should be reduced by roughly factor 5.

When the power per antenna exceeded 1.5 MW, in the reversed field case,
sudden arcing across the FS occurred. At that instant the voltage V was in the range
82 kV. Associated with the arc a large release of beryllium from the FS was
recorded(telescope with Bel filter) as shown in Fig. 6. The arc lasted for the duration
of the beryllium spike. Several cases of arcs, similar to the one documented in Fig.6,
were observed. The CCD camera view(Bel filter), intercepting the same FS as the Bel
telescope, has shown that the arc strikes across the F'S along the direction of the static
magnetic field B(a). During one case, a poloidal displacement of the arc along the
antenna screen was observed. As can be seen from the coupling resistance evolution in
Fig.6 the antenna resistive loading is not affected by the arc. However the reactive
loading of the antennna current straps has changed and the corresponding adjustment
of the generator frequency can be clearly seen. The generator is operating in the

automatic matching mode[17].



4.0 Discussion.

The installement of all beryllium FS on JET antennas led to ellimination of the
RF—specific impurity influxes from the screens with antennas phased as dipoles. The
assessment of the new screens by the series of measurements presented in this paper
has shown that the basic mechanism for the impurity production at the screen is
understood([5,6,7] and thus the influx from the screen scales with the antenna voltage,
edge density, antenna phasing and FS/B(a) angle as expected. The open screen works
faultlessly and as a result a large number of different high performance operation
regimes with ICRF heating are now possible[2]. Operating the JET RF system at large
FS/B(a) angles proved to be difficult only in monopole phasing with a large fraction of
power dissipated at the screen. It can be concluded that by minimising the
RF—enhanced sheath at the F'S surface by the proper design of the antenna and the
choice of the low Z material for the screen will elliminate the RF—specific impurity
effects which, in a large scale device like JET or the next step device, are taking place
at the antenna screen due to the localization of the high amplitude RF fields close to
the powered antennas. To summarise, a properly designed antenna should include
following features:

1)FS elements should be as closely as possible aligned to the boundary magnetic field
2)density at the F'S should be minimised by the use of the side protection tiles
3)antennas should preferably be operated in the dipole(out of phase) phasing of the
current straps

4)antenna voltage should be minimised by working at the lowest possible power
density

5)low Z material, such as beryllium, should be used because it has relatively low
selfsputtering coefficient at the energies around 0.5—1keV.

In view of the JET results the impurity problems, associated in earlier days with the
ICRF heating, should not pose any difficulty in the next step device. Even in the case
of the fast wave current drive, when the antennae are phased at a large range of the

angles, the influx from the FS should not pose any difficulty. If the tokamak is to be



operated in the AC mode, with the plasma current changing direction during each

subsequent pulse, the compromise on the FS/B(a) angle should be reached,i.e., 00=0°.
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