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PROGRESS IN ICRH AND LOWER HYBRID LAUNCHER DEVELOPMENT

A S Kaye

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK

ABSTRACT

Radio frequency methods of heating and non-inductive current drive have become weil established and are likely to be part of
any next-step Tokamak programme. This paper reviews the present state of development of antennae for ion cyclotron
heating and recent developments to enhance the effectiveness of fast wave current drive systems. The performance achieved
by present systems enables the provision of an ICRH system for next step devices within the existing technology limits.

The main Lower Hybrid current drive systems are also reviewed. Present operating limits suggest that the design power
density at the grill in large multijunction launchers must be somewhat reduced due to peaking of the electric field. The
resulting launcher for a next step machine based on present technology is a large and highly complex device. Development
of recent proposals such as the rod-array or the hyperguide, in parallel with necessary improvements in the current drive
efficiency would make Lower Hybrid a more attractive method of non-inductive current drive for next step machines.
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INTRODUCTION

Over the past decade, radio frequency systems have become established as an important part of the fusion programme
[GORMEZANO, 1991]. lon cyclotron heating systems have made particular progress in recent years, with the improved
understanding of impurity production mechanisms leading to the generation of RF only H-modes [STEINMETZ et al, 1990;
MATSUMOTO et al, 1990; TUBBING et al, 1991] as well as many other heating scenarios, High power systems are now
in operation at JET {JACQUINOT, 1992}, TFTR [HOSEA et al, 1990] and JT-60U [KIMURA et al, 1992], and many
smalier machines, and are being planned for next step machines. Fast wave current drive is emerging as an alternative means
of non-inductive current drive, although the efficiencies achieved to date are low if the fast wave is used alone.

Lower Hybrid electron heating has been well established for some years. The main thrust in recent years has been on current
drive systems. Multi-megawatt systems are operational at JT-60U [IDE et a,1992], Tore Supra [MOREAU et af, 1992} and
JET [GORMEZANO et al, 1991]. Current drive efficiencies are the highest achieved of any method of non-inductive current
drive.The discovery of synergistic effects with ion cyclotron heating [GORMEZANO et al, 1991; BHATNAGAR,
JACQUINOT et al, 1991] has raised the potential for significant further increases in efficiency. Such improvements are a
critical prerequisite for the design of steady state reactor systems [WILHELM, 1988; WEGROWE et al, 1991; REBUT,
1992).

This paper reviews the design of existing ICRF and LHCD systems, and discusses recent developments and proposals for
alternative systems to those currently in use. The requirements for next step machines and conceptual designs of antennae
and launchers for such machines are considered.

1. DEVELOPMENT OF ICRH SYSTEMS

L1 Backeround Table 1. Design parameters for some existing ICRH
systems. Figures in brackets indicate imminent upgrades.
High power ICRF antennac are presently operating on

many fusion machines around the world, including JET Generator Power Frequency No
[KAYE et al, 1992], TFTR [HOSEA, 1991} and JT-60U MW MHz Antennge
[FUIIL, 1990]. Table 1 lists the larger of these systems

and their main parameters. Installed powers up to 32 MW,  Asdex-U 8 30-120 4
coupled power up 10 22 MW, coupled power density at the  D111-D 2 30- 90 2
antenna up to 16 MW/m2 have been achieved with JET 32 23- 57 8
presently operating systems, These systems all have the  JT-60-U 6(9.5 108 - 132 2
same basic design, Co-axial transmission lines are usedto TEXTOR 3 25- 40 2
feed power from tetrode sources via ceramic vacoum TFTR 10(14) 47(40-80) 24)
windows to antennae mounted at the torus wall, Tore Supra 12 35-80 3



Current straps in the antenna aligned in the poloidat direction are used to excite the fast magnetosonic wave which
radially into the plasma. All metal slotted Faraday screens are used to isolate the high voltage on the strap from the plasma,

Present antennae fall into two groups. Those at JET, TEXTOR, ASDEX Upgrade are installed into the torus through a main
port and mounted onto the torus wall in the gap between the wall and the plasma. Incoming transmission lines are inserted
through small ports onto the back of the antennae. The JET antennae and transmission lines are illustrated in Fig 1 for
example. This type of construction enables the use of antennae of large frontal area and low power density at the screen and
requires modest opening through the vessel, which reduces the neutron flux in the lines. The restricted depth can limit the
coupling resistance,
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Fig 1. A vertical section through the JET antenna.

The alternative approach is the ‘plug' antenna as used on TFTR,Tore Supra, JT-60. In this case, the antenna and
transmission lines are prepared as a complete self-contained assembly which is inserted into main access ports, The antenna
of Tore Supra is shown in Fig 2 as an example. This approach restricts the frontal area of the antenna and imposes high
power density, The coupling resistance benefits from the generally larger depth available in such designs which compensates
for the reduced frontal area. The coupling may now be limited by the width rather than the depth, due to image currents in -
the side walls,
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Fig 2. A vertical section through the Tore Supra antenna

The performance achieved to date by the various systems  Table 2. Performance achieved on present systems.
is summarised in Table 2. ASDEX upgrade and JT-60U

are presently bringing their systems on-line. Operating Coupled Power Energy
systems have achieved coupled powers up to 22 MW MW MJ
(JET), whilst all of the machines listed are operating in

the multi-megawatt range. The pulse data for the 22 MW Asdex-U Commissioning
pulse at JET is shown in Fig 3. Coupled energies range  D111.D 1.6 3

up to nearly 200 MJ on JET. The design pulse durations JET 22 180
range from a few seconds to effectively continuous in the  JT-60 3.1

case of Tore Supra, where all parts are water cooled. The  JT-60-U 1.5

maximum pulse length is 60 seconds on Tore Supraand  TEXTOR 3.6 2
JET, in the latter case by operating pairs of antennae for TFIR 7 14
20 seconds each in sequence, Tore Supra 4 60
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The performance of individual antennae is summarised in Table 3. The power per antenna ranges up to 5 MW (TFTR). The
power density at the screens varies from 4 MW/m2 on JET, to 10-16 MW/mZ on the plug type antennae of TFTR,Tore
Supra and JT-60. The power density averaged over the direct vessel access is much increased to values in excess of 100
MW/m?2 except for plug-type antenna, for which it is essentially unchanged.

Table 3. Performance achieved on present ICRH antennae. The electric fields are estimates of the peak field paraliel and
perpendicular to the magnetic field. Breakdown normally only occurrs parallel to the magnetic field.

Screen Power/ Power Peak Peak E-field
Area Antenna Density Volt kV/mm
m2 MW MW/m2 kv Par  Pep
Asdex-U 0.72 ) (2.5)
Di11-D 0.21 1.7 8 30
JET 0.9 32 35 30 2 3
JT-60 0.19 3 16
IT-60-U 0.63 3
TEXTOR 042 22 5
TFTR{PPPL) 0.65 5 10 40 3 4
Tore Supra 0.28 36 12 35 1.5

Perhaps of more significance in determining the limits to
performance of the antenna is the electric field strength, The Shot 23131
maximum operating voltage of a system is generally not
- sharply defined and depends on such factors as
conditioning,temperature. Nonetheless, some data are given
in Table 3 for the maximum sustainable voltage on several
systems. These are in the range 30-40 kV. The
corresponding peak electric field is even less well defined as
it depends on the fine detail of the design, notably the
curvature of the surface. Estimated values parallel to the
magnetic field for TFTR and Tore Supra are also given in
Table 3, together with the peak value at the conical ceramic
in JET. Substantially higher fields are sustainable across
the magnetic field. Estimated values are also given in Table
3. This field appears between the strap and the screen in
each case. Arcing here is rare and the values listed may not
represent upper limits. Design within these values, say
3 kV/mm, should be safe,
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It appears from Table 3 that the most consistent limiting
parameter is the voltage. It may however be expected that 3 8 9 16 1 12 13
the electric field is the real limitation, Design values of Time (s)

L5 kV/mm parallel to the magnetic field and 3 XV/mm

perpendicular to the magnetic field are suggested by this

data. Fig 3. 22 MW coupled ICRH power at JET.

Whilst the principles of all systems are similar, there are many variations in the detail of the designs. The details of these
systems are reviewed below,

1.2 Yacoum Windows

Many designs of vacuum windows for co-axial lines capable of operatimg routinely at megawatts of coupled power have been
designed and manufactured [BAITY et ¢l, 1986; KAYE et al, 1987; FUII et al, 1991]. These windows are {with the
exception of Tore Supra and TFTR/ORNL designs) located between the antenna and the tuning stubs, and therefore carry a
high circulating power, Total forward power is tens of megawatts. These windows mainly utilise metallised alumina
ceramic vacuum brazed to the inner and outer conductors, although compression seals are used successfuly on the ASDEX
{WEDLER, 1992] and Tore Supra windows. The ceramic is usually conical or cylindrical in order to reduce the field
enhancement due to the high dielectric constant of alumina, and the conductors are contoured to minimise the electric field
and maintain near constant impedance through the window. RF peak voltages up to 70 kV have been obtained and 50 kV is
common in both 30 ohm and 50 ohm designs. In a 9 inch/30 ohm line, this corresponds to a forward power of 60 MW per
window, or 2GW/m?2, with a peak electric field of order 2 kV/mm. ‘

The windows from ORNL use water cooling; inertial cooling is sufficient for most current applications at duty cycles below
1:10. An assessment of the requirements for next step devices [BROWN, 1992] shows that dielectric Josses leading to
thermal stresses limit the steady state power. However, edge cooling is adequate for loss tangents typical of present
materials, Neutron irradiation of the ceramic leads to an increase in dielectric losses which limits the total fluence acceptable
to about 1021/m2, Catastrophic failure has recently been shown to occur under neutron irradiation at elevated temperature
(300-500 C) in the presence of DC or RF electric fields of the magnitude required in these windows [HODGSON, 1991].
This may limit also the maximum temperature in the ceramic. '
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A substantial reduction in thermal stress can be achieved using beryllium oxide ceramic. This is routinely done with high
power microwave windows. The effects of neutrons on the properties of beryllia have only been superficially explored.

A double window, using two closely spaced ceramics with a pumped interspace, is used on JET for security of tritium
confinement [KAYE et al, 1987]. Itis anticipated that a similar design will be required on next step devices.

Arcs at this position are difficult to detect as they result in minor change in input impedance. As the matching systems
become evermore sophisticated, the possibility of matching onto such an arc enhances the need for an independent arc
detection system.,

1.3 ¥Yacuum Transmission Lines

Existing ICRF systems all use a length of co-axial line inside the vacuum system to connect the window to the antenna,
This line will be referred to as the vacuum transmission line (VTL). Present systems use 25, 30 and 50 ohm lines, The
VTL may contain additional ceramic supports for the inner conductor (see for example Figs 1-2). The line diameter is often
limited by the available space and is typically in the range 60 to 120 mm,

The design of this line is critical to the ultimate performance of the system; many systems are limited by breakdown in the
line rather than the antenna, For example, the JET line has been illustrated in Fig 1. The conical ceramic is required to
suppart the inner conductor and current strap against disruption loads and has been designed to minimise the electric field near
the ceramic. As the current strap is typically near to a quarter wavelength long, this ceramic (and its equivalent on other
machines) is near to a voltage maximum. Arcing parallel to the magnetic field at this ceramic is the clear limit to the
performance of the JET antennae, The resulting deposition of sputtered metal on the ceramic, if this arc is not detected soon
enough, ultimately leads to failure of the antenna.

The estimated maximum electric field parallet to the magnetic field near the first voltage maximum for various machines has
been tabulated in Table 3 (in the case of Tore Supra, this occurs at the capacitative terminations to the strap). The limiting
value varies from 1.2 to 3 kV/mm. This spread would be consistent with the errors in this estimation arising from
uncertainties in electrical length of the strap and field enhancements in the VTL.

It is noted that the limiting voltage on the torus at JET is about a factor 2 below that which can be obtained in the test bed.
The reasons for this degradation on the torus are not clear, but may arise for example from the magnetic field, the ionising
radiation, the presence of highly excited neutra! particles, or transient increases in line voltage due to the varying load or
cross coupling, ‘

In next step devices, it is strongly preferred and may be essential to avoid the use of ceramic supports close to the plasma.

Current carrying surfaces of the VTL are coated with high conductivity metal to a thickness of severa! skin depths to0
minimise the RF losses. Many systems use copper. Tests at JET [KAYE et al, 1987] showed that silver could be
conditioned more easily than copper and all RF surfaces are silver plated. Similar results were found at JET at microwave
frequencies {[KAYE et ai, 1983). Recently, ASDEX have found that gold is preferable to silver for conditioning {WEDLER
et al, 1992] and JET have successfully tested an antenna model with nickel plating [KAYE et al, 1992). The losses are a
factor 2-3 higher with nickel but this is not critical in systems whick must be actively cooled anyway. The use of silver is
difficult in next step devices due to the disproportionate production of active waste [BUTTERWORTH, 1988). The
application of electroplated coatings having the conductivity and adhesion required is a diffficult technology which few firms
have mastered. Baking of the components in vacaum is an effective check of the adhesion,

The pressure in the VTL is also a critical parameter. Arcing is an increasingly severe problem above 10~ mbar. Auxiliary
vacuum systems are provided on several machines to maintain this vacuum. Active metal getter pumps have been
successfully used on JET [WALKER et al, 1988], and cryopumps on ASDEX Upgrade [WEDLER et al, 1992] for thig
purpose.

1.4 Housing and Current Straps

Existing systems utilise a range of layouts of the current straps. In general, the current straps have short circuit terminations
within the housing. Such straps tend to be simple to manufacture, robust and broadband,

Antennae at TFTR and Tore Supra have intemal capacitative termination. The Tore Supra antenna has been shown in Fig 2.
With these capacitors, by connecting the strap off-centre as seen in Fig 2, the VTL is matched to the strap at the design
coupling resistance and sees only a low VSWR and thus low peak voltage and losses. Disadvantages of this approach are the
difficulty in achieving the required rating on the capacitors, the requirement to use ceramics close o the plasma, and the
requirement to adjust the capacitors to accommodate changes in the loading resistance. On the other hand, the match is
tolerant of small changes in coupling. .

Connection of two or more poloidafly displaced straps in parallel to the one VTL as in JET, ASDEX and JT-60U reduces the
strap impedance to better match the VTL and also allows increased coupling per VTL if the resulting straps are near one
quarter wavelength in length. Parallel connection of toroidally displaced straps has a similar benefit but does not allow
control of the spectrum. An extension of this to many parallel straps has been proposed on D III-D [MOELLER et al,
1992}, and Wendelstein [CATTANEI et al, 1989].
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As with the VTL, the current strap is conventionally coated with high conductivity metal to reduce losses. The increasing
use of open screen structures (or possibly no screens) exposes the strap to the plasma. The migration of metals between
screen and strap has been investigated at ASDEX (BEHRISCH et al, 1987, Whilst no evidence has been found of impurities
from the strap entering the plasma, next step machines may require armour on the straps to protect against the heat pulse
during disruptions.

The antenna housing is typically an open-fronted box which serves two purposes. It is a mechanical structure on which to
mount the current strap, screen and VTL. It is also the return conductor for the RF current. These functions are traditionally
combined.

The mechanical support function is strongly dependent on the machine, On many machines, the provision of an ICRF
system has been a late development and no provision was made in the original structure. These include TFTR and JET.
TFIR overcame this problem by designing plug-in antennae to fit into the main horizontal ports. A similar approach is
used on JT-60U and Tore Supra. These antennae have of necessity to operate at high coupled power density (see Table 3),
typically 10 MW/mZ, The surrounding torus structure partly screens the antenna from disruption forces.

Other projects have chosen instead to locate the antennae in the gap between the plasma and the torus wall, notably
JET,Textor ASDEX Upgrade. These antennae are relatively large in frontal area and operate at low power density, 2-
4 MW/m2. The depth of these antennae is however constrained and the coupling is consequently reduced. Some screening
from eddy currents is provided by the torus structure, which is used to support the antenna. An extreme case is the new A2
antenna on JET which projects up to 1m into the torus. Whilst this allows increased depth and thus coupling, this antenna
is exposed to severe eddy currents. The resulting forces are supported only by the torus wall and minimisation of these forces
has driven the design. The resulting housing is fabricated from 0.8 mm sheet metal, and other novel features have been
required to produce an acceptable désign [LLOBEL et al,1990].

Next step machines are likely to include provision for ICRF from the outset. This enables optimisation of the antenna, its
location and mechanical support free of many of the constraints of existing systems. Full advantage should be taken of this
opportunity,

The role of the antenna housing as a return conductor has become increasingly important with the development of fast wave
current drive (FWCD) scenarios. The launched spectrum depends on the return current as well as that in the straps. In
*particuler, image currents in the side walls can substantially degrade the spectrum. As the housing depth is increased on
larger machines to improve the coupling, so these sidewall image currents increase. This can limit the improvement in
coupling. :

These problems are addressed by slotting the sidewalls of the housing (and septum if used), for example on TFTR and JET
A2 antennae. In JET, the slot depth is 100 mm. These slots improve the directivity but compound the problem of
disruption forces on the screens, and also allow neutral particles access to the antenna from the sides.

1.5 Faraday Screens

ICRF antennae have been fitted with Faraday screens since the earliest experiments on the C-stellerator [YOSHIKAWA et al,
1965]. The all-metai slotted screen was developed on TFR in 1978 [FACQUINOT, 1978] and co-incided with major
improvements in the performance of ICRF heating systems. The tilted screen, with elements inclined to be parallel to the
magnetic field was introduced in JET in 1984 [ARBEZ et al, 1984] as an attempt o control the release of impurities which
had become a major problem with ICRF heating. Early metal screens allowed no line-of-sight through the screen by using
overiapping elements of a variety of cross-section, The longer pulse duration devices were obliged to produce directly water-
cooled screens due to the high losses of these elements. Experiments in the mid 1980's [NOTERDAEME et al, 1986]
showed that open screens having a clear line-of-sight also performed well, This enabled considerable simplification of the
design of the screen, and in particular, a move away from directly cooled screens on present generation machines. Recently,
an antenna on TEXTOR has been operated without any Faraday screen but with careful attention to the side protection [VAN

-NIEUWENHOVE et al, 1991). The good results obtained at TEXTOR have also been found subsequently at PHAEDRUS
[HERSKOWITZ et al, 1992] in combination with boron carbide coated side protection. Current experiments at DIII-D look
less promising [PINSKER, 1992},

The Faraday screens on existing antennae are all of similar conceptual design, A series of parallel metal rods approximately
parallel to the magnetic field are mounted between the current strap and the plasma. These rods are electrically connected to
each other and the housing at both ends. This connection may be direct, or via resistors [LOBEL et al, 1990] or capacitors
INOTERDAEME et al, 1992], these latter being used to reduce disruption induced eddy currents.

This structure is transparent to RF electric fields polarised normal to the screen elements. It is this component which
couples to the fast wave. The component parallel to the screen elements is reflected from the screen. This has the effect of
selectively exciting the fast wave whilst suppressing the slow wave. This is particularly the case if the screen elements are
 tilted to be parallel to the magnetic field rather than horizontal, and is the original motivation for introducing the tilted
screen,

The conducting screen elements force the RF field to be compressed through the gaps between elements, The associated eddy

currents in the elements lead to significant RF losses and heating of the screen. The magnitude of these losses depends

mainly on the ratio of the gap to the element width and the surface conductivity of the rods. For long pulse/steady state

operation jt is essential to directly cool the rods. Some systems have used direct water cocling JET nickel screens, ASDEX,

JT-60, TFTR/ORNL version, Tore Supra). However, the steady move to more open screen structures has much reduced the

‘RF losses in the elements and enabled the design of screens relying only on end cooling of the elements. JET and ASDEX
5



Upgrade have now moved to end cooling of the elements, which is a viable solution for present machines of limited duty
cycle and pulse length and avoids the severe complication and reliability problems associated with direct water cooling,

End cooling of the screen elements is achieved using multiple foil flexure pivots to establish good thermal contact to the end
manifold whilst accomodating differential thermal expansion. Suitable element materials are beryllium (JET) or
molybdenum (ASDEX Upgrade), or possibly copper alloys.

Direct cooled or radiation cooled elements can use nickel alloys (TFTR,DII-D,JT-60U,Tore Supra) or pure nickel {JET).
The use of low conductivity nickel alloys requires coating with copper or equivalent to reduce losses. This in tarn is coated
with refractory material for protection. Materials which have ben used include TiC (ASDEX, JT-60), TiCN (TFTR/PPPL,
DHI-D), graphite (TFTR/ORNL), thin carbon (JT-60U) and boron carbide (Tore Supra,DIII-D). In general, these coatings
have performed well apart from the graphite. This took the form of tiles vacuum brazed to the elements. These are very
lossy and the manufacturing technique severely restricts the shape of the elements. The recent designs from ORNL for Tore
Supra and DII-D use plasma sprayed boron carbide for which initial results are very encouraging [BEAUMONT,1992], This:
material has low z, very high melting point, and semi-conductor electrical properties. The skin depth at ICRF frequencies is
typically several millimetres, enabling low-loss layers of a few tenths of a millimetre to be applied. This compares to
hundredths of a millimetre for titanium carbide,

1.6 RE Specific Impurity Production

Impurity production during ICRF heating has been a persistent problem since the earliest experiments. Over the past decade,
many expetiments have been carried out to try to understand the mechanisms involved. These have resulted in the
development of a model based on RF sheath rectification, enhanced by direct RF absorption in the edge plasma under
conditions of low absorption, which appears to correlate well with the bulk of the experimental data. The details of this
-model and its evolution have been recently reviewed in detail INOTERDAEME, 1991],

~The dominant mechanism is rectification of the R¥ field at the sheath on the screen or side protection [PERKINS, 1989;
CHODURA et al, 1989; D'TPPOLITO et al, 1990; MYRA et al, 1950; BURES et al, 1991; D'IPPOLITO et al, 1991]. This
leads to the appearance of DC electric fields along the magnetic field at the sheath which accelerate ions into the surface. The
resulting sputtering leads not only to direct impurity influx, but alse to re-ionisation of the sputtered material and self-
sputiering at the surface with an associated substantial increase in yield. Radial variation in this sheath potential leads to a
radial electric field and the establishment of vertical convective cells in front of the screen [JACQUINOT et al, 1991].

This mechanism depends on the existance of a closed loop formed by a magnetic surface linking the screen to surrounding
features, such as the antenna side protection, the limiters or other first wall features, or linking discrete positions on the
screen itself. Any net RF flux linking this loop will induce an RF voltage around the loop which will be rectified by the
sheaths, This process can be inhibited and the resulting impurity influx reduced by various means, including:

- re&ucing the loop area 10 zero by tilting the screen elements to be parallel to the field,

- reducing the nett flux linkage to zero by suitable phasing of the current straps such that the flux contributions from each
strap cancel (corresponding to dipole operation).

- choosing materials with low sputtering yield by hydrogen isotopes and oxygen, and low self sputtering yield, in the 0.5-
1 keV energy range (for example, beryllium).

- introducing an electrical break in the external part of the loop, for example by electricaily isolating the side protection
tiles on the antenna.

The first three means above are consistent with a wide body of experimental evidence as summarised by Noterdaeme. The
fourth approach has recently been successfully demonstrated on the PHAEDRUS experiment [MAJESKI et al, 1991). The
reactor relevance of this technique is doubtful, but it further establishes the validity of the model.

The effects of long range RF fields can also be suppressed by choosing scenarios having a high single pass damping. The
development in understanding of this mechanism and the resulting changes in operation and design have resulted in RF
specific impurities being reduced to negligible levels in many machines, for example, an increase in zefr in JET in dipole
operation of 0.001/MW, This is a critical development for ICRF heating systems and has, for example, led directly to the
production of RF only H-modes. Whether this situation will continue in high power FWCD experiments with low damping
per pass remains to be seen.

1.7 The Screenless Antenna

' Following improved understanding of the impurity control mechanisms, an antenna has been operated without a screen on
- TEXTOR [VAN NIEWENHOVE et al,1991; VAN OOST et al,1992]. The antenna side protection was such that the density
at the front face of the current strap was below 1014/m3. Some initial difficulties thought to arise from local electric field
concentrations, were overcome by covering one third of the antenna near the VTL connection, Subsequently, reliable
operation has been achieved at power levels similar to that obtained with the screen. The production of impurities has been
. studied in detail. In general, the impurity levels during screenless operation are indistinguishable from those with screen
| apart from some modest increase in the level of iron.

: Similar good results have been obtained on PHAEDRUS, where a severe impurity problem has been overcome with a
 combination of screenless antenna and electrically isolated side protection,
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DII-D have also been operating recently without screens on their antenna. The difficulty of maintaining a good match
during perturbations in edge density has been exacerbated, and the peak operating voltage appears to be significantly reduced.
It is not clear if the limitation is in the antenna rather or the matching network.

1t is noted that removing the screen from an antenna, in addition to removal of the rectified sheath at the screen, will increase
the phase velocity in the antenna and change the impedance of the current strap and thus the mismatch at the VTL

voltage at the VIL connection. The need to cover part of the Textor antenna, and reduced peak voltage seen at DITI-D may
reflect some voltage limit? This could limit the size and power density of screenless antennae on large tokamaks,

A further concern is that removal of the screen will enhance the convective cell in front of the screen which will increase
transport in the edge plasma and may be incompatible with H-mode operation. This needs further experimental evaluation,

The screen comprises a substantial part of the cost and complexity of antennae, Confirmation that reliable H-mode operation
can be sustained on reactor scale systems without the screen wouid lead to a significant simplification of the antenna,

1.8 Fast Wave Current Drive Antennae

The recent interest in fast wave current drive has led to a re-assessment of the design of the antenna to optimise current drive _
efficiency. These studies have concentrated on the optimisation of the spectrum and of the matching network,

The spectrum excited by the antennae depends both on the strap current distribution and on the return currents, in particular,
currents in the sidewall of the antenna. Improvements in the spectrum have been obtained, for example on DIII-D, by
grouping antennae in order to obtain four straps at regular

toroidal pitch. A similar amray of four straps is under 1.2
construction for the JET A2 antennae.

The side wall currents degrade the spectrum. The JET A2 1.0
antennae will have slotted sidewalls and septum to minimise
these currents as discussed above., The resulting spectra is
compared to the Al antenna in Fig 4 [BHATNAGAR et al,
1991). The increase in number of straps o four has led to a
narrowing and peaking of the spectrum. The slotting has
avoided a corresponding increase in the sidelobes, The
model used for this calculation assumes no sidewall current.
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higher power than the lagging strap for the same current, 02~ \7 i

The control system must allow this, Such systems have I

been successfully operated at DIII-D [PINSKER et al, 1991}, P e /\ , g
JET [WADE et al, 1991] and JFT2-M [SAIGUSA et al, 12 -8 4 0 4 ] 12
1991], with 90 degree phase shift between straps, and the N,

first data on FWCD reported as a result.

Fig 4. Computed power spectra Jor the JET Al and A2
The non-uniform power loading reduces the peak power dnlenna arrays.
capability of the system due to limiting of the most heavily
loaded generator. This can be avoided by provision of an extemal compensating connection between the leading and lagging
straps as shown in Fig 5, Such 2 network is being analysed by ORNL for the JET system. Initial results show that a two
line compensation is effective in maintaining nearly full power capability at 90 degree phasing, as shown in Fig 6,
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Fig 5. Schematic of the conjugate matching system for  Fig 6. The computed coupled power using the conjugate
power optimisation during FWCD experiments using a malching network, with equal strap voltages and currents,
-port network coupling lines 1 and 4, and 20 ohm coupling resistance..
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2. ALTERNATIVE COUPLING STRUCTURES

Whilst existing systems all utilise antennae of basically similar design, there have been proposals for alternative structures
for exciting the fast wave. These include the folded waveguide first proposed by [OWENS, 1986). One of the proposals to
the ITER CDA comprised a ridged waveguide array. Many variations on travelling wave coupling structures have been
considered analytically [LONGINOV, 1989]. A multiple strap array with a single feed is being considered for Wendelstein
stellerator [CATTANEI et al, 1989]. Only the folded waveguide has been subject to significant development of
equipment,including high power testing, and only this device will be further considered here,

The folded waveguide has been proposed for exciting the fast §
wave. It comprises a conventional single mode waveguide 3
operating at ICRF frequencies, and thus of large cross- 3
section; even at 60 MHz, the height must exceed cut-off at

2.5 m. This waveguide is terminated with a slotted short

circuit and folded as illustrated in Fig 7. The outer end is

terminated with a continuous short circuit and the length of

the waveguide is chosen to be one half wavelength in the

guide, This produces a standing wave in the waveguide and

a horizontally polarised magnetic ficld distribudon at the

grill which couples effectively to the fast wave, The

resulting structure is sufficiently compact to fit through the

main horizontal ports on present generation machines.

sy

[ o —
fl;[ﬂn

Fig 7. Principle of the folded waveguide antenna.
The major advantage potentially offerred by this approach is :
that the electric fields at the grill mouth are low compared to the field maximum on present antennae [CARTER et al, 1991],
This raises the possibility that substantially higher power densities may be achieved.

A test launcher of this design has been constructed at ORNL and tested on their test bed with tenuous plasma load, Initial
operating experience has been highly favourable with regard to the power density achieved in comparison with conventional
antennae on the same test bed [BAITY et al, 1991].

The dimensions of the folded waveguide necessitate their location in the main ports even of next step devices. This severely
resticts the frontal area available when compared to conventional antennae. Only if the anticipated increase in power density
is realised would this area be adequate. The dimensions also limit the frequency to the upper half of the 17-80 MHz range
anticipated in the ITER CDA. This would not allow operation at 17 MHz for FWCD. Furthermore, the system is narrow
band and will not allow the versatility in scenario of the conventional antenna.

This system offers 2 number of potential advantages. It is essential that these are demonstrated in operation in a tokamak
environment before consideration for next step machines. Such demonstrations are being considered at FTU, PBX and C-
MOD,

3. ICRH ANTENNAE FOR NEXT STEP MACHINES

The various operating scenarios and physics issues for an ICRF system on ITER have been considered in detail elsewhere
[WEGROVE et al,1991), Critical requirements affecting the antennae include the following:

- For heating, a total power of 50 MW at 33-66 MHz

- For current drive, 50 MW at 17 or 56 MHz

- Steady state operation

- Neutron fluence at the first wall 1026/m2

- lifetime of 9000 burn hours

- 1000 full energy disruptions

Experience with presently operating systems would suggest that the following features should be incorporated in the design
of an ICRH antenna meeting these requirements:

- The screens should be tilted, open, directly cooled and of low z material in order to minimise losses and impurities.
Beryllium has given excellent performance on JET. Neutron embrittlement may be a problem, Test data suggests that
this is not the case [BEESTON, 1984) at least at elevated temperature. Such data is required for the much improved
grades of material now available. The heat blast during disruptions has been estimated to lead to a loss of 100 microns of
material [van der LAAN et al, 1991). Experience at JET shows a general deposition of material on the screen during
plasma operation, These effects may compensate. The recent results with boron carbide begin to establish its viability as
an alternative screen cladding material,

- 'The electric field should not exceed 1.5 kV/mm parallel or 3 kXV/mm normal to the magnetic Feld,

Ceramic supports in the VTL are to be avoided, and the window located far from the plasma with a neutron fluence in the
range 1020-1022/m2, w be confirmed following on-going materials tests. The ceramic must be kept below typically 250 C.

8



The optimum poloidal location of the antenna depends on
the scenario. For heating systems, location of the antenna
in the main horizontal ports or in the blanket above or
alonside the ports is acceptable, FWCD applications are
sensitive to upshift in the ky spectrum [BHATNAGAR,
1990; JAEGER, 19911, This becomes an increasing
problem as the antenna are moved away from the centreline
and preciudes their Jocation above the ports for the 17 MHz
scenario. Their may be a regime at typically 5§ MHz
where location above the ports is acceptable even for FWCD
BAEGER, 1992}

An outline design of an antenna for NET taking account of
these factors has been produced at JET [BROWN, 1992].
This antenna is shown in Fig 8. The characteristic features
are the helical pipework forming both the screen and the
housing with the minimum of welds, and the robust section
of the current strap. The VTL of this design did not use
ceramic supponts inside the window, which was 8 m from
the first wall where the neutron fluence is estimated to be
1020/m2,

The NET design was an in-port design with remote handling
capability. This severely complicates the design. The basic
antenna may equally be located in the blanket. Failure
analysis of the antenna shows a failure rate of 80,000 hours
per antenna which is compatible with location in the
blanket, '

Location of the antennae in the blanket above the ports as

Fig 8, An outline anienna design for NET,

illustrated in Fig 9a offers important advantages. A full circumferential ring of 96 antennae would have the properties listed
in Table 4, The space occupied is of low premium in comparison with the main horizontal ports, the main issue being the

Fig 8. A schematic view of an in-blanket antenna for ITER;
(a) up to 96 antennae above the ports and (b) up to 64
antennae between the ports

loss of tritium breeding. This effect is small, typically a few
percent, depending critically on whether there is adequate
room behind the antenna for a breeding blanket. The power
density and voltage on such an array of antennae is well
inside existing technology.

A FWCD system at 55 MHz comprising a double row of
antenna in the blanket above the ports would suffer only a
small loss of current drive efficiency compared to on-axis
systems and would offer improved coupling per antenna,

Location of the antennae between the ports (Fig 9b) enables
efficient FWCD operation at 17 MHz and still allows
provision of 64 antennae having a unit power and power
density as also listed in Table 4. This remains comfortably
within the reliable operating regime of existing systems. No
remote handling would be possible, but the low duty and
relative lack of complication through not having a remote
capability, and the redundancy in provision of antennae made
possible by such a location is anticipated to be sufficient to
avoid any remote handling requirement.

Table 4. Parameters of in-blanket antennae for 50 MW heating or FWCD, using a complete ring of 96 antennae above the
ports or 64 antennae between ports. A reduced number of antennae may be used at proportionately higher loading and voltage

per antenna.

No of antennae 96 64
Screen frontal area 30  20m?
Antenna frontal area 50 33 m2
Fraction of FW area 5 35%
Yolume of antenna 25 16 m3
Volume of VTL 100 7md

Fraction of blanket volume 5 15%
Neutron power absorbed 17 12 MW
Fraction of total neutron power 1 T%

RF power coupled per antenna 0.5 0.75 MW

RF coupled power density 1.5  2.25 MW/m?
RF peak voitage at 2 ohms 20 25kv



4. DEVELOPMENT OF LOWER HYBRID LAUNCHERS
4.1 Background
Lower hybrid heating and current drive depend on the excitation of the so-called slow wave which propagates nearly parallel

For ion heating, the preferred Ny is typically above 10, The corresponding wave progagates at a substantial angle to the
field, penetrates well into the bulk of the plasma, and is damped by the ions. However, for current drive applications, much
lower values of Ny are required, typically around 2. These waves propagate nearly parallel to the magnetic field and may
only penetrate into the outer part of the plasma, and are damped by the electrons. This damping occurs preferentially on
those electrons travelling near the phase velocity of the wave and thus results in a nett current,

The role of the lower hybrid launcher is to excite this slow wave. This requires the generation of an RF electric field

tarised parallel to the magnetic field with a spatial distribution along the field matching the wavelength of the desired
wave, and at a minimum density determined by the cut-off frequency. This cannot be simply achieved by irradiation by
vacuum electromagnetic waves as it requires a spatial disribution of the electric field on a scale which is small compared to
the vacuum wavelength, Various proposals have been made to overcome this problem. These include the use of a
waveguide array mounted close to the edge of the plasma [LALLIA, 1974; BRAMBILLA, 1976), the use of an array of rods
close to the plasma [PETELIN et al, 1989), diffraction from which also produces the required field distribution, and beating
of two or more waves of higher frequency and thus shorter wavelength [COHEN, 1983].

Fig 10. The Tore Supra lower hybrid launcher

All presently operating systems utilise the waveguide array, as illustrated by the Tore Supra launcher in Fig 10. A
rectangular waveguide will propagate if the waveguide height is greater than about one half of the vacuum wavelength,
Single mode will be obtained if the height is less than one wavelength and the width less than one half wavelength, The
waveguide will continue to propagate on this mode as the width is reduced to a value much less than the wavelength. By
arranging an array of narrow waveguides, it is therefore possible to produce an electric field distribution which is polarised in
the narrow direction of the waveguide and has a spatial variation on the scale of the waveguide width which can be small
compared to the vacuum wavelength. Introducing a controlied phase shift between waveguides results in a field distribution
which propagates across the array with a velocity and thus Njy which is determined by the phase shift. In vacuum, such an
array will not generate a propagating electromagnetic wave if the Ny is greater than 1; all the power will be reflected from
the grill. However, if this array is now mounted radially with the grilt mouth projecting into the edge plasma such that the
density at the grill mouth is above cut-off(typicaly 1018/m3), this array will couple to the corresponding lower hybrid wave
in the plasma.

The array of rods has been investigated theoretically, but as yet has not been tested on a plasma. This system has some
major advantages compared Lo the waveguide array and will be discussed further below.

The beating of waves has been assessed analytically. The coupling to lower hybrid waves is a second order process and the
predicted coupling efficiencies are 100 low to be of interest. Such a scheme has the major advantage of having no coupling
structure close to the plasma, as is essential to all other methods. This may justify further theoretical studies of such
schemes. However, whilst the main impediment to the application of lower hybrid current drive to next generation machines
remains the overall efficiency rather than the coupling structure, the main thrust will continue to be in better understanding
of the physical processes in the plasma.

4.2 Design of present svstemg

Multi-megawats launchers are in operation on various tokamaks, including JT-60U {SEKI et al, 1990}, Tore Supra [REY et
al, 1988] and JET [KAYE et al, 1988]. The main design parameters of these systems are summarised in Table . The
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system on JT-60 had the potential for coupling about half of the installed power to the plasma, and indeed achieved a
maximum of 9 MW. A new series of launchers is being developed for JT-60U, the first of which is presently operating.

The system at Tore Supra is now fully instalied and operational. This system uses two launchers with the ultimate potential
o couple about 6 MW to the plasma. The JET prototype system has been operational for two years with the potential 10
couple arcund 3.5 MW, and the full systcm is being installed in the present shutdown. All of these systems have an Ny of
about 1.8, and are designed for current drive applications.

Table 5. Design and performance parameters of some lower hybrid systems. Figures in brackets indicate imminent upgrades,

Installed Coupled Coupled Frequency No WaveguidesY No Windows/

Power Power Energy GHz Launchers Launcher Launcher
MW MW MJ
JT-60 24 9 20 - LI2.2 3 - -
JT-60U 3(10) 1.8 - 1722 1(3) 96 (192) 16
Tore Supra 8 6 150 37 2 128 16
JET 5(15) 24 50 3.7 1 128 (384) 16(48)

A typical system comprises a power source, transmission lines, splitting network, vacuum windows and a waveguide array

. close to the plasma. Klystron amplifiers are used as primary RF sources with output powers up to 1 MW per klystron at
2GHZ, 0.6 MW at 3.7 GHz, 0.4 MW at 8 GHz. A single oscillator is used to drive all klystrons in parallel,with active
phase shifters on the low power side for controlling the phase. Either standard single mode waveguides or oversize single
mode guides route the power to the torus, with typically one guide per klystron. Some systems (JET, ASDEX) use
circulators to protect the klystrons from reflected power. This can simplify the launcher design, which mast otherwise be
designed to have very low reflected power,

In designing the launcher, previous generation projects and the smaller present generation projects, for example FTU
{ANDREANI et al, 1990] and PBX [GREENOUGH et al, 1991] favoured Iocating the window close to the plasma in order to
minimise the multipactor arcing problem. The splitting network is then external to the vacuum system, and typically
utilises hybrid junctions for the purpose. This approach is not feasible on reactor systems, due to neutron irradiation of the
windows, and JT-60U, Tore Supra and JET have all found it preferable to locate the windows remote from the plasma and use
internal maltijunction splitting networks.

4.3 Splitting Networks

The output power from a single klystron is much greater than can be coupled on a single waveguide at the grifl mouth.
Typically, each kiystron drives 8-16 wavegides at the grill. Substantial splitting networks are therefore required. Whilst the
amplitude and phase of the klystron is variable, this clearly only allows parallel adjustment of many waveguides. Thus the
splitting network will partly determine both the amplitude and phase distribution, and thus Ny, at the grill mouth, The
network may also be sensitive to reflected power from the grill. Both the amplitude and phase of this reflected power are
dependent on the plasma load and thus ill-defined. The splitting network design will determine the sensitivity to reflected
power.

Hybrid junctions or magic T's are widely used to divide the incoming power to suit the launcher, Such 4-port junctions may
have a matched load on the fourth port. This has two substantial advantages. Firstly, the power split and phase distribution
is independent of the reflected power from the launcher, Secondly, the junction can be designed to partly fulfill the role of a
circulator by deflecting much of the reflected power into the matched load.

Some smaller systems (ASDEX, PBX, FTU) use external 4-port junctions with matched loads o complete all power
splitting, the output from the splitting network mapping one-to-one onto the grill mouth waveguides. Such systems
decouple the forward and reflected power, the amplitude and phase at the grill being totally defined by the network and
independent of the reflection. These systems may also have variable phase shifters in each output line which enable
continuous adjustment of the Nys spectrum. In the case of PBX, this adjustment uses active (ferrite) components which
enables on-line adjustment. This system operates on a short (1 second) pulse length and the presently used phase shifters are
not rated for the continuous duty required of next step machines.

Splitting networks such as these are in principle ideal in giving total definition and control of the spectrum, Furthermore, in
present devices with low neutron loads, it enables the windows to be located close to the plasma and thus avoid multipactor
arcing at the electron cyclotron resonance layer (to be discussed below). However, for next step devices, the resulting system
has important disadvantages. The system is expensive and cumbersome. It is necessary to provide individual windows for
each waveguide at the grili, possibly many thousand; these windows must be screened from neutrons and thus remote from
the plasma. The reflected power is wasted, in tumn requiring provision of more klystrons and associated expense.

An alternative which overcomes the window problem is to install some or all of the junctions inside the vacuum system,
This is widely done on current devices (JET, Tore Supra, JT-60U). External splitting is used only to the extent necessary lo
achieve acceptable reliability of the vacuum windows. Typically, such windows are based on the klystron windows, and thus
can handle similar power, Thus, external splitting by a factor two using 4-port devices is common, By choosing the
lengths of the two lines from the junction to the grill appropriately, reflected power from the launcher may be diverted to the
foad. The junction then acts as a circulator in reducing the reflected power to the klystron.
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Internal splitting may again use 4-port junctions. The systems on JET and Tore Supra
case with a matched load to decouple forward and reflec
short circuit termination of the fourth port. The prototype launcher on JET includes
design. A comparison of the two systems has been carried out in some detail with regard to re|
current drive efficiency. The results of this study are inconclusive due to other differences in
better control of the spectrum and lower standing wave ratio in the grill on the

hybrid junctions, in the former

{DOBBING et al, 1992).

A powerful technique which combines the function of the
at Petula [NGUYEN et al, 1982; GORMEZANO et al, 1
is illustrated in Fig 11. The incoming waveguide is split

both achieve one factor 2 split with
ted power, and in the latter case, with
modules of both JET and Tore Supra
flected power, losses and
the 2 modules, but suggest
JET module consistent with expectation

splitting network, phase shifters and circulators has been developed
985]. This is the so-called multijunction. A typical multijunction
using two successive (3-port) E-plane junctions into 4 waveguides

at the grill. After each junction, phase shifters are incorporated into each line as illustrated. These have the effect of
producing, in this example, a 0-90-180-270 degree forward power phase distribution at the grill. Consider also the phase

distribution of the reflected power at the second junction.

second reflection, the phases are such as to add and the wave

The reflected power in the 2 guides at this junction is now 180
degrees out of phase. These cancel and the reflected power

is in turn reflected from the junction back to the grill. On the
propagates back towards the klystron. The overall reflection co-

efficient measured at the input is now squared and the reflected power to the klystron much reduced.

!
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Fig 11. A typical multijunction

the so-called SWAN code [MOREAU et al, 1983).
directivity of the amplitude and phase distribution at
giving low reflected power.

A detailed numerical model of the multijunction has been developed,
This confirms the low overall reflection co-efficient and also the good
the grill mouth. The multijunction thus gives a very compact system

There are many variations on this design based on the same principle. For example, Tore Supra and JET use an E-piane
junction dividing the output into two with 90 degree phase difference. JT-60 used a junction from one to 3 output

waveguides with a 60 degree shift between guides,

JT-60U, JET and Tore Supra now all use muitijunction
grills which operate well and give current drive efficiencies
similar to conventional grills.

It should however be noted that multijunctions have
disadvantages., The use of three port junctions means that
the forward and reflected power are not decoupled. Thus,
both the amplitude and the phase distribution at the grill
mouth are dependent on the amplitude and phase of the
reflected power. Precisely in the operating regime of high
reflected power where the multijunction offers the most
benefit, the amplitude and phase distribution at the grill are
not fully defined by the input amplitude and phase, and are
not readily deduced from external measurements of the
reflected wave. Typical results computed using the SWAN
code for the JET prototype launcher are shown in Fig 12. It
is seen that the directivity falls from 65 to 50% with a
refection co-efficient of 6% (corresponding to 25% at the
grill). Furthermore, this loss in directivity is associated
with a non-uniform power distribution across the grill.
Thus, the computed peaking factor on the electric field in the
grill is seen from Fig 12 to be a factor 2 at 6% reflection,
This may be compared to a factor 1.7 in a conventional grill
at 25% reflection for the same coupled power. This
corresponds to a factor 1.4 in mean power density at the
same peak electric fiekd

Reflection coefficient at grill

2 25%
P S

il e
——
i

"

50

- Directivity (%)
Electric field peaking

-—— Conventionat grill, same coupled power
» Diractivity
+ Electric field
Ly} i 1 . 1 i 1
2 4 ]

Reflection Cosfficient (9%}

Muitijunction

Fig 12. Effect of reflection on the directivity and on the peak
electric field in the most heavily loaded waveguide of the
JET prototype grill, computed using the SWAN code. Also
shown is the electric field in a non-multijunction waveguide
coupling the average power of one guide in the grill.
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This effect depends on the length from the grill to the first
E-plane junction. The results of a numerical simulation of
the JET grill using the SWAN code have been used to
minimise the seasitivity to the phase of the reflected power
on the JET iauncher [MOREAU et al, 1987}, The data of
Fig 12 are for this optimised grill.

A histogram of the operating power of one of the klystrons

on the JET prototype launcher is shown in Fig 13, together 600
with the corresponding power density averaged over the grill
mouth. A slow improvement with time is clear as the
launcher conditions. The maximum power density achieved
at the end of the campaign is 50 MW/m2, However, the
value which could be routinely achieved has only increased
to typically 35MW/m? by the end of the campaign. 200
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The limiting performance of the present generation of
multijunction grills is summarised in Fig 14. After
extended conditioning, the indicated range of coupled power
densities in the waveguides at the grill mouth can be - Pulse Number (Thousands)
achieved on Tore Supra and JET. The points given for JT- '

60U are the design points, which are based on the extensive

experience with high power launchers on JT-60, Also

showp in Fig 14 are previous results from many Fig 13. A histogram of the operating power of one of the
experiments as summarised by [TONON, 1989]. Kystrons on the JET prototype launcher. '

It is clear that even the best present data falls significantly below the previous trend line. This may be a consequence of the
multijunction. The factor 1.4 reduction in mean power density at given peak field when the reflection is above 20% at the
grill (4% from the lanncher) would largely account for the difference. The most heavily loaded waveguides may indeed be

operating near the trend line? This data suggests a design value at SGHz for routine operation of multijunction arrays of
35 MW/m2 averaged over the area of the grill.
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Fig 14. The maximum and typical power density at the Fig 15, Peak electric field in the waveguides of present

grill of present launchers. The results for previous systems and suggested design limit for next step machines.
generation systems and the trend line derived from that data
are shown for comparison,

The maximum electric field in the waveguide may be more significant than the power density, as this is strongly dependent
on reflection co-efficient. These data are given in Fig 15 for various reflection co-efficients. The data for JT-60U is again
the design value for the new launcher. The JET/Tore Supra data is for 50 MW/m2, using the peaking data in Fig 12. A
linear trend as expected from multipactor scaling is consistent both data points and suggests a peak field at 5 GHz of
0.8 kV/mm. This corresponds to a design field of 0.7 kV/mm at the design power density of 35 MW/m?2 suggested above.
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The contour corresponding to 0.7 kV/mm is shown in
Fig 18, together with the operating power of one of the JET
klystrons plotted against reflection co-efficient from the
launcher. It is observed that the maximum klystron power
varies with reflection co-efficient as expected if the electric
field is the limiting parammeter, up to a reflection co-
efficient of 15% (40% at the grill mouth). At sufficiently
low density, a higher field can apparently be sustained.

44 Yacuum Windows

The vacuum window is a critical part of any LH system.
Present systems fall into one of two categories. Some
systems locate the windows as close as possible, typically
0.5m, to the grill mouth. This has the important advantage
of placing the electron cycltron resonance zone outside the
vacuum system and thus avoiding the multipactor arcing at
this zone. Such systems are found to condition easily.
However, this approach is not applicable where active
cooling or remote handling of the windows is required, or in
next step devices where. the neutron fluence close to the
plasma prohibits the location of ceramics in this region.

The second category, including JT-60U, Tore Supra and
JET, locate the window far from the plasma, with internal
splitting networks. This approach minimises the number of

i

Kiystron powar (kW)

Reflection cosfficient (%)

Fig 16. Ouiput power of one of the JET klystrons for all
pulses since start of operations plotted against reflection co-
efficient from the launcher, Also shown are the maximum
klystron power and a contour of constant electric field in the
waveguide at the grill month.

windows, which is determined by the power handling
capability of an individual window. It also enables the window to be screened from the high neutron fluence and to be
handled remotely. The disadvantage of this approach is that the electron cyclotron resonance is likely to be inside the

vacuum system, as on JT-60U, Tore Supra and JET. The resulting multipactor arcing causes severe problems with
conditioning of the launcher.

It may be possible to overcome this problem in next step machines by locating the windows inside the cyclotron resonance
with additional massive neutron screening for the windows, This has been proposed for ITER [TONON, 1990),

High power windows are similar to klystron windows.
Long pulse or steady state operation at hundreds of kilowatts
is routinely achieved using water cooled, beryllium oxide,

Table 6. Design ratings of lower hybrid windows and
extrapolation to next step machines.

pill-box ceramics. The JET window has two such ceramics Frequency  Power/Windows No Windows
in series with a pumped and monitored interspace to ensure GHz kw

integrity of the tritium confinement. The ratings of

presently used windows are summarised in Table 6, The JT-60 2 450 16
power scales inversely with the frequency as expected for  Tore Supra 3.7 250 32
edge cooled windows, Extrapolating to 5 GHz gives a power JET 3.7 300 48

of 200 MW per window for the same margins of safety and ITERCDA  § 200

250
with no allowance for degradation under neutron irradiation. :

4.5 Multipactor arcing

Multipactor arcs have been recognised as a problem with RF sytems in vacuum
accelerator applications as well as fusion reearch, The mechanisms involved are well
accelerated by the RF field. On impact with a surface, this electron releases secondary electrens, If this impact co-incides
with a reversal of the RF field, these secondary electrons are accelerated back to impact the first surface. This can result in an
avalanche process if the secondary electron emission co-effient (SEC) is greater than one.

for many years, in space and particle
understood. An electron at a surface is

The condition for breakdown is that the electron transit time must equal the RF half period, or its harmonics. The problem
can arise with two surface multipactoring, where the condition for breakdown is that the electron transit ime equals the RF
half period or its harmonics. In addition, in the presence of a magnetic field, single surface multipactoring can occur, where
the condition for resonance is that the electron gyrofrequency equals the RF frequency or its sub-harmonics. The first
subharmonic is usually the most severe. Single surface multipactoring cause severe problems with LH systems and has been
studied in detail at JT-60 where good correlation is found between experiment and theory [SAKAMOTO et al, 1986].

Control of multipactoring has been achieved by various means with varying success. All methods depend on producing a
SEC at the surface which is less than unity, even at grazing angles of attack in the case of single surface arcing. Techniques
used include:

Glow discharge cleaning of the surface

RF discharge cleaning (conditioning)

Baking combined with RF discharge cleaning

Coating of the surface with low SEC material, eg carbon

Coating of the surface to produce a rough finish on a micron scale length
Selection of surface material (copper, silver, gold)
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The discharge cleaning methods have been used on stainless steel, titanium and copper. An electrode is inserted into the
waveguide mouth and a low pressure glow discharge struck between the electrode and the grill. This may be done before
installation. It is found that the beneficial effects are partly retained after subsequent exposure to air. Electrodes have also
been incorporated into the launcher grill and used to condition the grill in situ. Such a technique is not practical on large
arrays with close-packed waveguides.

RF conditioning, using repetitive short, high power RF pulses in vacuum, is widely used and effective but very slow and
time consuming. Many thousands of pulse are required. Furthermore, the standing wave ratio is very high without plasma
and the conditioning is apparently not fully effective over the complete surface. It is found to be also necessary o condition
with plasma. The effectiveness of this process is strongly dependent on temperature. A regime of conditioning at elevated
temperature followed by operation at a temperature typically 50 C lower has been found to give much improved results at
JET. As the temperature increases during operation, so the power handling capability falls again. Outgassing of the surface
is thought to be the key process.

Coating of the suface with various low SEC coatings is also effective, Materials explored for tokamak applications include
carbon, amorphous CH structuzes, TiC, boron carbide. Of these, none except the (CH)n structures have been found to have a
SEC below unity at grazing incidence. The (CH)n coating is unstable above 300 C, but may be useful on cooled
waveguides. Tests have shown suppression of multipactors on copper by coating with carbon [KAYE et al, 1988], and
carbon has been used in JT-60 and JET. 1In the latter case, lack of adhesion ied to failure of the coating. Heavy outgassing is
also a difficulty with carbon, ‘

Producing a surface which has high roughness on a 1-10 micron scale length has been shown to be very effective in
suppressing multipactor arcs, even when the material itself has a SEC above unity. This is due to the capture of the
secondary electrons in the rough surface. In particular, the so-called black gold [DERFLER, 1984] surface treatment has been
successfully used on ASDEX. The grill with this surface treatment required a minimum of conditioning and coupled high
powers to the plasma, '

There are two disadvantages to this procedure. Firstly, the rough suface is inherently much more resistive than the solid
material, and must be typically 10 micron thick to be effective. Such a surface is inherently lossy unless semi-conductor
materials (such as boron carbide) are used such that the skin depth is large compared to the thickness. Thus, black gold was
found to have losses 4-7 times higher than copper at 3.7 GHz. This is not acceptable in next step devices. The second
problem is that the rough structure has a large surface area and can result in heavy outgassing during long pulse operation.
Amorphous carbon layers, which have very low losses, suffer severely from this problem.

Selection of materials can alleviate the multipactor problem. The peak power capability of a waveguide coated with dense
silver was found 10 be substantially higher than an identical guide coated in copper [KAYE et al, 1988}, and without the
appearance of multipactor arcs. This is consistent with similar observations during conditioning of ion cyclotron systems
[KAYE et al, 1987]. Recently, gold has been found to give better results on the latter WEDLER et al, 1992]. Gold avoids
the induced activity problem of silver under neutron irradiation. ‘

A combination of precious metal coating with high temperature baking during conditioning shaws the most promise for
suppressing multipactors in the electron cyclotron resonance zone in reactor scale systems.

4.6 Grill Fabricatjon

Various methods have been used to fabricate the grill structure. Structures not using the multijuntion principle are in general
simpler to fabricate as they have neither the junctions nor, in particular, the phase shifters, These grills commonly use
extruded waveguide section in close packed arrays or machine the grill from solid. In the case of FTU, the copper coating is
co-extruded with the waveguide. JET use extruded stainless steel waveguide for the vacuum connection from the window to
the multijunctions. This is an effective and economical Pprocess.

Multijunctions have been fabricated by vacuum brazing pre-machined parts in a single operation (Tore Supra, JT-60), and by
machining of 2 x 3 m long half multijunctions and vacuum brazing of the longitudinal joints (JET).

Of the presently operating systems, only that at Tore Supra is actively cooled. This system uses longitudinal channels in
extruded copper/zirconium alloy to carry high pressure water at 150 C. In next step devices, such cooling will be essential,
and with it the use of materials of good thermal conductivity. The associated high electrical conductivity of metals
compounds the problem of disruption forces on the system. Waveguides have been produced in carbon fibre material with
copper lining which avoids this problem and has interesting potential for this application. The newly developed dispersion-
hardened ‘Glydcop' material is also being considered, and the launcher for Tokamak de Varennes is being fabricated in this
material [DEMERS et al, 1952].

4.7 Side protection

The sides of the grill are normally protected from the plasma by tiles of refractory material, often graphite. The grill is
normally contoured to lie on a magnetic surface. The tiles are postioned to be in front of the magnetic surface containing the
grill. The radial separation is a critical parameter in determining the reflection from the grill mouth, The connection length
across the grill is small (typically 0.2-0.5 m) and the scrape-off layer between the tiles typically sub-millimetre. Thus each
millimetre clearance can represent an order of magnitude in density at the grill. Experience on ASDEX [LEUTERER, 1991}
has shown the strong sensitivity to this clearance. The optimisation of the position of the side protection is thus a difficult
trade-off between protection from the ptasma and loss of coupling.
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4.8 Launcher Position Contro]

The reflection from the grill mouth is sensitive to the densi

has been adjustable off-line in many devices. Recently,
facility for rapid on-line position control. These systems
in closed-loop configuration to set the position. The

ty at the grili, The position of the grill relative to the torus wall
the launchers on JET and Tore Supra have been equipped with the
use hydraulic cylinders controlled by electro-hydraulic servo valves
JET system achieves sub-millimetre positional resolution with

typically 150 ms response time to small changes [WALKER et al, 1992]. This system has been used to control the launcher

position for volt-second saving during ramp-up of 7 MA pulses, as shown in Fi

reflection co-efficient,

JT-60 [IKEDA et al, 1990],

coupling can be much less sensitive to position of the

g 17, and also in closed-loop control of the

ASDEX [LEUTERER et al, 1991] and Tore Supra [LITAUDON et al, 1992] find that the
grill than anticipated, due to unexpectedly high density at large

distances from the last closed flux surface (LCFS). At ASDEX, it has been observed that the good coupling at large
distances is dependent on first establishing good coupling close to the plasma, and that the coupling can suddenly fall to
expected values as the launcher is withdrawn. It is thought that this effect may be due to the creation of a private plasma by

the LHCD itself. JET conversely find that the coupling
Fig 18 [EKEDAHL, 1992]. The launcher coupling is

correlates well with scrape-off layer connection length as shown in
much less sensitive to position when the launcher is in front of the

ICRF antennae, but only to the degree expected from the increase in scrape-off layer thickness. (The coupling of the

antennae was however reduced and
that a private plasma can be sustained at extended
efficiency can be maintained in these conditions.
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launcher was moved inwards in front of the limiters during
the current ramp and then withdrawn for protection during
the flat top.
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5. LHCD LAUNCHER REQUIREMENTS ON NEXT STEP DEVICES )

Next step machines will impose important new
drive efficiency considerations at high density lead

design study. This reduces the waveguide dimensions and increases
with frequency, taking account of the higher power density at the grill,

As discussed above, the experimental data from present machines su,
achieved is barely half of the previous trend line. If the desi
frequency assuming the same Ny and the same phase shift

couple the 50 MW of power proposed in the ITER CDA
{PARAIL, 1991} is as given in Table 7. A total of 3-4500
guides would be required, depending on frequency. This
may of course be reduced somewhat by increasing the
phase shift and thus the waveguide width without degrading
the spectrum on such a large array, Nonetheless, it is clear
that any such launcher will be a formidable device, the
more $o as the frequency increases. The tolerance to which
the guides must be manufactured also scales inversely with
frequency and will be typically +/-0.1 mm at 5 GHz.

requirements on the design of LHCD launchers. Accessibility and current
t0 an increase in frequency, a value of 5 GHz being adopted for the ITER
the number of waveguides for a given power linearly

ggests that the power density that can be routinely
gns of Tore Supra/JET and of JT-60U are extrapolated to higher

between adjacent guides, the number of waveguides required to

Table 7. The total number of waveguides obtained by
extrapolation of present multifunction designs to a S0MW
system for the next step,

TSAET
IT-60U

Frequency Power bensity, No Waveguides

GHz

317
2

MW/m?

35
25

SGHz 8GHz
2800 4000
3300 4500

The number of windows required based on present technology is given from the data in Table 6 as 250, This makes no
allowance for neutron degradation, Any such degradation will require an increase in the number of windows or a narrowing of

the safety margins. Thus, accepting an increase from 1x10-4 to 2x10-4 in

loss tangent doubles the number of windows!

There is little data on the effects of neutroas on the loss tangent of beryllia. JET have had samples tested up to 108 rad with

16



a degradation which could not be resolved within the accuracy of the measurements. Irradiation data is urgently required for
beryllia and such tests are in progress.

Results on alumina suggest that the neutron fluence will need to be less than 1022/m2 [PARAIL et al, 1991]. This would
imply heavy screening, the effectiveness of which needs careful analysis taking account of scattering, or location of the
windows outside the cryostat, and thus ouside of the electron cyclotron resonance. The splitting network will be largely
inside the torus vacuum and will likely use the multijunction technique. The system must operate long pulse (at least 1000
seconds) and is effectively in steady state. Cooling of the grill will be essential, both due to RF heating and neutron
irradiation. Total weight has been estimated at 120 tonne for each of two launchers, The position of the grili needs to be
adjustable, but only slowly due to the near steady state operation, The position of the grill mouth must be behind the first
wall for protection from alpha particles and manaway electrons, but nonetheless sufficiently close to couple power efficiently.
Erosion of the grill due to the heat pulse during disruptions and normal plasma operation needs to be analysed, and the
material of the grill chosen accordingly.

This amounts to a very demanding engineering design and manufacturing problem, The attractiveness of LHCD would be
much enhanced by the development of substantially simplified in-torus systems for next generation devices.

6. INNOVATIVE LHCD DEVELOPMENTS

There have been a number of proposals for simplifying the conventionasl launcher or for alternative coupling structures
which may offer major advantages in next step machines.

Consider first the possibility of simplifying the existing systems. The essential requirement is the array of waveguides with
the correct phase distribution at the grill mouth. In addition, window technology and the properies of materials effectively
define the vacuum boundary. The coupling between these two boundaries may be achieved other than by using the present
discrete waveguides,

6.1 Qversized waveguide

‘The new launcher being developed for JT-60U [IKEDA et al,
1991] will utilise a single oversize waveguide to drive each
block of 12 output guides, as illustrated in Fig 19. A test
assembly of this system has been constructed and tested with
favourabie results. For example, the higher order mode
content is less than 10% and the predicted current drive
efficiency based on a weighted Ny spectrum degraded less
than 10%. The JT-60 klystrons have a frequency scanning
capability which can be used to control the Ny7 produced by
this grill over the range 1.4-2.4. A simple method of
gaebgacz:uﬂ(:g lasp;,‘lr?achl canl sgd; giigﬁ;g &ur:mngmgég ?;- RF power is divided step—by-step at several junctions
waveguides.

6.2 Hyperpuide

JET have taken this approach further and propose also to use
the overmoded guide at the input. This so-called hyperguide
would operate on a single high order mode. It would be
driven by many incoming single mode guides and would |, ==t RF power is divided at a junction
couple to many outgoing single mode guides. JET consider 9

to replace all 48 wavegnides with a single TE 0,12 guide, as

illustrated in Fig 20. Numerical analysis of the mode

stability of TE 0,12 waveguides suggests that it is

possibleto efﬁcienuy propagate in this mode using Fig 19. The use of oversize waveguide on the new JT 60U

excitation by discrete incoming waveguides (48 intotal ina  Jguncher.

6X8 array) and termination by a short waveguide array of

384 guides. Each element of the incoming array is arranged

to have the same phase and amplitude (by control of the asociated klystron). The output array is excited also with equal
amplitudes but with 180 degree phase shift between rows. The required phase at the grill mouth is established by phase
shifters within the output waveguide array, which may also contain E-plane junctions . These complicate and increase the
length of the array but reduce reflection back into the oversized guide and may be essential for this purpose.

JT-60U

Oversized waveguide

JOF2.50719

This general system is being analysed using JET parameters. Initial results are encouraging in that it appears to be possible
1o suppress unwanted modes. Suitably slotting the walls of the oversize guide may further improve the mode selectivity.

Such a wavegunide would enable the replacement of many guides by just one guide, in particular in the critical eiectron
cyclotron resonance region. This much simplifies the manufacture, reduces the surface area, RF losses and the outgassing by
a large factor, and alleviates the multipactor problem due to the reduced area and the much enhanced vacuum conductance
available in the guide.

At present, this proposal is only in the conceptaal design phase.
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Fig 20. The hyperguide as it would be applied to the JET launcher.

6.3 Quasi-gptical System

A fundamentally different alternative to the wavegnide array has been proposed by [PETELIN et al, 1989]. In its simplest
form, it comprises a single row of parallel rods mounted in the edge plasma. These rods are spaced at regular intervals and
irradiated at an angle such that the only propagating diffraction lobe from the array excites the required Ny slow wave, This

is ilustrated in Fig 21.

Such a system offers major advantages over the waveguide
armay. In particular, the plasma facing array is of simple and
robust construction. Considerable theoretical analysis of
such a system has been carried out [PETELIN et al,1989;
KOVALYOV et al, 1990] and has identified a number of
difficulties, In particular, the reflection from a single row is
high, perhaps 90%. The proposed solution to this problem
is to provide a second array of rods, such that the reflections
from each row cancel. This solves the immediate probiem
of loss of power, but inevitably results in a high standing
wave ratio between the two rows. The electric fields in this
region will be a factor 5-10 higher than in a waveguide array
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-
—
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at the same coupled power density. This may well limit the

RN

coupled power density to a level much less than in
conventional grills.

The requirement to irradiate the array at an angle also
complicates the structure in reactor scale devices,
necesitating the provision of suitable high power reflectors
in the port. The optical train is likely to be similar to
proposals for ECRH application to next step devices, with
the complication that the factor 20 increase in wavelength at
lower hybrid frequencies will enhance diffraction effects in
the optical train and reduce both the power and uniformity of
illumination of the array,

This proposal also has not been tested in a Tokamak
environment. A detail design of a system for FTU is being

developed.

The credibility of this technique depends critically on its
successfull demonstration in such an experiment. However,
the potential advantages in design of high power lower
hybrid systems for reactor scale devices makes such a
demonstration a high priority. -

18

|||

E\\\\ NN 3

0000000

0 00 00 00 O Jasesoi

Fig 21, The rod-array coupling structure.



7. CONCLUSIONS

The design features of the major ICRF antennae have been reviewed and some limits to performance identified,
Improvements in understanding of impurity production mechanisms have led to important advances in performance of
existing systems over the last several years. Recent developments in the use of boron carbide as a cladding material, or even
operation without screens, may lead to further advances. Simple antenna modifications can enhance the coupled spectrum for
fast wave current drive applications. The folded waveguide antenna has interesting potential for very high power density
operation should this be required, .

The technical requirements of antennae for next step machines has been considered. Many antennae mounted in the blanket
above or alongside the ports can meet the anticipated requirements for heating and FWCD with power density, power per
antenna and line voltage comfortably within the operating range of existing systems.

Lower hybrid systems are currently in operation on various large Tokamaks around the world, Coupled power levels up to 9
MW have been achieved. These devices all use waveguide arrays and the design of these has been reviewed. Many difficult
technical problems have been overcome in the provision of these launchers, which remain complex and delicate systems,

The requirements of lower hybrid systems on next step devices raise further constraints on the design, largely due 1o neutron
irradiation, steady state operation and increased frequency, together with the 100 MW scale of such a facility. Whilst existing
technology could be used to construct a tauncher, it would be a highly cemplex device,

The attractiveness of LHCD on next step machines would be much enhanced by the development of simpler coupling

structures. Such structures have been proposed but require demonstration at high power on operating tokamaks to establish
their viability.
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