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Abstract. An effort is underway toimprove the voltagestandoff capabilities of ioncyclotron
range of frequencie§ICRF) heatingand current drivesystems.One approach is talevelop
techniques for determining the location of an electrical breakdown (arc) when it ocdechnigue
is described which uses a measurement of the reflectiefficient of asweptfrequencysignal to
determine the arc location. The technique has several advantages including a reqforeomiynta
small number of sensoendvery simple datainterpretation. Inaddition atest stand isdescribed
which will be usedfor studies of rfarc behavior. Thedevice uses aquarter-waveresonator to
produce voltages to 90 kV in the frequency range of 55-80 MHz.

INTRODUCTION

A major goal of technology developmemograms inthe area ofCRF heating
and current drive is to increagewer handlingcapability of the launchers and
power transmission systems. Present day batfinement tokamak plasmas often
have steep edge density gradients and lgapesbetween the plasma and outer
wall, producing lowvalues of antenna loadinghich limit the power that can be
coupled to the plasma to substantidiyss than thepower available. It is also
desirable for future devices to increaseiti)ectedpower densityabove the current
typical values of 3 to 8 MW/Ain order to minimize the wall area taken uplBRF
launchers.

Powerhandling can bdimited by fast loading transientdl), or by high local
heat fluxes caused by edge plasma interactions wtk antenna-generated
radiofrequency (rf) electric fields (2). However, it is most ofterited by electrical
breakdown (arcing) occurring ithe ICRF antennas themselves, or in the
transmission lines that carry power to thenth# voltage limits in thesstructures
can beincreasedthen power handlingcan in manycases be improved. Two
approachedhat are being undertaken our work are the development of arc
localization techniques to determimdiere breakdown occurs whervaltagelimit
is reached, and a bastudy of rf arcs irsimple geometries to gain an improved
understanding of the variabl@s/olved. In thispaper wediscussmodeling results
for a proposed arc localization technique and present a design for afdevicarc
studies.
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ARC LOCALIZATION

Development of techniquder arc localization becomes especially important as
the complexity ofICRF antenna feedhetworks increase$¢3). In order for a
technique to be useful, it should fulfill several requirements:

1. Components used should ntitemselves degrade the voltag@ndoff
capability of the transmission line/antenna system.

2. The number of sensors used should be minimized in order to reabio®y
and data acquisition requirements.

3. Use of high cost diagnostic equipment such as network anabfzeutd be
avoided in systems intended for everyday use during normal operations.

4. The techniqueshould beadaptable to complicated feadd antenna config-
urations

It is likely that no single technique will fulfikll of these requirements, and instead
a combination of techniques may be neededrdter tolocalize arcs throughout a
particular system. For instance, it would kafficult to use optical sensors
providing complete coveragever 16 transmission lines whienre each more than
80 m long, such as ihe caseor the JETICRF system. However, ihay be
possible to use an rf basegthnique to cover most tiie system,and useoptical
sensors near a small number of trouble spots such as vacuum windows.

A technique likely to at least partialipeet theabove requirements involves the
introduction of dow power (~ 1-10 W) swept frequency signal in a frequency
range far above the drive frequency but belbes cutoff frequencyor propagation
of higher order modes in theaxialtransmission line. Assuming aamnc presents a
parallel impedance in théransmissionline which is much lower than its
characteristic impedance, then in principle it is possible to determine its approximate
position to within an integer number of half wavelengths simply by measuring the
reflection coefficient at a location between the matcimetyvork forthe system and
the arcitself. Measurement of the reflection coefficient asecond frequency can

then remove theA/2 ambiguity. However, ithe arcoccurs at a position at which
the transformed loadmpedance at theecond frequency iBw, then an accurate
result will not beobtained. Thislimitation can be avoided bwysing a swept
frequency rather than a fixed second frequency.

In our implementation theswept frequency signal istroduced through a
coupler using a ridged waveguide which is cut offtfer drive frequencyFig. 1).
Since the techniqueses aeflection coefficient measurement, there is no problem
with interference due to reflections time generatoside of the coupler; a simple
non-directional voltaggrobe can beused tocouple the signal into a standard
coaxial tee connected to the main transmission line.

This techniquehas been modeledisingthe FDAC (4) code. Thisallowed a
demonstration thaits use isfeasible in a moderately complesystem featuring
mutual coupling betweetransmission lines. Howevethe results obtained were
very similar to those observed for a singlgenna andransmission line. Figure 2
is a schematic of the modeleticuit. In the model,the swept frequency signal is
introduced at the generator. The location of the arc and the directional caggldrs
to measure the reflection coefficient @lsoshown. Figure 3 showghe phase of
the reflection coefficient as a function of frequerfoy an arc modeled as an
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inductance of 3 nH irseries with a resistance of @ and shunted across the
transmission line at the location indicated. The frequencies were chosen to be below
the ~590 MHz cutoff frequency of thdirst propagating higher order mode in
0.23 m (9in.) diameter 50Q transmission line. Ifthe complex reflection
coefficientp is transformed back towards the arc by multiplyingeBp(34l), then

the minimum variation of the phase pf= p exp(30l), is observed for &alue of

| = 33.65 m,which compares very well tthe distance between the directional
couplers and arc specified in the model of 33.60rig. 4). If anarc occurred in a
resonant loop feeding an antenna, it would be difficult to determine its location from
a reflection coefficient measurement at the indicgiedition of the directional
couplers. However, it would be simple matter toput additional directional
couplers in the resonant loops themselves to overcome this problem.

It should be notedthat according to thenodel, wherthe arc impedance at the
swept frequency is high enough become comparable in magnitude to the
characteristic impedance of ttransmission linethe high frequency wave is not
well reflected by the arc. In the frequency range 450462 with 50 Q line, this
happens for aarc inductance of ~ 18H. In this casethe value ofl determined
using thismethod willcorrespond to aharacteristic length of thgystem (such as
the distance between the directionaliplers and antenrgrounds),and not the
distance to tharc. An obvious solution is to use a lowerquency rangdor the
swept signal, but it then becomes more difficult to isalagedrivepower from the
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FIGURE 5. Basdc arc studestestchamber

high frequency coupler input without degraditng voltagestandoff capability of
the system. In an upcoming experiment we will measure inductances cfeatel
at various locations alongasfilled and vacuumtransmission lines in order to
further evaluate the suitability of this technique.

RF ARC STUDIES

Figure 5 shows the design of a test chamber which wiliuileto examine the
behavior ofelectricalbreakdown at rf frequencieé&rcs will be produced in a
region with wellcharacterized electrode anghgnetic fieldgeometries.The main
chamber consists of a quarter-waveoaxial resonator with acharacteristic
impedance ofl30 Q and an interchangeable electrode athigh voltageend. A
capacitor L-match isused toallow operation between 55 and &@Hz, with
voltages up to 90 kV. A solenoidal magnet with a 14 cm dia. bore produces a nearly
uniform magnetic field of up t6.4 T for magnetic insulatiotests,and electrodes
of any desired configuration can Imserted, allowing for a comparison afcing
across gaps parallel and perpendicular to the field lines. Provisamesbeemade
for introduction of gas andultraviolet light to more closely simulate tokamak
conditions. A window at the end of the device will allow arcs tanf@gedusing a
charge coupled device (CCbamerahaving exposurémes down to 25 ns. The
device will beused toexplore the interdependent effects gdés and surface
materials on voltagestandoff, aswell as effects of magnetifields, electrode
geometries, conditioning, and baking techniques.
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