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The coupling properties of ICRF antennas depentherplasma boundary characteristics, which are fieodi
for example by H-Mode or ELMs. The impedance aregbwer into the antenna feeding line are measwitida
pair of directional couplers near the double stutet matching system. Those measurements incledmskes of
the transmission line and the antenna. An apprtaskparate the radiated power from the lossesnseasure the
current in the antenna loops. To measure the duimehe short of the antenna loop two current pphave been
installed near the short of the antenna loops i@ ohthe ICRF antennas during the 2009/2010 shutdofv
ASDEX Upgrade. These signals allow a new approadtaiculating the antenna resistance and the laghpbower
and can be used to separate the launched powettlietosses in the matching system and transmisisies up to
the antenna. Although the calibration of the sigaraplitude from the current probes needs furtheestigation,
the amplitude is proportional to the current in #mtenna loop. With those probes and a new rea-B&P-based
system, the radiated (as opposed to the total pogencluding loss power) power can be feedbamkrolled.

Keywords: ICRF, ASDEX Upgrade, Matching, Antenngafismission line

1. Introduction antenna loop to reduce edge electric fields, trditiad
of holes in the central conduction to allow better

The ICRF system at ASDEX Upgrade went into ., \hing etc. In order to calculate the settingsthaf

operation in .1992 and has contr_lbuted to makingH@R 1" tyners for matching, directional couplers elds
_rellable heat_lng system on a divertor tokamak Tlfje the double stub tuner system are used to measure
implementation of a hybrid coupler system has beeng,yarg and reflected power. For the calculation of
instrumental [2] on overcoming issues with reflelcte matching a lossless model is sufficient, whereas th
power caused by either L-H-Mode transitions or ELMs |5 \n-hed power calculation could be, improved if

[3]. The reducqon of reflected power to the_getmm transmission line losses were estimated more atatyra
and a workstation based shot-by-shot matching progr

in combination with a database in which the stutetu To eliminate the transmission line losses from
positions for different plasma parameters are diore measurement a power measurement close to the antenn
made it possible to easily match to new plasma would be useful, but while directional couplers gave
conditions. This matching program uses a simplified exact numbers of the forward and reflected power at
schematic describing transmission line and antfana  relatively low VSWR (voltage standing wave ratia),a

the matching procedure and has shown its religibilit high VSWR they fail because of their limited difgity.
Here both directional couplers are showing aboet th
same amplitude plus an error component caused ey th
directivity so that the calculation of forward and
Feflected power is prone to large errors. A calibrato

get rid of these errors is possible but complic§td

At the moment, the calculation of the total antenna
resistance is done by measuring the power into hiragc
system and antenna transmission line and using
selected voltage probe to measure the maximumgelta
on the transmission line \J. Evaluating the launched
power of the antenna needs a characterization ®f th  Although the attenuation in the transmission lioés
transmission line and antenna losses, which depend the ICRF-system is low, it can not be neglected. e
the antenna resistance. During the 2009/10 shutddwn 25 Ohm transmission line with 230 mm diameter @f th
ASDEX Upgrade two current probes have been installe outer conductor made out of aluminum and a 150 mm

to enable a current measurement in the antenna. copper inner conductor, which is mainly used in the
) . . antenna feeding lines, shows an attenuation of tabou
2. Matching and transmission line losses 0.001 dB/m at 30 MHz when matched. A mismatched

The matching system uses a double stub tuner systerifansmission line has an increased attenuatiorghwdan
at each of the four antennas, each antenna is hledou be calculated as following [6]:
loop antenna [4]. In the recent years the antdram
been only modified in details like the cross satctd the
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Fig.1 shows the losses of a typical antenna tressan
line used at ASDEX Upgrade along its electricalgkn
for a VSWR of 6, which is quite common. To perform
the calculation, the transmission line was dividexin

the output of the matching system till the end loé t
vacuum feedthrough line into short sections with a
maximum length of 0.1 m. The different charactésst
of the lines like conductivity and diameters ofénrand

resistance load and Z is the line impedance. As theouter conductor were used to calculate the ohnssele
antenna transmission line is not homogenous, theaccording to the actual current in that line sectibhis

calculation of the real attenuation of the antefa®aling
line has to take into account the different conduct
materials and the different diameters used in tfferdnt
sections. The conductivity of materials varies from
1.37x10 S/m for stainless steel 1.4541 up to 5730m

for copper 2.0070. There are five different trarssiun
line section incorporated in the whole antenna ifeged
line, which have different attenuations (see Tdble

Outer conductor Inner conductor
D Material | d (mm)| Materia Att.
(mm) (dB/m)
230 Al 150 Cu [0.98x10
2.0070
230 G-Al 5 150 G-Al5 | 1.52 x 10°
Si Mg Si Mg
152 Cu 100 Cu |[1.32x10
2.0070 2.0070
152 Cu 100 1.4541| 2.77 x 10°
2.0070 +2pum
Au
152 Cu 100 1.4541| 5.64x 10
2.0070

Tab.1 Attenuation per meter for different typesnwdtched 25
Ohm transmission line sections at 30 MHz.

The RMS surface roughness of 5 pm on the aluminum
cast parts like the 90° elbows can be neglectethén
ICRF frequency range. The total attenuation incigdi
dielectric losses in the ceramics at 30 MHz andS&WR
of 6 varies than between 0.076 dB (1.73 % loss) and
0.086 dB (1.97 % loss) for the antenna feeding fimea
arbitrary phase variation. The loss for a matclied is
0.026 dB (0.60 %).
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Fig. 1 Accumulated power loss along an antennasinission
line for a VSWR of 6 form the matching system fiktantenna
connection

ohmic loss was then subtracted from the input pawer
this section, and this power level served as tipatito

the next section, where the actual power was used t
calculate the properties of the next section. Tibkdtric
losses were calculated using the voltage at thé@igos

of the ceramic, whereby the equivalent length & th
ceramics was calculated based on results of a afionl
with HFSS [7]. The values for permittivity and dietric

loss tangent were taken from the manufacturer data
sheets. The power lost in the ceramic was subtfaote
the same way as was done for the ohmic losses. The
waviness of the accumulated losses is due to threrdu
distribution along the line which causes higheséssat

the current maxima, whereas the small steps irfléte
parts of the curve are caused by dielectric los$abe
supporting ceramics because of the high voltagdiat
position. All this considerations have been madiaouit
taking care of harmonics on the transmission hmgich

are present. E.g. the average power dissipatiothen
ceramics can be up to 25 % higher when a second
harmonic (3f) with a level of 20 dB below the
fundamental is present, which is about the expdetes

of harmonic content.

3. Antennaloss calculation

and removed Faraday screen

The total loss resistance of the antenna (see2figlus
transmission
measurements of the,l) probes and the power into the

line has been determined from the



matching system in vacuum conditiorishe values for  small hole, forming a mechanically short (approxisha
antenna 4, which is the antenna equipped with thel8 mm long for the left loop and approx. 20.5 mmgo
current probes, are 340 mOhm for the left (seem filoe for the right antenna loop) shunt resistor (Fig. A)
plasma side, Fig. 3) and 480 mOhm for the right¢ana comparison of the measured rf-voltage with the
loop at 30 MHz. These values include the calculated calculated resistance showed that even this skeré pf
transmission lineresistivity of 140 mOhm and the the antenna loop can not be treated as a simpaes
calculated dielectric losses which can be conveited The resistance of this antenna part calculated &goa
resistance of about 80 mOhm. Taking that into actou thin conducting parallel sheets with a width of 18t

the loss resistance for the antenna is 120 mOhrtefor gave at 30 MHz a value of 465 pOhm for the left and
loop and 260 mOhm for the right one. The higher respectively 530 pOhm for the right antenna looptite
resistance for the right loop is probably causedthsy measured voltage at this position is in the rarfggome
additional strip line needed to feed the loop. This Volts, these resistances would be equal to curiarttse
difference will cause some unbalance in the currentkA range, which does not match the calculationshef
distribution at low radiation resistance. A simiglif expected currents derived by,lJ and input powerA
schematic of the total resistive load at the endhef calculation of the induced voltage by treating simeall
antenna transmission line consists of two resistors gap between antenna short and connection of thé sem
series: R4 for the radiation resistance ang,sRfor the rigid cable as a coupling loop with an area of 2°m
antenna losses. The losses for the radiation agsistof gave a voltage of 0.47 V at 30 MHz and a curreriQff

4 Ohm per antenna loop are 2.9 % for the left land A, which does also not explain the measured voftage
6.1 % for the right loop. As the power into eachtlod The reason for this large difference is not knownt
antenna loops is about half of the total power aerall could be related to the remaining self-inductantée
loss is averaged to 4.5 % for the whole antenna Th contact piece. A HFSS simulation of these parts is
total loss of the transmission line and the anteaha necessary to understand and calculate this.

these conditions is 6.6 % of the power input. What
remains unknown at the moment is how much power is

lost in the Faraday screen, the limiters and other rges

structures near the antenna. coax-cable NL | "\ antenna loop
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Fig. 4 Cross section of the probe setup.

Fig. 5 shows the comparison of the shunt signalk @i
signal calculated from the voltage maximum probd an
the forward-minus-reflected power into the antedha
setup. The correlation is very good, which indisatteat

the shunt signal can be used as signal which is
proportional to the maximum current in the anterirtee
calculation of the line impedance By dividing U, by

Imax @lso gave a very good correlation. A phase
measurement between the two current probes showed n
dependence on the antenna resistance or applied rf-
power. The reason for the quite high noise levethan
resistance calculated from current signal is that f-
detector for the current signal was not equippeith i

10 MHz high-pass filter.

current The measurement ofld has some uncertainties, as for

probe each of frequency a different voltage probe haddo
Fig. 3 The two antenna loops with an indication ehthe ~ Selected to be at (near) the maximum. The probes ar
current measurement was installed. placed 0.25 m apart, and even at fixed frequenulyase

shift of the antenna impedance can change thei@osit
of voltage maximum significantly. The advantage of
deriving the antenna resistance and antenna |lfssasa
current signal measured at the short of the antentinat
one does not need any transmission line transfoonsat
with uncertain or frequency dependent electricagjtes
aand a possible phase shift which depends on tlenaat

During the opening of ASDEX Upgrade 2009/10 two
small UT-085 semi-rigid coax cables have been liesta
near one of the short circuits of each antennag strae
outer conductor of the coax cable was mounted and
connected to the antenna backplate on top of alsmal
block, itself connected to the back plate, while thner
conductor was connected to the antenna strap with



coupling. What can be also seen in Fig. 5 is that t
power which can be applied to the antenna is lgrgel
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Fig.5 Shot #25635: The traces show (a) the inputepato

antenna 4 matching system and the (b) antenna sngedof
the left antenna loop calculated using thg,lprobe and the
antenna current probe (c). The peaks in lowestetrae

artifacts caused by different sampling speeds.

limited by the change of antenna impedance during a
shot. During this shot the plasma — antenna distavas [1]
varied which led to large changes in the coupligthe

stub tuner of the matching system can only matatnt®
impedance a large portion of the power is reflectethe

input of the matching system. To be able to mantai
constant radiated power (cancel the loss of ICRFepo 2]
due to changing antenna resistance) a feedbadknsyst
being put into operation.

5. DSP-based signal generator
3]

A new signal generator is now replacing the old
CAMAC based system. It will give us much more
flexibility on the control of the ICRF-power andeth
anode voltage of the generator final stage. Theesyss
based on a Keithley ADwin system, with 16 analog
inputs and 8 analog outputs, 8 digital inputs amtig@tal
outputs and up to 4 trigger inputs. It can storaaif2k
samples per channel, which can be used as anaaybitr [5]
waveform generator with an output speed of 2k
samples/s. This is sufficient since the amplitude [6]
modulation input of the rf-generator has a banduiuft

about 500 Hz. The signal generator is connected viall
Ethernet to the data acquisition workstation and loa
programmed in ADbasic allowing real-time feedback [8]
control. At the moment, the system is used to piea
stored waveform which controls the output power and

[4]

anode voltage of the rf-generators, but in the Mhaare
it should fulfill feedback tasks. A number of feedhk
tasks are possible which can either help findingpad
matching by limiting the reflected power at the gextor
output to levels which does not trigger safety eysbf
the generator or
transmission by limiting the maximum voltage on the
antenna transmission line with an active controthef

E generator power. A feedback of the anode voltage
according to the anode dissipation and the screeh g
current could help to sustain maximum output powfer
the generators [8]. As Fig. 5 shows, the input powe

the matching system does vary as the plasma cauplin
changes. For this case, a feedback control whiepke
the coupled power constant would be of great use fo
] experiments which relay on constant conditions.

preventing arcs in the antenna

. Conclusions

] The installation of current probes in the antenharts
circuits seem to give a good measurement,g@fwhich

is probably a more reliable base for antenna @sist

] calculation than the currently used,dJ voltage probe.
Calculations have shown that the loss in the tréssion
line is of the order of a few percent under typical
7] conditions and that the loss inside of the antés@doout

] three times higher than that. For long pulse, ICRF
systems cooling of transmission line componentsthad
antenna will be a necessity.
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