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Abstract
The KSTAR (Korean Superconducting Tokamak Advanced Research) tokamak
(Ro = 1.8 m, a = 0.5 m, K 2, BT = 3.5 T, Ip = 2 MA, tpuise = 300 s) is being
constructed to do long-pulse, high-b, advanced-operating-mode fusion physics
experiments. The ion cyclotron (IC) system (in conjunction with an 8-MW neutral
beam and a 1.5-MW lower hybrid system) will provide heating and current drive
capability for the machine. The IC system will deliver 6 MW of rf power to the
plasma in the 25 to 60 MHz frequency range, using a single four-strap antenna
mounted in a midplane port. It will be used for ion heating, fast-wave current drive
(FWCD), and mode-conversion current drive (MCCD). The phasing between current
straps in the antenna will be adjustable quickly during operation to provide the
capability of changing the current-drive efficiency. This report describes the design of
the IC system hardware: the electrical characteristics of the antenna and the matching
system, the requirements on the power sources, and electrical analyses of the launcher
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1. INTRODUCTION
1.1 Purpose and Requirements of the Ion Cyclotron System
1.1.1 Purpose
The Ion Cyclotron/Fast Wave Current Drive (IC) system is a part of the overall heating and
current drive system for KSTAR that consists of neutral beams (NB), lower hybrid (LH),
and IC systems. The IC system is required to provide
•

heating of the plasma

•

centrally-peaked current drive

•

off-axis current drive using mode-conversion.

The IC system shall provide required heating and current drive capability for given plasma
operating scenarios as described in PDD, for toroidal field values from 2.0 T to 3.5 T at 1.8
m major radius. Preferential ion or electron heating should be obtainable in special operating
conditions.
The system shall be capable of driving the required central and off-axis current depending on
the plasma operating scenarios.
1.1.2 System Requirements
1.1.2.1 Configuration Requirements & Essential Features
IC Power Requirements
The device and facility shall initially be configured to provide 6 MW of IC power to the
plasma. The IC power shall initially be coupled to the plasma through a 4-strap launcher
using one port. The device and facility shall be configured to accommodate an upgrade to 12
MW of IC power to the plasma. The upgrade IC power shall be coupled to the plasma
through two launchers located in adjacent ports.
IC Launcher Position
A Faraday shield shall be provided between the IC launcher and plasma. At operating
temperature, the front surface of the Faraday shield shall conform within ±2 mm to the +2
cm outside flux surface of the reference equilibrium. The capability to move the ICRF
launcher radially out 0.1 m from the innermost position, with the machine under vacuum,
shall be provided.
IC Launcher Materials
The materials to be used for in the IC launcher equipment shall be compatible to the vacuum

requirement, impurity control, magnetic permeability, and neutron activation.
All materials to be used in the IC launcher and peripheral equipment must have a relative
magnetic permeability less than 1.02 unless otherwise authorized by the Project.
All materials to be used within the plasma vacuum boundary must be approved by the
Project.
The IC launcher shall be water-cooled.
1.1.2.2 Performance & Operational Requirements
IC Power, Frequency, and Phase Control
The system shall be capable of operating at any frequency in the range of 25-60 MHz by
the tuning and matching elements outside the plasma vacuum boundary.
The IC system power shall be adjustable from 0-100% within 10ms.
The strap current shall be controllable within ± 10% during a shot.
The phasing of the currents in adjacent current straps shall be adjustable from -180 ° to +180
°. The ability to change phase during a shot is required. The time to effect such change will
be less than 10 ms; maintaining full power during the phase change is desirable, but a drop
in power during the phase change is acceptable. For a fixed interstrap phasing, a phase
feedback loop will maintain the interstrap phasing within ±10 ° of the desired value.
Pulse Length and Repetition Rate
The IC launcher shall be capable of 300s operation with 12 MW of IC power to the plasma.
All other system elements shall be capable of providing 6 MW for 50 consecutive 20 s
pulses at 15 min intervals in a 24-hour period and be capable of being upgraded to provide
12 MW of IC power for 20 consecutive 300 s pulses at 40 min intervals in a 24-hour period.
Plasma Heat Loads
The IC launcher will be designed to accommodate plasma radiation heat loads associated
with a maximum heating power of 40.5 MW for 300 s pulse.
The IC launcher shall be designed to accommodate plasma heat loads due to ripple trapped
particles with 24 MW of NB heating power.
Temperature Requirements
The IC launcher shall be bakeable at a temperature of 350 °C.
During a normal operating day, the IC launcher will be heated/cooled by water at 40 °C
temperature. Heating to temperatures higher than this will not be required between shots.

Peak Voltage
The peak voltage shall not exceed 35 kV anywhere in the transmission line.
Wall conditioning
The IC launcher must be compatible with glow discharge cleaning (GDC) and boronization
techniques specified in GRD.
Disruption Handling
The IC launcher shall be designed to accommodate major disruptions characterized by
•

possible vertical displacement

•

a thermal quench occurring in 0.1-1 ms

•

a current decay with a time-varying decay rate, such that the peak rate is < 1.25 MA/ras,
and the average rate is < 0.5 MA/ms

•

a peak poloidal halo current of up to 660 kA, 33 % of the plasma current prior to the
disruption.

•

a frequency of 49 % in any phase or mode of operation.

The IC launcher shall be designed to also accommodate major disruptions characterized by
•

vertical displacement

•

a thermal quench occurring in 0.1 -1 ms

•

a peak poloidal halo current of up to 800 kA, 40 % of the plasma current prior to the
disruption.

•

a frequency of 1 % in any phase or mode of operation.

Operating Limits
The IC system shall be designed to satisfy the annual and lifetime limits on pulses and
operating time specified in the GRD.
1.2 Overview of the System Design
Introduction
The ion cyclotron (IC) system is designed to deliver up to 6 MW of power to the plasma. It
can be used either for ion heating or for current drive. A schematic of the system is shown in
Fig. 1.2-1. The initial system consists of the following elements, which are described in
more detail in the following sections:
•

An antenna mounted in one of the main horizontal rf ports, composed of four current
straps side by side.

•

A resonant loop that is made of vacuum transmission line out to a vacuum feedthrough,
and then pressurized coaxial line with two adjustable line-stretchers.

•

Three decouplers between the neighboring resonant loops, to balance the power needed
from each rf source.

•

A matching system consisting of a line-stretcher and a stub tuner in each of the four
lines driving the current strap resonant loops.

•

A combiner/splitter circuit, as an optional upgrade, that acts as an "ELM dump" circuit
when the antennas are driven with -nJI inter-strap phasing, a good choice for fast-wave
current drive (FWCD). Continuous phase control during a shot is possible, if the
combiner/splitters are not used.
Four rf sources, each of which covers the 25-60 MHz range and can deliver up to 2 MW
into a matched load, and their DC power supplies.

•
•

An instrumentation and control system to monitor and control the operation of the IC
system.
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Fig. 1.2-1. RF system schematic.
Layout
An overall layout of the IC system, showing the location of the antennas in the tokamak and
the tuning and matching system, is shown in Fig. 1.2-2. An area in front of the port is clear
except the coaxial lines, so that the antenna can be removed without moving the major
components.

Fig. 1.2-2. Overall view of RF system.

i

PLASMA

/
f

Current suSjs
I faraday
/ J shield

255 mm

Cavity

Fig. 1.2-3. Cross-sections of the ICH/FWCD antenna.
Antenna
The ICH/FWCD launcher consists of a large antenna mounted through a standard rf port of
KSTAR vacuum vessel. The antenna consists of four current straps, each of which is
grounded at the center and has a coaxial feed line connected to each end of the current strap.
Fig. 1.2-3 shows a plan and elevation section of the antenna.
The antenna is constrained to be 830 mm high and 730 mm wide in order to fit through the
port. The antenna structure is radially movable under vacuum (but not during a shot) so that
the antenna position relative to the plasma can be adjusted to optimize the power transferred
to the plasma.
Overall view of the antenna is shown in Fig. 1.2-4.

The antenna, including the Faraday shield tubes, is water-cooled to permit long-pulse
operation.
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Fig. 1.2-4 Overall view of the antenna
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Fig. 1.2-5 Tuning and matching components

Resonant loop circuit
The four resonant loop circuits are each made up of one current strap, vacuum transmission
lines from the top and bottom of each strap out to a vacuum feedthrough, and pressurized
transmission line connected in a loop as shown in Fig. 1.2-1. The IC system is required to
operate at any frequency in the 25 - 60 MHz range. In order to do this, line-stretchers are
included in both the top and bottom sides of the loop; they are adjusted to make the loop
resonant at the desired frequency, and to put the connection to the main transmission line at a
point where the lengths from this junction are X/2 different between the top and bottom legs.
This assures that the currents in top and bottom portions of the current strap are equal and in
the same direction (as observed from the plasma). Total IC system including matching
components is shown in Fig. 1.2-5.
The operational limit of an rf system is often set by the maximum voltage in the antenna and
transmission line system. We have set a limit of Vmax = 35 kV as the maximum voltage for
rf system operation. As there are several tokamaks operating at or in excess of this voltage
level at present, this limit should assure reasonably reliable operation of the KSTAR IC
system. Plasma loading has been computed using the RANT3D code, and the voltages and
currents in the resonant loop have been calculated employing a lossy-transmission-line
model of the circuit, which includes inter-strap mutual coupling. The results indicate that the
IC system should be able to deliver the required 6 MW of power without exceeding the 35
kV anywhere in the system for a wide range of different plasma operating scenarios.
Decoupler
Due to the inductive coupling between adjacent current straps, the power needed to drive
equal currents in the four current straps are not equal in the current drive case.
In order to balance the power requirements for the rf sources, three decouplers joining the
neighboring loops are included. Each decoupler consists of a length of transmission line
between the loops with an adjustable stub at the midpoint (see Fig. 1.2-1). By adjusting the
decoupler stub lengths, the power from each rf generator is equal.
Matching System
The matching circuit uses standard components and consists of a stub tuner and a line
stretcher, both mechanically movable.
Combiner/splitter
Fig. 1.2-1 shows two pairs of 3 dB hybrid splitters connected in a combiner/splitter
combination as an optional upgrade. This system has been used with considerable success on
the DIII-D and ASDEX-U experiments. The combiner portion takes the output from two
generators (phased n 12 apart) and combines them into one output. The next hybrid splitter
then splits the power, driving two loops nil apart. The lengths of all four transmission lines
are made equal.
The advantage of this circuit is that when power is reflected from the resonant loops, which
will happen when the loading resistance R' changes (as will occur during L-H transitions,
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ELM's, etc.) the reflected power will go to the load resistors shown in the figure and will not
be seen by the generators. This allows the generators to maintain full output power
regardless of the plasma loading variation. Although full power to the plasma cannot be
maintained during these excursions, the system should be much more robust in terms of
reliability of operation.
If the combiner/splitters are not used, continuous phase control during a shot is possible.
RF Power Sources and DC supplies
The rf power sources are 2 MW RF transmitters of conventional design. The transmitters and
their associated power supplies, will be procured from commercial vendors.
Initial discussions with potential vendors indicate that the best approach will probably be to
make the sources using cavity tuning. The lower frequency of 25 MHz will cause these
cavities to be large, but the alternative of using lumped-circuit tuning elements will require
some R&D by the vendors to assure meeting the power requirements at the higher frequency.
Another advantage of using cavity tuning is that the upper frequency limit can probably be
easily increased to the 60-70 MHz range with little cost penalty.
Instrumentation and control
The Instrumentation and Control (I&C) System is responsible for providing local control
capability of the sources, DC power supplies, launchers and transmission system for testing
and tuning. It also interfaces with the KSTAR supervisory control system to provide the
supervisory system with operational data, safety interlock status, and to accept from the
supervisory system rf power profile and timing information and operational permissive
signals. The I&C system controls the parameters such as power, pulse shape and timing,
phases of the 4 transmitters, and plasma position; it measures transient quantities during
tokamak shots (e.g. various voltage and power levels in the sources, forward and reflected
power vs time). The total injected rf power can be feedback controlled to vary the plasma
stored energy (or other parameters of the experiment) as desired by the experimenters.
In addition, the ion cyclotron I&C system will supply a demand signal to the central I&C
system, requesting that the plasma position be adjusted to maintain the antenna loading at its
desired value. Since the plasma position can be adjusted in < 15 ms, it will allow quick rematching of the ion cyclotron system and permit high average power flow to the plasma.
The I&C system must operate both in unison with the tokamak and in a "stand-alone" mode
during launcher conditioning, maintenance, and repair periods. It must also interface with
the supervisory I&C system for safety interlocks, data transmission and archiving. It will, as
much as possible, use hardware and software standardized for use in the overall KSTAR
I&C system.
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2. DESIGN DESCRIPTION
2.1 Launcher
2.1.1 Launcher Mechanical Description
Overview
Standard port of KSTAR vacuum vessel for ICH/FWCD antenna has the dimension of
1200mmHX 748mmW, and the available height of antenna facing the plasma is 830 mm
which is limited by the passive plate geometry. The elevation view of the antenna port and
the antenna is shown in Fig. 2.1.1-1. The antenna consists of four current straps, each of
which is grounded at the center, and has a coaxial feed line connected to each end of the
current strap. The portion of the current strap that couples power to plasma is 752 mm long,
and is located 10 mm from the back surface of the Faraday shield as shown in Fig. 2.1.2-2
and 2.1.1-3 The plasma facing section of Faraday shield tube is formed as straight line for
simplicity, and the tubes are arrayed in two sections, with each section covering two current
straps. The two sections are set up with the angle of 171° to be closely faced with the
plasma surface.

Fig. 2.1.1-1. Elevation view of the ICH antenna.
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Fig. 2.1.1-2. Front view of the ICH antenna.
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Fig. 2.1.1-3. Side view of the ICH antenna.
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Fig. 2.1.1-4. Cross-sectional view of the ICH system.

Current Straps
There are 4 current straps per antenna arranged in a toroidal array as shown in Fig. 2.1.1-4.
They are approximately equally spaced. The each current strap is 98mm-wide and 20mmthick, and its edge is rounded to reduce the electric field around the current straps. Front
surface of the current strap is poloidally curved with the curverture radius 1125mm to be
adjacent to the plasma. The current straps are water-cooled and are grounded at the center
and electrically fed at both ends by 6" transmission line. The strap material is copper-plated
Inconel 625.
Faraday Shield
The Faraday shield protects the antenna system from direct exposure to the plasma
environment and also polarize the electromagnetic wave correctly for efficient heating of the
plasma. It must withstand heating by the RF itself, by the direct radiation from the plasma,
and from the sudden heat load imposed by plasma disruption. For this purpose, it is designed
as a water-cooled, approximately 30% transparent and single-layered tube. The material of
the tube is copper-plated Inconel 625 which has sufficient yield stress, and the tube size is
15mmOD X 12mmID. The tube is copper-plated to reduce electrical losses, and then coated
with plasma-sprayed layer of B4C on the front surface with thickness of about 0.1 mm. Fig.
2.1.1-5 shows the cross-section of the Faraday shield tube. Each of two shield sections
consists 35 tubes which are horizontally arranged and the gap between adjacent tubes is 6.4
mm, as shown in Fig. 2.1.1-6. The two sections are cooled in series and the tubes are cooled
in parallel with each other.
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Fig. 2.1.1-5. Cross-sectional view of

Fig. 2.1.1-6. Front view of Faraday

Faraday shield tube.

shield tube mounted on the cavity wall.

Antenna Cavity
The cavity box is constructed of SUS316 plate and is basically a weldment with some parts
attached with screwed fasteners to facilitate assembly. The cavity houses the current straps
and forms the support structure for the Faraday shield. It is attached to the supporting frame
which is able to slide to adjust the antenna position. The cavity provides the cooling water
path to the Faraday shield tube.
Vacuum Feedthroughs
The vacuum feedthrough is located outside the vacuum flange, i.e. between movable vacuum
coax and bellows connected to fixed coax, as shown in Fig. 2.1.1-1. It separates the 6"
pressurized transmission line input coax from the evacuated 6" antenna coax. The separation
is achieved by a brazed alumina dielectric. Basically it will be a cone or cylinder type. The
RF tests of the feedthroughs performed for LHD showed good results(high RF vooltage of
around 40 kV and long operation time of 30 min.) for these type. [1] Detail design is to be
determined.
Transmission Lines
The transmission lines consist of 8 coaxial lines and are shown in Fig. 2.1.1-1. The lines are
composed of a 6" ID evacuated section from current strap to vacuum feedthrough and a 6"
ID pressurized section from feedthrough to the line stretcher. The two sections are separated
by the vacuum feedthrough. The transmission line has inner conductor of 90mm diameter,
and its characteristic impedance is 30Q. The pressurized section is filled with 3 atm N2. The
vacuum transmissin line has water cooling channel inside the center conductor. The coax
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material is stainless steel plated with copper to reduce RF losses. The coax is attached to the
cavity by welding and extends through a bellows at the port flange. The bellows allows
radial adjustment of antenna assembly up to 10cm. The bellows also forms the vacuum
interface between the port and coax.
Attachment to Vessel
The antenna assembly is attached to the vessel by the port flange as shown in Fig. 2.1.1-1.
Radial movement is restrained by an adjusting drive screw mounted on the port cover. The
driver screw reacts radial loads into the port cover. The cavity is mounted to the supporting
frame which is mounted on four rollers. When the launcher is near its normal position, the
rollers do not take any load. Instead, the vessel slides on the horizontal surfaces at the
bottom of the launcher. Vertical, horizontal and torsional disruptive loads are resisted by
keys on the supporting frame that engage keyway positioned at the upper and lower surfaces
of the port opening. A critical part of the mechanical design is to position the keyways to
closely match the matching parts on the launcher, in order that there be neither binding nor
excessive clearances between the pieces. The vessel port supports the gravity and disruptive
loads that will be transmitted to it by the launcher assembly.
Cooling Path
The components that must be cooled are:
1. The current strap
2. The vacuum coax center conductor.
3. The Faraday shield
4. The antenna cavities, especially near the front of the box.
5. The rest of the antenna structure.
Figure 2.1.1-7 shows the cooling pathe diagram for these components. For initial (20-s)
operation, cooling for the center conductor of the coax on the pressurized side may not be
needed, as convection from the pressurized N2 in that part of the line may be adequate. For
300-s operation water cooling will be needed, but this is not on the vacuum side and can be
added as an upgrade.
Current strap/vacuum coax water cooling path
1. From inlet manifold on centerline, into center ground point of current strap.
2. Up one side of current strap in tubing brazed/welded in groove in strap.
3. Around to end of strap, then connect to "squirt tube" in center conductor of
vacuum coax.
4. "Squirt tube" goes to end of vacuum coax, where it connects with vacuum
feedthrough.
5. Return path is inside center of vacuum coax, but outside squirt tube.
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6. Then through tubing on other side of current strap, returning to center ground
and return manifold

Current
strap

I Main cooling pipe
! from outside

I Main inlet
manifold

Center conductor
of vacuum coax

Inlet manifold for
Faraday shield tubes

Current
strap

I Faraday
-j shield
~t
tubes

Outlet manifold for
Faraday shield tubes

Top, bottom and septum
plates of cavity

Main cooling pipe I I Main outlet
to outside
| 1 manifold

Fig. 2.1.1-7 Cooling path diagram
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Fig. 2.1.1-8. Flow path through the current strap, center conductor of vacuum coax, and
return through current strap
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Fig. 2.1.1-9. Details of water cooling path in the current strap.
Faraday shield(FS) cooling path:
1. Inlet manifold on one side, at back of cavity
2. Through FS tubes in parallel. May want to aperture FS tubes to balance water
flow rate.
3. To transfer manifold at center rear of cavity, joins FS tubing on one side of
antenna to FS tubing on other side.
4. Through second side of FS tubes in parallel.
5. To outlet manifold on other side of antenna.
Faraday shield

Current strap

(OD 15mm, ID 12mm)

Inlet water
manifold

Outlet water
manifold

Fig. 2.1.1-10. Cooling path of the Faraday shield
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Antenna cavity cooling path
The FS tubes should provide adequate water cooling for the sides of the antenna box. On the
top and bottom plates, and septum, a cooling tube along the outside edges is needed. More
cooling may be needed.

Fig. 2.1.1 -11. Top and bottom plate cooling
Rest of antenna
Some cooling will be needed for the outside of the coax, the rear of the cavity box, and the
support structure. Trace cooling on the coax outer cylinder should be adequate. The cooling
requirements for the support structure has not been analyzed in detail, but providing for these
requirements should not be too difficult.

2.1.2 Antenna Stress and Thermal Analysis
This section analyzes the response of the antenna to the heat and disruption loads, and
calculates the resulting stresses in the critical antenna components during both normal
operation and disruptions.
2.1.2.1 Normal operation

Thermal and stress analysis of the Faraday shield
Heat loads
The primary issue during normal operation is the response to the heat loads from the plasma.
Two cases were analyzed, one for operation with the initial complement of heating power,
and the other with the full upgrade heating power. These are shown as Case 1 and Case 3 in
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the table below. Pbeam is the amount of neutral beam power injected into the plasma, and Ptotal
is the total heating power. Qripple, which is proportional to P ^ ^ , is the heat flux from the
ripple-trapped beam particles; Qradiated, proportional to Ptota,, is the heat flux radiated onto the
antenna from the plasma.

Case

1

2

Pbeam (MW)

8

20

3
24

P**. (MW)

16

36

40

0.1

0.25

0.3

0.1

0.24

0.25

Ripple heat on tube (W)

163

408

489

Radiated heat on tube (W)

532

1200

1330

RF heat on tube (W)

217

217

217

Total heat on tube (W)

912

1825

2036

Qripple (MW/m2)
Q^e,

(MW/m2)

The deposition patterns of the heat loads on the tubes are shown in Fig. 2.1.2.1-1. The
ripple-trapped particles drift vertically to deposit their power on the tubes, but only about the
front 1/3 of the tube can be exposed to this heat flux as it is shielded by the tube below it.
The rf heat flux is relatively small compared to the other heat loads. It has both axial and
azimuthal variations on the Faraday shield tubes.

Fig.2.1.2.1-1. Deposition patterns for radiated heat load (left), ripple-trapped
particle heat load (center), and rf heat load (right)
Results for the Faraday shield
We present in the following figures the results for Case 3, the worst case. We assume that
the water inlet temperature is 40 °C, and that at that temperature the tube is in a completely
unstressed state. Fig. 2.1.2.1-2 shows the temperature of the tube, Fig. 2.1.2.1-3 shows the
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stresses resulting from the thermal loads, and Fig. 2.1.2.1-4 shows the resulting deflections
of a Faraday shield tube.

Max. tube outside
temp: 139°C

"1
in* S

Outlet temp:

42°C

^ W ^

vax

^ ? k
Max. inside wall
temp: 81 °C
Water inlet at
2 m/s, 40°C
If

W

/
isometric View, from

Top View

sottom.

US

!£JSil3!w

¥xon\ View

Fig. 2,1.2,1-2. Steady-state temperature of a tube subjected to Case 3 thermal loads.
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Case 3: Tresca stress from temperature rise
from 40°C to operating temperature.

Maximum stress
160 MPa (23.2 ksi)

Fig. 2.1.2.1-3. Tresca stress for Case 3.
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Fig 2.1.2.1-4. Radial (top) and vertical (bottom) deflections for Case 3.
Discussion of Stress Results
The ASME yield stress (Sm) for Inconel 625 is 252 MPa for temperatures up to 149° C. The
allowable thermal stress can be as high as 3Sm if no other stresses are present.
The maximum coolant pressure stress is ~6 MPa for 10 ATM pressure, and is of no major
stress consequence. The maximum disruption stress (ID dynamic analysis, see below) is 40
MPa.
The endurance limit (from the supplier) is 262 MPa (38 ksi). The ASME fatigue curve for
related Nickel alloys show Sa of 276 MPa (40 ksi) at 100,000 cycles. Fatigue is not an issue.
Based on these results, the stresses in the Faraday shield tubes appear modest. The Faraday
shield should easily withstand the thermal and disruption stresses calculated in this report.
Thermal stress analysis of the current strap
Geometry
The current strap, shown in Fig. 2.1.2.1-5, consists of a 98 mm wide, 20 mm thick strap
made of 304 stainless. There are two 16 mm diameter cooling passages in the strap located
as shown at either end of the strap.
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Dimensions in mm

Fig. 2.1.2.1-5. Geometry of current strap, showing cooling passages.
Heat loads
There are two sources of heat. The first is the radiated power from the plasma, the second is
the ohmic heating by rf currents in the current strap.
The radiated power is incident from above in Fig. 2.1.2.1-5. In the absence of a Faraday
shield, this load would be Qradiated = 0.25 MW/m2, as for the Case 3 calculation for the
Faraday shield heating.
However, the Faraday shield geometry is such (15 mm diameter circular tubes with 21.4
center-to center spacing, and a 10 mm distance between the back of the FS tube and the front
of the current strap) that the FS shields about 89% of the incident radiation. Thus the power
incident from above is
Qradiated " 0.11 x 0.25 MW/m2 ~ 2.8 x 104 W/m2.
This is directed from above, so should have a cos9 dependence when going around the
corners of the strap.
For a surface current density K flowing on the current strap, the power flux from rf
heating is p = 608 W/m2 x K2, where K is the rf surface current in units of amp/mm. We
assume a frequency of 60 MHz (worst case), and a surface resistivity of r\ = 2.5 x 10"8 ohmm, which is about 50% more than the resistivity of room-temperature copper (to account for
less than perfect Cu resistance of the plating, and some temperature elevation).
An approximate value of the current density as a function of position along the strap is
given in Fig. 2.1.2.1-6. The current profile on 1/2 of the current strap is shown, current
density is in units of amp/mm, and the x-axis is distance along the surface of the strap (in
mm) as shown in Fig. 2.1.2.1-5.
This current density corresponds to a total current of 1 kA on the strap. An approximate
functional representation of the current density is given by
K = ao cosh(b0 x) starting at x=0;
= a{ (1-b, 92);

a, =

a,, = 2.686, b0 = 0.034

3 ao , b, = 0.667/(p/2)2 = 0.270

and 9=0 corresponds to a horizontal line (see Fig.2.1.2.1-5).
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Fig. 2.1.2.1-6. Current density K in amp/mm as a function of distance around the current
strap for a total strap current of 1 kA. Only half of the strap is plotted.
The current distributions on the front and back sides of the current strap are taken to be equal.
Using the relationship given above relating the rf power dissipation to the surface current
density, the rf power flux can be calculated. The result is shown in Fig. 2.1.2.1-7. Peak
power is about 3.95 x 104 W/m2.
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Fig. 2.1.2.1-7. RF power flux vs length along current strap.
Results of the thermal analysis
The resulting temperature profiles and thermal stresses are shown in Figs. 2.1.2.1-8 and 9,
respectively. These results were calculated with a water flow velocity of 1.125 m/s. The
peak temperature on the current strap is 130 °C, at the center of the plasma-facing side of the
current strap. The peak temperature of the cooling channel is 54 °C, well below boiling. The
calculated heat transfer coefficient for this case was approximately 6400 W/m2-°C.
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Fig. 2.1.2.1-8. Temperature distribution in current strap for Case 3.

Fig. 2.1.2.1-9. Thermal stress distribution in current strap for Case 3.
The stress is maximum near the cooling channel but is only 53 MPa, which is well below the
value of 3Sm for 304 stainless of 414 MPa. At this low stress value, fatigue should not be an
issue.
2.1.2.2 Disruption stress analysis
Electromagnetics of disruptions
The primary driver for the change in magnetic field seen by the antenna is a specified plasma
current decay from 2.0 MA to zero in 2 ms. The first question is, what change in magnetic
field (or more specifically, in magnetic flux) will the antenna structure see during this
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current decay? TSC was used to calculate the magnetic field during a disruption. In TSC,
an axisymmetric model of the plasma, first wall, vacuum vessel, and poloidal coils are used.
It also includes the plasma energy balance equations. For a VDE (for example), the plasma is
started in the nominal position, and is then allowed to drift down as if vertical control were
lost. As the plasma comes in contact with the wall, the plasma resistivity is suddenly
increased by introducing impurities into the plasma; this also increases the radiated power
and dramatically lowers the electron temperature, further increasing the plasma resistance.
The sudden increase in the plasma resistance causes the plasma current to decay. The plasma
axisymmetric equilibrium is calculated as a function of time, taking into account the eddy
currents induced in the PF coils and the structure of KSTAR.
Fig. 2.1.2.2-1 shows the vertical position of magnetic axis as a function of time. In a vertical
displacement event, the plasma drifts slowly down and at t = 0.29 s a thermal quench is
triggered; the thermal quench time from beta of 5% to zero is about 1 ms. The subsequent
current decay (Fig. 2.1.2.2-2, dlp/dt ~ 1 MA/ms) and continued vertical drift causes a fast
change in the magnetic fields in the vacuum vessel.
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Fig. 2.1.2.2-1 Vertical position of magnetic axis vs. time
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Fig. 2.1.2.2-2 Plasma current vs. time
Fig. 2.1.2.2-3 ~ 5 shows the magnetic fields at the IC antenna location (i.e., the outer
midplane) during the disruption. After the thermal quench, the magnetic field changes are
approximately linear in time; during a time period of about 3 ms, the largest changes in the
field components are
|ABp| = 0.35 T
|ABr| = 0.65 T
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|ABt| = 0.025 T.
Linear field variations of this magnitude over a 3-ms time should be a good approximation
for computing the disruption-induced currents in the antenna structure.
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Fig. 2.1.2.2-4 Radial field vs. time for z = 0
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Fig. 2.1.2.2-5 Toroidal field vs. time for z = 0
EM forces and stresses on Faraday shield
The current in the FS tubes is the primary factor that will affect the stress in the tubes. The
current in the FS is computed using a simple circuit model of the Faraday shield rods and the
antenna cavity. In these calculations, the Faraday shield is modeled as a series of Faraday
shield tubes connected in parallel to a septum and back wall. The lumped resistance of the
circuit is given by
Rtotal = Rtube/Ntubes +Rside +Rback
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where Rtube> Rside> and Rback are the resistance of a single FS tube, the resistance of the
two side walls, and the resistance of the back of the cavity, respectively. Ntubes is the
number of FS tubes that are in parallel and cover the cavity.
The circuit inductance is usually given by an infinite solenoid approximation to the
inductance of the antenna circuit:
wd
where w, d, and h are the effective width, depth, and height of the FS cavity, respectively.
The current flowing in the FS cavity is then obtained by solving the circuit equation

d[
dB
V,loop
dt
dt
dt
The cavities are not all the same size, but using an average set of dimensions for a cavity
gives R ~ 275 p,Q and L ~ 0.12 |^H (using the infinite solenoid approximation to get L). This
results in an L/R time of about 0.44 ms (shorter than the 2 ms current decay), indicating that
the resistive term is important. Using the linear approximation to the magnetic field shown in
Fig. 2.1.2.2-3, 4, 5, the equation above was solved for the current in each FS tube. The
results, shown in Fig. 2.1.2.2-6, yield a peak current of about 1 kA/tube.
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Fig. 2.1.2.2-6. Current in one Faraday shield tube (solid curve) for a constant 3-ms duration
loop voltage of 16.5 V (dashed curve) corresponding approximately to the dB/dt shown in
Fig. 2.1.2.2-3.
The load per unit length on a FS tube is given by fn = Itube x B.
The response of a Faraday shield tube was computed using a 1D Finite Element Model with
tube section properties. A static analysis was done of stresses, with disruption-induced
current of 1 kA in each Faraday shield tube(Fig.2.1.2.2-7). A dynamic analysis for a 6 ms
period also done, in which time-dependent properties of current, poloidal field, and response
of the tube is included. Assumptions made were:
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Eipoloidal = Variable (linear ramp for 3 ms, then steady).
Current = Variable as given by circuit equation; 1 kA peak per tube.
Water mass was included, but no other fluid - structure effects.
2% damping was applied.
Modal dynamic and direct integration methods were both used (good agreement).
Static Disruption Stress vs.
Distance from Tube End
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Fig. 2.1.2.2-7. Static stress along Faraday shield tube for 1 kA in the tube. Different curves
correspond to different points on the tube circumference.
The maximum estimated stress is = 40 MPa. This is well below allowables for Inconel 625.
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Fig. 2.1.2.2-8. Maximum and minimum stress at any point in the Faraday shield vs. time
from a dynamic analysis of the Faraday shield response to a disruption.
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The results of the dynamic analysis of the structure is shown in Fig. 2.1.2.2-8. As can be
seen from the figure, there is no significant amplification of the stresses due to dynamic
motion, and the resulting stresses are = 40 MPa in this case also.
2.1.3 Cooling Analysis
For initial 20s operation, cooling may not be needed. But for 300 s operation water cooling
will be needed.
Faraday Shield
With the heat loads given Sec. 2.1.2, the total heat to the tube is calculated as 2.1 kW (c.f.
Sec. 2.1.2.1) respectively. The design flow parameters are listed in Table 2.1.3.1-1.
Table 2.1.3.1-1 Flow parameters
Input Pressure

100 psi

Mass Flow Rate per tube

4.22 gpm

Temperature increase

4°C

System Pressure drop

< 30 psi

Faraday tube flow velocity

2.0 m/sec

Current strap/vacuum coax
The heat load on the current strap is of two parts:
The radiated power heat load is 28 kW/m2 (c.f. Sec. 2.1.2.1) times the area of the
strap, for a total heat load of ~1.6 kW.
The peak rf loss in the current strap per unit length is 3.6 kW/m, with 1 kA flowing.
When the current droop is taken into account along the strap, the total power
dissipated in the strap resistance (assuming r\ = 3.42 x 10"8 ohm-m, twice pure Cu) is
— 4.1 kW (including the strap leads connecting the radiating part of the strap to the
vacuum coax.
The total heating on the 6" vacuum coax for the same current is an average of 1.2 kW/m.
This is divided to about 0.74 kW/m on the center conductor and 0.46 kW/m on the outer
coax. For a vacuum coax length of about 2.25 m, then the power dissipated in one coax
center conductor is ~ 1.7 kW.
The current strap and vacuum coax center conductors are cooled by two separate cooling
paths, one for the top half and one for the bottom (see Figs. 2.1.1-7 and 2.1.1-8). Then for
each cooling circuit, the heat load is:
0.8 kW radiated power to half the strap
2.05 kW rf losses in

half the strap
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1.7 kW in the vacuum coax
for a total of 4.55 kW.
Assuming the same mass flow rate as for one Faraday shield tube of 4.22 gpm, this heat
load gives a AT of 5 C. The length of the cooling circuit is approximately 6.5 m. Having all
the cooling lines made of 16 mm diameter tubing results in a pressure drop in the circuit of ~
1 psi. These results are summarized in the table below.
4.55 kW

Power per circuit
Flow Velocity

1.125 m/sec

Tube ID
Tube Length
Temp, increase
Pressure drop

16 mm
6.5 m
5C
1 psi

Antenna cavity
The Faraday tubes should provide adequate water cooling for the sides of the antenna box.
On the top and bottom, a cooling tube along the outside edges will be needed., as shown in
Fig. 2.1.1-10. The heat load, tube diameter, and flow velocity will be approximately the
same as for a Faraday shield tube.
In addition, cooling will be needed on the two septa (see Fig. 2.1.1-9) between the two pairs
of current straps. This can be done by running a tube along the edge of the septa (similar to
the cooling for the top and bottom plates shown in Fig. 2.1.1-10) with approximately the
same flow velocity as the Faraday shield of 2 m/s.
Rest of antenna
Some cooling will be needed for the outside of the coax, the rear of the cavity box, and the
support structure for long-pulse operation. The heat loads are not large on these elements and
they can easily be cooled by adding trace cooling lines. Detailed calculations of the cooling
requirements for these structures have not been done, and will be addressed during detailed
design.
The total mass flow for the coolant for the antenna then consists of 45 coolant channels:
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Faraday shield elements

8

Current strap (two per strap times four straps)

2

Top and bottom plates

3

Septa

2

Cooling for back of box, etc. (estimated)

45

Total
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This results in a total mass flow of 190 gpm (= 12 kg/s). This is a fairly high number,
especially considering that the AT for most of the flow passages is so low. However, the 2
m/s flow velocity for the Faraday shield elements is needed in order to raise the convective
heat transfer coefficient high enough so that the inner wall temperature of the Faraday shield
does not get above boiling.
For initial operation at lower heating power (e.g., Case 1 of Sec. 2.1.2.1), the flow velocity
(and corresponding coolant requirement) could be reduced considerably. Another alternative
would be to put some of the cooling paths (assumed to all be in parallel in the above
calculation) in series. This could probably be done easily for several Faraday shield elements,
for example, while still maintaining reasonable total AT values (e.g., = 15 C) and total AP
values in the circuit. This will require more complicated plumbing on the back of the
antenna, different from the simple box manifolds as illustrated in Fig. 2.1.1-9). Whether it
would be worth the increased complexity is a judgment that will have to be made during
detailed design.
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2.2 Electrical Design
2.2.1 Resonant Loop Configuration
2.2.1.1 Current Strap Array Electrical Properties
The ICH launcher consists of a large antenna mounted through a standard port of KSTAR
vacuum vessel. This antenna consists of four current straps, each of which is grounded at the
center, and has a coaxial feed line connected to each end of the current strap. The portion of
the current strap that couples power to plasma is 75 cm long, and is located 1 cm from the
back surface of the Faraday shield. Each strap is 98 mm-wide and 20 mm-thick, dimensions
are chosen to maximize the loading resistance.
For the antenna geometry shown in Fig. 2.2.1.1-1, the self inductance, the capacitance and
mutual coupling coefficients were calculated as shown in Table 2.2.1.1-1. Strap inductance
L' and mutual coupling coefficients k!2, k23, k13, k14 are computed by using QuickField code.
The septum geometry has been optimized to make k12 and k23 approximately equal. Fig.
2.2.1.1-2 shows the variation of mutual coupling as the septum height changes. From L'
values, the strap-to-cavity capacitance Co' is calculated by C0'=(c2L')-l. The strap-to-Faraday
shield capacitance C,' and the maximum electric field around the current strap are computed
by using QuickField code. Effective capacitance C is calculated by C'=C0'+F(C1'-C0'), where
F is the capacitance factor which represents the Faraday shield effect on the capacitance. F
value was obtained for the Faraday shield geometry described in Sec. 2.1; this results in a
capacitance contribution from the Faraday shield that is F = 88.7% of the value that would
be seen if it were replaced by a uniform plate. The characteristic impedance Zo and the phase
velocity vp are determined by Z0=(L7C')1/2 and vp=(l/L'C')1/2 respectively. The maximum
electric field per strap voltage is shown in Table 2.2.1.1-1, which should be used to calculate
real electric field by multiplying with the maximum strap voltage Vsmax.

Plasma boundary
Current strop

Faroday shield

Poloidal limiter
( + 2cm fiux surface)

Fig. 2.2.1.1-1 The antenna geometry.
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Table 2.2.1.1-1. Electrical circuit parameters of the current strap.
Inductance

outer strap

2.559

[10-7H/m]

inner strap

2.592

k)2

7.975

Inter-strap

k23

7.852

coupling [%]

k,,

1.615

k14

0.492

Capacitance [10~10F/m]

1.267

Characteristic

outer strap

46.71

Impedance [Cl]

inner strap

47.02

Relative

outer strap

0.6085

Phase velocity

inner strap

0.6047

Maximum electric field

E11

79.7

per strap voltage [V/m]

Ex

119

The value of plasma loading R from RANT3D calculation(see Sec. 3.1.2) for the various
plasma profiles is shown in the last column in Table 2.2.1.1-2, which should be used in a
lossy transmission line model of the antenna to yield voltage and current distributions along
the strap and transmission line, and to yield the power to the plasma etc.
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Table 2.2.1.1-2. Plasma parameters used in RANT3D calculation and its result.

Case

f
MHz

A<|>

a

X

no

ds

Power

Loading

cm

1020m-3

cm

MW

Q/m

2.0

2.653

1.843

2.0

7.139

4.959

4.0

4.629

3.215

6.0

3.069

2.132

0.5

2.0

9.223

6.406

0.8

2.0

9.140

6.349

1.0

0.1

2.0

7.054

4.900

0.5

0.1

2.0

7.285

5.060

0.50

0.1

2.0

9.644

6.971

2.0

9.521

6.883

4.0

5.898

4.263

6.0

3.781

2.733

2.0

9.335

6.748

4.0

5.69

4.113

6.0

3.61

2.610

11.208

8.102

10.718

7.747

9.177

6.634

9.921

7.174

9.833

7.108

0.1

27-1

0.1

27-2

0.1

27-3
27-4
27-5

27

7C/2

0.5

1.0

0.5

27-6
27-7
2.0

27-8
38-1
38-2

1.00

38-3

0.1

38-4
38-5
38-6
38-7

1.0
38

ix/2

0.5

0.1
1.25

38-8

0.5

38-9

0.8

38-10

1.50

38-11

2.0

38-12

1.00

0.50
1.00

50

71

0.5

1.0

50-7

0.1

2.0

7.161

5.486

2.0

9.637

7.383

4.0

5.001

3.831

6.0

2.644

2.026

2.0

9.794

7.503

4.0

5.102

3.838

Heating
case,

6.0

2.658

2.036

BO=3.5T

12.668

9.705

11.512

8.819

0.1

0.1

50-8

0.5

50-9

0.8

50-11

2.0

BO~3.5T

2.0

1.25

50-10

FWCD
case,

0.1

50-4
50-5

B 0 -2.5T

2.0

50-2
50-3

FWCD
case,

0.1

1.25

50-1

50-6

2.0

Remark

2.0

1.50

0.1

2.0

9.736

7.459

1.00

0.1

2.0

9.942

7.616
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2.2.1.2 Resonant loop parts
A resonant loop structure as proposed for the KSTAR IC antenna system has the general
form as shown in Fig. 2.2.1.2-1. It consists of a current strap that is grounded at the center
point, the 30 Q, 6" vacuum transmission lines from the each strap feeders to the vacuum
feedthroughs, and 30 Q, 6" resonant loop transmission lines from the vacuum feedthroughs
to a T-junction where they are connected to a third line that feeds the power to the system.
Linestretchers are included in both the top and bottom sides of the resonant loop
transmission lines. They are adjusted to make the loop resonant at the desired frequency in
the 25 - 60 MHz range.

Feeding line
Z = 39.3ohms, /5=1.0)

Line s t r e t c h e r

6 —in vacuum
transmission line
(Z = 30ohms, 0 = 1.0)

Current strap

J ,,,

(Z=46.9ohms, £=0.607)
9,

T T

Connecting

p

h

l

!L n l

b

Vacuum

Feed point

To RF power unit

(Z = 30ohms, jS=l)
/

I

I

Line stretcher

Fig. 2.2.1.2-1. Equivalent electrical model of the resonant loop circuit.
2.2.1.3. Resonant loop analysis
For the purpose of modeling the behavior of the strap-transmission line circuit, the current
strap and 30 Q. 6" coax are modeled as a resonant circuit as shown in Fig. 2.2.1.2-1. In this
model, the current strap is considered as a lossy transmission line with a loss resistance
R'fffi/m] which is due to the power coupled to the plasma. In Fig. 2.2.1.2-1, h is the height
of current strap which couples power to the plasma, and w is the distance from the midpoint
of the 30 Q. line to the location of the feedpoint.
Using a lossy transmission line model, the voltage and current along the resonant loop were
calculated for three frequencies, i.e. f=27MHz(FWCD case at BT=2.5T) , f=38MHz(FWCD
case at BT=3.5T) and 50 MHz(heating case at BT=3.5T) with R'=6 Q/m, and the result is
shown in Fig. 2.2.1.3-1; x = 0 corresponds to the center-ground point of the current strap. At
x = 0.375 m, the current strap connects to the feeding strip which is connected to 30 Q
vacuum transmission line at x=0.835. The curves, computed for an initial condition of 1 kA
of current flowing at the strap ground, allow the calculation of the maximum voltage in the
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RF system per unit current in the strap.

1

2

3

Distance from strap center [m]

/ f=27 MHz
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3

Distance from strap center [m]

Fig. 2.2.1.3-1. Voltage(a) and current(b) along the resonant loop.
The operational limit of an RF system is often set by the maximum voltage in the antenna
and transmission line system. We have set a limit of Vper = 35 kV as the maximum
permissible voltage for RF system operation. As there are several tokamaks operating at or
in excess of this voltage level at present, this limit should assure reasonably reliable
operation of the KSTAR ICH system. At a given frequency and value of V ^ , the total power
Ptota, that can be delivered to the plasma is determined by
Ptota. = I
Vraax

and it is a linear function of R'; Fig. 2.2.1.3-2 shows this relationship. We see that the design
objective of 6 MW launched at the maximum allowable line voltage of 35 kV requires R' >
4.1 a / m at 27 MHz, R' > 5.1 Q/m at 38 MHz, and R' > 6.3 Q/m at 50 MHz,. The maximum
current and voltage for Ptota, = 6 MW delivered to the plasma can be calculated by
I6max=(6/Pto,ai)1/2 and V6max=(I6max/l) Vmax; the maximum strap voltage V6smax is approximately
calculated by V6smax=(Vsmax/Vmax) V6max. The maximum parallel electric field for Pt0(al = 6 MW
can be determined by multiplying the maximum strap voltage V6smax with the maximum
electric field per strap voltage tabulated in Table 3-1. The absolute magnitude of E „ rather
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than E± is taken to be the limiting factor on the voltage holding because higher electric field
can be sustained perpendicular to magnetic field lines due to the phenomenon of magnetic
insulation. Efforts should be made to keep E „ 6max below about 20 kV/cm at full power.

15

12

f=27 MHz
f=38 MHz
f=50 MHz

©

o

Power required

o

4

6

8

10

12

Loading Resistance [Q/m]
Fig. 2.2.1.3-2. Power delivered to plasma as a function of loading resistance.
The result of the lossy transmission line model calculation is tabulated in Table 2.2.1.3-1 for
the cases in Table 2.2.1.1-2. We can see that the plasma set of 27-2, 5, 6, 7, 8, 38-1, 2, 5, 8,
9, 10, 11, 12, 50- 8 and 9 does satisfy the design criteria of V 6max <35kV and E l l m a x <20
kV/cm for Ptotal = 6 MW, however the set of 27-1, 3, 4, 38-3, 4, 6, 7, 50-1, 2, 3, 4, 5, 6, 7, 10
and 11 does not. In order to couple full power to the plasma, we have to keep the distance
between the Faraday shield and the separatix of the plasma small and keep the density high
enough.
To make the loop to be resonant at any frequency in 25~60 MHz range, there are 2
linestretchers. Fig. 2.2.1.3-3 shows the behavior of the resonant frequency as a function of
the top side Iength(=g,+d1+ai+s1+b1) and the bottom side Iength(=g2+d2+a2+s2+b2). From this
figure, we can see that the loop can be made resonant at any frequency in 25-60 MHz range
by varying the length of two line stretcher with their length change > 5 m. Fig. 2.2.1.3-4 and
2.2.1.3-5 show the loop impedance and phase angle are calculated as a function the plasma
loading, R'. To make the phase difference between top and bottom current straps as small as
possible, the tap point, w is set to approximately XIA, where the loop impedance is
maximum.
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Table 2.2.1.3-1. Result of lossy transmission line model calculation.
P«o«a.[MW]
for

For Ptotal=6MW delivered to plasma
•'•(Jurax

*6max

Ejlmax

Vpe-35 kV

[kA]

[kV]

[kV/cm]

27-1

2.653

1.504

52.22

26.04

27-2

7.139

0.917

31.83

15.88

27-3

4.629

1.138

39.53

19.71

3.069

1.398

48.55

24.21

9.223

0.807

28.01

13.97

27-6

9.140

0.810

28.13

14.03

27-7

7.054

0.922

32.03

15.97

27-8

7.285

0.908

31.51

15.72

38-1

8.198

0.789

29.94

18.05

38-2

8.094

0.794

30.14

18.17

38-3

5.013

1.009

38.29

23.09

38-4

3.214

1.260

47.82

28.84

38-5

7.935

0.802

30.44

18.35

4.837

1.027

38.98

23.51

3.069

1.289

48.94

29.51

38-8

9.527

0.732

27.78

16.75

38-9

9.110

0.748

28.40

17.13

38-10

7.801

0.809

30.70

18.51

38-11

8.433

0.778

29.52

17.80

38-12

8.358

0.781

29.65

17.88

50-1
50-2

5.187
6.980

0.915
0.789

37.65
32.45

25.07
21.61

50-3

3.622

1.095

45.05

29.99

50-4

1.915

1.506

61.95

41.25

50-5

7.094

0.783

32.19

21.43

3.629

1.094

45.00

29.97

50-7

1.925

1.503

61.79

41.15

50-8

9.175

0.688

28.30

18.85

50-9

8.338

0.722

29.69

19.77

50-10

7.052

0.785

32.28

21.50

50-11

7.201

0.777

31.95

21.27

Case

27-4
27-5

38-6
38-7

50-6

'max

[kV]

34.72

35.93

38.92

*max

[kA]

1.00

1.20

1.30
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Effect of the Inter-strap Coupling
The calculations presented in the previous sections have modeled each resonant circuit as
independent of the current flowing in each of the neighboring current straps. This
simplification is not exact, since there is some mutual inductance between adjacent current
straps. In this section, the effects of mutual coupling will be briefly discussed.
The current and voltage transmission line equations for coupled current straps can be written
as
dVi

^,T

, . ,T ,r

.

l
dx ~ J
where R', L', and C are the load resistance, inductance and capacitance per unit length of the
strap. M'jj is the mutual inductance between i-th and j-th straps. We assume that all straps
have the same values of R', L' and C, and define Ky = M^/L. The above two equations can be
combined to obtain

d2li
dx2

'

where y 02=- co 2 L'C is the propagation constant on a single strap, and 8 =RV co L'. If we
assume an x-dependence of the form e r x , then substitution into this equation yields four
homogenous equations for our case with 4 current straps. The determinant of this set of
equations yields an eigenvalue equation for y2. For each eigenvalue y m2, there is an
associated eigenvector describing the relative amplitudes of the currents in each strap for the
eigenmode. As shown in Table 3-1, the coupling other than to nearest neighbors is so small
that we can neglect the coupling between 1 and 3, between 1 and 4, and between 2 and 4
straps. Therefore the K matrix becomes

K=

1

ki

0

0

ki

1

k2

0

0

k2

1

ki

0

0

ki

1

where k,=k12=k34, and k2=k23. For present case, k, =0.0798 and k 2 =0.0785 as shown in Table
3-1.

Fig. 2.2.1.3-6 shows the value of Z l o o p and its phase angle vs frequency for the 4 current
straps. As can be seen, all loop have a resonance at approximately 37.9 MHz. But there is a
large difference in the magnitude of Z l o o p for the different straps due to the inter-strap
coupling. The phase difference between top and bottom current straps are less than 1 degree
as shown in Fig. 2.2.1.3-7.
Figure 2.2.1.3-8 shows the power to each strap to keep the total power to plasma 6 MW as a
function of the plasma loading resistance, R'. The power to the middle straps (2 and 3) is
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unaffected by the mutual coupling. However, the power to the end straps is significantly
changed. For low enough values of R', the power to strap 1 can go negative. The difference
in power requirements is compensated for by adding the hybrid decoupler that is connected
between the inputs to strap 1 and 4.
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Fig. 2.2.1.3-6 Loop impedance vs frequency for coupled loops.
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Fig. 2.2.1.3-8. Power to loops at f=38 MHz vs loading resistance
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2.2.2 Matching and Decoupling System
The matching and decoupling system is shown in Fig. 2.2.2-1, and connects the resonant
loops to the rf power sources. It consists of:
• Three decouplers between neighboring loops. These are used to balance the
power needed from the four rf sources.
• Four matching systems (one on each line), each consisting of a linestretcher
and a stub tuner. These match the impedances of the resonant loops (usually a
few hundred ohms) to the 50-Q impedance of the main transmission line.
• Two linestretchers used as phase shifters, which allow operation of the
current straps with arbitrary interstrap phasing.
• Two combiner/splitters as an upgrade option. Each of these takes the power
from two sources, combines them, and then splits them to go to two current
straps. This circuit is used to protect the rf sources from reflected power in case
of a mis-match. If these are not used , continuous phase control during a shot is
possible.
2.2.2.1 Decoupler
For operation with inter-strap phasings of 0 or n, the power to each current strap is equal to
generate equal currents in the current straps. For n/2 inter-strap phasing used for FWCD(27
MHz at 2.5 T and 38 MHz at 3.5 T), this is not the case when mutual inductance between the
straps is included in the calculations. In this case, the power to each strap to generate equal
strap currents (which is desired in order to launch the best power spectrum, and also to
equalize voltages in each resonant loop) is not equal.
The rf power sources, on the other hand, should all supply about the same amount of power
for optimal usage of the sources. In order to do this, a decoupler is inserted between the
points where loops are connected to their respective main transmission lines.
Consider a two-port network as shown in Fig. 2.2.2.1-1, with
general
II
12

some mutual coupling. In

Yll Y12
Y21 Y 2 2

For equal magnitude of Vl and V2, the resulting powers down lines 1 and 2 (Pi and P2) will
not necessarily be the same. A stub decoupler (another two-port network shown in the
dashed box) can be used to compensate for this. In order to do so, power must flow from the
input of line 1 through the decoupler to the load on line 2.
If the decoupler is lossless (a pretty good approximation), then the elements Ydjj
representing the decoupler behavior are pure imaginary. When the power flow is calculated,
the power through the decoupler is

=4 t>12|Vl||V2|sin(fi2)
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where Ydl2 = j b\2 and fl2 is the phase angle between the two voltages. Because the
decoupler is lossless, P21 = - Pl2Several points to note from the above equation:
No power transfer occurs when the phase between Vl and V2 is any multiple of n.
No power transfer when the magnitude of either is zero.
Connecting the decoupler to the main lines at a high-voltage point is good, since then
the value of h>i2 (and hence the current in the decoupler) won't have to be so high for
a given amount of power transfer.
For a proper choice of the decoupler line lengths and the decoupler stub length, b12 can be
adjusted to the proper value so that the correct (unequal) values of power are fed to the
resonant loop circuits, while equal powers are needed from the power sources.
For example, Figures 2.2.2.1-2 and 2.2.2.1-3 show the results of a circuit-modeling
calculation for R' = 6 Q/m with TC/2 interstrap phasing. Circuit parameters shown in Table
2.2.2.1-1 were used to model the circuit. The number in the left column refers to the number
marked in Fig. 2.2.2-1. Figures 2.2.2.1-2 shows the voltages and currents on the decoupler
lines for the 27 and 38 MHz cases. The power imbalance is such that 0.9 MW for the 27
MHz case and 1.2 MW for the 38 MHz case need to flow through each decoupler. Voltages
are well below 35 kV in both cases. Note that the characteristic impedance of these lines is
100 ohms. Figures 2.2.2.1-2 shows the voltage and current in the decoupler stub. The stub
lengths have been adjusted to give the correct power flow, and are about 4.8 m at 27 MHz
and 3.1 m at 38 MHz. For all the cases studied the shorted stub must present a capacitive
reactance at the junction of the stub with the decoupler lines. This means that the length of
the stub is > A/4, and so has a voltage maximum in the stub section that is higher than the
voltage at the junction.
One decoupler may be installed between the loop 1 and 4 to deliver the balancing power and
load all the power sources an equal power. But the coupling angle of the single decoupler is
different from that of straps when the interstrap phasing is not 90 degrees. Interstrap phasing
of 60 degrees, for example, gives 180 degrees to the single decoupler installed between loop
1 and 4. So, if we change the phase from 90 to 60 degrees with the decoupler tuned to 90
degrees, the powers go out of balance.
In order to sweep the phase with fixed tuning, we have to install three decouplers, between
each neighboring loops( loop 1-2, 2-3, and 3-4). These three decouplers can be adjusted to
couple powers in the same way, but in the opposite direction, as the straps do.
The three decouplers bring us YdI2 = - Y12 approximately, when we tune them for equal
power. In the circuit discussed above, Fig.2.2.2.1-1, if we tune the stub for an equal line
power with |V1| = |V2|, then the imaginary part of Yd12+Y12 becomes zero. And, fortunately,
the real part of Y,2 is negligible at feed points of the loops compared to other Y parameters.
Since there is no real part in Yd12, the condition Yd]2 = - Y]2 may be seen.
The followings are Y matrices for typical parameters (refer to Table 2.2.2.1-1) in mhos.
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Y matrix at Loops (YIoop)

.004362+j.00
0017

-.000085+j. 0
04321

-j .000042

-.000085+j.0
04321

.004317j .000069

-.000083+j. 0
04213

-jO.000042

-j.000042

-.000083+j. 0
04213

.004317j.000066

-.000086+j .0
04323

-j.000042

-.000086+j. 0
04323

.004365j.000158

Y matrix of decouplers (Yd )

+j .000052

-j.004086

-j .004086

+j.000125

-j.004064

-j.004064

+j.000125

-j.004086

-j .004086

+j.000051

Y matrix with decouplers connected (Ysum=Yloop + Ydcp)

.004362+j.00
0069

-.000085+j.0
00236

-j .000042

-.000085+j.0
00235

.004317+j.00
0056

-.000083+j.0
00149

-j.000042

-j.000041

-.000083+j.0
00149

.004317+j.00
0058

-.000086+j.0
00237

-j.000042

-.000086+j.0
00237

.004365j .000107

Decouplers are tuned for an equal power to generate unit magnitude of currents at the ground
plane of straps. As can be seen from the results, the neighboring cross(coupling) terms, YI2,
Y23 Y34, are reduced in 1 order of magnitude by the decouplers. And, the cross terms become
negligible compared to the diagonal terms.
Now, in order to know if the fast sweep is possible, lets consider the line admittances
defined as
where In and Vn are current and voltage of line n. This line admittances determine the actual
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reflected power on the respective lines which should be supported by the matching circuits.
But the line admittances depend on the phases of the line voltages, since
I = Y.V
where I , V is the vector of line currents, voltages and Y is the admittance matrix of the
circuit, like Yloop, Ydcp, or Ysum.
For an equal magnitude of loop voltages, the maximum and the minimum magnitudes of the
line admittance may be calculated from Ysum matrix. The maximum Yn, for example, is
generated when the phases of line voltages are arranged such that all the terms in (Y.V)n
have an equal phases. The minimum is occurred when all the cross terms have phases of 180
degrees from the self term in (Y.V)n as can be seen from Ysum. Those two values give the
maximum change of Yn when the phases of the line voltages are swept. From the values of
Ysum matrix, this value, for Y3 is calculated as 0.0004 [mhos]. In other words, Y3 varies in
range, 0.0031+ 0.0004 [mhos], where 0.0031 is the middle value of Y3.
For this change of line admittance, our matching circuit, which is tuned to the middle value,
gives the maximum mismatch of 0.053 in refection coefficient. Such a degree of matching
can be considered good enough in practical operations and fast sweeps do not make any
problem in matching and power balancing.
2.2.2.2 Matching system
After the decoupler circuit has been adjusted, the net power flowing into each of the four
resonant loop/decoupler junctions is the same, but the impedance seen by the transmission
lines looking at each circuit may not necessarily be the same. The linestretcher and stubs in
each main transmission line are adjusted to provide a matched load to the rf sources.
Figure 2.2.2.2-1 shows the voltage and current along one of the main transmission lines for
27 MHz and 38 MHz. The distance from the T junction to the main tuning stub is
constrained to be > 10 m to allow for the minimum lengths of the decoupler, the DC break,
and the connecting transmission line. For this case, the linestretcher has been adjusted to
place the stub approximately 10.5 m from the T, resulting in a perfect match, as indicated by
no change in V or I with distance on the source side of the stub.
When the resonant loops are resonant, they appear as a real admittance at the feed point (our
operational definition of resonance). The lengths of the decoupler lines have been chosen so
that at 38 MHz and the appropriate decoupler settings, the connection of the decouplers to
the T junctions changes the real part of the admittance seen from the generator side, but does
not add any reactance. In this case, all the T junctions appear to have the same (real)
admittance from the generator side, and the voltage and current traces for all four lines
overlap; this is seen in the right-hand plot in Fig. 2.2.2.2-1.
At frequencies other than 38 MHz, the insertion of the decouplers will cause a non-zero
reactive contribution, which results in the outer MTL's (Lines 1 and 4) seeing a different
impedance than the inner lines (Lines 2 and 3). This is seen in the voltage plot on the MTL
at 27 MHz on the left-hand side of Fig. 2.2.2.2-1. It is possible to change the length of the
decoupler lines to make the reactive part of the decoupler admittance be zero at any
frequency. However, it is cheaper and more convenient to use fixed-length decoupler lines.
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2.2.2.3 Effect of changes in interstarp phasing and antenna loading
Figure 2.2.2.3-1 shows the absolute value of the reflection coefficient(p) on the generator
side of the tuning section as a function of interstrap phasing. In order to simulate a fast phase
change during operation, the system component values were set up for zero reflection at 7i/2
phasing, corresponding to the parameters shown for 38 MHz in Sec. 2.2.2.2. As the phase
angle deviates from nil, p departs from zero on all the lines but in the worst case p is less
than 0.08, corresponding to less than 1% reflected power toward the transmitters. For all the
phase angles shown, the power from the transmitters was kept constant as the transmitter
phasing was varied. To a good degree of accuracy the strap currents all were equal and the
currents in the top and bottom straps were in the correct phase relationship, independent of
phase angle.
From the coupled circuit analysis, the p values from the four circuits are the same if R1 seen
by each strap is the same. This is true even though there is mutual coupling between the
straps, as long as a correctly set decoupler is in the circuit. This is illustrated in Fig. 2.2.2.3-2,
which plots the reflection coefficient on the power source side of the main tuning stubs in
the four lines. In this case, the circuits were adjusted to give a good match at R' = 6 Q/m (the
case described above), and then R' was changed, keeping all the other circuit parameters
constant. The curves overlay each other.
In addition to the absolute values of the reflection coefficients being equal, the relative phase
angle of the reflected voltage is constant. This means that for an incident rf voltage with nil
interstrap phasing, for example, the phasing between the reflected waves is also nil.
The question is, will the value of R' be the same for each strap? This appears to be the case
experimentally, even in the presence of large ELM's. Most of the rf experimenters who have
studied this question agree on this point.
2.2.2.4 Combiner/Splitter and phase shifters(Optional upgrade)
The two combiner/splitters are made up of two hybrid decouplers connected as shown in Fig.
2.2.2.4-1. It is similar to circuits used with success on DIII-D and on ASDEX-U, and works
as follows:
• Hybrid splitter 1 acts as a combiner. When rf power is sent into ports A and D
with the proper nl2 phase shift, the power is combined and exits port C, with
none going into the load resistor at port B.
• Hybrid splitter 2 acts as a splitter, performing essentially the inverse
operation from splitter 1, dividing the power incident on port A equally between
ports C and B, with none going to the load resistor R2 on port D.
• If the loads on the two lines have the same apparent impedance, then p, = p2.
If the line lengths connecting the hybrid splitter to the two loads are equal, then
the phase shift between the forward voltage exiting ports B and C is the same as
the phase shift of the reflected voltages going into ports B and C. If this is true,
then the two (equal) reflected powers combine and exit the splitter into the load
R2 on port D.
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• The net result is that a change in the effective loads will cause power to be
reflected back down the lines between the loads and splitter 2, but no power will
be reflected on to splitter 1 and to the rf sources.
• Then the sources will not see any reflected power, and can continue to
operate at full output power.
The use of this circuit provides good protection against sudden changes in plasma loading.
From the results of Sec. 2.2.2.3, we see that changes in R' cause reflected power down the
lines, but the phasing of the straps is maintained.
This system works well for interstrap phasings ofn/2. By adjusting the phase shifters and the
rf source phasing, operation at interstrap phase angles other than %/2 is possible. As the
phasing departs from n/2, the efficacy of the combiner/splitter decreases, until at 0 or
n phasing all the reflected power is returned to the generators.
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Table 2.2.2 .1-1 Parameters used in circuit modeling calculations
Comment

#

Name

Length(m)

1

Half current strap

0.38

47

Length takes strap curvature into account.
P = 0.61; interstrap coupling coeff. = 8%.

2

Strap feeder

0.33,
0.46

39

98 mm wide 2 cm gap to wall. Two lengths
opposite at top and bottom

3

Vacuum coax

2.6

30

Includes 0.3 m for vacuum feedthrough on outside
of antenna.

4

Res. loop coax

4.54 and
9.77

30

6" OD coax with center cond. for 9", 50 Q line.
Needs bellows next to feedthrough to allow antenna
motion.

5

Line stretcher

6-11

30

Prototypical line stretcher, 5 m AL

6

Res. loop coax

1.8

30

6" OD coax with center cond. for 9", 50 Q line.

7

Main
transmission line

~9

50

50 ohm, 9" line between res. loop and DC break

8

DC break

~1

50

5 kV isolation voltage

9

Main
transmission line

~1

50

50 ohm, 9" line between DC break and
linestretcher. Depends on location of linestretcher.

10 Line stretcher

6-11

50

50-Q, 9" linestretcher

11 Main
transmission line

1

50

50 ohm, 9" line between linestretcher and stub
tuner

12 Main tuning stub

1-6

50

50-Q, 9" stub

13 Main
transmission line

-55

50

50 ohm, 9" line between tuner and second hybrid
splitter. Length depends on layout of components.

3

50

50 ohm, 9" line

17 Main
transmission line

1

50

50 ohm, 9" line

18 Decoupler line

4.566

100

Full length from one res. loop to another; decoupler
stub is located at midpoint.

19 Decoupler stub

1-6

50

50-n, 9" stub

20 Phase shifter

1-6

14 Hybrid splitter
15 Main
transmission line
16 Hybrid splitter

50-Q, 9" linestretcher
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Fig. 2.2.2-1 The matching and decoupling system.

Fig. 2.2.2.1-1. Stub decoupler schematic.

52

30

2

3

Distance (m)

Fig. 2.2.2.1-2. Voltage and current in the decoupler lines running from one T junction to
another. The decoupler stub connection is at the center (distance = 2.23 m).
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Fig. 2.2.2.2-1. Voltages along the MTL for 27 MHz (left) and 38 MHz (right).
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Fig. 2.2.2.3-1. Absolute value of reflection coefficient vs. interstrap phase angle at f=38
MHz with fixed tuning and matching system component settings.
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Fig. 2.2.2.4-1. Combiner/splitter circuit.
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2.3 Transmission Lines
2.3.1 Description
The transmission lines used for KSTAR ICH system consist of two parts and are shown in
Fig. 2.2.2-1 and Table 2.2.2.2-1. One is the resonant part. The lines are composed of a 6" ID
vacuum transmission section and a 6" ID pressurized section, and the two sections are
separated by the vacuum feedthrough. The characteristic impedance of the vacuum and the
pressurized line is 30 Q.
Table 2.3.1-1 MTL section electric and mechanical characteristics
Design

Nominal
99 mm

ID

Nominal
230 mm

OD

Outer Conductor: High precision Al tube,

Materials:

4 mm wall thick.
Inner Conductor: Cu without
treatment.

surface

Outer Conductor : Al alloy

Flanges:

Inner Conductor: slip-on resilient contact.
Contact parts: special bronze
Nominal OD (mm)

310

Characteristic Impedance (Q.)

50

Attenuation

10-3

@ 80 MHz (dB/m)

Frequency range (MHz)

1-100

RF power rating @ 80 MHz

500

Tambient <40 °C, T inn.cond.< 120 °C
(kW)
VSWR

< 1.03

Admissible operating pressure

0-300 kPa

Sealing material

Viton rings

The characteristic impedance for the decoupler line is chosen as 100Q due to the high
current in the decoupler line and that for the decoupler stub is 50 Q. The pressurized section
is filled with 3 atm N2. The vacuum transmissin line has water cooling channel inside the
center conductor and the water flows into the antenna strap. The water would be provided
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to the inner conductor using the teflon tube attached the outer conductor at the point along
the tranmission line or high impedance A74 stub. The coax material for vacuum
transmisssion line is stainless steel plated with copper to reduce RF losses. The coax is
attached to the cavity by welding and extends through a bellows at the port flange. The
bellows allows radial adjustment of antenna assembly up to 10 cm. The bellows also forms
the vacuum interface between matching/tuning components and the ELM dump circuit. It is
the 50Q/9" pressurized transmisssion line.
The other part is the main power transmission line from the transmitter located outside the
tokamak hall to the resonant loop near the tokamak chamber and it include the matching and
ELM dump system(option). The electrical and mechanical features of the pressurized
sections of the Main Transmission Line(MTL) are based on the commercial 9-3/16" standard
(Table 2.3.1-1). All MTL Sections are pressurized at 3 Bars. The dielectric used is N2 gas .
2.3.2 Cooling
Main transmission line
At the design VSWR level (< 3 ), the standard specifications for KSTAR 9 inch coax are
adequate for voltage stand off and power transfer efficiency, but insufficient for removing
steady state thermal rf power losses by convective heat exchange at ambient temperature.
The continuous wave power rating of the 9-inch coax at 80 MHz is about 500 kW. This
rating is related to the maximum safe temperature (120 °C ) of the transmission line center
conductor. The loss of the transmission line at 80 MHz is about 4%-per-100 m with
VSWR=1.05. At the 2 MW maximum rf source power, the power loss would be about 800
watts per meter. By reducing the temperature of the lines, their loss can also be reduced.
Therefore, the both sections of transmission line are cooled by low pressure (10^ Pa) water
circulation. Cooling water flow inside of the inner conductor and the helix coil which is
wounded around outside of the outer conductor. The pitch of the helix is 300 mm and
diameter of helix coil is 10 mm. Using water cooling, only 0.5 m/sec would be required to
keep the temperature rise in the center conductor to less than 10 °C. This cooling method of
the inner conductor is going to be used for ICH system at LHD.[2] In this calculation, it is
assumed that length of transmission line from the transmitter to the antenna is 100 meters per
a power unit.
During the initial operation of 20 sec pulse and the duty cycle of 1 %, natural convection is
sufficient to reduce the temperature and force cooling is not necessary because temperature
increase is below 10 °C. Water cooling requirements for the transmission line of 2 MW
power unit are listed in Table 2.3.2-1.
Linestretcher
The linestretchers in the resonant loop will have approximately the same heating as the main
transmission line. However, cooling of these devices is complicated by the requirement that
the length be adjustable. The present plan is to use uncooled linestretchers for initial
operation to minimize cost and increase overall reliability. The linestretchers will have to be
modified or replaced to operate for long pulses.
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Table 2.3.2-1 Water cooling requirements for the transmission line of 2 MW power
unit.(VSWR:1.05)
Inlet

Pressure

Flow

Inlet.

pressure(psi) drop(psi) velocity(gpm) Temp.(°C)

Power
load(kW)

AT (°C)

Inner

10

0.02

30.0

25

50

25

Outer

10

10.4

2.5

25

30

25

2.4 RF sources and DC power supplies
The RF power sources are standard RF transmitters powered by high performance tetrode
tubes such as Varian Eimac's 4CM2500KG or Thomson's TH628A. TH628A is a
diacrode(double ended tetrode) which is under developing by Thomson Tubes
Electroniques(TTE) to overcome the power limit of conventional tetrode. A sketch layout
of a RF power source is shown in Fig. 2.4-1. The sources proposed for use for KSTAR are
fairly conventional, similar to transmitters that have been built and use for IC experiments on
ASDEX-U, Toresupra, LHD.
Existing systems have operated in grounded-grid configuration at an active output power of
1.5 MW up to a frequency of 70 MHz in pulses of several hundreds of seconds and with a
anode efficiency in excess of 70%. Pyrolitic graphite grids, employed in the most modern
power tubes offer prospects for an increased power output (2.5-3.0 MW), or delivery of the
same power at higher values of power reflected to the transmitters.
The typical RF transmitter layout consists of a wideband solid state amplifier (300 W)
connected to three tube-powered tuned stages: a pre-driver (20 kW), followed by a driver
stage (100 kW) and an end stage (2.0 MW). All power stages have input and output cavities
that are mechanically adjusted to cover the frequency range of 25-65 MHz. Adjustment of
the cavities is performed automatically under computer control, in a time which does not
exceed 30 sec.
A Feedback Controller linearizes the amplitude and phase transfer characteristics of the
overall rf source. It monitors the source's output at a directional coupler and modulates the
source's 1 mW input accordingly. The Feedback Controller is additionally equipped with a
limit circuit which maintains the anode dissipation and screen grid current of the final stage
tube within their permitted limits.
The typical transmitter bandwidth depends on the tank circuit design. An achievable value is
±1.0 MHz around any central frequency in the range of interest.
Most of the existing systems are operating in class AB or B, although theoretical studies
show that operation in class C and D are possible with the advantage of an increased anode
efficiency.
Pre-driver, driver and end stage anodes and associated power circuitry are protected by fast
"crowbar" protection circuits, which rapidly remove the electrical energy stored at the filter
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capacitor in case of internal breakdown in the tube and/or in the anode tank circuit. The
response time is <10 |as and the maximum energy deposited in the arc is 10 J. Since the
KSTAR IC system must be operate for long periods, the protection system is capable of
repetition operation. After suitable time following a protective action, the anode voltage is
re-applied and the operation resumes.
Each 2MW rf source requires regulated and variable DC supplies for the anode, control and
screen grids and a low voltage AC source for the filament heater. All but two dc
supplies(anode power supplies for end stage and driver stage are integrated in the rf power
source and contained in the same enclosure. The anode voltage must be variable(5<Va<26
kV for end stage and 3<Vd<18 kV for driver stage) and controlled to prevent anode
overdissipation and screen grid overcurrent. The anode rectifier must be switched off in
less than 20 msec in case of fault. These supplies are standard supplies with no particularly
severe requirements.
The power supply units are located at the transformer yard outside the hall of the rf sources
and are connected to rf cavity by long coax connections(12m per unit). They require an
installed power of about 12.8 MW at full performance for 8 MW of rf power. A reactive
power compensation network is probably not needed on the AC side of the supply, in view
of the very high power factor of the HVDC being designed.
The ICRF PS consists of:
i) 24 kV AC switch gears;
ii) a multi-winding transformers for the Pulse Step Modulator (PSM);
iii) AC/DC switching modules of the PSM system;
The rectifier, transformers and switchgear are mounted in a standalone, walk-in enclosure,
while the filter capacitors are installed near the amplifier cavity.
The ICRF Power supply are summarized in Table 2.4-1.
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Fig. 2.4-1 A sketch layout of a RF power source
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Table 2.4-1 Summary of requirements for the ICRF DC power supply units.
Parameter

Value

Anode voltage range

5-26 kV

Accuracy of the Anode voltage control

± 1% of the max. value

Ripple

± 1 % of the max. value

Anode maximum current

160 A

Anode maximum continuous power

3MW

Driver stage voltage range
Accuracy of

Driver stage voltage control

Ripple

3-18 kV
± 1% of the max. value
± 1 % of the max. value

Driver stage maximum current

20 A

Fault energy

<10J

(short circuit energy in case of load fault)
total number or units

4

Installed power of one unit

3.2 MVA

Total installed power

12.8 MW

2.5 Instrumentation and Control System
The Instrumentation and Control (I&C) System is responsible for providing local control
capability of the rf sources, DC power supplies, and the rf transmission system from the
sources to the antenna. It also interfaces with the KSTAR supervisory control system to
provide the supervisory system with operational data, safety interlock status, and to accept
from the supervisory system rf power profile and timing information and operational
permissive signals.
The rf source, consisting of one rf signal synthesizer and 4 transmitters, is controlled for the
operating parameters such as power, pulse shape and timing, phases of the 4 transmitters.
The status of transmitter is monitored to protect their high power tubes and high voltage
components from critical accidents originated internally or externally.
The rf transmission system, which transmits rf power from the transmitters to the antenna
and consists of transmission lines, power combiner/splitter, dummy loads, matching circuits,
decoupler and resonant loops, requires precise mechanical tunings before every tokamak
shot. Adjustment of tuners needs information of the circuit behavior during the proceeding
shot, for which vectorial measurements of voltages, currents, and traveling components are
necessary.
The I&C system must operate both in unison with the tokamak and in a "stand-alone" mode
during launcher conditioning, maintenance, and repair periods. It must also interface with the
supervisory I&C system for safety interlocks, data transmission and archiving. The I&C
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system will consist of integrated VME/VXI and PLC systems. These systems will contain
imbedded processor which will provide local control and monitoring of the various IC points.
The systems will also provide status displays, other required control screens and data
acquisition support.
2.5.1 Control Interface and Interlock
The IC interlock and safety system will also interface with the central Hardwired Interlock
System (HIS). The interface among the control blocks, including HIS, is depicted in Fig.
2.5.1-1. These are : a local control mini-computer, programmable logic controllers (PLC),
display/command consoles (in the source area, IC Control station, and in the supervisory
control area, KSTAR Control & Operating Station), CAMAC-type crates / VME crates with
fiber optic links to the local controllers, etc.
During a tokamak shot, the system will acquire data. This data will be acquired by the
modules in the CAMAC-type crates / VME crates and then transferred via fiber optic links
to the control computer. Acquired data will undergo varying degrees of preliminary analysis,
be displayed by the computer if necessary, and then be transmitted to the central data system
for more detailed analysis and archival storage. Real-time display capabilities for the
acquired signals will be needed for the IC data as well as other tokamak data (e.g., plasma
current).
Control signals will also be required to control the IC power, phase between transmitters,
and the plasma position ( the plasma position will be controlled to provide good coupling to
the IC antennas, as is done in JET and other present-day tokamaks). Computation of these
signals will be needed. For initial operation, the first signals will likely be pre-programmed,
and the position will be computed based on the amount of reflected power. For later
operation, active control of the current and profile will be archived by comparing desired
current profiles with those measured by diagnostics (e.g., the Motional Stark Effect(MSE)
current profile diagnostic).
The IC interlock and safety system will be controlled by the Hardwired Interlock System
(HIS). The interface between the HIS and the IC Control System is depicted on Fig. 2.5.1-2.
The HIS provides ENABLE and ARM permissions to the IC system and monitors the IC
system's control state as well as KSTAR access conditions. If, during personal access of the
high voltage area, the IC system enters an operating state that might be hazardous, the HIS
sends an immediate EMERGENCY STOP command to the IC system and removes all of its
high voltage power.
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2.5.2 Instrumentation for RF monitoring and protection
RF Monitor
The IC System operation is monitored by RF detection equipment vectorially measuring
(amplitude and phase) the EM waves propagating through selected points of the system.
Most of the RF monitors are bi-directional couplers, providing amplitude and phase of both
forward and reflected waves.
At present, there is no identified need for monitoring equipment located under vacuum. The
monitors will be located:
• in the initial section of the pressurized Main Transmission Line(two outputs
per line).
• in the Tuning & Decoupling System, in positions dependent on the adopted
tuning scheme (two per line)
The RF monitor block include frequency conversion equipment, fed by an offset phase
reference, distributed by optic fiber to all monitoring points. All RF signals are converted to
a IF signal of fixed frequency fIF = 1.0MHz, independent of the operating frequency,
before transmission from the detection point. This signal treatment is justified by several
reasons:
• Transmission and processing of low level signals is performed at a frequency
much lower than the operating frequency. The RF monitoring system has a high
level of immunity from EM interference from power sources or transmission
equipment.
• Transmission losses in and EMI emission from signal cables are also
substantially reduced. The conversion to analog optical signals, to be transmitted
by optical fibers, is simplified.
• Phase distortions in transmission and detection are reduced proportional to
frequency.
•
Signal conditioning equipment is substantially more compact, accurate and
less expensive at the IF frequency.
The IF signals are transferred from the monitoring point to bulkhead signal conditioning
cubicles, where the usual system parameters (currents, voltages, impedances, special real
time signals for control and protection purposes, etc.) are generated as a function of time.
Other monitors
Non-RF monitoring equipment used in the IC system includes:
•

DC and low frequency electrical measurements

•

Temperature measurements of liquids and gases

•

Flow and pressure measurements

•

Strain gauges and displacement measurements
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•

Vacuum monitors

•

Arc detection equipment

2.5.3 RF Signal Controls
The RF output power is controlled in frequency, phase and amplitude.
RF phase and frequency control
A large change in RF frequency (Af > ±1.0 MHz) requires the mechanical adjustment of the
transmitter cavities and of the stubs and line stretchers in the RF transmission network.
These operations can be accomplished in minutes under remote control.
Frequency modulation within the transmitter bandwidth (2MHz) is obtained by digital
synthesis in the signal generator driving the transmitters. Phase coherence between different
antennas is obtained by using the same phase reference for the synthesis. The main
frequency can be FM modulated up to hundreds of kHz. Frequency modulation varies the
electrical lengths in the transmission system, and this can be used for tuning purposes.
The phase/frequency control loop is phase-locked to a single RF phase reference, distributed
from the Control System to all the rf instrumentation circuits.
The reference signal could be in the form of a digital optical signal train of fixed frequency,
with synchronization pulses at a typical frequency of 1MHz.
From the RF phase reference, coherent and/or incoherent sinusoidal signals of any frequency
can be generated in each instrumentations by direct synthesis. Of particular importance is the
generation and distribution at each monitoring point, of the synchronous offset frequency fo ,
used to convert the frequency of all monitored signals fr to a coherent IF frequency fi = fo =
1MHz.
Linear phase control of the input signal to each transmitters is performed by means of phase
offsets dynamically inserted in the control loop. The loop also memorizes the current phase
and frequency during temporary power suppressions.
The amplitude (power) control loop has twofold function to regulate the output power either:
•

to match a given reference

•

to an internally limited value

The output power is automatically limited by internal protection circuitry, if one or more
system parameters are detected out of range. When the fault condition is detected, the limit
value is automatically switched in the loop and is used as reference for the power control
loop. As consequence, the output power is decreased until the "in range" condition is
restored.
Several system parameters are monitored in this way and handled in a pre-set priority list.
Among others, a power limit can be caused by exceeding:
• Max. RF voltage limits in selected points of the antenna cavity and/or of the
RF transmission circuit;

•

Pre-set values of the modulus of the reflection coefficient at the power source;

•

Temperature limits in selected points of the power source/transmission system;

•

Operational limits at the antenna straps and Faraday shield;

• Transmitter status parameters such as control grid(s) maximum dissipation,
anode(s) dissipation, HVDC supply limits etc.
This method of control enables each unit of transmitters to deliver either the requested power
or the maximum power output compatible with a safe operation.
Fast power suppression of the RF output power is obtained by suppression of the low power
carrier, and does not involve the operation of the power control loop.
Further individual control loops of each IC subsystems are :
•

the Anode voltage control loop

•

the main line and resonant loop tuner control loop

Both loops have impedance matching functions.
The Anode voltage control loop uses the fact that at constant drive, a power tetrode can be
considered an almost ideal current source and therefore the output impedance of the End
Stage of the RF Power Source can be modulated by varying the Anode voltage. This feature
is used to track the load impedance over a limited range of voltages with a time response
depending on the HVPS voltage modulating capabilities. The reference variable used in the
loop is the tetrode control grid current.
The operation of the line and resonant tuner control loop is multi-variable control loop acting
on frequency and on several tuning elements. The error signal(s) are generated by vectorial
combination of RF signals measured at the input of each position. The loop provides in real
time the control of mechanical or hydraulic actuators.
Each unit of RF transmission networks is provided with an adaptive matching loop which
reduces the average level of the Standing Wave Ratio after pre-tuning(VSWR = 2-3) to
values acceptable to the power source (VSWR < 1.5).
Faster time response can be provided with the additional use of frequency modulation.
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3. SYSTEM PERFORMANCE AND DESIGN BASIS
3.1 Physics of ICH and FWCD
One of the KSTAR research objectives is to explore the methods to achieve steady state
operation using non-inductive current drive for tokamak fusion reactors. Heating and current
drive by ICRF fast waves are one of the main features in the operation of reversed shear
plasmas on KSTAR. The ICH/FWCD system shall initially be configured to provide 6 MW
of ICH/FWCD power to the plasma with one antenna. The system can be upgraded to
provide 12 MW of power to the plasma with the addition of a second system that is a
duplicate of the first. In this section, we will describe the different scenarios that will be used
for heating and current drive, give the results of plasma loading calculations.
Figure 3.1-1 shows the variation of cyclotron resonance frequency of various ion species
across the plasma minor radius and the wave frequency ranges of the proposed operating
modes for Bo=3.5 T in KSTAR. Figure 3.1-2 indicates the variation of proposed operating
wave frequency ranges as a function of B(). Several operating scenarios for heating and
current drive have been studied for KSTAR standard reference discharges at Bo=3.5 T and
low magnetic field discharges at Bo=2.5 T:
•

H minority heating in D majority plasma at Bo—3.5 T: The frequency of ~50 MHz is
good for H minority heating or second harmonic heating of D.

•

Current drive in D majority plasma with H minority at 150=3.5 T: The frequency of ~38
MHz can be used as the low frequency operation scenario for FWCD. However, a shear
Alfven resonance exists near the inner edge of plasma, which could cause the
undesirable auxiliary edge heating of plasma.

•

Current drive using mode converted Ion Bernstein wave in D majority plasma at
Bo-3.5 T: Operation between 25 MHz and 40 MHz is possible, depending on the
scheme of on- or off-axis .

•

H minority heating in D majority plasma at BQ=2.5 T: The frequency of 36 MHz is
good for H minority heating or second harmonic heating of D.

•

Current drive in D majority plasma with H minority at Bo=2.5 T: The frequency of 27
MHz can be used for FWCD.

To cover these proposed operating frequency ranges, RF transmitters must be operated over
the 25 to 60 MHz frequency range.
Numerical calculations of ICRF heating and current drive scenarios have been performed
using the global wave codes, TORIC [1], FELICE [2] and TASKWl [3]. The codes TORIC
and FELICE solve the finite Larmor radius wave equations in the ion cyclotron frequency
range in an arbitrary axis-symmetric toroidal geometry and one dimensional plane geometry,
respectively, while the code TASKWl solves the kinetic wave equation including the finite
Larmor radius effect in one dimensional plane geometry. The results from this work are
presented in the next two sections.
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plasma minor radius for BO=3.5 T.
3.1.1 Operating Scenarios

3.1.1.1 Heating scenarios
H minority heating for standard reference discharges at B0=3.5 T
With Bo = 3.5T, the baseline heating scenario is to use H (5 %) minority heating in D (95 %)
majority plasma. Considering the Shafranov shift of the magnetic axis, f=50 MHz is set,
which places the minority resonance of H on the magnetic axis. Heating at 50 MHz is
possible over a fairly large range of density and temperature. Numerical calculations of
ICRF heating scenarios have been performed using the code, TORIC [1]. Results from a full
heating power standard tokamak discharge at Bo=3.5 T corresponding to pt = 0.04,pN = 3.5,
li = 0.8, Zeff = 1.6, qo= 1.1 and I p = 2 MA are shown in Figs. 3.1.1.1-1 and 3.1.1.1-2.
The density and temperature are assumed to have parabolic profiles inside the separatrix:
ne(p) = (ne(0) - n e (sep)) (1-p 2 ) 0 " 5
2

Te(p) = (Te(0) -Te(sep))(l-p2)

L0

+ Te (sep) 5

90

where n e (0) = 1.12 x 1(TU m , n s e p = 0.1 no, density decay length = 1 cm, T e (0) = 10.0
keV, T H (0) = T D (0) = 15.2 keV, T e (sep) = 0.2 keV, temperature decay length = 5 cm, and
p is defined as the normalized minor radius p = r/a.
Figure 3.1.1.1-1 displays the flux-surface averaged power deposition profile of plasma
species for a single toroidal mode, n<p=36 (k(| = 20.0), corresponding to a phasing of n
between the current straps. Over 80% of total absorbed power is going to the ions through
the fundamental cyclotron resonance of H and the first harmonic resonance of D. The other
is absorbed by electrons through Landau damping and TTMP or mode-converted to Ion
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Bernstein wave: P H = 66.5%, P D = 17.4%, Pe=14.8 % and PlBW=l-4 %. In Figure 3.1.1.1-2,
the contour plot of the fast wave component ( E J in the poloidal cross section is shown for
nq)=36. The fast wave excited from the low field side by the antenna propagates toward the
magnetic axis, where the wave energy is strongly damped on the hydrogen minority. Some
part of the fast wave penetrates also towards the high field side and then is mode-converted
to an Ion Bernstein wave [1].
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Figure 3.1.1.1-3 shows the contour of electron power fraction in n-T space for f=50 MHz at
Bo=3.5 T. It is seen that the damping of fast wave on electrons begins to be dominant with
the increase of temperature, as expected.
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Figure 3.1.1.1-4 display the total absorbed power (A.U.) and each power fraction of plasma
species over the toroidal modes of -60< nq> <60 for a case corresponding to a central density
of ne(0) = 1.25 x 10 2 0 m"3 and Te(0) = T H ( 0 ) = TD(O) = 10.0 keV. Total absorbed power
by plasma species, shown in Fig. 3.1.1.1-4, decreases rapidly with the increase of n<p, and
shows the smooth spectrum, explaining the strong single-pass absorption. Figure 3.1.1.1-4
also shows that the damping of fast wave on ions is very efficient around some ranges of n<p
such as 0 and 36. These two nq> correspond to 0 and n phasings between the current straps,
which are well known to be good in order to get the symmetric antenna spectrum necessary
for the efficient ICRF ion heating. It is seen that the 0 phasing results in the better coupling
of fast wave to ions than the n phasing. Fast wave damping on electrons also is shown to be
efficient around two n<p near 18 (n/2 phasing) and 56 (3n/2 phasing), as expected.
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At BQ = 2.5T, f=36 MHz is set for H minority heating. Figs. 3.1.1.1-5 shows the result from
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a reference discharge at B()=2.5 T corresponding to Zeff = 1.6, q o = 1.0, Ip = 1.5 MA, rie(0) =
0.5 x 10 2 0 m"3 and Te(0)=TH(0)=TD(0)=3.0 keV. Figure 3.1.1.1-5 displays the fluxsurface averaged power deposition profile of plasma species for nq)=36 (k|( = 20.0),
corresponding to a phasing of n between the current straps. Compared to those at Bo=3.5 T
(Fig. 3.1.1.1-1), much broader power spectra are seen, and power partitions of plasma
species are P R = 86.19%, P D = 2.03%, Pe=11.59 % and PiBW=0.19 %.

3.1.1.2. FWCD Scenarios
The fast wave can be used to drive the current required for the steady state operation of a
tokamak or to modify the driven current profile for the better confinement. The local driven
current density, J (f, q), can be related to the local electron power absorption, P e (f, q) by J
(f ,q) = hCD (f, q, k ) P e (f, q) where hCD (f, q, k ) is calculated by Ehst and Karney's formula
[4]. The global current drive efficiency is defined as gCD = IFWCD ^
FWCD in D majority plasma with H minority at B0=3.5 T
The direct electron heating and current drive using ICRF fast wave is used as on-axis current
drive scheme for the steady state operation of KSTAR. With Bo=3.5 T, 38 MHz is set for the
low frequency FWCD operation, which removes all ion cyclotron resonance surfaces from
inside the plasma. However, the first harmonic cyclotron resonances of H and D can appear
near the outer and inner edges of plasma, respectively, depending on the Shafranov shifts.
An analysis using the TORIC code has been done of fast-wave current drive efficiency as a
function of plasma parameters. The results for f=38 MHz at Bo=3.5 T are shown in Fig.
3.1.1.2-1. The rf system is assumed to deliver 6 MW to the plasma using a single antenna,
with n/2 phasing between adjacent current straps. The results are for a single toroidal mode,
n(p = 18. Calculations using the full toroidal spectrum launched from the antenna (see Fig.
3.1.2-3) using the PICES code give similar results for a subset of the cases run, indicating
that the single-mode approximation is adequate.
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Fig. 3.1.1.2-1. Driven current contours in n-T space, for P F W = 6 MW at 38 MHz with n/2
inter-strap phasing at BQ=3.5 T.
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The results in Fig. 3.1.1.2-1 indicate that, for example, about 390 kA can be driven at n e (0)
= 1.0 x 1020 n r 3 and Te(0)= 10 keV. The 6 MW of power corresponds to the initial
complement of fast-wave power for the machine. The upgrade to 12 MW will allow twice
the current shown in the figure to be driven.
The flux-surface averaged power deposition and driven current profiles vs. the normalized
plasma minor radius p for nq>=18 are shown in Fig. 3.1.1.2-2 for a baseline heating steadystate current drive discharge with the 6 MW power for ICH, corresponding to a central
density of n e (0) = 0.94 x 102° m"3 and Te(0) = 6.7 keV, T R ( 0 ) = T D ( 0 ) = 7.1 keV with I p =
1.5 MA and q0 = 1.3 at Bo=3.5 T. The driven current density profile due to ICRF fast wave
follows the electron power absorption profile, as expected. The electrons absorbs almost all
of the absorbed power :Pe=98 %. For a total absorbed IC power of 12 MW, the driven
current is IFWCD = 660 kA, and the global CD efficiency is g CD = 0.062 x 10 A/W-m 2 .
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Fig. 3.1.1.2-2. Flux-surface averaged power deposition and driven current profile vs.p. for
a baseline heating steady-state current drive discharge at BQ=3.5 T
Figure 3.1.1.2-3 displays the total absorbed power (A.U.) and current drive efficiency
(A/W) over the toroidal modes of -60<n<p<60 for a case corresponding to a central density of
n e (0) = 1.25 x 1020 m"3 and T e (0) = TH(0) = T D ( 0 ) = 15.0 keV at Bo=3.5 T. Compared to H
minority heating case at 50 MHz, the total absorbed power spectrum at 38 MHz shows the
peaks, explaining the excitation of cavity eigenmodes. Therefore the low current drive
efficiency is expected due to a relatively weak single-pass absorption. From the current drive
efficiencies corresponding to each n<p, it is seen that the current drive efficiency increases
with the decrease of n(p at approximately the same plasma beta (pressure). This can be
explained by the fact that the fast wave with low n<p is absorbed more efficiently by electrons.
For example, with n(p=18 corresponding to %/2 phasing, the global CD efficiency is
gCD=0.056 xlO A/W-m 7 ' while with ncp=9 corresponding to 7r/4 phasing, gCD= 0.11 x
.20

10 A/W-m^, showing the higher efficiency of a factor of two.
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Total absorbed power and CD efficiency over toroidal modes of 60<n 9 <60 for f=38 MHz at Bo=3.5 T

Current drive using mode converted Ion Bernstein wave in D majority plasma
A second current drive scenario using fast wave is to use the mode converted Ion Bernstein
wave (IBW) from the fast wave, which can be used as off-axis current drive tool for the
current profile control. The possible MCH and MCCD scenarios at B0=3.5 T have been
studied over the variety of density and temperature, and benchmarked using twol-D full
wave codes, FELICE [2] and TASKW1 [3]. With KSTAR steady state current drive
discharge parameters, very efficient electron heating and current drive scenario using the
mode converted IBW with a low field side antenna was identified with 10% to 30% of He 3
of D-H-He3 plasma in the frequency range between 25 MHz and 38 MHz at Bo=3.5 T. The
power deposition and driven current profiles .vs. the plasma minor radius r for n(p=18 are
shown in Fig. 3.1.1.2-4 for a case corresponding to a central density of ne(0) = 1.0 x 10 irr
3

and Te(0) = Ti(0)= 2.0 keV with 10% of He 3 and H at 38 MHz. The results from two
codes TASKW1 and FELICE are in a very good agreement, as shown in the power
deposition profile. Over 90% of fast wave power is mode-converted at the mode conversion
surface in the high field side of axis, showing the strongly off-axis profiles. Depending on
the preferred heating scheme of on- or off-axis, the frequency of the incident fast wave can
be controlled.
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Fig. 3.1.1.2-4 Power deposition and driven current profile vs. plasma minor radius r for f=38
MHzatBo=3.5T
FWCD in D majority plasma with H minority at B0=2.5 T
f=27 MHz is set for FWCD operation at Bo=2.5 T. The flux-surface averaged power
deposition and driven current profiles vs. the normalized plasma minor radius p for nq)=18
are shown in Fig. 3.1.1.2-5 for a reference current drive discharge at Bo=2.5 T,
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i

3

corresponding to ne(0)=0.5 x 10 m" , T C ( 0 ) = T H ( 0 ) = T D ( 0 ) = 3.0 keV, I p = 1.5 MA and
qo= 1.0. For a total absorbed IC power of 12 MW, the driven current is IFWCD =696 kA,
20

rj

and the global CD efficiency is gCD = 0.018 x 10 A/W-mz.- Compared to the reference
discharge of 38 MHz at B0=3.5T (Fig. 3.1.1.2-2), the amount of driven current is similar, but
much broader power and driven current spectra are obtained.
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Fig. 3.1.1.2-5 Flux-surface averaged power deposition and driven current profile vs.p. for a
reference current drive discharge at Bo=2.5 T

3.1.2 Calculation of plasma loading
A key parameter that is needed to compute the power that can be delivered to the plasma is
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the plasma loading; i.e., the power that is transferred to the plasma for a fixed current in each
of the antenna current straps. This has been computed using the RANT3D code [5] for a
variety of plasma conditions. RANT3D uses an accurate model of the antenna (described in
Sec. 2.1) that includes the four current straps, the radial feeders for the straps, the top and
bottom of the cavity and all side walls. The code computes the power launched into a slab
plasma with specified density and magnetic field profiles. The code assumes that any power
that has been successfully launched is absorbed, so there is no allowance for reflected waves
interacting with the antenna in this code.
RAND3D calculations have been carried out for a number of plasmas. Input to the code is
the magnetic field, the plasma profile, the frequency of operation and interstrap phasing, and
the antenna geometry. The output of the code is the power P that is coupled by the antenna to
the plasma for 1 A peak flowing at the center of the current strap. The code accounts for the
finite phase velocity of the wave on the strap, and the resulting decrease in the strap current
from this effect. From this data, the value of loading resistance R' (W/m) can be computed
using the formula

where the integral is carried out over the length of the current strap, I(y) is the current as a
function of distance y along the current strap, and it is assumed that all current straps are
carrying the same current. For the KSTAR case, N s traps - 4,1(y) = Io cos (ky y), where Io=
1.0A. R' is the value of plasma loading that should be used in a lossy transmission line model
of the antenna to yield the same power to the plasma as computed by RANT3D.
Figure 3.1.2-1 shows typical density profiles that were used to calculate the loading. The
profiles with larger values of ne(sep)/ne(0) are similar to those expected for H-mode profiles,
while those with lower values are more typical of L-mode.
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Fig. 3.1.2-1. Density profiles used in loading calculations
Figure 3.1.2-2 shows the plots of R' (ohms/m) for a series of RANT3D runs at Bo=2.5 T and
Bo=3.5 T. Each plot shows values of R' for four modes of operation: (1) 38 MHz with TT/2
inter-strap phasing for current drive at BQ=3.5 T, (2) 50 MHz with n phasing for ion heating
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at Bo=3.5 T, (3) 27 MHz with TT/2 phasing for current drive at Bo=2.5 T, and (4) 36 MHz
with n phasing for ion heating at Bo=2.5 T. For the loading calculations of cases at B0=2.5T,
ne(0)=0.5*1020nV3 was used while ne(0)=1.0*1020rn3 for those at B0=3.5T. Unless noted,
ne(sep)/ne(0)= 0.1. Plot (a) indicates that the loadings increase rapidly up to rie(0)=0.5X1020
(m"3), but become to be fairly insensitive to the central density in the range of
ne(0)>1.0X1020 (m"3). Plot (b) indicates that the computed values of loading are insensitive
to the scrape-off e-folding distance for the range of parameters considered. Plot (c) indicates
a modest sensitivity of loading on the separatrix density values. As expected, the loading is
sensitive to the gap ds between the separatrix and the Faraday shield, as shown in plot (d).
10

o5

10

(a)

(b)

d s =2cm, /\.=1cm ;

8

8-

6

6 -

u—

-X
-- o

4

o

o

x

X

— • -38MHz

50MHz
- - O -27MHz
- X -36MHz
••• V

o .•

5f
0.4

1.2

0.8
2

-D-38MHZ
V 50MHz
--O--27MHZ
- X- 36MHz

2 ds=2cm
.5

1.6

1.5

1.0

3

ne(0) (10 ° m" )

1

(d)

V.

6 •

4

— D -38MHz

50MHz
--27MHz
X -36MHz

V
--O

0.0

0.2

0.4

0.6

rie(sep)/ne(0)

0.8

1

-D-38MHz
V 50MHz
--O--27MHZ
-x-36MHz

8-

-

2.5

A(cm)

10

ds=2cmA=1cm

2.0

-

°~- ^^\
X..

"~-~^'V.T~

2

""" x

1.0

0

2

3

4
5
ds (cm)

6

Fig. 3.1.2-2. Loading resistance vs different plasma parameters.
(a) R' vs central density
(b) R' vs. scrape-off e-folding, X
(c) R vs ne(sep)/ne(0)
(d) R vs gap between separatrix and Faraday shield
In Figure 3.1.2-3, the plots of R (ohms/m) v.s. the variation of antenna geometry are shown
at Bo=3.5 T. Each plot shows values of R for FWCD mode of operation: 38 MHz with n/2
inter-strap phasing for current drive at B Q = 3 . 5 T. For the loading calculations of cases at
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B0=3.5T, ne(0)=1.0*1020 m"3 was used. In general, it turned out that R's are fairly
insensitive to the antenna geometry such as the variation of cavity wall depth, antenna
current strap width/height. However, plot (c) shows that the power radiated by the antenna
decreases with the length of septa.
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Fig. 3.1.2-3. Loading resistance vs different antenna geometry
(a) R' vs current strap width in z direction
(b) R' vs current strap height in y direction
(c) R' vs septum length(side)
(d) R' vs cavity wall depth
Figure 3.1.2-4 is a plot of the launched power spectra vs. toroidal mode number in the
plasma for five frequency operation modes corresponding to FWCD and heating cases at
Bo=2.5 T and Bo=3.5 T. These calculations were done using ne(0)= 1.0 x 10 m~3 at Bo=3.5
T and ne(0)= 0.5 x 1 0 2 V 3 at Bo=2.5 T with n e (sep)= 0.1 n e (0), a = 0.5, and X = 1 cm. As
can be seen from the figures, n/2 phasings (38MHz and 27MHz) give a directional FWCD
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spectrum with the peak at n = 18 which corresponds to a toroidal phase velocity of about 3 x
m/s, which equals the thermal velocity for 5 keV electron.
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Fig. 3.1.2-4. Toroidal power spectra for typical FWCD and heating cases at BQ=2.5 T and
Bo=3.5 T.
Figure 3.1.2-5 shows the sensitivity of plasma loading on the operating magnetic field for
20

o

the plasma parameters of ne(0)= 1.0x10 m"-3, n e (sep)/n e (0)=0.1, ds=2 cm and A,=l cm. At
60=3.5 T, 38 MHz and 50 MHz correspond the %I2 and % phasings, respectively, while at
B0=2.5 T, 27 MHz and 36 MHz do the n/2 and n phasings.
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3.2 System Efficiency
Fig. 3.2-1 shows an electrical block diagram of one power unit and connected components in
the rf system, in which the efficiencies of conversion and transmission of the power have
been included to give an indication of the losses in each system and the overall efficiency of
the rf system. For the case shown, it is sufficient for the system to supply 1.5 MW per
transmitter to the plasma, for an overall plasma power of 6 MW. The overall efficiency of
converting AC power to plasma heating is about 51%.
Input
AC power Power conversion
equip.
3.2 MW

Losses
0.2 MW

DC power 3.0 MW
RF generation
equip.

RF power

2.0 MW

Transmission
system
RF power

1.0 MW

0.2 MW

1.8 MW
0.04 M

Matching system

RF power

1.76 MW

Resonant loop
circuits
RF power

1.72 MW

Antenna(Strap,
Faraday shield)
RF power

0.04 M

0.08 MW

1.64 MW

Plasma

Fig. 3.2-1 Block diagram of one transmitter and four current straps showing the power flow
and losses (VSWR= 1.0)
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4. INTERFACES WITH OTHER SYSTEMS
The major interfaces of the IC system are with the AC power, water cooling, central I&C,
vacuum vessel, and building. A diagram of the IC system interfaces is shown in Fig. 4-1. the
interface requirements are described in more detail in the following sections.
WBST4

WBST6

ELECTRICAL POWER

I&C

WBS T22
ICH/FWCD

LOCAL
COMPUTER

Data Acquisition
& Control System

LAUNCHER
SYSTEM
RF
GENERATION
EQUIPMENT

POWER
CONVERSION
EQUIPMENT

RF TRANSMISSION SYSTEM
N 2 PRESSURIZED
TRANSMISSION
LINE

GAS
SEALS

DC
BREAKS

RF TEST
LOADS

WATER COOLING

RF
VACUUM
FEEDTHRU

RESONANT
LOOP
SYSTEM

CURRENT
STRAP
MODULE

FARADAY
SHIELD

VACUUM VESSEL

WBS 22 ICH/FWCD
INTERFACE DIAGRAM

Fig. 4-1 Interface diagram
4.1 AC Power
The IC system will require approximately 12.8 MW from the grid/MG during a pulse. AC
power requirements may be as high as 20.0 MW during periods of high VSWR (for less than
1 s). Modest amounts of AC power at lower voltage will also be required for ancillaries.
4.2 Water Cooling
Water cooling will be required for the transmitters, the rf transmission line components, and
the antenna. The desired pressures, flow rates, inlet temperatures, and temperature increases
are listed in Table 4.2-1. The table gives the total water cooling requirements for the initial
complement of one IC antennas and 2 MW power sources(VSWR: 1.05). The launcher heat
loads are calculated with the upgraded power input that might be put into the vessel;i.e.,
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40.5MW of power input to the plasma with 24 MW of neutral beams. The addition of an
antenna in a second port and/or more rf power sources will require a corresponding increase
in the water cooling.
Table 4.2-1. Water Cooling Requirements
Inlet

Pressure

Flow

Inlet

Temperature

Pressure

Drop

Rate

Temperature

Increase

[psi]

[psi]

[gpm]

V c]

[° C]

100

87

190

25

40

inner

10

0.02

30

25

25

outer

10

10.4

2.5

25

25

100

30

400

40

10

Transmitter
Transmission
Line
Antenna

The table is for conditions during the pulse and cooling water for the transmitter, inner
transmission line and antenna has to be a deionized and demineralized water with water
quality > 1 [Mfi • cm], but for the outer transmission line, low resistant water can be used.
Between pulses, the IC launcher will need to be heated and cooled just as the first wall and
divertor wall, for bakeout and conditioning. Some flow of heated water and/or gas will be
needed to get and maintain the launcher at the proper temperature during bakeout and
between pulses.
4.3 Central I&C
The local instrumentation and control (I&C) System is responsible for providing local
control capability of the sources, DC power supplies, launchers and transmission system for
testing and tuning. It also interfaces with the central I&C system to provide the supervisory
system with operational data, safety interlock status, and to accept from the supervisory
system rf power profile and timing information and operational permissive signals. The I&C
system controls the parameters such as power, pulse shape and timing, phases of the 4
transmitters, and plasma position; it measures transient quantities during tokamak shots (e.g.
various voltage and power levels in the sources, forward and reflected power vs time). The
total injected rf power can be feedback controlled to vary the plasma stored energy (or other
parameters of the experiment) as desired by the experimenters.
4.4 Tokamak Vacuum Vessel
The launcher will weigh approximately 1.8 tons. This weight will have to be supported by

79

the main horizontal port that the launcher is inserted through. In addition, forces and torques
caused by plasma disruptions will be transmitted to the vacuum vessel port through keyways
(see Sec 2.1 for drawings, and Sec 2.1.2 for loads).
4.5 Building
The major impact on the facilities will be the space to locate the IC system tuning and
matching equipment. Particularly important is the space near the port and in the tokamak
room. Space for the coax in the tokamak room and for routing it to the tuning and matching
equipment will be needed. As shown in Fig. 1.2-2, all the tuning and matching equipments
are located inside hall and an area in front of the port is clear except the coax, so that the
antenna can be removed without moving the major components. Two combiner/splitters are
located inside heating room near the RF transmitter. Fig. 4.5-1 shows overall layout of ICH
system including the launcher system installed on the vacuum port, 9" main transmission
line, 2MW RF-transmitter(4 units) and power supplies.

Fig. 4.5-1 Layout of ICH system.
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