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PROGRESS TOWARDS FULL FEEDBACK CONTROL
OF MHD INSTABILITIES ON TEXTOR

E. Westerhof, M. R. de Baar®, B. A. Hennen', J. W. Qosterbeel’,
W. A Bongers’ , A Biirger", E. M. M. Demarteau®, S. B. Korsholm®,
S. K. Nielsen’, P. Nuij’, D. J. Thoen', M. Steinbuch’, and the TEXTOR-Team

! FOM-Institute for Plasma Physics Rijnhuizen,” Association EURATOM-FOM,
Trilateral Euregio Cluster, Nieuwegein, The Netherlands, www.rijnhuizen.nl
? Institut fiir Energieforschung — Plasmaphysik, Forschungszentrum Jilich,
Association EURATOM-FZJ, Trilateral Euregio Cluster, 52425 Jiilich, Germany
? Association Euratom - Riss DTU, Risg National Laboratory for Sustainable Energy,
Technical University of Denmark, DK-4000 Roskilde, Denmark
* Dep. Mechanical Engineering, Technical University Eindhoven,
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The TEXTOR ECRH system is being prepared to come to full feedback control of MHD
instabilities. The mechanics of the ECRH launcher has been characterized. On this basis a
dedicated controller has been designed and tested on a mock-up of the actual launcher. An
ECE diagnostic observing the plasma along the ECRH wave beam line has been taken into
operation, which will greatly simplify the alignment of the ECRH power deposition with
MHD modes. Algorithms are described to obtain the required information on mode loca-
tion and phase from available signals.

1. Introduction

High power microwaves in the electron cyclotron range of frequencies are
being used for heating and non-inductive current drive in fusion plasmas. The
possibility to focus the high power microwave beam, and the resonant power
coupling to the plasma at the electron cyclotron resonance or a harmonic allow to
heat and to drive current very locally inside the plasma. Moreover, the easy cou-
pling from flexible mirror antennas allows the localization of the heating and
current drive at any particular location inside the plasma. These unique properties
of electron cyclotron resonant heating (ECRH) and current drive (ECCD) make
them into ideal tools for the manipulation of plasma stability. Several plasma
instabilities depend sensitively on the local current density and pressure profiles.

ECRH and ECCD have been applied successfully for the suppression of
(neoclassical) tearing modes (N)TMs [1-3], and for the control of sawteeth [4-6].
Up to now, these experiments have been mostly performed in feedforward: the
plasma parameters and the ECRH/ECCD launcher settings are preprogrammed to
achieve the desired localization of the heating or current drive to induce the de-
sired effect.

The challenge for future energy producing fusion reactors is to achieve such
control under active feedback. Thus, viable feedback control strategies will have
to be developed and tested in current experiments as well as in the international
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experimental tokamak reactor ITER [7]. In fact, NTM and sawtooth control are
among the main tasks for the ITER ECRH systems [8]. Such active control requires
of course the proper sensors and actuators. In the present context, the actuator is pro-
vided by the ECRH or ECCD. Sensors are required to detect and localize on the one
hand the instability — the resonant surface on which the magnetic island created by
the NTM resides, or the sawtooth inversion radius — and on the other hand the effect
of the heating or current drive. Such sensors are provided, for example, by electron
cyclotron emission (ECE) providing information on the temperature fluctuation asso-
ciated with rotating magnetic islands or sawtooth relaxation oscillations, or by Mir-
nov coils detecting the associated magnetic perturbations outside the plasma. The
heating and current drive profiles could be calculated knowing the launching mirror
settings and the plasma equilibrium.

In general, sensors and actuators will be located at different positions around
the tokamak. Moreover, the signal carrying the information on the plasma proper-
ties to the actuator may travel along entirely different trajectories as the high
power microwaves from the actuator. As a consequence, full knowledge of the
plasma equilibrium will generally be required to link the information from the
sensors to the proper settings of the actuator, i.e. the steering of the ECRH/ECCD
to the appropriate location. A straightforward solution to this problem would be
to use the same sight line for both the actuator (ECRH/ECCD) as well as the sen-
sor (ECE) as first proposed in reference [9].

This paper describes a number of key elements of the feedback control loop
based on this same sight line principle as it is being implemented on TEXTOR
[10]. The possibility to trigger tearing modes by the application of well con-
trolled perturbation fields from the dynamic ergodic divertor (DED) [11] make
TEXTOR ideally suited for this type of experiments. An overview of the entire
control loop is presented in Section 2. Next, the control of the mechanical
launcher is discussed. On the basis of a detailed analysis of the mechanical prop-
erties of the launcher an optimized controller is derived. Section 4 then describes
the ECE diagnostic mounted in the ECRH/ECCD high power transmission line
and viewing the plasma along the same optical path as traveled by the high power
ECRH/ECCD [12]. The key element of this diagnostic is the frequency selective
coupler separating the backward propagating low power ECE from the forward
propagating high power ECRH/ECCD. First measurements obtained with this in-
transmission-line ECE diagnostic are presented. Section 5 describes methods for
real time analysis of the ECE signals in order to determine the location and phase
of a tearing mode. The final section provides a summary and outlook.

2. Feedback control loop for MHD instability control

The generic feedback loop for the control of MHD instabilities consists of
the following elements as sketched in Fig. 1 [13]. At the centre of the loop one
has the plasma itself. It may evolve into an unstable state with either a large, ro-

262



tating magnetic island formed by a tearing mode or showing sawtooth relaxation
oscillations of the core. The plasma is observed by diagnostics in order to meas-
ure the relevant plasma parameters. In the system as being prepared on TEX-
TOR, these diagnostics include a six channel ECE radiometer viewing the plasma
through the ECRH / ECCD transmission line and a selected Mirnov coil. The in-
transmission-line ECE system is described in detail in Section 4. When neces-
sary, additional diagnostic signals can be added. The next steps in the control
loop are the data acquisition, the data processing of the diagnostic signals, and
the central controller. The final outputs of these steps are the desired settings for
the ECRH / ECCD: namely, the proper launching angles and the required gyro-
tron power to achieve the desired effect. In Section 5, a number of these real time
signal processing techniques is discussed. The next block contains the steering of
the actuator, i.e. the ECRH / ECCD, in terms of the mechanical launcher steering
to achieve the requested injection angles — this is the subject of the next Section —
and the gyrotron control to obtain the requested power. The loop is then closed
by the response of the plasma to the input from the actuator: i.e. its response the
local ECRH / ECCD.

Controller

Fig. 1. Schematic overview of a generic closed loop control system for
the control of MHD instabilities by ECRH / ECCD (adapted from Ref. [13]).

Models are being developed for each element in the control loop [13]. The
models are kept as simple as possible while retaining the essential dynamical
properties of each of the elements. For example, in case of tearing mode feedback
control, the evolution of the associated magnetic island width is described by the
generalized Rutherford equation [1], including terms describing the effects from
the perturbation field from the DED, as well as from the application of ECRH or
ECCD. All models are integrated in a Simulink™ environment, which allows the
testing of different control strategies before implementation in the real system.
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3. Mechanical launcher control

In TEXTOR the high power microwaves for ECRH/ECCD are launched into
the plasma from a final focusing mirror that can be actuated in two rotational
degrees of freedom [14]. In the horizontal plane the injection angle (rotation, ¢)
can be varied from —45° to +45°, where 0° corresponds to injection along the ma-
jor radial direction of the torus. This allows injection from virtually counter-
tangential to co-tangential with respect the magnetic axis of the plasma. Non-
inductive current drive requires a finite rotation angle, where a negative rotation
results in co-ECCD. In the vertical plane the injection angle (elevation, 0) can be
varied from —30° to +30°, which allows covering the entire poloidal cross section
on the high field side. The two degrees of freedom are actuated by push-and-pull
rods which are driven by AC permanent magnet synchronous spindle motors
equipped with servo amplifiers and high resolution encoders. The design of the
launcher is sketched in Fig. 2 [14].

Mirror suspension

Servo actuyators

Mirror

Vacuum break

Fig. 2. A schematic view of the TEXTOR ECRH launcher (left) and a picture (right)
showing the in vessel mirror with bearings (adapted from Ref. [14]).

Since any misaligned ECRH could result in undesired destabilization of a
mode, no power will be deposited during the period of time between occurrence
of an island and the moment at which actual alignment is achieved. Accordingly,
the island is allowed to grow further without stabilization. Minimization of the
actual time needed to achieve alignment is therefore required. For TEXTOR,
reasonable estimates of the growth rate of a magnetic island result in a desired
angular mirror rotation in the poloidal plane of 10° in 100 ms, with a desired po-
sitioning accuracy of 1°.

In order to assure flexible, fast and accurate positioning of the ECRH /
ECCD beam, the dynamics of the launcher have been analyzed experimentally
using frequency response measurement techniques. A detailed account of these
experiments is given in Ref. [15]. The frequency response measurements allow
the extraction of transfer function estimates. These estimates can be exploited to
derive and optimize controllers for the system, within the physical limitations.

The procedure resulted in a feedback controller consisting of a standard pro-
portional integral derivative (PID) controller, a lead/lag filter and a low-pass fil-

264



ter. In simulations, the stability robustness and performance of the feedback con-
trolled system was verified. The controller was then implemented in real-time
control experiments on a mock-up of the actual launcher system, which has been
built to offer a test-bed for controller design and optimization. Figure 3 shows the
set-point trajectory for one of these experiments [13].
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Fig. 3. Performance of a controller for the mechanical launcher [13). The figure shows the
set point or reference trajectory, the achieved trajectory and servo error for a real-time
feedback control implementation on the mock-up launcher test facility.

The feedback response, measured by the encoders of the servo actuators, is
shown along with the achieved servo error. The rotation angle of the launcher
mirror in the toroidal plane has been calculated from the encoder signal. The mir-
ror is swept from +28° to 28° within 100 ms. During the acceleration phase, the
servo error increases to 6° at maximum. The designed controller damps the oscil-
lations caused by this sudden acceleration ramp. A maximum steady-state error
of 0.6° is achieved within 200 ms after the start of the sweep. Comparable per-
formance can be achieved for mirror rotations in the poloidal plane.

4. In-transmission-line ECE

One of the problems of real-time control is the precise (radial and poloidal)
localization of the island. This is required for the control of the ECRH / ECCD
power deposition with an accuracy of 1 to 2 cm with respect to the mode reso-
nant surface and the proper phasing of a possible ECRH / ECCD power modula-
tion such that the power is only injected when the O-point phase of the island is
in view of the ECRH / ECCD launcher. For this purpose, a dedicated ECE diag-
nostic has been developed on TEXTOR, which views the plasma along the iden-
tical line of sight as traced by the injected ECRH / ECCD mucrowave beam [9,
12]. The advantage of this diagnostic is that a complicated reconstruction of the
plasma equilibrium is not needed. Moreover, geometrical optics effects like diffrac-
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tion can be neglected as they will be the same for the sensor signal and the actuator
ECRH / ECCD beam. This method implies that the ECE signal (in the order of
a few nW) needs to be separated from the high power ECCD beam (in the order
of 1 MW). Also, the reflection of the back reflected stray radiation (of the order of
100 W) into the radiometer has to be reduced to an acceptable level.

On TEXTOR this problem is solved by choosing the ECE signal frequency
slightly different from the high power ECRH / ECCD frequency and employing a
sharp frequency filter to block out the high power signal from the diagnostic sig-
nal. For this purpose a Fabry-Perot interference filter has been developed. The
filter is based on a quartz plate placed under an angle of 22.5° in the ECW trans-
mission line {12]. The plate is made resonant at the gyrotron frequency and anti-
resonant at selected ECE frequencies with a periodicity of 3 GHz which deter-
mines the channel separation of the radiometer. The transmission of the ECCD-
beam is optimized to 95% whilst the reflection of the backward stray radiation is
minimized to 0.2%. The maxima in the reflected signal, determining the signal
strength of the ECE signal diverted out of the beam line, yield a 37% reflection
coefficient. At the resonant frequency the power absorption of the plate is 5%. The
diagnostic ECE signal is subsequently passed through a second quartz plate placed
under 22.5° in order to further reduce stray gyrotron radiation. A focusing mirror
shapes the microwave beam into the antenna pattern of the corrugated receiving
horn of the radiometer. The design of the optical system is sketched in Fig. 4.

|

————
———y

la
D

Fig. 4. Design of the optical system separating the ECE from the plasma (the radiation
coming from the right) from the high power ECRH beam going to the nght. The thick
lines indicate the trajectories of the microwaves. © Ref. [12]
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Before entering the radiometer, a —80 dB, 140 GHz notch filter with a band-
width of 100 MHz serves as a third attenuation step of stray gyrotron radiation.
In addition, a pin-switch protects the radiometer from spurious modes produced
by the gyrotron during switch-on and switch-off at frequencies that differ from
the 140 GHz and are therefore not blocked by the notch filter. The ECE spectrum
is monitored in a frequency band of 132 to 148 GHz, which under normal
TEXTOR operating conditions covers about 1/3 of the plasma cross-section on
the high field side.

The first measurements obtained with the novel in-transmission-line ECE di-
agnostic during ECRH clearly demonstrate the potential of identifying various
structures in the ECE spectrum, like sawtooth inversion and rotating magnetic
islands [12]. A sample of such measurements is shown in Fig. 5. In some cases
strong perturbations in the measured signals are observed during combined ECE
and ECRH / ECCD. In the presence of an island a very high power level saturates
the channel at 138.5 GHz during a particular phase of the mode. This phase typi-
cally lasts 10% to 20% of the mode period. During saturation the power level is
so large that the radiometer goes into compression, forcing all other channels
down. In case the ECRH is launched perpendicularly the ECE measurements are
perturbed in a similar way, without clear correlation to MHD activity. The
mechanism causing these perturbations, probably from plasma physics origin, is
under investigation. Also, methods for the real time removal of these perturba-
tions from the signal are being developed. This should allow use of the in-
transmission-line ECE signals for the intended feedback control purposes even in
the presence of these perturbations.
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Fig. 5. In-transmission-line ECE measurements as obtained in TEXTOR discharge
#107125 (adapted from Ref. [12]): (a) shows an overview of the signals during the entire
discharge in which 400 kW of ECRH is injected from 2 to 4 s; (b) shows the detailed sig-
nal around the start time of the ECRH. The phase reversal in the oscillations indicating the
position of the magnetic island can clearly identified between the 132.5 GHz and the
138.5 GHz signals. After switch-on of ECRH the signals are strongly perturbed most
likely by scattered high power ECRH radiation.
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These results motivate the further development and the implementation of
similar ECRH / ECCD aligned ECE systems for NTM control in larger fusion
machines [16]. A new scheme has been designed for implementation on ASDEX
Upgrade (AUG), which is based on waveguides equipped with a fast directional
switch (FADIS [17]). A possible further development for ITER is also discussed
in [16].

5. Signal processing techniques

The magnetic island parameters are concealed in (noisy) ECE signals. Identi-
fication of the control variables from these data requires processing. The control
variables are: the radial location, amplitude and phase of an island. The set-points
for control of the launcher angles and the gyrotron power can be derived from
these variables. Examples of data-processing techniques to extract these control
parameters are found in literature [18, 19]. In this section, two algorithms are
demonstrated. Their processing time should be minimized, to increase the re-
sponse time of the overall control loop in a real-time implementation.

5.1. Basic correlation algorithm [13]

The radial location of the O-point of a rotating island can be inferred from
ECE data as a phase jump between two adjacent radiometer channels [19]. In
order to detect this phase difference, the DC offset should be compensated for. In
the presented case, this was achieved by subtracting a running average of 100

data points (~ 1 ms) from the original signal. The obtained signals )_c,-,a and X;,,

where i indicates the sample number and a, b the channel index, can then be mul-
tiplied in pairs to compute the respective correlation factors between different
ECE channels. The pair wise multiplication is done over a summation window
with length N = 200, following

n n - -
ab = Zi=n—N+l XiaXip -

A negative and positive threshold can be defined such that exceeding the
negative threshold indicates that the two ECE channels are in anti-phase, i.e. on
opposite sides of the resonant surface. Trespassing the positive threshold indi-
cates that the two signals are in phase, i.e. on the same side of the resonant sur-
face. Figure 6 shows the result of an implementation of this algorithm for two
line-of-sight ECE time traces. The island induced fluctuations occur at 1.273 s.
The time required for the sum to build up and exceed the threshold is representative
of the time required to detect the island, e.g. three oscillations of the rotating island.
Simultaneous computation of these correlation factors for pairs of radiometer chan-
nels results in identification of the radial location of the island.
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Fig. 6. Electron temperature fluctuations on the in-transmission line ECE channels 1 and 3
for TEXTOR discharge # 107125 (top), and their mutual correlation (bottom). A threshold
can be defined below which a positive identification of the island position is achieved.
© Ref. [13]

5.2. Mode phase and frequency identification [13]

In addition to this basic algorithm, the instantaneous amplitude, phase and
frequency of a signal x,(f) can be computed using the so-called Hilbert transform
[20]. For any real-valued function x(f), the analytic signal

x(8) = x, (£) +i%(f) = a(t)e™™” can be constructed, where x,(f) is the original set of
real-valued data, while X(¢) is the complex conjugate of the original signal, ob-

tained via the Hilbert transform. The imaginary part of the analytic signal x(z)

is a version of the original real-valued sequence shifted 90° in phase. The Hilbert
transformed series has the same amplitude and frequency content as the original
real data and includes information on the phase of the original signal. The instan-

taneous amplitude is given by a(f) =/x? + %% , while the phase of the signal

reads @(¢) = arctan(X/x,). Realizing that the instantaneous frequency of a
signal is the time rate of change of the instantaneous phase angle, the instantane-
ous frequency is simply obtained via f(¢f) =d¢/2nd:.
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The result of an implementation of this algorithm on line-of-sight ECE time
traces:is depicted in Fig. 7. Note that the algorithm can be employed to determine
the instantaneous frequency of the island and to locate its X~ and O-points.

ANV

ECE ch. 1
S o

Inst. Phase Inst. Phase ECE -DC

ch.1&ch.3 ECEch.3

Inst. fregs.

Fig. 7. Electron temperature fluctuations on the line-of-sight ECE channels 1 and 3 for
shot # 107125, including their instantaneous phase and frequencies as obtained from a
Hilbert transform. This analysis allows a unique identification of the X- and O-point pas-
sages in front of the combined ECRH-ECE launcher. © Ref. [13]

This information can effectively be used to construct a set-point trajectory
for controlled modulation of the gyrotron power deposition in phase with the
periodically rotating center of the magnetic island.

6. Summary and Outlook

In preparation of the full feedback control of instabilities by ECRH or ECCD
on the TEXTOR tokamak significant progress has been achieved.
A dedicated controller has been developed for the steering of the mechanical
ECRH launcher which takes into account the known dynamical properties as
obtained from a frequency response analysis of the system [15]. An ECE diag-
nostic integrated into the ECRH transmission line and viewing the plasma along
the same optical path as traveled by the high power ECRH wave beam has been
taken into operation [12]. The diagnostic is dedicated to feedback control pur-
poses, as the use of the same sight line as the ECRH allows for a straightforward
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localization of the ECRH ‘power relative to MHD modes observed in the in-
transmission-line ECE diagnostic: no knowledge of the plasma equilibrium nor
the actual dispersion of the waves inside the plasma is required, since these are
identical for the actuator (ECRH / ECCD) and the sensor (ECE). Measurements
have demonstrated the capability to identify the position of magnetic islands or
the sawtooth inversion radius. Finally, algorithms to identify the location in the
ECE spectrum of a tearing mode and its phase are in place [13]. Further algo-
rithms for determination of the sawtooth period and inversion radius are under
development. ‘

Models have been developed for all elements of the control loop. These are
now being implemented in a Simulink™ environment, and the necessary control
algorithms will be tested. In the next step all these elements will be integrated on
the TEXTOR tokamak. With the feedback loop closed, experiments will then be
carried out on the control of tearing modes and sawteeth. At the same time CW,
wave guide compatible in-transmission line ECE systems are being developed for
implementation on larger devices, in particular, AUG and ITER [16].
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1. Introduction

The EC system is studied for being able to inject 20 MW in the plasma, at

a frequency of 170 GHz, for heating and current drive and MHD (Magneto Hy-
dro Dynamics) control. It is composed of HVPS (High Voltage Power Supplies),
up to 24 gyrotrons (unit output power between IMW and 2 MW), transmission
lines and 2 types of launchers [1].

These four main subsystems will be in-kind procurements, delivered by

5 parties:

Europe is responsible for delivering 8 MW for the H&CD (Heating and Cur-
rent Drive) gyrotrons, all the HVPS for the 20 MW H&CD injected power
and the four upper launchers.

India is responsible for procuring the start up system (2 MW 10 s gyrotrons
and the corresponding HVPS).

Japan is responsible for delivering 8 MW for the H&CD gyrotrons and the
equatorial launcher.

The Russian Federation is responsible for procuring 8 MW for the
H&CD gyrotrons.

US are responsible for delivering all the Transmission Lines (TL), from the
gyrotrons up to the launchers.

ITER is responsible for the build to print design (for the launchers, both up-

per and equatorial types) and for defining the functional specifications for the
other subsystems, but the responsibility for the installation, the commissioning
and the operation of the EC system will be shared between ITER and the Domes-
tic Agencies (DA). Therefore a strong partnership is required to make this system
successful, resulting in a full collaboration between all partners.
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2. Description of the present EC system

2.1. RF Building

Up to mid 2007, the EC system was supposed to be installed in the Assembly
Hall, close to the Tokamak building, but with a major concern on the schedule
which was not compatible with the time needed for installing and commissioning
all the components, to be on time for the 1st plasma [2]. Indeed, both IC (Ion
Cyclotron) and EC sources could not be installed until tokamak assembly was com-
pleted. As a result, a new building called RF building was decided to be built,
along the Assembly hall on the East side and devoted to IC and EC sources includ-
mg their HVPS [3]. This building is composed of 3 levels (see Fig. 1):

The 1st level (or ground floor) where will be located the main HVPS includ-

ing transformers, the HV distribution.

e The 2nd level (1st floor) where will be installed the BPS (Body Power Sup-
plies) the cathode heating PS and when needed the APS (Anode Power Sup-
plies).

¢ The 3rd level (2nd floor) where will be located the gyrotrons on a false floor,
leaving space for running the TL below, all the cubicles for the auxiliary PS
and interlocks/CODAC requirements and a local 1&C (Instrumentation and
Control) room for local operation. A microwave laboratory will be included
near this room. The distance between neighboring gyrotrons has to be opti-
mized, taken into account the stray magnetic field coming from the tokamak
and the gyrotrons themselves, and the steel frame structure of the building.
At present time, they could be on 5 x 4.8 m grid by staggering the positions
of the tubes.

Fig. 1. Description of the RF building
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The EC system is located in the south side of the RF building, to minimize
the stray magnetic field due to the tokamak, whereas the IC system which is not
sensitive to the field is located in the north area.

The central area of the building is left empty, or nearly empty at the begin-
ning of the operation of ITER but is suitable for a further upgrade of the EC sys-
tem, up to 48MW of installed power, assuming 1 MW sources.

2.2. HVPS

One of the option was to have thyristor-based PS, with 1 PS feeding 12 gyro-
trons. This option was not compatible with 3 different gyrotrons (provided by 3
different parties). A second option is preferred, a PSM-based system with 1 PS
feeding 2 gyrotrons which offers modularity and flexibility, meaning a better
availability of the whole EC system for a better reliability of the total power de-
livered to the plasma. This HVPS concept (see Fig. 2) has then to be capable of
supplying cathode voltage for two 1 MW-gyrotrons or one 2 MW-gyrotron in the
same time, with independent body voltage and even anode voltage when needed
and has to be compatible with fast shutdown.
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_f MHVPS

T | (GBT) An.
AN Y - Yoltnge

Voltage ‘l

Fig. 2. PSM-based HVPS

It has to be adaptable to 3 gyrotron types and should provide up to 1 kHz
modulation (for 100% power modulation) for the main power supply and up to 5
kHz (for partial modulation down to 70% of the power) for the BPS. A similar
configuration is successfully used for 140 GHz 1 MW gyrotron on W7X.

2.3. Transmission Lines

The length of the TL increased with the EC system now installed in the RF
building, but in the same time, a better configuration allowed to decrease the
number of miter bends (from 1 to 5 miter bends less, depending on line), thus
optimizing the losses with this new layout (see Fig. 3).

In order to maximize the space around the gyrotrons, they will run under
a false floor in the RF building, go through the Assembly hall along the East wall
and penetrate the tokamak building through its South wall. But due to the desire
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Fig. 3. Layout of the transmission lines

compact layout, some R&D activity is needed, in particular for developing a
compact rotary switch, compatible with the 300 mm spacing between 2 adjacent
lines, whereas only existing switch are today commercially available with linear
actuator. This switch is required to either direct the wave in the equatorial
launcher or in an upper launcher.

2.4. Launchers

Two types of launchers are planned to be installed on iter:

1 Equatorial Launcher (EL) mainly for heating and current drive, in-
stalled in port 14 (see Fig. 4); it will have 24 entries, organized in
3 rows of 8 beams. This launcher has 3 fixed mirrors and 3 steering mir-
rors in the toroidal direction, based on a mechanical system. The steering
range will be 0 < py< 0.45.

4 Upper Launchers (UL) mainly for MHD control (NTM and sawteeth
stabilization), installed in ports 12, 13, 15, 16 (see Fig. 5). Each UL will
be made of 8 entries, organized in 2 rows of 4 beams. In each launcher, 2
fixed mirrors and 2 steering mirrors in the poloidal direction (a lower
one and an upper one) based on a pneumatic mechanism will allow to
reach 0.3 < pr< 0.86. Some simplification has been done for the UL,
with the decrease of the temperature limit from 240 C° to 200 for baking
of main port plug structure, allowing a central single, passively cooled or
heated wall instead of a complete double and actively cooled of heated
wall.
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Fig. 4. Design of the EL Fig. 5. Design of the UL

For both launcher types, the in-situ maintenance of a torus window is now al-
lowed, decreasing the exposure dose rate and avoiding the removal of the launch-
ers in the hot cell for repair [4].

3. Schedule and commissioning

Several PAs (Procurement Arrangements) will have to be signed between IO
and the DAs for the in-kind procurements, beginning in 2010 for the gyrotrons
and ending in 2011 with the launchers. The launchers being Build to Print (B2P)
specification, the detailed design has to be performed, prior to the PA whereas for
the other components, only a conceptual validated design is required. The RF
building is supposed to be available beginning of 2014, before the delivery of the
1st EC component mid 2014. Then, as soon as all services (including HV and
cooling availability) are ready, beginning 2015, the 1st HVPS can be tested and
commissioned. Several teams will have to work in the same time, one testing a
HVPS in parallel with another one installing and testing a gyrotron (which could
be done when one HVPS has been accepted), another one devoted to the installa-
tion of the transmission lines etc... Each launcher will have to be tested on ITER
site, on a port plug test facility, prior to its installation on the tokamak. These
tests will include cold and hot leak detection, baking cycles, but should exclude
any high RF power tests, each component and subsystem within the launcher
being tested and validated before the assembly. Up to 9 teams may work in the
same time, before the completion of all ex-vessel commissioning planned begin-
ning of 2017. The entire EC system may then be commissioned, without plasma,
end of 2017 and on time for its commissioning on plasma as soon as a reliable
and compatible plasma scenario is available (see Table).

The EC system is not on the critical path for the 1st plasma scheduled mid
2018 and even a 1-year margin still exists.
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Milestones for the EC system

(without plasma)

Main Milestones Target date
5.2.1a Equatorial Launcher / JA PA Jan. 2011
5.2.1b Upper Launcher / EU PA Mar. 2010
5.2.2 Transmission Line / US PA Apr. 2010
5.2.3 Gyrotron / EU/JA/RF/IN PAs Sep. 2010
5.2.4 Power Supplies / EU/IN PAs May 2011
Availability of RF building Jan. 2014
Arrival of first EC sub-system delivery June 2014
22kV, cooling availability in RF building (start Jan. 2015
of commissioning)
Arrival of first launcher for testing in port plug Jan. 2015
TF
First testing of PS-gyrotron-TL assembly Jan. 2016
Completion of all ex-vessel commissioning Feb. 2017
Completion of all launchers April 2017
Completion of all gyrotron acceptance tests July 2017
Completion of all commissioning procedures Nov. 2017

Completion of all commissioning procedures

(with plasma)

D1 + 6 months

EC system ready for routine service

D1 + 9 months ¥

() Requires target plasma and diagnostics (such as ECE, magnetics and soft x-ray).
@ 3 months will be required to analyze the data prior to routine operation.

4. Present issues

4.1. Start up configuration

Due to limited ohmic loop voltage available, ITER will need Electron
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Cyclotron assisted plasma breakdown. Originally the ITER startup scenario
had the plasma initiated from the low field side limiter, the frequency of the
breakdown EC system was then chosen to be 127 GHz with a resonance at
around 7.2 m. But in the new breakdown scenario, the plasma initiation has
moved from the outboard side to a more central location, which reduces
the plasma inductance and transformer volt-seconds consumption. Shifting
the location of the initial breakdown modifies the requirements of the EC
start-up frequency, favoring a higher frequency than the present 127 GHz (see
Fig. 6).
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Fig. 6. Start up configuration

The central breakdowns favors a frequency near 140 GHz, while the high
field side (HFS) favors a frequency closer to 170 GHz. For the various envi-
sioned breakdown scenarios and taking into consideration that ITER will operate
at reduced field strengths, there is no single frequency that can satisfy the coinci-
dent location of the resonance and null center. But the breakdown capabilities of
the 170 GHz system is actually equivalent or more favorable than the 127 GHz
system for the central and high field side null locations. A decrease in the mag-
netic field moves the resonance inward, shifting the 170 GHz further from the
null region, while decreasing the distance to the 127 GHz. This can be compen-
sated by shifting the null region further inward following the resonance. More-
over, at half field strength, the 170 GHz system can be used as second harmonic
breakdown (or H&CD applications) by changing the beam polarization [5].

Results on JT-60U, DIII-D and ASDEX-Upgrade have shown that EC
breakdown is reliable even without the coincidence of the null and resonance
location. It appears that as long as the resonance surface lies within the main vac-
uum chamber of the plasma, the EC system can provide the free electrons needed
for initiating the plasma breakdown [6]. This relaxes considerably the require-
ments on the choice of the start up frequency. For example the 170 GHz system
has either its O1 or X2 resonance in the vacuum chamber for any given choice of
magnetic field strengths.

The main requirement is to have the resonance in the plasma chamber for all
chosen operating magnetic field strengths. The 170 GHz satisfies this condition
as well as provides a resonance in the null region during nominal and half field
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operation (see Fig. 7). Therefore, the 170 GHz system is as useful as any other
frequency and having dedicated gyrotrons only increases the complications and
the cost of the EC system and should be avoided.
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4.2. Safety compatibility

Primary confinement system normally consists of 2 windows or of an
equivalent system (window + valve + operational valve for diagnostics for in-
stance). A second valve or window is needed to provide confinement and a win-
dow is normally preferred; however, for the EC system, the reliability of the EC
window needs to be better assessed.

Then, for the EC launchers, the primary confinement will consist of a valve +
+ window, with an additional valve. The secondary confinement would be the
port cell and the N-VDS (Vault Detritiation System) (see Fig. 8).
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Fig. 8. General layout of the TL including tritium barriers
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These components will be ready for the first phase, meaning the Hydrogen
phase. For the following DD (Deuterium) and DT (Deuterium-Tritium) phases, to
avoid spread of contamination during valve closing (~ 1 s), in case of a window
break in a launcher, another window before the gyrotron window is recom-
mended.

4.3. Risk analysis and mitigation strategy

The gyrotrons represents one of the two components presenting any risk to
the EC procurement plan. At present time, only one gyrotron (developed by
JAEA) has demonstrated a reasonable operating scenario as envisioned for ITER,
achieving 170 GHz, 1 MW for 800 s [7]. However, this is only one gyrotron out
of the three procurement packages planned for the H&CD system. The gyrotrons
procured by RF (developed by GYCOM) already achieved 1 MW for more than
100 s [8], the limitation was due to the HVPS capabilities and the upgrade of the
test bed end of this year will allow long pulse operation and demonstration. The
most risky delivery is at present time the 2 MW gyrotrons, developed by EU as it
is still under study [9]. To mitigate the risk, a conventional gyrotron developed
from the existing 140 GHz tube can be developed, with a decision between the
two designs to be made early 2010, pending to the 2 MW refurbished prototype
results.

Four main critical issues associated with the gyrotron development can be
stated:

*  Frequency: The frequency needs to be 170 GHz + 0.25 GHz to ensure all
deposition profiles are superimposed in the plasma (requirement for MHD
control via the UL).

*  Output Power: The output power needs to be 1 MW, if not more. The EC
system could benefit from higher power gyrotrons providing more delivered
power for a fixed number of transmission lines and launcher entries.

«  Pulse length: The gyrotron has to provide power during the flat top of the
plasma discharge, specifications assume 3000 s.

* Reliability: The gyrotron must be able to provide the desired output power
and pulse length with a very high regularity with encountering internal
breakdown that could discontinue the use of that gyrotron for the remaining
duration of the pulse.

This issue can become critical if the gyrotron cannot be restarted within the same

plasma, in case of an internal breakdown, as it may occur at any time during the

pulse length. To reduce the probability of an arc event, the gyrotron conditioning
is a first option, which will be used to decrease the number of breakdowns down
to an acceptable level. But even with conditioning, as 2 gyrotrons will at least
share the same HVPS, in case of an arc, the power corresponding to 2 gyrotrons
will be turned off and it becomes essential that within the same plasma, the gyro-
tron power can be turned on after an arc in a few seconds. It is of course even
more important that the gyrotrons are highly reliable in order to optimize the
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power coupled to the plasma during operation. Tests are planned to be performed
next year in JAEA, using a 170 GHz prototype, to simulate 2 weeks of operation
on iter and to study the present reliability and capability of restarting after inter-
nal breakdowns.

The second EC subsystem which presents a non negligible risk is the launch-
ers, with a main issue associated to stray radiated power (both for equatorial and
upper launchers). First, for both types, cyclic fatigue testing have been success-
fully performed on steering mechanism components prototypes and risk assess-
ment and mitigation analysis of the millimetre wave systems of both upper and
equatorial launchers have been made in a strong collaboration between F4E and
JAEA. Low and high power tests are being performed on mock-ups or are under
plans, but no full high power tests are envisioned, either on the equatorial or on
the upper launcher. This would lead in additional costly R&D, whereas simula-
tion of stray radiation injecting equivalent power in port plug launcher volume
could already give pretty accurate results on the overall behaviour of the launch-
ers at full power.

4.4. Interfaces definition

All interfaces are currently identified, some already defined (as for the vac-
uum vessel). The RF building will be frozen mid 2009, leading to the precise
definition of all requirements needed for the EC system, such as the crane, the
structural loads for HVPS and gyrotrons taken into account the layout of all sub-
systems...

Some internal interfaces need to be clarified, such as the use of MOU
(Matching Optic Unit) instead of RFCU (Radio Frequency Conditioning Unit)
which leads to a swap between the gyrotrons and the TL procurements and sim-
plifies and decreases the cost of the whole EC system.

5. Conclusion

The integration of all the subsystems delivered by the different parties and
the interface management of these sub-systems within the EC system and with
the ITER auxiliary systems are in progress The EC system is on track for the first
plasma on iter, planned mid 2018 at present time. The layout is being revised,
progressing toward a more detail design level. Next activities, which already be-
gan will consist in resolving all issues associated with the EC system, such as the
precise definition of both external and internal interfaces, the revision of the
baseline documentation required for the PA signatures for all procurements. But
due to the limitation in IO staff size, a strong partnership between IO and the
DAs is required, to allow design improvements and to optimize the whole EC
system.

In a more or less near future, some issues will have to be clarified, such as
the 2 MW compatibility for the transmission line, required for the 2 MW EU
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gyrotrons, such as the tritium containment philosophy which will need to be in-
vestigated, the feasibility, reliability and utility of CW dual frequency gyrotrons,
high power combiners and some others...

DN
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OPERATION EXPERIENCE
WITH THE ASDEX UPGRADE ECRH SYSTEM

F. Leuterer and ASDEX Upgrade ECRH Team
Max Planck Institut fiir Plasmaphysik, EURATOM Ass., D-85748 Garching, Germany

The ASDEX Upgrade ECRH system works at a frequency of 140 GHz and comprises
4 gyrotrons with 0.5 MW / 2 s each (optionally 0.7 MW / 1 s), and 4 independent transmis-
sion lines and launchers. A major problem to be solved was the unfavorable magnetic
situation at the place where the gyrotrons are installed. There were three reasons: first the
AUG tokamak has an air OH-transformer with a far reaching poloidal magnetic field, sec-
ond the fields from high current bars in the basement, and third the fields of adjacent cry-
omagnets. It affected the electron beam deposition in the gyrotron collector and the startup
of the oscillation.

Two gyrotrons are fed from one high voltage power supply via a common series
modulator. After solving some related problems a fairly reliable and flexible operation was
achieved.

The transmission lines are combined quasioptical and corrugated waveguide lines
working at normal air pressure. Although the gyrotron output beam passes two phase cor-
recting mirrors to restore a Gaussian beam there are still indications of a non-Gaussian con-
tent. The average transmission losses of the lines are 12%.

A study of the performance in the AUG experiments showed that failure of individual
gyrotrons was = 5%, but system failure was much more.

Introduction

Construction of the ASDEX Upgrade ECRH system started in summer 1993.
It works at a frequency of 140 GHz, corresponding to the second harmonic of the
electron cyclotron frequency, and comprises 4 gyrotrons (GYCOM, Russia) with
0.5 MW / 2 s each (optionally 0.7 MW / 1 s) [1], and independent transmission
lines and launchers. The system was planned and commissioned in close coop-
eration between the Institute for Plasmaresearch of the University Stuttgart, Ger-
many, and the Institute of Applied Physics in Nizhny Novgorod, Russia. The first
gyrotron of this system was installed in summer 1997, and the installation was
completed in spring 2000. Since then two gyrotrons failed and were replaced by
similar gyrotrons which were in use in the former W7-AS installation of IPP [2].
Each gyrotron is connected to separate transmission lines equipped with
switchable mirrors which allow to direct the microwave beam to a high power
load at the line entrance or to a calorimetric load at the end of the line. Thus in
the everyday work all gyrotrons can be started up simultaneously, and after a se-
quence of about ten pulses with increasing rf-energy, ranging from 65 kV / 10 ms
to 73.5kV /1.6 s, we are ready for participation in tokamak experiments.

However, before reaching this performance we had to overcome some unex-
pected difficulties which are described in the following sections. First we de-
scribe problems with magnetic perturbations to the gyrotron operation, then we
describe some observations concerning gyrotron operation and transmission line

283



alignment, and finally we discuss the performance of the whole system.
A more extensive summary about our operating experience can be found in [3].

Magnetic perturbations affecting gyrotron operation

Magnetic fields emanating from the tokamak

An apparently convenient place for the ECRH installation was found close to
the tokamak. The distances of the gyrotrons from the tokamak axis are between
14.8 m and 18.8 m, and therefore the transmission lines are only between 20 m
and 25 m long. However, since ASDEX Upgrade (AUG) does not have an iron
transformer to confine the magnetic flux, there is a far reaching poloidal mag-
netic field from the tokamak. At the place of the gyrotron which is closest to the
tokamak this field can be up to 30 Gs as calculated on the basis of a maximum
possible AUG performance with [, = 1.6 MA. This field varies with time, ap-
proximately following the current in the ohmic heating transformer coil, and it
switches sign during a discharge. The gyrotrons are located such that the cavity is
at the level z =0, i.e. at the torus midplane, where we expect a minimum horizon-
tal component of the poloidal field in a double null tokamak configuration. In
addition to the tokamak stray magnetic field we have more localized stray mag-
netic fields, which were = 50 Gs at the level of the cathode, emanating from high
current bars feeding the tokamak coils, which are installed in the basement un-
derneath the gyrotrons. The latter fields were screened by a layer of 2 cm of soft
iron placed on the floor. Another layer of 1 cm of soft iron was placed on the
ceiling of the gyrotron hall with the intention to reduce the horizontal comonent
of the stray field. The calculated horizontal component was then ranging from
zero at the bottom of the gyrotron hall to = 5 Gs at the top of the collector. This
was considered as tolerable. Fig. 1a shows field lines as calculated with the pres-
ence of the iron plates, and Fig. 15 shows the variation of the horizontal compo-
nent along the height of the gyrotron. In experiments up to now we had only
about 2/3 of the calculated maximum value of the tokamak stray field, i.e. a hori-
zontal component of < 3.5 Gs.

Although this seems negligible compared to the 5.4 T magnetic field in the
cavity region of the gyrotron, it has a strong effect on the electron beam deposi-
tion on the collector inner surface. This is sketched in Fig. 2a. An unperturbed
hollow beam hits the collector along a horizontal ring. However, with an addi-
tional external horizontal magnetic field one side moves up and the other side
down. This happens already at small fields of a few Gauss. The vertical compo-
nent of the stray field moves the deposition further up or down, enhancing the
displacement on one side and partly compensating it on the other side.
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Fig. 1. Magnetic field distribution in the gyrotron hall (a),
and vertical component variation along two extreme gyrotron positions (b)

Fig. 2. Scheme of field line distortion due to an external horizontal B-field (a)
and electron beam deposition on the collector surface at a constant sweep coil current
of 24 A with (b) and without (c) an AUG stray magn. field
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Figs. 2b and 2¢ show an example recorded with a dummy tube. This is an ac-
tual gyrotron where the top of the collector is cut away and replaced by a vacuum
window for visual observation. The inner surface of the collector is covered with
a fluorescent layer. With a weak electron beam of = 1.5 kV / 1 mA the deposition
becomes visible. In Fig. 2b and 2¢ the current in the sweep coil is constant at
24 A and the beam deposition is not yet at the top of the collector. The photo in
Fig. 2b shows a view into the dummy tube in absence of a AUG stray field, while
in Fig. 2¢ a stray field is present. On one side the beam is shifted up by = 15 cm
while on the other side it remained nearly at the same position. Results taken at
various constant sweep coil currents are shown in Fig. 3a. This effect was ana-
lyzed using a paraxial approximation for the magnetic field near the gyrotron axis
together with an approximation for the perturbing magnetic field. The result of
this estimate is shown in Fig. 35 and is in agreement with the experimental ob-
servations. The gyrotrons were therfore operated with a reduced amplitude of the
sweep coil current, such that the electron beam deposition did not hit uncooled
collector areas.

Fig. 3. Experimental and calculated spread of beam deposition
in the collector of the dummy tube as a function of sweep coil curmt

Magnetic field from the adjacent cryo-magnet

Another source of magnetic perturbation comes from adjacent cryo-magnets.
In the AUG case the distance between the axis of adjacent gyrotrons is 2.8 m, and
the magnetic field from the adjacent magnet along the axis of the other gyrotron
is < 4 Gs, with a horizontal component ranging from —2 Gs pear the cathode to
+3 Gs at the top of the collector. This did lead to a similarly strong deformation
of the deposition in the collector as seen in Fig. 4. This perturbation could not be
tolerated in addition and therefore two one-turn rectangular shaped compensation
coil were attached to the collector to compensate on average the horizontal com-
ponent of the perturbing field. The design was such that these coils could be
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driven with the current flowing through the adjacent cryo-magnet. Thus, when-
ever one magnet was switched on the compensation for the other gyrotron was
automatically active [4].

Fig. 4. Electron beam deposition along the collector surface of the dummy tube
with a 0 — 28 A sweep coil current: a) without, ) with an active adjacent cryo-magnet,
and c) with active adjacent magnet and compensation coil

Effect of perturbing magnetic field on the gyrotron oscillation

Not only the beam deposition in the collector is influenced by the tokamak
stray magnetic field, but also the startup of the gyrotron oscillation can be af-
fected. In one of our gyrotrons we observed that in modulated pulses some indi-
vidual rf-pulses were missing, although high voltage was applied. An example is
shown in Fig. 5. This only occured when the gyrotron was operated with AUG
pulses, but never in test pulses outside of the AUG program. Simulating vertical
perturbation field with cables wound around the oil tank we could confirm that
this was due to the vertical component of the stray field. We avoided this effect
by setting the gun coil current to a different value.

Calculations of the field line distortion in the gyrotron due to the horizontal
component of the AUG poloidal field, as done for Fig. 3, show a displacement of
the magnetic axis from the geometrical axis in the cavity by 0.02 mm, which
cannot be compensated with the gun coil, but is obviously tolerable.

aln i il veer

i i

Fig. 5. Missing rf pulses due to hampered prt
gyrotron startup as a consequence of the Ik T771T77
vertical component of the AUG stray L
magnetic field O U Mt it S

|

287



Gyrotron operation

In our installation two gyrotrons are fed via one common tetrode modulator.
This modulator serves to switch the gyrotrons on and off;, to feedback control the
applied beam voltage of up to 73.5 kV to a ripple < 0.5 kV, and for fast protec-
tion of gyrotrons and transmission lines in cases of arcs (< 5 ps). By only partly
reducing the beam voltage we can realize step functions in the output power and
also a fast modulation with frequencies up to 30 kHz.

The beam current decreases during a 2 s pulse from initially close to 40 A
down to = 26 A. Towards the end of a pulse the gyrotron can therefore end up in
a cutoff or a mode jump, or it can end up in an electron beam instability. Such an
instability shows up in a very noisy current signal, in a decreased output power as
seen in Fig. 6a, and in the emission of low frequencies around 30 MHz and its
harmonics. In one case it happened that when only one of gyrotrons was con-
nected to the modulator this instability did not occur, but when both gyrotrons
were connected it did occur. Apparently the external impedance between cathode
and anode is important. Capacitors connected across the cathode-anode gap at
the gyrotron did suppress this instability.
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Fig. 6. Gyrotron pulse with 1.8 s showing signs of electron beam Instability (a),
operation limits due to cutoff and beam instability (b)

LT _ Nevertheless a restricted range of
1] operation remained, Fig. 6b. A cutoff or
a mode jump can be detected with
a detector monitoring the output power
whose signal drops to zero or a much
lower level although the applied voltage
i 1. . stays constant. Such a situation should
L —*  not persist for a long time. In such a case
50 msecdiv we switch the high voltage off after
Fig. 7. Detector signal indicating a cutoff 10 s, and after another 10 ms we
or a mode jump. After 10 ms the high switch it back on, as in Fig. 7. This not
voltage is switched off and on again and  only protects the gyrotron but saves many
the pulse continues regularly AUG pulses for physics evaluation.
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Transmission lines

The transmission lines have a

quasi-optical section followed by

a waveguide section operated at normal air pressure [S]. The scheme is shown in
Fig. 8. The housing of the quasi-optical section has a great fraction of absorbing
walls, paint and concrete, to absorb any side lobes and diffuse radiation leaving

the gyrotron in addition to the main beam.

HE11 waveguide section

Plasma

mode :irr! y «“ d
mixing
sedtion | | Torus window
4 - Transmission
directional fine out put

coupler

Load

Quasioptical section

Tr
line input

Fig. 8. Transmission line scheme with quasi-optical and waveguide sections,
and positions of loads and directional couplers

The first two mirrors after the gyrotron
are phase correcting mirrors designed to
restore a Gaussian beam [6]. In the second
mirror there is also a directional coupler to
monitor the output power [7, 8]. They are
followed by a switchable mirror to direct
the beam into a load, or to let him pass
towards two polarizer mirrors designed to
allow any elliptical polarisation. Then the
beam is focused into an 87 mm L.D. HE11
corrugated waveguide. The alignment is
done with the help of thermo-paper at
pulse lengths up to 20 ms, or with liquid
crystal foils attached to a layer of Eccosorb
at pulses up to 2 ms. The latter gives a
better indication of the boundary contour
of the beam as as seen in Fig. 9. With these
in field techniques the beam axis can be
determined within +£2 mm.
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Fig. 9. Photo of a beam pattern on a
liquid crystal foil overlayed with the
calculated intensity pattern after phase
correction



We have numerically studied the impact of misalignment of the phase cor-
recting mirrors on the beam quality [9]. Along the beam a variation of the dis-
tance between the two mirrors, which is nominally 716 mm, by + 20 mm is not
critical. But perpendicular to the beam a few millimeters reduce the quality of the
beam considerably. For example, shifting the second mirror by 4 mm results in a
reduction of the Gaissian beam content from 99.9% to 96.0%, while a displace-
ment of the first mirror by 4 mm leads to a beam with only 91.7% Gaussian con-
tent. A few percent of non-Gaussian content can lead to a deformation of the
wanted circular intensity contours of the beam. This can actually be seen in Fig. 9
where the liquid crystal plot is overlayed by the calculated intensity contour of
the phase corrected beam with 98.5% Gaussian content. In the waveguides such a
beam can lead to the excitation of higher order modes.

At the end of the waveguide line there is another switchable mirror to direct .
the beam either to the plasma or to a calorimetric load. From calorimetric meas-
urements of the power at the entrance and at the end of the transmission lines we
determined an average transmission loss of 12% for our 4 lines with = 10 mirrors
and mitrebends each. Additional losses of = 7% arise from the BN-torus window
and the mirrors in the launching structures.

System performance

Requested by EFDA we provided an overview of the performance of our
system in plasma pulses [10]. For this we considered only AUG pulses from May
1998 to May 2006 for which ECRH was requested. Tests into loads are not in-
cluded. The total number of these pulses was 1806. The number of gyrotrons
requested in these pulses was quite different, because either not all gyrotrons
were available or because the requested power was low. Included are pulses in
nominal and optional regimes, cw pulses as well as modulated pulses.

Ofthese 862 pulses were successfull as planned

944 did not perform as planned

Among the latter there are

387 pulses where ECRH was not started at all (mainly

because the plasma was not properly started)
97 pulses in which ECRH was interrupted by external

reasons (like plasma disruptions)

460 pulses in which ECRH was interrupted by reasons
within the ECRH system. Many of these were still
useful for physics evaluations.

Reasons for system failure were gyrotron problems, transmission line prob-
lems, subsystem problems, control system problems, or high voltage problems.

A clearer picture is obtained when we look at the performance of each indi-
vidual gyrotron as shown in Fig. 10 for one example. The other three gyrotrons
behaved similar. Gyrotron failure was only = 5%, whereas system failure was
much more.
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Fig. 10. Summary of pulses at different beam voltages with gyrotron Zodiak 2.
Of = 23% failed pulses only = 5% failures were due to the gyrotron.

Conclusion

Gyrotrons are very sensitive to magnetic perturbations. External magnetic
fields perpendicular to the gyrotron axis of a few Gauss only severely distort the
deposition of the electron beam in the collector. Great care has therefore to be
devoted to the site selection and the site preparation when planning a new ECRH
system. In addition, not only a reliable gyrotron performance, but also reliable
system performance, with reliable failure detection and identification in the hos-
tile environment of a tokamak and its subsystems, will be a big issue for a system
like the one planned for ITER.
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The results of systematic investigations of the small-scale turbulence performed in dy-
namic fast current ramp up and lower hybrid (LH) heating experniments at FT-2 tokamak
are reported Both frequency and wave number (g) spectra are measured with correlative
enhanced scattering diagnostics It is found that during the dynamic discharge the turbu-
lence component identified with the dissipative TEM mode possesses a wide g-spectrum
which could be described by universal exponential dependence in the range of 3—4 orders
of amplitude charactenized by two parameters — the turbulence level and scale length. Both
parameters are found to decrease substantially when the shear of the poloidal plasma rota-
tion increases at plasma periphery. Simultaneously suppression of anomalous electron
transport is observed in the experiment. On contrary, the g-spectrum of the component,
identified with the ETG mode, looks very different from exponential. It is characterized by
pronounced maximum at wave number corresponding to the largest ETG instability growth
rate. Its behavior, in agreement with the GS2 code predictions, in the dynamic LH heating
expenment is correlated with the ratio of electron temperature and density scale lengths,
but not with the electron thermal diffusivity.

Introduction

The fine scale drift wave turbulence excited due to the electron temperature
gradient (ETG) mode instability well known since 60th [1], is discussed nowa-
days in theory as a possible candidate for explanation of the anomalous electron
energy transport in tokamak plasmas [2—6]. According to theoretical and compu-
tational analysis of [2, 3], performed using gyrokinetic approach in flux tube ge-
ometry, this turbulence, possessing the shortest wave length in the electron gyro-
radius range, in contradiction to the quasi linear theory estimations, can cause a
substantial heat flux due to formation of streamers at the nonlinear stage of its
evolution. In spite of the fact the predictions of different theoretical models not
always coincide and have not been checked experimentally yet, the ETG mode
turbulence is often used for interpretation of experimental data on anomalous
electron transport. The lack of experimental data on the ETG mode turbulence
was caused by its extremely small scale, complicating investigation with diag-
nostic tools currently used in tokamaks. Nevertheless the mentioned theoretical
breakthrough have stimulated the development of new experimental techniques
based on the microwave back and side scattering which resulted in observation of
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Fig. 1. FT-2 poloidal cross section: / — movable
antennae; 2 — magnetic surface; 3 — UHR. Probing
beam: circles — 0dB; triangles — 1.5dB; rhom-
buses — 3 dB power suppression levels.

ETG-mode scale fluctuations at measurable
level in FT-2, DIII-D and NSTX tokamaks [7—
11]. Just recently in dynamic plasma heating
experiments on these machines the enhancement R (cm
of the small-scale turbulence level with growing h 1 2 .
electron temperature gradient [12-14] and in 44 48 52 56 60
particular its correlation to the ETG instability threshold excess [12, 14] has been
demonstrated allowing identification of the observed turbulence as the ETG
mode.

In the present paper we report results of systematic investigations of the
small-scale turbulent modes performed in dynamic current ramp up (CRU) and
lower hybrid (LH) heating experiments at FT-2 tokamak using the correlative
enhanced scattering technique (CES).

The correlative enhanced scattering technique

The enhanced scattering (ES) or the upper hybrid resonance (UHR) back-
scattering (BS) technique [15] utilizes for local diagnostics of small-scale plasma
fluctuations the effect of growth of wave vector and electric field of the probing
extraordinary (X-mode) wave in the UHR, where condition f” = f;,’(R) + foc(r) is
fulfilled for the probing frequency f; (R and r are tokamak major and minor radii,
Jee and f;. are electron cyclotron and plasma frequencies, correspondingly). To
provide the UHR accessibility in tokamak experiment the probing wave is
launched from the high magnetic field side of the torus under conditions when
the electron cyclotron resonance layer exists somewhere in a plasma. The ES
diagnostics benefits of the probing wave field and radial wave number ¢, growth
leading to high localization, enhanced sensitivity to submillimetric scales and
substantial frequency shift of the backscattered wave due to so called Enhanced
Doppler effect [11, 16, 17], associated with a finite projection of the large prob-
ing wave vector, perpendicular to the UHR surface, onto the poloidal direction in
the point shifted from the equatorial plane by y

ko = (2kgs + k. cosy)yly-. M
Here kg« is a poloidal wave number out of the UHR at the probing beam axis pos-
sessing vertical displacement y.; y« is the angle between UHR and magnetic sur-
face there.

The probing and back scattering wave’s radial wave numbers £, and ;. grow
rapidly in the vicinity of the UHR. Therefore the back scattering Bragg condition
(g-= k. + ks, = 2k,) could be easily satisfied for small-scale fluctuations in wide g,
range.

293



According to [15], the ES frequency spectrum Pgg(Q2) is determined by

the turbulence spectrum |n li,.q,.m ES efficiency Sgs(q,), as well as by the an-

tenna beam power distribution on the UHR surface in the vertical direction
F® = exp[-2(y - y+)’p"*] and is given by an integral over poloidal and radial fluc-
tuation wave numbers gp and g,

P(@ = [1, ad, = (11, o0 S @) OMnsdg,. @
here we also assumed the relation

qo = (2kg+ + g, cOSY+)y/ys (3)

between poloidal and radial wave numbers gg and ¢, of fluctuations contributing
to the backscattering in the UHR and vertical displacement y of the point where it
happens following from (1) and the BS Bragg

~ 5 condition. The ES technique is only sensitive to
g5 4 fluctuations possessing wavelength smaller than
£ 3 half probing wavelength. The ES efficiency Sgs(g,)
N % ‘ shown in Fig. 2 for the FT-2 experiment parame-
c,)'-”'-" o] on J ters experiences ~a sharp maximum at
0 100 200 300 ¢, = 2(2nfoe/c)(c/Vr) " which corresponds to

g, (cm™) backscattering in the linear conversion point [15].

Fig. 2. ES efficiency A significant drawback of the ES diagnostics in

for T, = 90 eV the standard approach [15] is poor g-resolution,

which however may be improved using the corre-

lation technique utilizing simultaneous probing by different frequencies and fur-
ther correlation analysis of the measured signals [18].

According to [18], the cross-correlation function (CCF) of two ES signals at

probing frequencies f; and f; is related to the ES spectrum Iqr Q Vvia Fourigr
transform

CCRa(fi> 1) = [ I, aoxo{ia, [ (£ - £2)Oxun/Of Jjda,. )

This relation allows inversion and determination of /, o based on experi-

mental data. Moreover, as it was shown in [8], the g,-spectrum of turbulent fluc-
tuations, as well as their phase velocity may be reconstructed from the CES diag-
nostics measurement as a result of fitting procedure under natural assumption
that the turbulence spectrum is described by expression accounting for the broad-
ening of the drift wave dispersion relation due to nonlinear effects

2 | I: 0o ‘\/;C- Q : 2
lnlq"q°n=£Tem[—(q° _Z) /(Aqo) } ®
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Two-component ES spectrum investigation in the ohmic discharge

The experiment was performed in ohmic discharge at the FT-2 tokamak
possessing major radius Ry = 55 cm and limiter’s radius @ = 7.9 cm, toroidal field
2.2 T, plasma current 32 kA, density n,0) =3 - 10" m™, electron temperature,
measured by multipass Thomson scattering diagnostics, 7,(0)=530eV. The
movable focusing double antennae set, allowing off equatorial plane plasma
X-mode probing with the maximal vertical displacement y,=+2 cm was installed
at FT-2 at the high magnetic field side [8] (see Fig. 1). The beam radius at the
UHR position is p = 0.7+0.9 cm, as calculated using the beam tracing code. Both
emitting and receiving antennae are narrow along the toroidal direction and thus
produce wide toroidal wave number spectra. The probing is performed in the
frequency range 53+72 GHz at low power level of 20 mW. The coupling of emit-
ting and receiving antennae is less than 40 dB.

In the present experiment the probing wave UHR layer was situated at
r>4 cm, where necessary condition for the ETG mode excitation Ly<1.25L,
following for the FT-2 parameters from analysis [1, 3] was fulfilled (Lr, L, are
electron temperature and density gradient scale lengths). The corresponding 7,
and n, profiles are shown in Fig. 3. The ES spectra obtained at y,= 1.5 cm for
different probing frequencies (UHR positions) are shown in Fig. 4. The ES spec-
trum is weakly shifted in the electron diamagnetic drift direction and symmetric at
the edge, whereas its shift and asymmetry grows, when moving inward. A pro-
nounced “wing” is observable at frequencies less than -2 MHz (HF domain) al-
ready at =6 cm. At = 5.6 cm the second line possessing more than twice higher
frequency shift (2.5 MHz) appears in the spectrum. At r=35 cm its amplitude ex-
ceeds the amplitude of the first line. The amplitude of the low frequency (LF) satel-
lite decreases when moving inward the plasma whereas the high frequency (HF)
satellite’s amplitude increases. (The non-shifted component in spectrum 4 corre-
sponds to direct coupling of emitting and receiving antennae which appears visi-
ble at small ES power.) The observation of a doublet in the ES signal is most
likely associated with coexistence of two different drift modes in the FT-2 plasma.
To check this supposition and to identify modes the ¢g-spectrum of turbulence was
investigated by the CES diagnostics [12]. Two signals at close probing frequencies

400 -

300 NN, R E

=200 T =

o € -

3]
100 w®
0
3456 7
r (cm)

Fig. 3. Electron density and temperature Fig. 4. The ES power spectra Pgs for
profiles r=179cm(I), 6 cm (2), 5.6 cm (3) and

10Pgs for 5 cm (4)
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with difference |f; — fil = {10,20 ... 400} MHz, corresponding to two slightly
separated UHR layers in plasma, where the ES by fluctuations with low fre-
quency Q=2nfo occurs, were measured simultaneously using the asymmetric
correlation scheme [8]. Probing was performed on the discharge to discharge
basis. The data acquisition of the ES signal for all the discharge duration was
performed at 20 MHz clock rate of 12-bit ADC.

= 100 %o LF Frequencies higher than 6 MHz were filtered out.
2 10 O%OQ:DO Statistical averaging of the data was performed
S 2 typically over samples of 0.8 ms duration. The
".1 1 HF *%20 reconstructed g,-spectra for the LF and HF ES fre-
NEG‘ 01 * quency spectrum components are shown in Fig. 5

2 4 6 8101214 in semi logarithmic scale. As it is seen, the LF

GrPs component spectrum is reconstructed in a wide g,-
domain. It is growing towards small wave numbers
and may be well fitted by the linear dependence,
whereas the HF component spectrum is localized
in the high wave number region. It possesses maximum for scales most easily
excited by the ETG instability (at g.p; = 8). The reconstructed poloidal velocity
of the HF component directed in the electron diamagnetic drift direction is a fac-
tor of 2 higher than the LF component velocity (Vo'Ff=2.7+0.3 knvs;
Vo™ = 5.620.5 ki/s). The poloidal wave numbers corresponding to the LF and
HF satellites are go™* = 23 cm™ and g "F = 27 cm™. The HF ES signal compo-
nent radial distribution is different from that of the LF component, as it is seen in
Fig. 6 where amplitudes of the LF and HF spectral satellites normalized to the
ECE emission level are plotted against minor radius. The HF component is grow-
ing towards the centre of discharge whereas the LF component is growing in the
opposite direction. The dependence of the HF and LF components on the vertical
displacement of the antenna set and therefore, according to (1), on the fluctuation
qo is also different. As it is seen in Fig. 7, the HF component is rather growing
with gg, whereas the LF component is definitely decaying.

Fig. 5. g, spectra of LF and
HF components

7
r (cm) 9o Ps
Fig. 6. Normalized LF and HF compo- Fig. 7. q¢ dependence of LF and HF
nent amplitudes versus radius components

The differences in the HF and LF ES signal spectral component behavior
were also studied in dynamic LH heating experiment.
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Turbulence evolution in the LH heating experiment

A different behavior of the UHR BS spectrum LF and HF components was
observed in the LH heating experiment at FT-2, where 180 kW of RF power was
launched in plasma at frequency 920 MHz during 6 ms initiating transition to the

2.0
g 1.5
- 1.0

improved confinement regime [19]. The
HF component behavior in these dynamical
experiments was sensitive to the variation
of n, and 7, profiles. As it is seen in Fig.
8a, enhancement of the HF component of
the ES spectrum during the LH heating 0.5
pulse at 30-35.7 ms is only observed for 1830
r < 6.5 cm when and where the ETG insta- 17 g 20
bility condition Ly<1.25L, is satisfied & 210
(see Fig. 8b). After the RF pulse when the : B
ETG instability condition is definitely vio-
lated, the HF component is suppressed all
over the observation volume. (The ap-
proximate threshold condition Lr<1.25 L,
derived in [1, 3] was confirmed for FT-2
experimental parameters using the GS2
code. See for example in Fig. 8¢ the com-
parison of growth rate dependencies on ¢y
computed for points A and B shown in
Fig. 8b.) This observation provides a final qopi
confirmation to the ETG instability origin . .
of the ol?served HF turbulence component. 2%:/; nﬁ)‘:;;?i(z):; ?(f :?:(()g I;lalF: ;,g?;:;
Unlike the HF component, the LF part he ratio of L, and Ly; (c) growth
Of the ES signal iS not dll'ecﬂy Sensitive to rates and frequencies for linear modes
the relative gradient scale lengths variation. at A and B points. (p; — ion gyrora-
As it is seen in Fig. 9, it is rather correlated dius)
to the temporal behavior of the effective
electron thermal diffusivity x. determined from the experimental 7, and n, pro-
files with the help of ASTRA transport code. The level of ES signal LF compo-
nent is decreased simultaneously with yx. just after the RF power is on. The
growth of later at the very edge of plasma preceding the RF pulse termination is
also correlated to the growth of the ES signal observed in this region. It is impor-
tant to note, that as it was shown by CES technique measurements before and
after the RF pulse, the typical ¢, of LF fluctuations contributing to the ES signal
increased during the pulse. Therefore accounting for the growing dependence of
ES efficiency on g, we may conclude that the growth of the LF component of the
ES signal corresponds to even stronger increase in the turbulence level. It is in-
teresting that the g,-spectra of the LF component plotted in semi logarithmic
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scale both before and after the RF pulse, as the spectrum in Fig. 5, may be well
fitted by the linear dependence (see Fig. 10).

:__? 100 before L HH
3 eapf-1 7¢ i
o)

3 10 ‘

v& after LHH:

T lexpt-1.0g,0,

~ 1 ~
as
R=1 1 2 3 4 5

qPs
Fig. 9. Evolution of the normalized (a) LF  Fig. 10. LF q,-spectra before and after LHH
signal power and (b) .

These universal exponential spectra of the small-scale LF turbulence compo-
nent are routinely observed at the FT-2. Evolution of their parameters was stud-
ied in the CRU experiment leading to improvement of the energy confinement in
the electron channel.

Evolution of the exponential turbulence wave number spectra
in the CRU experiment

The measurements were carried out in fast CRU experiment (20 MA/s from
22 kA to 32 kA) (Fig. 11). The important feature of this scenario is suppression
of anomalous electron transport observed at the current relaxation stage. Namely,
investigation of electron and ion temperature, electron density profiles and radia-
tion losses evolution together with ASTRA code

< 30 a modelling allows us to conclude that the effec-
e 241 _//\ tive electron thermal diffusivity coefficient %,
80 5 " " i was suppressed in the discharge at 4+6 ms after
60 / CRU and, in particular, decreased by a factor of
: . : 2 at plasma periphery. It should be stressed that

¢ A= Sem the X, behaviour there (Fig. 12) is well correlated

1 \ with the ES signal suppression by 30+40 %. The
level of the ES signal LF component power inte-
grated in [-2 ... +2] MHz frequency band was
7cm measured for different UHR radial positions

y ' y from r=55cm till 7.5cm. The evolution of
30 32 34 36 obtained profiles normalized to the profile at
t (ms) 29 ms (before CRU) is shown in Fig. 12b. (The

Fig. 11. Dynamics of (a) plas- HF ES signal component “wing” was not pro-

ma current, (b) energy content nounced at the plasma edge in the 22 kA dis-
and (¢) % charge.)

rodom

X'e/xe 29ms W(

6cm
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v 7

Fig. 12. Temporal variation of profiles (a) ., (b) normalized LF signal power (gray
squares: measuring points; solid black curves: Pyr/P;r(29 ms) = 1), (c) g, at ES spectrum
maximum.

Unfortunately, the ES signal suppression could not be directly interpreted in

terms of the density fluctuation level drop, because of the strong (Sgg ~ qz) de-
pendence of the ES efficiency on the turbulence radial wave number. Neverthe-
less, investigation of the ES I, o spec- |
trum evolution during the CRU experiment
provides additional arguments in favour of

the turbulence suppression. Namely, as it is
clearly seen from comparison of Fig. 13a

and Fig. 135, the Iq”Q spectrum deter-

mined at »=6.2 cm experiences a substan-

Q/2n (MHz)

tial shift to higher g, after CRU. The ap- N 4 1, o(arb.un) | R
proximation surface ¢, (r, f) demonstrating E 2 ’ 0.2
the evolution of g, values corresponding to < 0.3
ES I, o spectra maximum is shown in & -2} 0.5
Fig. 12c. Since the drop of the ES signal a AR gg
(Fig. 12b) is accompanied by increase of g, 50 100 150
from 40 cm™ till 70 cm™ (Fig. 12¢) and 1

thus by strong increase of the ES efficiency, 9, (cm’)

one could conclude that the real drop of the  Fig. 13. I, ,, spectra for (a) 29 and
turbulence level was even higher than the (6) 36 ms ir'n the CRU experiment
ES signal power suppression, observed in

the experiment. In addition to the above rough analysis we have also recon-
structed the turbulence g,-spectra at different radii and followed their evolution
during CRU. The turbulence g,-spectra were determined for 8 >g¢,.p;> 0.8 at a
distance 1+3 cm from the limiter. Plotted in double logarithmic scale (Fig. 14a)
they are usually knee-like, suggesting that the turbulence cascading to small
scales where damping takes place is measured. However when shown in semi
logarithmic scale (circles in Fig. 14b), they fit linear dependence surprisingly
well. Moreover, it was found that in the whole range of radii accessible for ES,
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during 13 ms after CRU the spectrum could be described by universal depend-
ence |n I;r ~\n Ig exp{—q,L} in the range of 3—4 orders of amplitude (Fig. 14b),

where |n |(2, is related to the turbulence level and L is a typical turbulence scale

length. The evolution of these parameters is shown in Fig. 15, where |n|? is

normalized to its value at 29 ms. Both parameters are found to decrease substan-
tially at 2+6 ms after CRU simultaneously with strong growth of the poloidal
plasma rotation velocity gradient in the edge region. Estimated from the ES sig-
nal Doppler frequency shift, the later increased from 25 kHz to 190 kHz

(Fig. 16a).
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Fig. 14. LF g,-spectra (a) in double- and (b)
semi-logarithmic scale
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Fig. 16. (a) Poloidal plasma velocity distri-
bution; (b) rotation shear, drift mode
growth rate and frequency versus
wavenumber
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To interrelate these two effects the linear mode analysis by GS2 code [20]
was performed for FT-2 discharge parameters during the CRU experiment allow-
ing to determine the most unstable mode growth rate y and to compare it with the
poloidal plasma rotation shear wg at r =6.2 cm. As it is seen in Fig. 165, before
CRU (29 ms) the condition wg <1y is fulfilled in all g-range that makes possible
the instability excitation. On contrary, during the current relaxation period
(36 ms) the opposite condition wg>y definitely holds for turbulence with
go P: < 1.7 thus, according to [21], making possible the turbulence suppression at
these scales, actually observed in the experiment (Fig. 15a). It should be men-
tioned that the observed decrease of the turbulence correlation length (Fig. 15b)
accompanying its suppression at wg >y is also predicted by [21]. Based on the
domain of ggp; <2 where the LF mode was measured and its sensitivity to the
plasma rotation shear we conclude that the mode may be identified as a hybrid of
the dissipative TEM [22] and ITG mode.

It is important to note that the drift mode frequencies and phase velocities
predicted by the GS2 computation for go < 15 cm™ corresponding to the meas-
ured range for the LF component in the CRU experiment are much smaller than
actually observed. The difference may be attributed to the plasma cross field drift
velocity justifying the procedure of plasma velocity shear determination from the
Doppler frequency shift of ES signal used in this paper.

Discussing the physical origin of the universal exponential g-spectrum re-
constructed for the LF component one should recall that, according to theoretical
predictions [23], the g-spectra of drift wave turbulence in tokamak in a wide ¢-
range comresponding to the so called inertial interval between the high growth
rate and high dissipation region should obey a power law taking a Kolmogorov-
like form, where g-spectrum looks linear in double logarithmic scale:

g(nf /| n |§° )=—alg(gL) . Experimental observations carried out in a limited

g-range usually confirm this prediction. The measurements specially performed
by CO, laser scattering in a wide g-range shifted to small scales [24] gave an
evidence for a knee-like spectrum composed of two power law spectra with dif-
ferent indexes o . A possible explanation of this observation discussed in [24] is
overlapping of the investigated g-range with both inertial interval and turbulence
dissipation region. However, as it was shown in [24], when plotted in semi loga-
rithmic scale, the observed spectrum fitted surprisingly well the exponential de-

pendence 1g(|n|§)~—qL . This intriguing observation performed by CO, laser

scattering, unfortunately limited in spatial resolution, were appealing for more
detailed studies of the small-scale drift turbulence g-spectra by more precise di-
agnostics. The measurements in the high g,-range performed in the present paper
by the CES technique possessing much better spatial resolution have resulted in
confirmation of the exponential spectral law, which is shown to be universal for
the LF turbulence component in the FT-2 tokamak plasma. In spite of the fact the
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measurements are taken at high g, not typical for the ITG or TEM mode to which
the LF mode may be identified, the parameters of its exponential spectrum (level
and characteristic length) are shown to be sensitive to the plasma rotation veloc-
ity shear and correlated to the electron transport, as it should be for the mentioned
modes [23].

A possible explanation of this unconventional spectrum (not predicted by
theory treating the nonlinear interaction of drift modes) may be given in terms of
the density fluctuation Fourier transform which is provided by any scattering
diagnostics. The small-scale asymptotic of this Fourier transform appears to be
visible due to high sensitivity of the CES diagnostics in the small-scale domain.
This part of the spectrum may not correspond to the fluctuations participating in
the energy transfer in the phase space, nevertheless been sensitive to the parame-
ters of the turbulence.

Conclusions

Summarizing the results of the paper we would like to state that two small-
scale modes have been found in the enhanced scattering spectra under conditions
when the threshold for the ETG mode mstablhty [1, 3] Lr<1.25L, is overcome.
The first, identified as the ETG mode, is _possessing frequency higher than
2 MHz and radial wave number ¢,p;= 8 close to the position of the ETG mode
growth rate maximum. Its phase velocity is twice as high as for the LF mode and
amplitude is growing towards the centre increasing where and when the ETG
instability threshold is overcome according to GS2 code, as it is shown in dy-
namic lower hybrid heating experiment. The second possessing frequency close
to 1 MHz is localized at the plasma periphery and probably associated with the
small-scale component of the collisional TEM mode. It is found that this turbu-
lence component possesses a wide g-spectrum which could be described by uni-
versal exponential dependence in the range of 3—4 orders of amplitude character-
ized by two parameters — the turbulence level and scale length. Both parameters
are found to decrease substantially during the dynamic current ramp up discharge
when the shear of the poloidal plasma rotation increases at plasma periphery ex-
ceeding the growth rate of drift instability determined with the GS2 code. Simul-
taneously transition to the improved confinement resulting in suppression of
anomalous electron transport is observed in the experiment.
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Since 2006, the two-frequency GYCOM gyrotron Odissey-2 is in regular operation at the
ASDEX Upgrade tokamak. It has an output power of 620 kW and 910 kW at 105 GHz and
140 GHz respectively at a pulse length of 10 s. At 140 GHz the system is a crucial tool for
H-mode operation with the fully W-coated inner walls now present in ASDEX Upgrade.
The transport in the plasma center is significantly increased by the additional Rf-heating
and suppresses the central accumulation of heavy impunties also for moderate values of
density and safety factor. At 105 GHz the EC-beam is used as probe for a collective Thom-
son scattering diagnostic, which uses the launcher of the second unit as a receiver. Fast
steerable launchers that will allow for feedback controlled suppression of neoclassical tear-
ing modes in the plasma are installed. The development of the feedback control system is
underway. Future gyrotrons will be operated at 4 frequencies between 105 and 140 GHz.
These gyrotrons require broadband vacuum windows both at the gyrotron as well as at the
torus The gyrotrons can be equipped with a broadband CVD diamond Brewster angle
window Since the torus window has to be transparent also for elliptically polanzed beams,
a double disc CVD diamond window has been installed The distance between the two
diamond discs will be controlled remotely within an accuracy of a few pm A method for
in-situ low power measurements of the reflection has been tested. The ECRH system will
be extended with two more multi-frequency gyrotrons.

Introduction

A single frequency ECRH system at 140 GHz is in operation at the ASDEX
Upgrade tokamak since 1996 [1]. The system consists of 4 gyrotrons with an
output power of 500 kW each and a pulse length of 2 s. A new ECRH system is
currently under construction that will in its final stage deliver a total power of
4 MW with a pulse length of 10 s corresponding to the maximum flat top time of
ASDEX Upgrade discharges [2]. An additional feature of the four gyrotrons of
the new system is their frequency step tunability allowing operation at both 105
and 140 GHz, corresponding to the resonant frequency of a single disc CVD

304



diamond window [3]. This capability extends the operating space of the ECRH at
ASDEX in terms of both magnetic field and deposition radius [4]. A first two-
frequency gyrotron is in routine operation since 2006. Its output power is 910 kW
at 140 GHz with a beam voltage of U, = -56 kV, a body voltage of +29 kV and
a beam current of I,= 37 A. At 105 GHz, 620 kW were achieved with U,=-49 kV,
U,=+26 kV and I,= 34 A. The transmission losses at both frequencies are below
10% which is in good agreement with theoretical predictions. They were meas-
ured using identical calorimetric loads installed both in the MOU and next to the
torus window. There is no problem with arcing in the non-evacuated waveguide
transmission line. Arcing occasionally occurred in the mirror box due to dust
particles on the mirror surfaces. The gyrotron can be tuned to another frequency
within approximately 20 min which corresponds to the time between two
ASDEX Upgrade discharges. The broadband gyrotron output window still re-
quires further development. Therefore the next two gyrotrons will also be two-
frequency gyrotrons. The fourth gyrotron is planned to be a multi-frequency gy-
rotron with additional frequencies in between 105 and 140 GHz. For this gyro-
tron broadband vacuum windows are required both at the gyrotron and at the
torus. The launchers of the new system have a poloidal fast steering capability
that will allow for a change of the deposition location during the discharge with-
out changing the toroidal magnetic field. The ultimate goal is to have a very
flexible system for localized plasma heating and current drive that allows for
feedback control of neoclassical tearing modes, pressure profile and transport [5].

Multi-frequency hardware extensions

The transmission of the millimeter waves from the gyrotrons to the torus is
mainly through non-evacuated corrugated waveguides with an inner diameter of
87 mm. The total length of the transmission line is approximately 70 m. These
waveguides support the low-loss HE;; mode over the whole frequency band of
the system. Each gyrotron is connected to a quasi-optical matching optics unit
(MOU) that conditions the millimeter wave beam such that it can be effectively
coupled to the corrugated waveguide. An individual set of two phase correcting
mirrors is required for each frequency of a step-tunable gyrotron to convert the
gyrotron beam to a fundamental Gaussian beam that guarantees optimum cou-
pling to the HE,; mode in the corrugated waveguide. These mirrors also correct
the angular mismatch of up to 2° of the different output beams with respect to the
optical axis of the MOU and the waveguide input. This angular variation happens
only in the plane perpendicular to the gyrotron axis and is due to the different
caustic radii of the resonant gyrotron modes. The required space for these mirrors
limits the number of applicable frequencies to four. The planned frequencies are
105, 117, 127 and 140 GHz, corresponding to resonant modes of the gyrotron.
The phase correcting mirrors are mounted on turntables and are automatically set
when the frequency is changed (Fig. 1). The MOU also contains a pair of broad-
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band polarizer mirrors [6] as well as a short-pulse load for a maximum pulse
length of 1 s. Additionally a long-pulse load capable of 1 MW, 10 s can be cou-
pled to each gyrotron beam successively. The gyrotron beam is linearly polarized
and thus a broadband Brewster window is possible which is under development.
The torus window however has to be transparent for an arbitrary elliptical polari-
zation. Therefore a tunable double disc window was developed and constructed
[7]. It takes advantage of Fabry-Perot reflection minima at frequencies where the
single discs are not transparent. The reflectivity of the double disc window was
measured and compared to theory (Fig. 2). The inter-space between the two discs
is evacuated to prevent arcing due to the field enhancement. The evacuation also
leads to a slight bending of the discs which is responsible for the frequency shift of
the measurement compared to theory (Fig. 2). The measurement was repeated after
demounting the disc as well as after bake-out up to 150 °C. To test an in-situ meas-
urement method for the installed double-disc torus window, the beam was launched
through 3 m of straight waveguide plus one miter bend. Again, this measurement
gave the same result.

gvrotron

waveguide
)

IE\ NN

Fig. 1. MOU with phase correcting mirrors
for the multi-frequency gyrotron mounted on turntables
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window at = 117.5 GHz as a function of the distance between the two discs

Launcher tests

The launcher consists of a fixed focusing mirror and a plane mirror with
a fast spindle drive and a push rod. Fast poloidal steering with up to 10°/100 ms
has been achieved while the toroidal angle can be set in between pulses by rotat-
ing the steerable mirror around its own axis. First plasma experiments were done
with pre-programmed launcher movements that were set by the ECRH control
system before the discharge. For future feedback controlled operation of the
ECRH system it is necessary to leave the control of the poloidal launcher move-
ment during a plasma discharge with the main discharge control system (DCS) of
ASDEX Upgrade. Fig. 3 shows the first test of a launcher movement controlled
by the DCS. The dashed line shows the desired position as required by the dis-
charge program, the solid line gives the response of the launcher measured at the
push rod. As can be seen from Fig. 3 the launcher follows closely the path given
by the control signal. The total poloidal angular sweep in this example was 8.5°.

40
o =315%-
3- ™. ,
3 oommand'{
{from DCS)
£ 34 | measured rod position
; 32- ,F {(with 1mm otfset correction)
30~ | -
X ) 28 A \__J i, = 4 mm
Fig. 3. Poloidal ECRH launcher [ by o3
movement during a plasma dis- 26

0005 1.0 15 20 25 30 3.3 40 45 50

charge controlled by the DCS ts
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Experimental results

A. Operation with W-walls

Since early 2007 ASDEX Upgrade operates with fully tungsten covered
plasma facing components in order to study this material for its use in future fu-
sion reactors, which cannot cope with the high erosion rate and Tritium co-
deposition found for carbon walls, which are in use in most of today’s fusion
experiments. The relative concentration of W in the plasma must be much lower
(< 10™) than for C (< 107%) since the radiation losses per ion are much larger. The
operation of ASDEX Upgrade since 2007 showed that well confined H-modes
can be obtained with pure W surfaces, even without using boronization for wall
conditioning [8]. For the pure W-surfaces, i.e. without boronization, stable
H-mode operation using only NBI as additional heating requires a high level of
gas puff, resulting in moderate pedestal temperatures and high ELM frequency,
both favorable for a low rate of W erosion. The usage of central ECRH reduces
the central peaking of the tungsten concentration and allows to access higher
pedestal temperatures. In Fig. 4 a plasma is shown, which is unstable without
central ECRH, due to an uncontrollable increase of the central W concentration
and the corresponding core radiation. The deposition of the ECRH is varied to
find out how central it has to be to suppress the accumulation of tungsten. On top
three different launching conditions are shown as calculated with TORBEAM
[9]. Condition A corresponds to the central heating known to suppress accumula-
tion. In a first experiment the fast poloidal mirror of the new system was used to
move the ECRH deposition upwards (Fig. 4, middle). At about 5.0 s, correspond-
ing to launching condition B, the tungsten concentration in the plasma center
increases and the stored energy drops due to a reduction in core temperature.
A cross check of this observation was made using the toroidal magnetic field
instead of the poloidal launcher angle to vary the ECRH deposition as shown in
Fig. 4, bottom. At 5.5 s the plasma becomes unstable corresponding to launching
condition C. In both cases the plasma becomes unstable when the deposition is
roughly at the same flux surface (dashed line). This flux surface is in the vicinity
of the flux surface for which the safety factor g equals unity. Actually at least two
mechanisms seem to cause the effect of the ECRH on the W accumulation which
are both still under study using modulation experiments. A clear change in (1,1)
MHD activity and sawteeth is seen comparing launching conditions A and B in-
dicating a direct effect of the MHD on the heavy impurities. It is well known that
such MHD modes are sensitive to the location of the ECRH with respect to the
g = 1 surface [10]. If, for launching position B, the ECRH is switched off, the W
influx occurs much faster. This indicates that the central ECRH has an additional
effect on the impurity transport outside the ¢ = 1 surface. This has previously
been explained by an increased diffusivity due to an increased turbulence level
due to the central heating [11].
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Fig. 4. Variation of the ECRH deposition in the plasma center. Top: selected launching
conditions, corresponding to the dashed time marks in the middle and bottom part. Mid-
dle: variation of the poloidal launching angle. Bottom: variation of the toroidal magnetic
field. Plasma parameters at 3.2 s: [,= 1.0 MA, go5 = 4.8, n/ngy = 0.65, H98(y, 2) = 0.95.

The ECRH power coupled to the plasma is 600 kW.
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B. Plasma breakdown

In future machines like ITER the superconductivity of the transformer coil
will limit the loop voltage severely. Additionally, most of the flux swing of the
transformer will be used to raise the plasma current. The length of the current
flat-top can be increased significantly if the plasma conductivity in the ramp-up
phase of the discharge can be increased. Therefore the use of ECRH for pre-
ionization of the neutral gas and subsequent ECR heating during the current rise
phase are discussed for ITER [12]. Several of such scenarios both at 105 and 140
GHz have been successfully tested at ASDEX Upgrade [13). The one that worked
best was at the first harmonic O-mode (O1) with an on-axis magnetic field of 3.2 T
using the two-frequency gyrotron at 105 GHz. Fig. 5 shows the corresponding data
where the plasma breakdown happened almost immediately, given by the D, radia-
tion after the ECRH with approximately 400 kW was switched on. The plasma
current rise could be controlled such that it was almost linear.

Additionally the second harmonic X-mode scenario [14] has been tested with
140 GHz at 2.2 T, which works as well, but the pre-ionization takes some 10 ms
longer as compared to Ol. These scenarios are fully in line with the
170 GHz envisaged for the main ECRH system of ITER for full toroidal field
(5.2 T, O1) and half toroidal field (2.6 T, X2). This means that the 170 GHz
ITER gyrotrons can be used also for plasma breakdown whereas originally
a 127.5 GHz startup system consisting of 3 gyrotrons was planned [15].

oq UG #2214
1L IMA] 7

0.4

00 041 0.2
Time (s)

Fig. 5. Plasma breakdown in ASDEX Upgrade using ECRH
at 105 GHz, 3 2 T corresponding to first harmonic O-mode
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The Lower Hybrid Heating (LHH) scheme is used at FT-2 tokamak to provide ion and
electron heating and transition to improved confinement regimes. In the present paper the
plasma dnft velocity and turbulence level evolution have been studied at RF power level
Puun = 2Pon = 180 kW using spectroscopic, Langmuir probes as well as Doppler reflecto-
metry and the Upper Hybrid Resonance (UHR) backscattering (BS) techniques. The data
measured with these diagnostics were analyzed and compared to each other.

Introduction

The Lower Hybrid Heating (LHH) scheme [1] has been routinely used at FT-
2 tokamak to provide ion and electron heating and a transition to improved con-
finement regimes with Internal Transport Barrier (ITB) at RF power level
90+100 kW [2]. Recently the possibility of LHH at enhanced power level
(Prun = 2Poy = 180 kW) resulting in a transition to improved energy confine-
ment regime during RF pulse and in the post heating stage has been demonstrated
[3]. The LH heating efficiency of the ion component at the high RF power level
remains the same high as at the lower powers.

Experiment

The characteristic features of the FT-2 plasma parameters are the following:
R=0.55m, a;=0.079 m, I,,=22 kA and B,=2.2 T. The safety factor g, =6.
For on-axis LHH need the original line-of-sight averaged density <n,> =

___ =(3,2+3.6)10” m™ [1]. The RF pulse
ev [ E@ Pum =180 kW, A1y =5 ms, f=920 MHz

%00 _i_ 1' B is applied in the middle of a Az, =60 ms
400 11T y=o0m (s {57  plasma shot. The central ion temperature
3001k =O-Nef=teml | 143 jincreases about three times and electron
200 il T—....('=°°"“) - i-zg temperature increases about two times, see
10042 - 44  Fig. 1. Observed relatively fast rise of the
o LIRFE= ‘4 = b oo  central ion temperature At ~ 1 ms < Tgion,
% 2 M 3B 3; 40 seems, can be explained by decrease of the

ion energy confined time with LHH start. As

Fig. 1 shown energy balance simulation for ion
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component, where y, . is taken in the quasi neoclassical (QNC) approximation
[1], the tg,, decreases with LHH start from 3+4 ms up to 1+2 ms and than
increases up to 45 ms with ITB formation at 33 ms, when hydrogen line Hj
decreases, recall Fig. 1. [The energy balance simulation with QNC approximation

is based on propositions that y, .,y during LHH experiment , , =X;% Xk , where

neo S
N migradl, +3T, Yig (OH)
Xier = 3 and the factor k =——-—
4n’RrATn Xigr (OH)
accordingly idea of the [4], has to be determined from the experimental data.]

L-H transition takes place befor/or RF pulse end when the density turbulence
suppression are observed in the plasma periphery and SOL [3, 5]. For more detail
investigation of these effects the LHH scenario was reproduced in the typical
experimental runs (#061505, #053106, #030708), and the evolution of the plasma
poloidal rotation and turbulence levels have been studied using spectroscopic,
Langmuir probes [2], Doppler reflectometry [6] and the Upper Hybrid Resonance
(UHR) Doppler backscattering (BS) techniques [7]. In the present paper the data
measured with these diagnostics were analyzed and compared to each other.

Fig. 2 shows plasma parameter versus to Flux Surfaces (FS) radii p measured
by Neutral Particle Analyzer (NPA) and spectroscopy (7}), by the laser Thomson
scattering (TS) diagnostics, and a 2 mm interferometer. It should be noted that
during additional heating a small
shift (without any plasma current T.ev
disruptions) of the plasma column
outward along of the major radius R
is observed [5]. The shifts of the
circular (FS) (in respect to the
chamber center due to plasma core
controlled shift and Shafranov’s FS
shifts) resulted from the process of
inverting of the density chord profiles T TR TSR
have been taken into account in Fig. 2, . om p.cm
where the main plasma parameters Fig. 2. Plasma parameters versus p
are presented. The density profiles
are in the Fig. 2b. The TS electron temperature data versus p is presented in Fig.
2a. The T{(p) profiles and the radiation losses P,.«{p) measured by scan bolomet-
ric technique are presented in Fig. 2¢ and d, respectively. The experimental data
for the ion component demonstrate that during on-axis LHH T(p) rises with ITB
formation at p =4+5 cm (see 32 ms and 34 ms). These data are consistent with
the previous observations {2, 3]. In particularly, the central electron temperature
increases and remains at the high level for about 5 ms after the RF pulse switch
off (recall Fig. 1). This fact at relatively high density level (which is higher that
need for LH wave absorption by electron component) permits proposed that elec-

. The particle flux T,

¥
o

SEEAREATEARER
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P b trons are not heated directly by LH
s 4{ e TS waves [1, 8]. The ASTRA code
4 3 ’;'g modeling data, shown in Fig. 3b,
3 2 3 indicates that the thermal conductivity
2 B\ LT of the plasma electron component ¥,
1 e d decrease, which leads to doubling of
6, 4 @ the electron energy confined time 1z
5 o™ ms towards the end of LHH, see Fig. 3d.
4 ) . Fig. 3a and 3c depict sharpening of the
b TouunEe™  plasma current density j(p) and steep-
1 1j]—— ening of the safety factor gradient
01 235456780123 45678 gp= 4775 cm). It seems that the
r,cm r,cm central electron temperature rise could
Fig. 3. ASTRA code modeling data. be explained by the j(p) sharpening
The timing from the RF pulse start and the thermal conductivity decrease.
Evolution of E,

L. It is well known that a change in the radial electric field E, can suppress
turbulence level (and anomalous transport) by strong E, x B poloidal plasma rota-
tion shear @, [9]. The E/(p) field and the corresponding poloidal plasma E, x B
rotation can be measured spectroscopically using the effect of Doppler shift of
impurity spectral lines. The CIII (464.7 nm) spectral line emissivity has been
analyzed. Spectral measurements in the visible region are made by two mono-
chromators that record fast parameter changes at the periphery of the plasma col-
umn [5]. E, is calculated using the MHD force balance equation (see, e.g., [10])
for the C** impurity ion. Resulting poloidal ion velocity ve is defined as ve
=V,P, ! Zen,By — E, | By + voBo/Be, Where the first term is due to the diamag-
netic drift and the second due to electrostatic drift. The third term with the tor-
oidal velocity ve was neglected

O 20ms because B¢/Bg =~ 0.04. The results

104 TS S sy of the vo“>*(p) measurements for
0 ’ ST €29 5ms) * ion emissivity region (where
_104"'::.‘;"‘;“_: “““ 7 S P - § " ems) CIII spectral line is detected) of
=g ; . the plasma column during LHH
200 Tt L experiment  (#053106)  are
-30 A. presented and discussed in detail
40 r 6 P, icm in the paper [5]. The E(p) values

obtained from the force balance
equation are presented in Fig. 4
for three following moments: OH
before LH heating (29 ms), before the end of RF pulse (34.7 ms), and 36 ms of
the post heating phase. Measurements demonstrate that E, data are differed from
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the standard neoclassical values [9] (shown by dash-dot lines). They are larger of
E*" at the middle radii and smaller at the LCFS vicinity. The higher E, can be
explained by peculiarities of chosen FT-2 regime with high safety factor g, ~ 6.
Monte Carlo simulations of the E, evolution in a low current tokamak FT-2 have
shown that £, can make a spontaneous transition to higher negative value during
LHH, if the local Mach number for ions became about (or higher) one [11]. One
could propose that a sudden rise of the E, and its shear o, in the region 4+5 cm
could result in the ITB formation observed at the ion temperature profiles T(p)
during LHH (Fig. 2¢). In the post heating phase (36 ms), a sharp decrease in the
magnitude of E, in vicinity of 4+5 cm (crossing of the X axis) is observed. Such a
reduction in E(p) exceeds diagnostic uncertainties and needs additional experi-
mental verification and. theoretical analysis. One couldn’t eliminate possibility
that the radial electric field in vicinity of 4+5 cm may be significantly modified
by magnetic island itself [9, 12].

II. As mentioned above, in the vicinity of the LCFS there are characteristic
differences between the spectroscopically measured E, and ENO, In particular,
E/p) is smaller than E,"2° and even changes sign near p~6.5cm<a=7.9 cm.
The correspond-ding poloidal plasma drift velocity profiles of Vg,..g(p) are com-
pared with the profiles of the poloidal
velocity derived from the Doppler Reflec- o e
tometry (DR) measurements. In the 1 Tvﬂ“n?- ) ﬁ
Doppler reflectometry the rotation velocity —
is obtained from the Doppler frequency L
shift of the backscattered radiation under
oblique incidence onto the cutoff surface
[6, 13]. The actual velocity extracted from
the Doppler shift consists of two terms:
Vo = Vi + Vexs, where ¥y, is the phase
velocity of the scattering fluctuation and
VExg is the plasma drift velocity caused by
a radial electric field. If the phase velocity
of the density fluctuation is negligible,
then the measured ¥V, may be interpreted
as the E, x B drift velocity. The same sum
of velocities was estimated in the SOL
region by Langmuir probe correlation
technique. Fig. 5 depicts the poloidal
velocity, measured by the three
diagnostics, for the plasma periphery,
5.5+8 cm. It is seen that the spectroscopic and DR profiles are close to each
other, in particular, for the end of the heating pulse and in the post-heating stage.

It is remarkable that two diagnostics show approximately the same radial lo-
cation for the point where Vg.p changes its direction. This point is close to the
resonance magnetic surface g =4 (recall Fig. 2¢), where the radial electric field
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may be significantly modified by the magnetic island itself. Indeed, different
MHD behavior is identified by Mirnov probes for slightly different (mentioned
above) displacement of the plasma column along the major radius. In this case
DR measurements register two slightly different ¥} profiles (fill and empty boxes
in Fig. 5). Fill boxes correspond to discharges with strong MHD activities and
empty boxes correspond to weak one, which have been observed in the post heat-
ing stage (36 ms and 38 ms). The plausible reason of occurrence of rotation in the
ion diamagnetic drift direction (recall Fig. 5 at 36 ms and 38 ms) is a change in
the electron—ion balance due to the magnetic flux surface distortion caused by
MHD activity or/and plasma column displacement along the major radius [14].
Observed differences between the spectroscopic and DR Vg, profiles are more
than diagnostic uncertainties and need further analysis. Langmmir probe-
measured poloidal velocities of the fluctuation floating potential data [15] are
marked by stars in Fig. 5 for the plasma LCFS vicinity and SOL regions
(r =7.2+8 cm). Those data show a good agreement in the region where the diag-
nostics overlap and can be useful for diagnostics comparison in the future.

Turbulence suppression

It is remarkable, that the drastic fluctuation suppression, measured by DR
approximately across all frequencies (fluctuation frequency band f< 1 MHz and
k~ 1+6 cm™), is detected slightly before the velocity inversion (Fig. 6). The solid
curve Af gives the temporal behavior of
. the Doppler frequency shifts. In Fig. 6 f
s and Af are presented in the same fre-

: s quency scales (see left axis). The black
doted curve shows the cut-off radius
displacement (right axis). The observed
suppression of the density fluctuations
(33-35ms) is in good agreement with
the Langmuir probe measurements. One

15 2 >3 0
Time, ms can assume that the fluctuation
Fig. 6. Spectrogram of the Doppler suppression is just near of strong shear of
reflectometer signal rotation, it is the vicinity of the point

where there is velocity inversion (recall
Fig. 5 at 35 ms). That agrees with theoretical prediction of plasma turbulence
suppression via increasing plasma rotation shear [9].

The UHR Doppler BS diagnostics with X-mode 20 mW power probing in V-
band from high magnetic field side with +1.5 cm vertical displacement above the
equatorial plane was implemented for investigating the density turbulence dy-
namics with shorter scales (A <c/2nf;) compared to DR. Scanning the plasma
region from =5 cm to 7.5 cm has shown that two small-scale drift modes are
observable on the plasma periphery [7]. The first mode with frequency less than
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1.5 MHz is probably associated with the small-scale component of TEM. The
second mode with frequency higher than 2 MHz is associated with the ETG
mode [16]. In the present experiment, as in the previous (#061505) one [3], both
types of turbulence was suppressed during LH-heating. After the RF-pulse the’
first mode usually grows, in accordance with the peripheral rise of the electron
thermal conductivity (recall Fig. 2b), whereas staying suppressed the ETG mode
is rather consistent with the gradient scale length of electron temperature and
density profiles [16]. Therefore the recent efforts in the regime with Improved
Confinement Transition strongly suggest investigating the direct role of the ETG
mode on transport through the barrier under conditions when other drift modes
are suppressed.

This work was supported by RFBR 08-02-00610, 06-02-16785, 07-02-
00895, 08-02-00989, INTAS 05-1000008-8046 grants.
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INTERNAL TRANSPORT BARRIER FORMATION DURING
SLOW HEAT (COLD) PULSE PROPAGATION IN JT-60U,
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Understanding of properties of internal transport barrier (ITB) is of importance
for the fusion research of toroidal magnetic confinement. In T-10, ITB has been
recognized by means of analyses of heat pulse propagation (HPP) induced by cen-
tral ECRH-onset and cold pulse propagation (CPP) by off-axis ECRH cut-off in
a sawtooth-free plasma created by off-axis ECRH [1-3]. The cold pulses propagate
slowly and diffusively with dynamic electron heat diffusivity x.'F ~ 0.1 m%s. It is
known by many years, that in L-mode, % F ~ 2—4 %' (so called “enhanced”
HPP). At present, this relationship is usually explained by “critical gradient
model”. In the present report, we focus at fully opposite cases with 1T < xF2. For
the first time, this case was found in T-10 many years ago [1] and called “self-
deceleration of heat wave”, or, in a contrast with L-mode, “reduced” HPP. Non-
local bifurcations of core transport (at ~30—40 % of minor radius inside and around
ITB in a ms timescale) were found in various JT-60U normal and RS plasmas and
called ITB-events [4-6]. In RS shots, the ITB-events create very slow electron and
ion outward HPP with %.F ~ 0.1 m%s, 3™ ~ 0.14 m%s [5). The new interpretation
of slow inward CPP induced by spasmodic shrinking of the wide zone with low
transport formed by large CgHjg pellets in LHD is also described. The new method
allows one to reconstruct a gradual reduction of y,; (7, #) during slow electron and
ion HPP in the cases described above.

Interpretation of the slow pulse propagation

Regarding the perturbations of the heat sources and density, HPP/CPP is ana-
lysed using a simplified transport equation for 8T, as usually (e.g. see [1-4] for
detail and references therein):

1.5n,88T, /6t = div(ngy " VST,) 6))
with the various initial and boundary conditions. Important experimentally meas-
ured characteristic of the CPP is the index of the relative sharpness of a heat
wave (Sh) (see [1-4]):

Sh=|BVTSTI(VT/Ty)- )
The value of Sh characterizes the sensitivity of the diffusive term (x.'"6VT,) to
the terms proportional to 87, such as convective and convective-like terms (elec-
tron-ion exchange sources perturbations, dependence of . on T, etc.) In the ex-
periments described below, the value of Sh exceeds 5, and the role of convective
terms is negligible.
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Regarding the perturbations of the heat sources, density and convective heat
flux, the transport of 87T, (r, ) is described by full equation:
1.5n.08T /0t = div(8T,), 8L .= nYoVOT,+ 8y (VST + VT)), 3)
where 9T, is the variation of the electron heat flux, y. is background power bal-
ance electron heat diffusivity, VT, is 7, gradient before HPP, and &y, is the
variation of power balance electron heat diffusivity during HPP. Comparison of
equations (3) and (5) gives follows:
nexe " VST, = nyeoV8T, + 8Y VST, + VT,)), @
since calculations with simplified equation (1) describe experiments rather well
[1-4]).The evolution of ., = 8%, + Y0 is described by the following expression
derived from eq. (4):
Ye= (X T VOT,/ VT, ), /(1 + V8T, /VTy). (5)
In T-10, the slow inward CPP (with 3.~ = 0.08 m’/s) was induced by turn-
ing-off of the 0.5 MW off-axis second harmonic ECRH (0.18 MA /2.32 T shot,
line average density = 1.5 - 10'*/m™ [2). Figure 1b represents the evolution of
Xe at rla = 0.25 taken from eq: (5). The value of y. falls quickly and
RVTJT, = R/Ly, reaches critical value in two ros (R/Lr, reaches 17 in the end of
CPP). The circles shows y, values obtained from power balance calculations be-
fore CPP (%) and in the end of CPP [2]. The reconstructed decay of y, fits well
the value of y, in the end of CPP.

P JPS = 04— 04 g L
time of Xeo W
- CPP/HPP Ot ;
3 tXe «Q X ]
% [ g b L LD DU T L 1 By
Y S TR N <L,
-.u.l.--uA o 1 2 3 o I A
0 0.25 0.5
0 25 5
(dST Jdr)i(dT_fdn 3{gradTe)/gradTe0 (dBT fdr)(dT _Jdr)

Fig. 1. (a) Dependence of . on V8T, /VT,4 (see eq. 5). (b) T-10: Dependence of ¥, on
VST, /VT, during inward CPP from off-axis ECRH cut-off [2] with 3. = 0.08 m%s.
(¢) T-10: Dependence of yx, on V38T, /VT, during outward HPP at r/a = 0.45 induced by
central ECRH-on at the background created by off-axis ECRH [1].

For the firs time, slow HPP was found in T-10 nearly 20 years ago [1] in the
shots with /,= 0. 38 MA, B,=3 T, line averaged density = 4 - 10"/m™. Slow out-
ward HPP w1th xeT = 0.14 m’/s at r/a = 0.45 was created by on-axis ECRH-on
(0.4 MW at the first harmonic) imposed on the background sawteeh-free plasmas
with 0.9 MW off-axis ECRH started 100 ms earlier. The density profile was con-
stant within 15 ms after central ECRH-on. The time interval of HPP study was
limited by 10 ms since the mixture of SXR and ECE data was used in the HPP
analysis. Flgure ¢ shows the reconstructed decay of y, during HPP at r/a = 0.45
(%e0 = 0.35 m%s).
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In JT-60U reverse shear experiments [4-5], ITB-events A and C reduces
transport and form stronger ITB. Figures 2a—b shows the timetraces of 7, ;. ITB-
event C creates diffusive outward ion and electron HPP with x.™ ~ 0.1 m%s,

X

~ 0.14 m%/s [5]. Figure 2¢ displays the evolution of toroidal rotation velocity

V,. Figure 3 represents the evolution of y, (with two values of yo) at r/a = 0.63
taken from eq. (5). The initial value of y. measured from power balance calcula-
tions is known with significant erorbars.
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Fig. 3. JT-60U: Timetraces of yx, at
rla 0.63 for two values of %
(power balance errors) taken from eq.
(5) and evolution of R/Lz, (dotted line).

Nevertheless, the behaviour of x.(¢) is
similar and final values of ¥, are low even
at very high level of R/Lz, = 27 in the end
of HPP. It is worthless to mention that even
the low values of y. = 0.2-0.3 m%s in the
end of HPP are still higher compare with
the values of y.* ~ 0.1 m%s. The evolu-
tion of y; is similar. The decay of y.; dur-
ing HPP correlates with the rise of VPi and
vV,

Now we discuss the behavior of eq. (5)
in extreme cases. 7y, decreases almost line-
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arly at small values of V8T, /VT, since Y. = Yoo — (Xeo — 1 F)VST/VT, at
V6T /VT,, << 1. We used this qualitative explanation of slow HPP during ITB
formation earlier [1-4]. The opposite case is the interpretation of HPP/CPP ex-
periments with strongly rising 7, gradients (V8T,/VT, >> 1) on the heat (cold)
wave front. In these cases equation (5) may be rewritten as lim vsravreo —»  Xe =
= 3 F (see an obvious limit ¥, = %" in Fig. 1. In this case slow HPP/CPP indeed
represents low transport with .= %, in the end of HPP.

Non-local reduction of electron heat transport in LHD is observed simulta-
neously with the evaporation of small CgH; pellets in low-density plasmas with
ECRH [7]. In the present paper, new details of slow inward CPP induced by
spasmodic shrinking of the wide zone with low transport formed by large CgHs
pellets in LHD [8] are described. Evaporation of large TESPEL pellet creates a
hollow profile of electron density n,. After an initial decay, the electron tempera-
ture T, starts to rise rapidly. Later, when the 7, value exceeds the level observed
before injection, an abrupt decay of T, (“event”) appears at periphery. The events
penetrate gradually deeper and deeper toward the plasma center. We interpret
this behaviour as a step-wise shrinking of the zone with strongly reduced trans-
port, which is initially formed by the evaporation of the pellet. Each event creates
an inward CPP. The example of slow inward CPP is given in Fig. 4a. The value of

Fig. 4. LHD. (a) Events and 1
inward CPP created by the
events. Dotted and bold red
traces after time B at ch.9 are
calculations .of CPP from
ch.10 with % = 0.5 m¥s
(faster compared to the ex-
periment) and ¥ = 0.15 m%s
(agrees with the experiment).
(b) Variation of R/L;, =
=RVTJT, during CPP at
(rla = 0.77). (c) Two different

75

solutions of yx.(f) at an ab- 1.425 1.43 1.435 1.44 1.445
stractedly taken radius r,p, time (s)
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R/Ly, rises well (see Fig. 4b). Figure 4c shows two different scenarios of y.(¢)
after pellet injection at an abstractedly taken radial position 7, Fictitious event
0) creates CPP and do not covers zone around 7, The first curve is the simplest
solution with ¥ = %0 and fictitious events I), II), III). It should be underlined
that these events are not real ones. Quantity of events varies at the given radius
The second curve displays the solution with unknown level of %, value described
by equation (5) and shown in Fig. 4c. In this case y, reduces during CPP created
by event 0).
Discussion and conclusions

The heat flux is described by the following expression derived from equation
(5):

A= X (VTg+ V8T) % L. VT, + (o= Xe IV g (6)
or
X VT, = 1TV, + (Koo — X )V T (T T,) at 8T /T, << VST VT,  (7)

We are not able to choose between equations (6) and (7) since the first term
varies much stronger compare with the second term (e.g. in the end of CPP/HPP
analyzed above, 87,/T,, = 0.03V3T,/VT,, at JT-60U and 87,/T = 0.07V3T/VT,,
at T-10). The second term is convective term and its presence can be explained
by the transport caused by global modes or fluctuations with large radial scale.
(above 0.2r/a in T-10 and 01.7/a in JT-60U and LHD).

The new method allows us to reconstruct approximate behaviour of y,; (7, ¢)
during slow electron and ion HPP. Important consequence of eq. (5) is that the
value of x, remains above the value of y."™*. In T-10, the reconstructed decay of
e fits well the value of %, at the end of CPP (obtained independently from the
power balance). The fluctuations level measured by reflectometer [9] falls below
the ohmic level in some shots with slow CPP in T-10. In J-60U, the decay of .,
during HPP is accompanied by the rise of VPi and VV,. Depending on meas-
urements available (reflectometer data, Er variation etc), new method brings new
possibilities to study physics of ITB formation in time and space.
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OF THE LARGE SCALE PLASMA OSCILLATIONS
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Introduction

The goal of work is analysis of the structure and motion of the large scale
modes (so called MHD modes) and verification of the hypothesis about kinetic
nature of this process. The control amplification of the oscillation amplitudes by
the on-axis ECH was used for confident and detail analysis. Three on-axis gyro-
trons (140 GHz) and one off-axis (129 GHz) with shifted outer absorption zone
are used for this purpose. Power of each gyrotron is 300+-350 kW. The slightly
power modulation (~5%, 1st harmonic of frequency ~ 1.8 kHz) is applied for
“marking” of oscillations. In such case a strong positive feedback between ampli-
tudes of oscillations and electron temperature manifests, the frequency capture by
the external force. happens, the relative oscillating amplitudes rise from 10 to
50% [1]. Single and many channel receivers are used for the space structure
analysis. ECE in X-mode is received from two antennae trough 90° along torus
on low field side and two antennae £60° on poloidal angles at third section of
tokamak. The comparative analysis of ECE in O-mode (1st harmonic) and X-
mode (2nd harmonic) from central plasma with high optical density was fulfilled.
Intensity of X-mode is determined only by perpendicular electron energy. Inten-
sity of O-mode depends also on longitudinal electron energy. Plasma noise signal
(1-16 GHz) fixing real moment of every internal disruption [2] is applied as “ab-
solute time” monitor.

Experiment

Figure 1 shows ECE signals during ECH in regime: B, = 25 kGs, I, = 250 kA,
N,=1.7- 10" cm™. Magnetic surface ¢ = 3 (r = 28 cm) lies near current channel
boundary (30 cm). Area of the maximal amplitudes is near the plasma center and
coincides with ECH absorption zone. Maximum of oscillations displaces with
shift of ECH from the center, their amplitudes drop and oscillations disappear
when absorption area goes out ¢ = 1 zone. The slow changing part of signals
(background) inside the g = 1 zone decreases as rule to the end of saw-tooth pe-
riod.

Figure 2 shows spectra of oscillations. Frequencies (measured by X-ECE)
decrease after ECH start during ~ 50 ms to their modulating values f* ... Bigen
frequencies f*;, were obtained by the inverse time delay between low and high
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field side ECE signals [1] and directly by the magnetic probes oscillations. Eigen
frequencies do not depend on electron temperature, density and input power.
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Fig. 1. ECE signals with high level oscillations. g = 1 position ~ 8.5 cm
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Fig. 2. Spectra of oscillations. Left — 2nd X-ECE. Right — magnetic probes

Figure 3 shows variation of the ECE profile during oscillations. Area of
forced oscillations is limited by ¢ = 3/2 zone although g = 1 zone is inverse one
in disruption according to many channel SXR and ECE. Figure 4 shows the rela-
tive amplitudes of ECE and SXR oscillations. SXR distribution has minimum at
the center in contradistinction to ECE. This peculiarity is consequence that that
this mode in SXR is odd (Fig. S5a and b). Its “rhythm”, which characterizes the
motion of disturbance from the external torus side to the internal side and back-
wards, is 2/4. Interference of SXR oscillations along the chords passing near the
center makes them zero. ECE signals have also equal phases at the external or
internal sides of torus correspondingly (c and d). However phases of opposite in
space signals are not opposite (¢). Their motion “rhythm” is 3/4 Besides SXR
splashes are wider then ECE splashes on ~ 40+50 ps.
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Fig. 3. Radial distribution of X-ECE: / —  Fig. 4. Radial distribution of relative oscil-
maximum outside; 2 — maximum inside; lating amplitudes: black — vertical SXR
3 - minimal level; 4 ~ just after internal ~ chamber; X-ECE — measured from low
disruption field side. Frequency ~ 3.6 kHz
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Fig. 5. The phase features of oscillations: a — SXR signals along one side radius; 5 — SXR
signals from the opposite points of magnetic surface; ¢ — ECE from the outer side radius;
d — ECE from the inner side radius; ¢ — ECE from the opposite points of magnetic surface

The analysis of signals from the vertical and horizontal SXR chambers
shows that disturbances move in the poloidal direction keeping synchronism
along small radius as “spoke of wheel”. This effect was checked by two X-ECE
signals from different radial positions by oblique antenna (60° in poloidal plane).
Such property simplifies the analysis of the disturbance motion in experiment.
It is sufficient to investigate ECE signal dynamics only on single magnetic sur-
face.

Figure 6 shows ECE measurements from different points of the poloidal
plain at surface » ~ 5 cm. Here signals 1, 2, 3 and 4 received from angles 0°, 60°,
300° and 180° correspondingly. Signal 5 (spike of the plasma noise) shows to
real time of the internal disruption. Signals 1, 2, and 3 have practically the same
depth of modulation whereas the modulation depth of 4th signal is continuously
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amplified up to the disruption level. Such behavior of signals can not be ex-
plained by the pure poloidal disturbance rotation but this is possible — by the in-
tensifying of the oscillating (torsion) motion in the poloidal direction.

678 680 1, ms

Fig. 6. ECE signals from different poloidal points of common magnetic surface

The analysis of disturbance motion in toroidal direction under different lev-
els of input power shows that visible motion at laboratory system changes the
direction when power is exceeds certain level (~ 200 kW, one gyrotron with di-
minishing power). Under the growth of EC power (two, three or more gyrotrons)
direction of visible motion is kept. In order to reveal the character of the distur-
bance motion, it should to take into consideration the continuous electric plasma
drift of neoclassical kind. Its direction is determined by the electric potential
minimum at the plasma center. Observing motion can be explained by the sum-
marizing of the continuous drift motion and the periodical pulsing in opposite
direction. The visible motion changes its direction when velocity during pulsing
period exceeds continuous one.

The observing peculiarities of the poloidal and toroidal disturbance motion
give ground to assume that disturbance accomplishes alternative motion along
the magnetic force lines. Such character of motion can be connected with a puls-
ing of plasma current at area of m/n = 1/1 oscillations. In order to check this sup-
position the ECE measurements in two polarizations in the same time with using
of the common antenna and ADC were fulfilled. Optical density for both ECE
modes at the central area of column is high and both signals give information
about main plasma component. Figure 7 shows the signals receiving from the
common point in space (5 cm) inside ¢ = 1 zone under low oscillation level. The
amplitude variations of both signals are practically equal as it must be when we
deal with Maxwellian plasma. However the signals of different polarizations dis-
tinguish in phase. Maximum in O-mode outstrips that in X-mode on 40-50 ps (as
difference between X-ECE and SXR) and earlier drops before disruption. Under
two gyrotrons X-mode background is saturated, O-mode background decreases.
This difference heightens essentially with the following power increase (Fig. 8).
Rate of O-mode grows just after disruption excels that of X-mode in three — five
times and then slowly decreases.
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Fig. 7. X- (136 GHz) (curve 1), O-mode  Fig. 8. X-mode and O-mode signals under
(68 GHz) (2) and plasma noise (3) signals  high level of oscillations (three gyro-
from “black body” plasma under low level  trons — two on-axis and one off-axis)

of oscillations (one on-axis gyrotron) in

different time scale

Discussion

Receiving ECE power from plasma with high optical density can be impress
as integral of shape P* ~ I vif(v)d’>v for X-mode and for O-mode

P, ~Ivlv,, f()d’v. Differences between integration limits are small under

such conditions and integrals can be exchanged by the first approxima-
tions: P, ~ <vi™> ~<vi><w1> and P~ <viv> ~ < vi>< v;>. According
to this evaluation, the variation of perpendicular velocity in acts of pulsing con-
sists of 20+30%. Variation of longitudinal velocity — 30-50% is essentially
higher in spite of the permanent pumping of perpendicular energy by ECH. The
relatively slow changing of longitudinal velocity during every saw-tooth cycle
can reach 50+80%. Evidently the electron distribution “compression” and “wid-
ening” in the longitudinal direction with characteristic time of energy over-
pumping ~ 45 ps happens in every acts of oscillations. Similar process takes
place slowly also during every “saw” cycle. Joint oscillation of O- and X-ECE
shows the total energy change during every oscillation period. That is sinusoidal
as SXR also. It should to take into account that SXR characterizes namely total
energy variations. Different behavior of X-, O-ECE and SXR signals (“rhythm”,
duration of splashes, phase relations, asymmetry of oscillation distributions) con-
firms the strong periodical “swinging” of electron velocity vector. The loss of the
longitudinal momentum of electrons on the potential plasma waves [3] on the
external side of torus and as result the loss of the directional velocity creates the
braking effect on motion of “plasma cloud” to the internal side. Phase shifts be-
tween O- and X-mode for oscillations on low and high magnetic field sides are
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opposite. Perpendicular energy in such case strongly rises in consequence of
ECH dependence on electron velocities D'+~ v’1/v, that explains more deep ECE
modulation and considerable exceeding of X-ECE amplitudes above SXR on
high magnetic field side. Apparently amount of trapped electrons in this case are
significantly increased that drives to saturation of ECH with the power rise.
Rhythmic electron distribution “compression” and “widening” in the longitudinal
direction can create the plasma current pulsing and as result — the periodical gen-
eration of high electric field. Emission spikes of high energy electrons registering
by the downshifted O-mode synchronously with oscillations [2] confirm this
supposition. Evaluation of the pulsing toroidal electric field can surpass 1 V/cm.

Data show that “temperature” disturbance is not local and occupies all area
inside the g = 3/2 zone. Position of maximum corresponds to the ECE absorption
zone. Disturbances are synchronized along small radius. Their motion is not pure
rotating and can be explained as “torsion swinging” along the directions of mag-
netic force lines under the continuous electric drift of plasma background. In
limit of small oscillations, its motion looks like (for observer) as almost pure ro-
tating. In case of strong oscillations, it looks like motion with alternating direc-
tion. Electron anisotropy variation and amplitude of “swinging” along force lines
essentially depends on the input ECE power in range 0.2+1.2 MW.

Experimental data show that such terms as “electron temperature” and “clas-
sical electric conductivity” by Spitzer can not be used for theoretical description
of the global plasma oscillations. The analysis of electron distribution function
with taking into account all self-consistent micro (potential plasma waves) and
macro fields is necessary. ECE and ECH methods are very fruitful for solution of
this problem.

Work supported by Nuclear Science and Technology Department of RusA-
tom RF.
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Amongst the possible improvements in the internal optics for the ECRH Upper Launcher
of ITER, which is assessed and close to completion, a full quasi-optical design for the
launcher has been investigated and here proposed. This option is obtained with the re-
placement of the mitre bends with free space mirrors and can provide improvements in
terms of a reduction of the power density with respect to the mitre bends case, additional
flexibility and transmission efficiency, with an overall downgrading of the costs of the
launcher. In this work we present the general ideas of this proposal, starting from the pre-
sent Front Steening (FS) design and following a matching approach from given final beams
and positions, in order to minimize impact on design.

Introduction

The physics of the stabilization of Neo-classical Tearing Modes (NTM) in
ITER fixes the requirements for the EC Upper Launcher (UL). In particular, sta-
bilization is achieved if the launcher deposits jcp within the magnetic island cor-
responding to the NTM with a peak value of jcp greater than the local bootstrap
current by a factor 1.2.

The build to print stage of the present design of the ECRH Upper Launcher
for ITER [1] is straightforward since the stabilization criterion is met for all the
locations where NTM are expected to occur. Moreover, latest developments have
increased the range including the access to inner regions for sawteeth control as
well. Starting from this configuration and from a CRPP proposal we investigated
the possibility to replace either one or two of the mitre bends of the launcher by
free space mirrors. Motivations of this activity are found in a lower cost with
respect to the mitre bends setup and in lower ohmic losses in transmission.
Moreover, the exploitation of this solution allowed us to take advantages from
some degree of freedom in positioning and choosing the optical properties of
additional elements in terms of a lower power density on mirrors and decreased
level of astigmatism in the beams injected into the plasma.

329



Front Steering Extended Physics Launcher (FS-EPL)

The main aims of the ITER ECRH Upper Launcher is to drive current locally
in order to stabilize NTMs (which are expected to occur on rational surfaces
q =3/2 and g = 2) and to deposit EC power near the g = 1 rational surface to con-
trol sawtooth instability. To meet these requirements, a narrow and peaked driven
current profile is necessary, this demanding a large enough steering range and
proper focusing for the injected EC beams. The Extended Physics Launcher
(EPL-UL) for the upper launcher of ITER is based on a front steering (FS) con-
cept and it represents an upgrade of the FS design of 2006 [1]. In the EPL
launcher 2 dedicated steering mirrors are used to launch up to 20 MW of EC
power coming from 24 Gyrotron sources (f= 170 GHz; 1+2 MW each). Power is
bunched in four ports, with 8 beams per port divided in two rows (an upper row
and a lower one), and using a single steering mirror for each row. A schematic
view of the EPL Launcher is shown in Fig. 1.

Optimization studies carried out in terms of poloidal and toroidal injection
angles and beam parameters [2] resulting from a constant feedback between
beam tracers and designers produced a design that ensures collimated beams with
focus in the plasma of ITER and optimal injection angles (B = 20°).

[Topview ]

Free space beams HE, waveguide

Focusing mirrors

\ :

Stecring mirrors

. ! Side view I

Mitre Bends

Fig. 1. Schematic views of the EPL in the configuration with mitre bends

The deposition displacement coming from the two steering mirrors is such
that beams coming from the upper steering mirror reach inner the NTMs regions
and the g = 1 surface (in terms of the normalized toroidal magnetic field flux
0.3 < pr< 0.8, for a total power deliverable of about 13.3 MW) while the beams
injected from the lower steering mirrors access the outer NTMs region (0.6 < pr<
<0.86, total power deliverable 13.3 MW). Partial overlapping will be achieved in
the range 0.6 < pr< 0.8 where the maximum power of 20 MW could be deposited.
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The resulting figure of merit for NTM stabilization exceeds the requirements, as
shown in Table 1 and in [1]. Even with a possible theoretical reduction of effi-
ciency due to the inclusion of additional physical effects from spatial inhomogene-
ity and dispersion, included in the quasi-optical model presented in [3], a safety
margin on many rational surfaces ¢ and scenarios is still guaranteed in the EPL.

Scenario | Nyrm | Pvrv (MW)
Table 1. NTM stabilization efficiency in the case 2(9=2) |35 6.8
of the EPL assuming 20 MW of injected power 2(¢=32) | 25 9.5
and expected power Pyqy to get Ny = 1.2 for Ja(¢g=2) | 27 8.9
the different ITER scenarios considered, accord- 3a(g=3/2) | 1.8 13.2
ing to [1] 5(@=2 |21 11.6
5(g=3/2) | 19 124

A first possibility for improvements in the EPL launcher was studied [4]
aiming at the optimization of the driven current density profiles lowering the
launching location to get better absorption of the injected power. This analysis
showed improvements in the performances but a significant negative impact on
cost and schedule for ITER due to the necessary revision of the vessel design, of
the port plug structure and of the steering mechanism to cite some. On the con-
trary, improvements in the internal optics seemed to be more reachable with
lower impact the present design, as it will be shown in the following.

Quasi-Optical design improvements on EPL

"The approach followed to design the full quasi-optical (QO) FS launcher
consisted in adapting the already developed design with internal mitre bends
(MB) with the replacement of the bends with mirrors, without major changes in
the blanket shield module (BSM) region, where the final focusing mirrors (FM)
and the steering mirrors (SM) and their mechanisms are placed. First, the re-
placement mirror focal length and the alternative beam path is evaluated using a
reference virtual beam for each row. In this way also distances, mirrors positions
and preliminary geometry are defined. Successively, quasi-optical elements are
detailed and single beamlines are added. Special attention is paid on the resulting
beams, in particular regarding launching angles and relative toroidal divergence
AP of the beams with respect the optimal toroidal injection angle Bopr. Beam
tracing calculations [5] are necessary to determine the optimal divergence to get
the same deposition location for the different beams launched from different
points on the last mirror. Other parameters were kept unchanged with respect to
the MB version: the beam spot size on the focusing mirror (Wgpy = 60 mm) and
the relative spacing between adjacent beam axes on the focusing mirror. The pre-
liminary design is shown in Fig. 2, where the replacement mirrors are named M1
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(in front of the waveguide) and M2 (between M1 and FM). The first focusing
mirror M1 has a focal length of 793.6 mm to get an output beam waist of
21.0 mm, very close to the one at the former waveguide output.

Fig. 2. 2-D schematic view of the new elements of the QO launcher inserted in the port
structure

In the approximation valid for nearly circularly polarized beams, the expres-
sion
08 8y, Wy

1

can be used to estimate the dependence of the peak power density on incidence
angles and beam spot sizes. Ppgy and Py represent the peak power density in the
quasi optical case and mitre-bends case respectively, Sqo and Sy are the angles of
incidence in the two configurations and wgo and wyp the different spot sizes. The
circular polarization is considered representative of the one suited for injection at
toroidal angles of =~ 20°. Substituting the values for the mitre-bends case (from [1])
and using for wgo and Sqo the present ones, upper row, we geta reductlon of the
peak power density on M2 mirror from 4.2 MW/m” to about 2.8 MW/m’.

The mirror M2 is chosen to be flat for convenience: further adjustments to
the beam characteristics (including a modification of the astigmatism of the final
beams) can be obtained choosing a suitable curvature for its surface. After reflec-
tion on M2 mirrors the beams cross in the toroidal and poloidal directions and
reach the focusing mirror (here a single mirror is used for each row). The optical
properties of the FM and the orientation of the FMs and the corresponding SMs
are fixed by the required output beam directions, dimensions and relative spac-
ing. This last requirement is added in order to maintain the already optimized
mirrors dimensions in the BSM. Optimum values for beam waists in the plasma
(wo = 29 mm for the USM beam and wp = 21 mm for the LSM) are reproduced
using the 2-D geometrical model for the virtual beamlines (Fig. 2) to define the

Py =By ————————
PEN M cos 9, who
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FM surfaces. They are chosen as ellipsoids of revolution with parameters
A = 2464.2 mm, B = C = 2105.4 for the upper and 4 = 2558.5 mm, B=C =
= 2240.2) for the lower focusing mirror.

Since the beam incident on the FM is circularly symmetric, reflection pro-
duces simple astigmatic beams as a result. Given the mirror orientation and the
incidence angle, the propagation of the reference beams is described introducing
two effective focal lengths (f,., fior) in directions respectively close to the pol-
oidal and toroidal ones. Table 2 shows some of the data of the virtual beamlines
of the QO reference design. The beam spot sizes on FMs are in the range
60.5+60.7 mm for the upper row and 62.0+62.2 mm for the lower row. A fixed
spacing Ay = 44.0 mm on the FMs was chosen to be the same of the MB design.

Table 2. Beam parameters (in mm) for the virtual beamlines of the QO reference design.
Labels in and out refer to input and output parameters with respect to the focusing
mirror. Poloidal and toroidal distinction is taken into account for these last parameters.

Virtual beam Woin do;,, WrM f Woour doa“,
Upper_pol 21 | 21184 | 604 | 1437 | 290 2740
Upper_tor 21 21184 60.4 1141 19.1 1950
Lower_pol 21 2182.5 62.0 1237 21.0 2200
Lower_tor 21 2182.5 62.0 1234 20.9 2190

Mirror orientation is determined to give optimal output angles oggr , Brer
for the virtual beams, while toroidal focal length is determined in order to obtain
the desired divergence in terms of AP for the single beams with respect to Brgr.
As the rotation of the steering mirror is introduced in terms of the steering angle y
(around mirror rotation axis properly oriented, with steering range
—5.5° <y < +5.5°), the resulting beam parameters as a function of y can be deter-
mined. In Fig. 3 beam dimensions for the two reference beams in the two astig-
matism directions from waveguide termination is presented.

® Beam Radus ~ Uppes Row, y=0 deg - Reference Beam Radius — Lower Row, y=0 deg
. !
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Fig. 3. Beam widths (in vacuum) for the reference beamlines as a function of distance
from waveguides towards plasma in the two astigmatism directions. Lefi: Astigmatic
beams arise after FM for the upper row. Righs: Circularity of the beam is preserved after
FM for the lower row.
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Single-beam description

Beam propagation in vacuum within the launcher and towards the plasma
was studied independently for each beam of a row. In order to determine pre-
cisely the values of the effective focal lengths for each one of the real beams, the
relations for reflection from a generic curved surfaces arbitrarily oriented [6]
have been applied locally at the beam incidence point. As a result, each beam
needs an individual description in terms of waist size and position in the resulting
astigmatism directions. Beams are strongly astigmatic in the case of upper row
beams and approximately circular for the lower row ones. Astigmatism is not of a
generalized type, as expected, and the fixed orientation angle of the spot ellipse
in the plane orthogonal to the wave vector k have been evaluated as well.

Regarding the beam spot size orientation after the SM, the ellipse of constant
amplitude is found to be oriented close to the poloidal direction (the maximum
deviation from the poloidal/toroidal direction is about |py] = 14.4°). Obviously,
the more circular the beams are, the less critical the orientation angle is.

The present QO reference design successfully reproduces the good beams of
the EPL launcher, in particular in terms of resulting launching angles (with opti-
mal divergence, as shown in Fig. 4), beam dimensions in the absorption region
and a reduced astigmatism compared to the Upper beams of the EPL design.

Addmonally, peak power density on mirror can be reduced to about
2.8 MW/m’ in the QO option. In Table 3 and 4 we present the resulting main
parameters for the 8 beams of the upper and lower rows as a function of the steer-
ing angle y for the three different possible orientations to give lower, zero and
maximum poloidal angle a. It has to be noted that the overall impact on the pre-
sent design can to be carefully checked only once the QO design (a schematic view
of the 3-D analytical model of the reference design is shown in Fig. 5) will be im-
plemented in a CATIA model. The advantage of a greater flexibility resulting from
the use of free space mirrors in orientating and shaping the EC beams gives addi-
tional margins for corrections or modifications that may be required by physical or
mechanical constraints, particularly on the final focusing and steering mirrors.

Upper Row Beams 1,2, 3 4 and refercnce Lower Row Beams 5,6, 7.8 and reference
) "
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Fig. 4. Output B as a function of the steering angle y for the upper row beams (leff) and
lower row beams (right). A divergence AB[0-2_3] = £0.3° and AB[0-1_4] = +1° is found
for the upper beams, while AB[0-6_7] = +0.4° and AB[0-5_8] = +1.3° appear for the lower
beams
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Table 3. Output beam parameters for the 4 beams reflected from the USM, for minimum,
zero and maximum poloidal angle o (Deg). Beam waists and their locations after USM are
in mm.

USM o B | woroL | Woror | ZopoL | ZoTor
Beam 1 [y=-5.5°] | 44.6 | 20.3
Beam 1 [y =0°] 563 ]21.0 | 289 19.0 | 2746 | 1951

Beam1[y=55°] [ 68.1|21.0
Beam2 [y=-5.5°] | 44.2 | 19.6
Beam 2 [y =0°] 56.1 1203 | 29.0 | 19.1 | 2739 | 1950
Beam 2 [y =5.5°] 67.8 | 203
Beam3 [y=-5.5°] | 44.3 | 18.9
Beam 3 [y = 0°] 55.6 1 19.7 1 29.0 | 19.1 | 2739 | 1950
Beam 3 [y =5.57] 67.6 | 19.7
Beam4 [y=-5.5°] | 44.1 | 183
Beam 4 [y = 0°] 5561190 289 | 19.0 | 2746 | 1951
Beam4 [y=55°] | 67.7 | 19.0 '

Table 4. Output beam parameters for the 4 beams reflected from the LSM, for minimum,
zero and maximum poloidal angle o (Deg). Beam waists and their locations after LSM are
in mm.

LSM o B | woroL | Wotor | ZoroL | ZoTOR
Beam 5 [y=—5.5°] | 23.6 | 186
Beam 5 [y =0°] 3521193 | 211 21.0 | 2198 | 2190

Beam 5 [y=5.5°] 46.8 | 19.5
Beam 6 [y=-5.5°] | 23.6 | 17.7
Beam 6 [y=0°] 349 1 1841 21.1 | 21.0 | 2194 | 2186
Beam 6 [y =5.5°] 46.6 | 18.6
Beam 7 [y=-5.5°] | 23.5] 16.9
Beam 7 [y =0°] 349 [ 176 | 21.1 | 21.0 | 2194 | 2186
Beam 7 [y =5.5°] 464 | 17.8
Beam 8 [y=-5.5°] | 23.3 | 16.0
Beam 8 [y =0°] 347 1 16.7 | 21.1 21.0 | 2198 | 2190
Beam 8 [y =5.57] 465 | 17.0
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Fig. 5. The full QO design. The 8 beamlines for upper and lower row are shown. The di-
mensions of the two focusing mirrors (FMs) and of the two steering mirrors (SMs) are
only indicative.

Conclusions

With equivalent physics performances (in terms of launching angles, proper
focusing into the plasma and astigmatism of the beams) the launchers with or
without mitre bends still differ in terms of other aspects such as design complex-
ity, transmission efficiency, flexibility and overall cost per port. Even not fully
engineered, a full quasi-optical launcher is preferable for cost, power capability
and adaptability to possible future adjustments of beam size, astigmatism, trajec-
tory, that may be required by mechanics or physics.

This work has been carried out in within the framework of the European Fu-
sion Development Agreement (task TW6-TPHE-ECHULBI1). The views and
opinions expressed herein do not necessarily reflect those of the European Com-
mission.
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Quasi-optical transmission lines with a complicated three-dimensional geometry and many
mirrors are difficult to model numerically with general purpose codes. They are challenged
by the size, the large number and the complicated arrangement of the murrors. In the fol-
lowing a method and computer implementation are presented, which address these issues
and use the W7-X ECRH transmission line as an example.

Introduction

The design of quasi-optical transmission lines is usually based on the ABCD
matrix formalism for Gaussian beams [1]. The design basis is a well-defined
Gaussian input beam. However, a gyrotron output beam is usually not perfectly
Gaussian. In addition the mirrors produce mode conversion and diffraction
losses. In order to model these phenomena and the effect of tolerances and mis-
alignments, a numerical analysis is desirable. In the case of the W7-X ECRH"
transmission line [4] there is the additional challenge that there are more than
hundred mirrors which partly extend over hundreds of wavelengths (multi-beam
mirrors) in'a complicated 3D arrangement.

L1

=

—T

Fig. 1. ECRH transmission line for 5 gyrotrons

In Fig. 1 we can identify the five single-beam transmission lines which con-
sist mainly of the beam matching optics and the polarizers. Finally they are com-
bined into the multi-beam waveguide. The multi-beam waveguide is a Gaussian
telescope which reproduces the entrance field pattern at the exit plane. The en-
trance pattern is five individual beams, therefore we have the same beams also in
the exit plane where they can be separated and redirected into the torus. W7-X
has two of these transmission lines.
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The modeling of such a large and complicated mirror setup is difficult to han-
dle for computer codes, which usually make use of the plane wave decomposition
in conjunction with the FFT to propagate paraxial beams. In addition, the plane
wave decomposition is not very accurate for mirrors with a large tilt angle, as it
only applies to apertures which are perpendicular to the optical axis. Classical EM
codes can not be used as the structures are too large compared to the wavelength
where geometrical optics or Fraunhofer diffraction are too inaccurate.

Mathematical Background

The field propagator which is used can be seen as a generalized plane wave
decomposition and solves the scalar Helmholtz equation in the wavenumber do-
main [2]. It (back)propagates the field between two plane apertures with arbitrary
orientation in a global coordinate system. An aperture is represented by the z =0
plane of its local coordinate system. If the position of the target has a positive
z-component in the local coordinate system of the source and the position of the
source has a negative z-component in the local coordinate system of the target, then
a forward propagation is performed. In the opposite case, a backward propagation
is carried out. Le. all waves pass the aperture from the negative-z half space to the
positive-z half space. So there is only one operator which distinguishes automati-
cally between forward and backward propagation [2]:

()5, T ).

z

Here, €'/ time dependence is assumed and k, = ,’kg —k? -k} holds. The sub-

scripts of vectors refer to their respective components, U, and U are the two-
dimensional target and source distributions in the wavenumber domain, § is the
ramp function, d is the distance between the apertures, the columns of the dyads
S and T consist of the base vectors of the local coordinate systems of the source
and target aperture within the global coordinate system. The transformation from
the spatial domain to the wavenumber domain is carried out via the FFT which
increases the computational speed significantly.

In order to be able to represent arbitrarily polarized wave beams, the field in
the local z = 0 plane is represented by an Ansatz for the electric vector potential

F(x50)=u(x,y)F, where F, is a constant complex vector and u is two-

dimensional scalar function. Now the field calculations involve only scalar op-
erations while the polarization state is preserved. If we took a constant vector for
the electric or magnetic field, this Ansatz would not be correct because E and H
must obey the Maxwell equations and hence the ratio of their components cannot
be constant.

In order to produce the right polarization state after the reflection on a mirror
or polarizer, we consider only the transformation of F, for the plane wave which
represents the “mass center” of U,. For this plane wave we can write the defini-
tion of the electric vector potential in matrix form:
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E,(r)=-VxFe ™" /¢, —-;-!- 0 k  —k, Fe ", ¢)]
Ik 0 Kk

k, -k 0

The incident and reflected electric field in the center of the mirror (r = 0) can
now be expressed in the form of (2). The boundary conditions on a perfect elec-
tric conductor define the sum of the incident and reflected electric field vectors.
From a comparison of coefficients in this sum it is easy to see that the boundary
conditions for F are identical to those of H. Therefore, after a reflection on a flat
mirror in the x-y-plane of the local coordinate system, only F, has to be multi-
plied by 1.

For polarizers this procedure is a little bit more complicated. First the inci-
dent electric field is calculated by (2). The reflected electric field is calculated by
multiplying the incident field with the 3D Jones-matrix [3]. Unfortunately, the
matrix in (2) is of rank 2 and cannot be inverted in order to obtain F,™" from
E,™": This is only natural because the definition of the vector potential leaves a
gauge freedom whlch is used by the Lorenz or Coulomb gauge. Hence, in order
to calculate Fo™" from Eq" we must introduce a constraint. A reasonable as-

sumption is F;"-k" =0. This has the effect that there will be no cross-

polarization in the outer regions of a beam. It can be enforced by lransformmg E,
to a coordinate system where k™ has only a z-component and E, is negligible or
zero. Usually the z-axis of this coordinate system will be the connection from the
center of the polarizer to the center of the next mirror. When we now enforce
Fo,= 0 in this coordinate system, the matrix in (2) becomes a regular 2 x 2 matrix
which can be inverted. The resulting vector (Fo., Foy, 0)" can now be transformed
to the global coordinate system or to the local coordinate system of the next mir-
TOT Or aperture.

Implementation

Complex geometries with many mirrors can best be handled by an object-
oriented design. A GUI would be rather obstructive for complex geometries with
hundreds of mirrors. Therefore the computer code is implemented in the form of
a high-level programming language. It is an object-oriented extension to the
command language Tcl/Tk which provides the basic scripting functionality. Mir-
rors, polarizers, vacuum windows and the like are instances of a class of type
“aperture”. The most important attributes of that class are a complex 2D field for
the storage of ¥ with dimensions according to the size of the aperture, a real 2D
field for the storage of the power distribution on a window or the phase correc-
tion of a flat mirror, a complex 3D vector for the storage of F, and a real 3 x 3
matrix for the storage of the dyad which maps the local coordinate system to the
global one. The most prominent methods of that class are the setup of the attrib-
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utes, methods for rotation and translation of the apertures, a method to calculate
the (back)propagated field on another object of type aperture and a method which
we call “toggle” which needs some explanation.

When an aperture serves as the target of a projection, the source must be lo-
cated in its (local) negative half-space (see above). If it is a mirror, the reflected
beam is directed in the negative half space as well which makes it impossible to
turn that aperture into a source for the next aperture which is also located in the
negative half-space. It is the purpose of the “toggle” operation to overcome this
problem. It turns the aperture by 180° around its y-axis, it sets the orientation
dyad accordingly and it exchanges u(—x) and u(x), such that the field distribution
remains unchanged in the global coordinate system. The last operation is to mul-
tiply Fo. by —1 since the x-axis points now in the opposite direction. This is not
done for Fy, because the boundary condition on a perfect electric conductor is
automatically fulfilled by the rotation of the z-axis. In the case of a polarizer, the
Jones-matrix must be applied instead as described above. If it is not a plane mir-
ror or polarizer, the corresponding phase corrector must also be applied, but this
is not part of the “toggle” operation.

The above methods are complemented by other methods for the calculation
of diffraction losses, phase unwrapping or phase correction [2] and the like, such
that they form a tool box for all required operations on the optical elements. This
serves now as a language to describe a complex quasi-optical system with many
elements similar to the textual description of scenes in 3D modelers. Iterative algo-
rithms for phase reconstruction and mirror synthesis or Fox-Li iterations on quasi-
optical resonators can be implemented in minutes. Due to the application of the
FFT and the fact that only the scalar Helmbholtz equation is solved, the interpreter is
fast enough to do trial-and-error experiments and to optimize parameters manually.

Applications

The described code was used to model the ECRH transmission line of W7-X.
A gyrotron beam travels along 19 mirrors and 2 polarizers, where 3 mirrors are
internal mirrors of the gyrotron, 7 mirrors are multi-beam mirrors and 2 mirrors
belong to the ECRH launcher in the plasma vessel. However, a more realistic
scenario is to inject measured beams (measured amplitude + reconstructed phase)
into the model to investigate the field pattern and the diffraction losses at any
position in the transmission line. Calculations of an injected beam which was
measured on the manufacturer's gyrotron test stand have shown that the non-
Gaussian but paraxial content is not completely lost during the transmission due
to the effective mirror diameter of four times the local radius of the Gaussian
beam. Figure 2 below shows that the side lobes in the gyrotron window can still
be recognized at the torus window. However, this is not an undesired behavior as
the non-Gaussian content is still delivered to the plasma instead of being lost in
the transmission line. The similarity of the figures is also a confirmation for the
imaging properties of the quasi-confocal design of the system, yielding broad-
band transmission characteristics.
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Fig. 2. Reconstructed beam at the gyrotron window (/eff) and at the torus window (right)

Another possible application would be the in-situ beam reconstruction where
the field at any position can be calculated from infrared images of any three (not
necessarily consecutive) mirror surfaces. As the IR camera looks perpendicularly
onto the mirror it will not be hit by the microwave beam. This can be helpful in
geometrically constrained areas and could be programmed in minutes. Note that
there is no rectification of the infrared images required (it is even forbidden). We
have also used this code to estimate the spill-over on subsequent mirrors, depend-
ing on a beam tilt caused by the thermal expansion of the gyrotron cavity during
a longer pulse.

Summary

A method for the modeling of complicated quasi-optical transmission lines
was developed. Measured or calculated fields can be tracked from the gyrotron
cavity to the plasma. Algorithms for the phase retrieval or mirror synthesis can
easily be implemented. The actual purpose of this development was the calcula-
tion of look-up tables for the control of the ECRH launchers of W7-X in conjunc-
tion with the polarizers such that the desired content of O- and X-mode polariza-
tion is produced, depending on the poloidal and toroidal launching angles. Other
applications are the investigation of tolerances or mechanical drifts in the trans-
mission line or to identify locations where the given beam pattern differs too
much from the design beam (especially on vacuum windows).
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CONCEPTUAL DESIGN OF THE LOWER HYBRID
ADDITIONAL HEATING SYSTEM FOR FAST

F. Mirizzi, A. Cardinali, R. Cesario, L. Panaccione,
.V. Pericoli Ridolfini, G. L. Ravera, A. A. Tuccillo

Associazione EURATOM-ENEA sulla Fusione, C. R. Frascati, Frascati (Rome), Italy

In the frame of the European Fusion Research Program (EFP), a new tokamak machine, the
Fusion Advanced Studies Torus (FAST), has been proposed by the Italian Fusion
Association as a Satellite Tokamak for the ITER program. FAST must investigate burning
plasma relevant dynamics, associated with the presence of energetic ions and dominant
electron heating, as well as advanced plasma operation regimes. The total additional RF
heating power coupled to the FAST plasma is 40 MW of which 30 MW of ICRH at
f = 60-90 MHz, and 4 MW of ECRH at 170 GHz. For long pulse Advanced Tokamak
(AT) scenarios, a 6 MW Lower Hybnd Current Drive (LHCD) system at 3.7 GHz will
actively control the current profile.

Introduction

In order to demonstrate by the first half of this century that nuclear fusion is
a safe and environmentally acceptable source of energy, the construction of a
prototype reactor (DEMO) should start before the complete exploitation of ITER.
To fulfill this ambitious objective, DEMO regimes of operations must be
effectively demonstrated during the first ten years of operations of ITER.

The successful development of these regimes on ITER would be clearly
difficult and expensive. Hence preliminary activities on smaller devices, with
sufficient operational flexibility and able to investigate the peculiar physics of
burning plasma conditions, are considered necessary.

FAST has been envisaged to fully accomplish the first three out of the seven
missions established by the European Fusion Research Program (EFRP) [1].
Moreover missions 4 and 5 are consistent with FAST scientific rationale, while
mission 6 and 7 are out of the scope of its conceptual design.

FAST: a satellite tokamak proposal

In the above frame the Italian Fusion Associations is proposing to the
European scientific community the "Fusion Advanced Studies Torus" (FAST)
(Fig. 1), a tokamak machine which main objective is to exploit the physics of
burning plasmas.

The conceptual design of FAST [2] foresees an aspect ratio R/a = 1.82/0.64
(R and a in metres), a magnetic field up to 8 T and a plasma current /p =
= 2.0~7.5 MA. The average plasma density <ny> is in the range 1.3+5.0 m™, and
the expected maximum electron temperature is 7o = 15 keV with a Q = 0.2+3.0.
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These parameters would guarantee reliable
operations in the reference H-mode scenario,
and a good flexibility at Advanced Tokamak
(AT) regimes in long pulse operations with
reduced magnetic field and plasma current.

Following the recommendations of the
EFRP, FAST will operate in Deuterium plasmas;
to achieve burning plasmas conditions, plasma
ions will be accelerated in the half-MeV range
through an Ion Cyclotron Resonance Heating
(ICRH) system (f = 60+90 MHz) able to couple
up to 30 MW of RF to the plasma. An Electron
Cyclotron Resonance Heating (ECRH) system
(f = 170 GHz) will provide enough power (P = 4 MW) for MHD control. This
power will be also available for current profile control and electron heating. The
active control of the current density profile is assigned to a Lower Hybrid
Current Drive (LHCD) system that will allow the generation and sustenance of
Advanced Regime scenarios at ITER-like plasma densities.

Fig. 1. FAST Load Assembly
Axonometric view

The LHCD system

The LHCD system is designed to couple a nominal RF power P> 6 MW at
f = 3.7 GHz in pulsed regime (pulse length up to 160 s, equivalent to CW
conditions). The frequency is mainly determined by existing high power RF
generators, the TH-2103 klystron, rated for 500 kW/CW and 650 kW/10 s.
A back up solution at a more efficient frequency of 5 GHz has been also studied;
this alternative will be further developed if in the near future suitable RF sources
will be available.

Assuming an estimated overall RF transmission loss of about 20%, at least
15 klystrons (total installed power Py, = 7.5 MW) will be used. Passive Active
Multijunction (PAM) launchers [3] are envisaged to face the harsh plasma
conditions expected in FAST and to assure an effective cooling of the antenna in
long pylse operations and with heavy thermal loads.

A prototype PAM launcher has recently shown its good coupling
performances on the Frascati Tokamak Upgrade (FTU) [4], [S].

To limit the RF losses in the Main Transmission Line (MTL), an oversized
WR 650 rectangular waveguide (165.10 x 82.55 mm), carrying the fundamental
TE;o, mode will be used. This waveguide has a nominal specific attenuation
A=4.84 x 107 dB/m at 3.7 GHz; by considering an average length of 40 m, the
RF losses in the MTL are limited to 4.36%. The remaining 16% are mainly due
to the launcher and to the other high power RF components. At the end of the
MTL the RF power is split in four output rectangular waveguides (the WR 284
standard) by means of classical 3 dB hybrid couplers or equivalent devices. The
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successive power splits, necessary to effectively feed the launcher, are made
through E-plane bi-junctions.

The PAM launcher

The PAM for FAST is designed to launch a power spectrum with an
N, pear = 1.9. At f=3.7 GHz the vacuum wavelength is A, = 81.081 mm and the
phase constant ko= 4.44°/mm. To maximize the Multi-Junction (MJ) effect
(reduction of the reflected power in the launcher and toward the generator) [6], a
fixed phase shift ¢, = 270° between active waveguides on the same poloidal row
has been set, thus the pitch between these waveguides result:

§= —2 _ _32mm, 1)
ko Nyo
By considering a wall thickness w¢ = 2 mm to assure a good mechanical

stiffness to the launcher, the same inner width of 14 mm has been assigned to
both active and passive waveguides (Fig. 2).

Walls

Passive
Waveguide

Fig. 2. Waveguides inner width

To limit the RF losses in the launcher, their inner height is set to hyg=
=72.136 mm (the height of the standard WR 284 rectangular waveguide). The
cross section surface of each

Max Transmittedd Specific Power elementary waveguide is therefore

100 - o-FTU

80 ace S about 0.001 m’.
o Rt Existing LHCD  experiments
g 50 LT & ACA :/é Tdev (Fig. 3) suggest to limit the maximum
3 4 I°_:Ts““'° power density at the launcher mouth to
= ""“;1 W7 Aadex a safe value Dy, < 30 MW/m’ already
2 ol ™ Lol T obtained in Tore Supra and JET (at
L SR f=3.7 GHz, Dpax =~ 60 MW/m’ on the
4, O Wege interpolating straight line in Fig. 3).
10l . . . Thus the 500 kW generated by a single
s 1 2 5 0 klystron, reduced to P; =400 kW at
Frequency [GHz| the launcher mouth because of the
Fig. 3. Power density in existing LH transmission losses, must be launched

experiments at least by:
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waveguides. Because, with a phase shift of 270°, the phase periodicity between
active waveguides on the same row is 4, the 400 kW must be split in 16
waveguides (the minimum integer multiple of 4 greater than 13.3) arranged in
four rows to form a PAM block (Fig. 4).

Each single row of 4 active waveguides, but including the 4 passive ones, is
addressed as the PAM module. With this configuration the actual power density
at the launcher mouth, in perfectly matched conditions (VSWR = 1:1), is:

_ B 04
N-§ 16-0.001

The chosen power density limit of 30 MW/m’ is reached with a VSWR =
=2.6:1; a total power reflection increases the power density to 50 MW/m?,
a value that, according to Fig. 3, can be still tolerated.

5 —
PAM Block | 1T

D, =25 MW/m?. (3)

0%

1188 mm
1290 mm

I8

Passive

Waveguides | 340 4
L__405
Fig. 4. The PAM block Fig. 5. Port schematic and launcher layout

The launcher configuration depends on the cross-section dimension of the
FAST's port (1290 x 405 mm at the horizontal middle plane), but the width is
reduced to Wp =340 mm at the upper and lower end planes (Fig. 5). The width of
a PAM block is Wg = 4 x 8 + wt = 130 mm, hence the maximum number of
blocks in the poloidal direction is:

Ny =Int(Wr/Wm) =2 4)
where “Int” denotes the integer part of the result. The height of a PAM block is
instead hgy =4 x (hyg + wr) = 288.55 mm, so that a maximum of

Ny, = Int(h,,, /Ry, ) = 4 5)
blocks can be staked in toroidal direction.
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Fig. 6. Power Spectrum

As a consequence only a launcher
composed by 8 PAM blocks, arranged in four
toroidal rows and two poloidal columns (Fig. 5),
can be allocated in a port and two ports are
necessary to launch the required power. For
symmetry reason both the launchers must be
made by 8 blocks so that 16 klystrons must be
used and the coupled power is increased up to
6.5 MW. The RF spectrum of the launcher is
given in Fig. 6.

System configuration

The LHCD system is split in four independent modules (Fig. 7), each made
by four klystrons (K) fed by a single High Voltage Power Supply (HVPS). Four

Fig. 7. Layout of a LHCD module

®
®
O
®

Solid State Switches (S/S Sw) per module act
as fast protection units for the klystrons.

Given the nominal characteristics of the
klystron (Vg = 60 kV, Ig.em = 20 A), the HVPS
is dimensioned for an output voltage Vy =
= 70 kVdc, to compensate the voltage drops
along the high voltage feeding lines, and an
output current /=100 A to operate with a
safety margin of 25%. The four klystrons of a
module feed 2+2 PAM blocks belonging to
same toroidal rows, so that a failure of

whichever HVPS does not affect the coupling performance of the remaining rows

of the two launchers.

The RF layout of the system is based on a high stability 3.7 GHz crystal
controlled oscillator (XCO), which output feeds four primary lines (Fig. 8). Each

Al = low power RF amiplifier
A2 n = Driver and high power RF amplifier
RCPS = Remote Controlled Phase Shifter

3.7Gliz

Xco

O
-6 dB
Splitter

RCPS

To the remaining 3 LH modules

Launcher 1 - Row 1

Launcher2- Row 1

Fig. 8. RF system layout
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line in turn feeds the four klystrons pertaining to a launcher's row. The phase of
each primary line is set by ;a. suitable remote controlled phase shifter to
opportunely fix the output phase of that row with reference to the remaining ones
and thus to change the refraction index n;, of the whole launcher.

Conclusion

FAST, the new tokamak proposed by the Italian Association in the frame of
the ITER programme, integrates in a single device many scenarios relevant for
ITER/DEMO operations and will provide a unique opportunity to explore
unexpected physics issues. FAST is a key facility for international collaboration
and for training of young scientist in an ITER-scale device. The realization of
FAST will involve an average project team, including other European
Associations, of about 120 ppy. The construction time is estimated in 6 years
following the design phase and the placement of the contracts for the long lead
items.

Additional RF heating and current drive systems are essential for the full
realisation of its scientific and technological objectives.
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VACUUM COMPATIBLE QUASI-OPTICAL TRANSMISSION
LINE WITH REMOTE STEERING LAUNCHER

B. K. Shukla and S. V. Kulkarni
Institute for Plasma Research BHAT, Gandhinagar, Gujarat (India) 382428

The idea of vacuum compatible quasi-optical (QO) transmission line with remote steering
(RS) launcher is explored for ECRH systems in tokamak. The normal QO line consists of
metallic mirrors (focusing as well as plane). The space requirement for QO line (from gy-
rotron to tokamak) is more. This is a problem for smaller as well as for large tokamaks.
The use of remote steering antenna at the exit of QO line not only reduces the space re-
quirement near the tokamak but also reduces the requirement of large number of mirrors to
transfer the power from gyrotron to tokamak.

In RS launcher, the symmetric beam steering is achieved at a length L (8a%/A) of
square-corrugated waveguide (SCW), where “a” is width of waveguide and “A” is wave-
length of microwave and at L/2 (4a*/A) anti-symmetric steering is achieved. The RS
launcher can be selected as per the feasibility and space availability inside tokamak hall.

The existing QO lines are not vacuum compatible and need more maintenance. If QO
lines are vacuum compatible, the chances of arc reduce and power-handling capability in-
creases. The QO line alone requires more pumps to make it vacuum compatible, while QO
line with RS launcher reduces the vacuum requirement significantly.

1. Introduction

A conventional transmission line for ECRH system consists of a matching
optic unit, corrugated waveguides, bends, polariser, uptaper, bellows and an ultra
high vacuum (UHV) compatible window figure 1. The circular corrugated
waveguides are used to minimize the transmission loss in the line for a gaussian
beam in HE,; mode. The conventional transmission lines are either pressurized or
evacuated.

Polariser

Mitre-bend
Tokamak Mou l
)

Gyrotron

Fig. 1. Conventional transmission line for ECRH system
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An alternate to this conventional transmission line could be mirror based
quasi-optical (QO) transmission line. The QO lines are successfully installed in
few tokamaks like TEXTOR and W7-X [1, 2, 3]. The normal QO line consists of
profiled and plane mirrors which require more space inside the tokamak hall. The
mirrors are mounted in free space and require periodic maintenance to avoid any
arcing problem during the high power operation. The problem of maintenance of
QO line can be minimized if the mirrors is mounted inside a vacuum compatible
duct. But in this case the vacuum requirements will be more to make entire line
compatible to high vacuum.

The use of remote steering (RS) launcher alongwith QO line may reduce
such problems. The RS launcher is advantageous in several ways like; reduction
in the space requirement near the tokamak, reduced vacuum requirement for vac-
uum compatible QO line, maintenance easy as number of mirrors is reduced and
steering can be achieved remotely for current drive experiments.

2. Quasi-optical Transmission line

Since microwave beam emerges out from the gyrotron can propagate freely
in space, an alternate transmission line can be designed without circular corru-
gated waveguide. A mirror based transmission line consisting of focusing and
plane mirrors can be used to transmit the power from gyrotron to tokamak. The
mirrors of the line can be designed based on quasi-optical gaussian beam theory.
The focusing mirrors used in transmission line prevent the divergence of beam
and reduce ‘the size of transmission line. The mirrors at the end of transmission
line near the tokamak can be used as launcher and required beam size can be
achieved inside the tokamak.

The mirrors for the QO line can be designed using quasi-optical gaussian
beam theory [4, 5, 6]. The mirrors size and profile can be estimated and it can be
seen easily that at 140 GHz frequency, the 63.5 mm beam spreads to 300 mm
after travelling to ~ 2.8 m (Fig. 2). Thus for QO line, the distance between two
mirrors of size 500 x 300 mm would be around 5.5 m.

2800

063\&—

Microwave Beam
at the ex of gyrotron

Microwave Beam et 2 8meter

1000-

Mirror for 90 degres bend

Fig. 2. Gaussian beam divergence and approximate size of mirrors for QO line
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Thus for a transmission line of ~ 25 m long, around six to seven mirror will
be required to transmit the power from gyrotron to tokamak as shown in the
Fig. 3. The requirement of mirrors for MOU and polarizer (RFCU: RF condition-
ing unit) is same for both the transmission line conventional as well as QO line.
Thus the mirror transmission line seems simpler and easy than the line based on
circular corrugated waveguide.

Fig. 3. Quasi-optical mirror transmission line

3. Anticipated problems with a quasi-optical transmission lines

Although the mirror transmission line seems simpler but it has certain prob-
lems related to its maintenance and requirement of space inside tokamak hall.
The following problems can be anticipated with a quasi-optical transmission lines
system:
¢ The mirrors of line are very big in size and need more space to mount.

* These lines are not vacuum compatible and need more maintenance.

*  The connection of such line to the tokamak port may need bigger opening at
radial port.

¢ Alignment of mirrors is a tedious job after every maintenance.

4. Hybrid transmission line system

The mirror based HV compatible transmission line requires large number of
mirrors and more space for installation. In order to minimize the space require-
ment and number of mirrors in quasi-optical transmission line, the idea of remote
steering can be used alongwith QO line. The schematic of hybrid transmission
line (QO with RS launcher) is shown in Fig. 4.

The hybrid transmission line system would have another advantage that the
mirrors inside or near the tokamak can be avoided and beam steering for ECCD
experiments can be achieved remotely with RS launcher.

The remote steering launchers [7-11] are designed and tested for high
power. The concept of steering of beam with square corrugated waveguide
(SCW) is based on image characteristics of the waveguide. The symmetric and
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anti-symmetric steering can be achieved with SCW. The square corrugatea
waveguide show symmetric steering at a length of 8a%/A, where “a” is width of
square corrugated waveguide and “A” is wavelength of microwave and anti-
symmetric at half-length i.e. 4a*/A. The length of RS launcher can be decided as
per the feasibility and available space inside the tokamak hall. The normal length
of RS launcher at symmetric steering is several meters (around 12.5 m at
140 GHz frequency). Thus if total transmission line length is 25 m then using RS
launcher and few mirrors of QO line, the power can be transmitted from gyrotron
to tokamak as highlighted in Fig. 5. Thus the hybrid transmission line can be
compact and simpler. '

RFCU

\ I
A T~ ::@

op saZ/) .
Beam
Punmping system

Fig. 4. Schematic of QO line with RS launcher

otron
RS Launcher QO Line oy

Fig. 5. QO line with RS launcher

This concept of mirror transmission line with square corrugated waveguide
is not used in any tokamak but it may be useful for small tokamak as well as for
bigger tokamak. For smaller tokamak antisymmetric RS launcher of 4a/A length
can be used, however for bigger transmission line RS launcher of 8a%A length
can be used. it requires very less space near the tokamak and installation is very
simple. Thus for large tokamak, a big portion of transmission line will be from
square corrugated waveguide (RS launcher) and mirror base QO transmission
line could be small.

Another advantage of the hybrid line is that it needs smaller opening at the
radial port of tokamak. Thus multiple remote steering launchers can be installed
at one radial port and megawatts of power can be launched through hybrid trans-
mission line system.
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5. Option of vacuum compatible QO line

The vacuum compatible QO line will reduce the maintenance requirement
and enhances the power handling capability. The chances of arc also reduce and
improve overall system reliability. The design of the mirrors for the QO trans-
mission line can be optimized. The entire mirrors can be mounted inside a metal-
lic duct, which can be made vacuum compatible. Since ultra high vacuum is not
required for the QO line, so pumping requirement is relatively small.

As shown in Fig. 4 and 5, for 20 m long transmission line with duct section
size of 400 x 500 mm, only four turbomolecular pumps (TMPs) of speed 500 I/s
will be needed to make entire line vacuum compatible (vacuum of ~ 2x107*
mbar). For QO line with RS launcher, the volume and surface area reduce and
hence pumping requirement also reduces significantly.

6. Summary

The mirror based quasi-optical transmission along with remote steering an-
tenna can be used for ECRH systems in tokamaks. The combine use of QO line
with RS launcher may be more advantageous as it requires less space near the
tokamak. The installation of RS launcher will also be easy compared to mirror
assembly near the tokamak. The length RS launcher (Symmetric or anti-
symmetric) can be decided as per the availability of space. The use of RS
launcher reduces the number of mirror for QO line, which will reduce the main-
tenance of QO line. The entire transmission line (QO with RS launcher) can be
evacuated easily as surface area and volume is reduced significantly with RS
launcher. In this configuration, RS launcher will be a part of tokamak and mirror
assembly to steer the beam will be in QO line. The window will be installed be-
fore the steering mirror. Since RS launchers are already tested for high power and
QO lines are in use in some tokamaks and stellators. This idea can be used as an
alternate to conventional transmission line.
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CRITICAL PROBLEMS IN PLASMA HEATING/CD
IN LARGE FUSION DEVICES AND ITER

V. L. Vdovin
RRC Kurchatov Institute, Institute of Nuclear Fusion, Russia

We identify cntical problems in Plasma Heating and Current Drive plasma-wave interac-
tion physics and antennae concepts/technology for large fusion devices, including toka-
maks, stellarators, mirror traps and constructing ITER for all major methods like ECRF,
ICRF, NBI and LHH. Analysis is based on experiments in large machines like JET, JT-60,
TOR SUPRA, LHD, middle and small tokamaks DIII-D, T-10, NSTX, etc., modelling with
3D ICRF and ECREF recently developed full wave PSTELION and STELEC codes, includ-
ing mode conversion, 3D in-port antennae ANPORT and ANTRES3 codes and theoretical
evaluations. Among identified problems are the role of Upper Hybrid resonance at funda-
mental harmonic (previously ignored in ECH/CD modelling), leading to power deposition
broadening, important for NTM predictive suppression in ITER; Alfvenic type instabilities
theoretically predicted and experimentally observed, together with power deposition-driven
current profiles decoupling for NBI ITER-like operation regimes; principal problems with
ICRF power coupling for multi loop individually fed resonant antennae (recently again
confirmed in JET ICRF experiments [1]), loops inter coupled through weakly damped
waves into plasma, and planned for ITER; antenna-plasma power coupling prob-
lem/theoretical predictive description with needed well controlled wave spectra for LHH
method in large plasma-antenna gaps in big tokamaks and, especially, in ITER.

We outline identified problems resolution by: 1) elaborated ECRF full wave code
modelling to decrease broadness of EC power deposition and proper EC power launcher(s)
positions choice; 2) proposing High Frequency Fast Waves (HFFW) numerically modelled
scheme for DII-D and ITER, with commercially available 1 MW CW sources at
200 MHz, and waveguide type antennae, much more electrically strong, being as a back up
for NBI method; 3) considering principally new approach for ICRH/CD method, especially
in conditions of transient ELM activity, making use toroidally broad mult: loop Travelling
Wave Antenna (TWA) concept (prospective ITER design will be given; TWA conse-
quently also uses previous magnetic loop antenna world theory/experiment expenence),
naturally incorporates antenna’s loops inter coupling through a plasma (being principally
unresolved problem for classical multi loop powerful antennae) with elegant control of an-
tenna-plasma coupling through a small generator frequency change to properly control tor-
oidal wave’s spectrum during plasma edge density profile reconstruction; 4) developing
new ITER-like ICRF scenarios at fundamental deuterium harmonic, partially recently ex-
plored on JET (1], and useful for non active ITER phase of operation

1. Ion Cyclotron Frequency range (ICRF).
ICRF Travelling Wave Antenna concept
for ITER and large machines

There are principal problems with ICRF power coupling for multi loop indi-

vidually fed resonant antennae (recently again confirmed in JET ICRF experi-
ments [1]) due to loops inter coupling through vacuum and weakly damped Fast
Wave (FW) waves into plasma, especially severe for Current Drive (CD) mode,
and designed for ITER. This is easy to understand looking on JET-EP ICRF 8

loops antenna design shown in Fig. 1.
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Fig. 1. JET-EP ICRF 8 loops antenna design

Each resonating loop is located in individual conducting housing (thus de-
creasing antenna power capability) and is supported by lumped capacitance. For
ITER this approach doubles simultaneously resonating circuits number (16).
Physically loops coupling through a plasma is unavoidable one thus leading to
mismatching of an antenna, with respective problems to generator matching. Cou-
pling with ELMy plasma creates additional problems. Matching of this type an-
tenna is even more difficult one in CD mode (0, n/2, &, 3/2x): loops radiate differ-
ent RF power, and some loops start do not radiate but to receive RF power [3a].

Horizontal Faraday sereen
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I
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Fig. 2. Travelling Wave
Antenna approach [2],
with ITER-DEMO con-
cept and theory devel-
oped in [3]

-
.
‘..

Plasma

We propose to use qualitatively new Travelling Wave Antenna approach [2],
with ITER-DEMO concept and theory developed in [3] displayed in Fig. 2. In
TWA approach vacuum and plasma loop inter coupling is a positive effect, being
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intrinsical requirement for proper antenna operation. ITER TWA concept of
multi poloidal loop toroidal array supported by ridge waveguide (last one is an
essential feature of this TWA concept providing needed wave dispersion and no
need for lumped capacitances) [3].

This TW Antenna is integrated with neutron shield and has only TWO
coaxes: for input and output RF power. Antenna operates as follows: at upper
frequency each loop resonates at half of vacuum wave length (Fig. 3). When gen-
erator frequency decreases the e.m. field is: pushed into ridge waveguide legs
with simultaneous increase of toroidal wave length. Respectively e.m. wave more
slowly decays in major radius direction thus still touching a plasma during ELM
activity density profiles reconstruction. Simultaneously slowly radially decaying
field start to touch “hump” of ridge waveguide, playing a “capacitance-like” role
promoting e.m. wave pushing at reduced frequency to the ridge legs.

1
Horzontal f , Matching plugs Coax
port . § . / , A 1]
i ey
p ‘-’\ AR 2RI AR R A R R EE 22 R LR 2 2 1)
7// Water
Plasma ;
4
/ Shield
2 T 1= 1
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V.,
/E r®) |
Voltage : r/// F ~ Coaxm
distribution |

Fig. 3. Poloidal cross section of ITER advanced TW antenna

Thus we see that lower TWA frequency is simply cut off frequency of ridged
waveguide because at cutoff there are no toroidal RF currents and the cuts (loops)
at top of waveguide do not play a role. It means that TWA proposed is narrow
frequency band one, band defined by legs length. Proper generator quick fre-
quency sweep provides constant power coupling to potentially ELMy plasma.
We stress that antenna poloidal loop geometry is exactly the same one as in past
and now day ICRF experiments, so coupling antenna characteristics are the same
one. Really TWA coupling is remarkably larger one because NO Faraday shield
is needed and loops are located more closely to plasma. In principal it is possible
to install “O-mode” like conducting bars directly between nearby loops, as indi-
cated in Fig. 2.

We found a possibility to incorporate to this TW antenna a frequency broad
band possibility installing at the top of the shield two horizontally moving match-
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ing conducting plugs providing resonating loops lengths increasing. Thus this
concept completely covers ICRF frequency band 40-80 MHz to support majority
ITER H/CD scenarios. Antenna has possibility for radial movement for power
coupling increase and matching with a generator.

Non absorbed during TWA toroidally propagating wave power comes
through output coax and again is combined in proper phase with RF generator
TWA’s input power through outside machine recirculator. This is shown in
Fig. 4. This recirculator is an extension of tested DIII-D recirculator for 4 loop
individually loop fed ICRF antenna [4] with our extension of ferrite elements in
3 dB hybrids and phase shifters. These ferrite elements magnetization by outside
low frequency solenoids is timely tracked in accordance with ELM activity proc-
ess and generator needed frequency change to control appropriate toroidal wave
slowdown.

Plasma
----------- B° - —
e Output
- i phase
TWA {
H Phaze shafiar :\ '\
(feive i TWA
actrated) 1 : reciveulstor
]
i N ] N/ !
e _ i g !
phaze e § :h /
HYBRIDS
T (Semaite RF ganerator
acuvated)
Phaze dafference control

Fig. 4. Equatorial view of ITER TW antenna recirculator

The TW antenna was successfully tested on JFT-2M tokamak at 200 kW
RF power [5] LHD stellarator has prepared Fish-bone like TWA antenna for
electron CD goals (LHD web side). Screenless ICRF antenna was successfully
operated on AUG tokamak with very similar plasma heating characteristics for
screened antenna [6]. The code modelling is displayed in Fig. 5 for ITER tritium
second harmonic F = 53 MHz D-T scenario and Faraday screen looks not to be
needed.

The ICRF screen less “O-mode” antenna very inefficiently excites Fast
Waves in ITER as shows STELION code comparison modelling for usual
X-mode and O-mode antennae as is displayed by |E_psi| contour plots in Fig. 5.
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Fig. 5. |E_psi| contour plots for X-mode (a) and O-mode (b) antenna in ITER

2. Electron Cyclotron Frequency range 3D full wave updated code modelling
at fundamental harmonic. Outstanding role of EB waves

Among identified problems in ECRF is the role of Upper Hybrid resonance
at fundamental EC harmonic (previously ignored in ECH/CD ray tracing model-
ling) due to O-mode and X-mode coupling at fundamental [7] leading to power
deposition broadening, important for NTM predictive suppression in ITER.

2.1. ECH full wave fundamental harmonic modelling in NSTX

Recently we have upgraded 3D ECH full wave STELEC code by proper ad-
dition far out off diagonal wave induced plasma response term which increased
wave attenuation, as well known from ray tracing. Basic previous result on
O-mode and X-mode coupling at fundamental harmonic in toroidal plasma was
again confirmed just manifesting on important role of Electron Bernstein Waves
(EBW), previously neglected in usual ECRF ray tracing modellings, including
ITER , for O-mode antenna launch.

Well numerically resolved modelling of fundamental harmonic O-mode quasi
perpendicular 2 MW outside launch in NSTX L-mode plasma is shown in Fig. 6
displaying |[E_minus| EC wave 2D field.

The respective 2D power deposition to electrons is shown in Fig. 7. Main
power absorption occurs at right resonance zone wing, while usual O-mode con-
sideration at quasi perpendicular outside launch stress to power deposition at
high magnetic field side due to relativistic effects involved. STELEC code results
are another one due account to poloidal modes coupling, which broadens
K parallel spectrum, and huge amplitudes of EB waves approaching resonance
zone.
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Fig. 6. |[E_minus| EC wave 2D field Fig. 7. 2D power deposition to electrons

Flux surface averaged power deposition is shown in Fig. 8. All these Figures
confirm crucial role of EB waves. These waves have small group velocity at Up-
per Hybrid (UH) resonance and when approaching EC cyclotron resonance zone.
Power deposition is broader one in
| | compare with ray tracing.and oc-
iy 71 curs in another space place.

s 3 EBW activity is crucial one at
fundamental harmonic. Similar

12 ~ e e B A T

g o | - results were obtained for ITER
¥ o 1 making use similarity laws tech-
‘F 1'{ 7 nique [7] for modelling at reduced
L \;Lﬂ ] fr'equencies. Outside quasi perpen-

: !'h, 1 dicular O-mode ECH launch

S et T et ), STELEC full wave code well re-
he solved modelling shows: strong

Fig. 8. Flux surface averaged power deposition  coupling to X-mode with respec-
to the electrons tive mode conversion to small

scale EBW. Large amplitude EB
waves and strong modification of K_parallel spectrum provide power absorption
on right side of resonant zone (contrary to usual analytic and ray tracing ap-
proach). This effect must be accounted in analysis of ECRF power deposition in
large fusion machines and predictive ITER ECH/CD modeling. Huge EBW am-
plitudes can create poloidal sheared velocities particles streams, important for
ITB creation.

2.2. ECRF second harmonic modelling

2.2.1. Second Harmonic ECH Scenarios in T-10

The majority of present tokamaks and stellarators operate at second har-
monic and for not so large plasma densities the UHR is absent one. Second har-
monic X-mode launch in T-10 is shown in Fig. 9a: [real(E_psi)|, at N = 90 (N)(0) =
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=0.02), F =140 GHz, N(0) = 4.5 10" m™, 7,(0) = 8.7 kV, (&, = 1, a7 =2),
B,=2.5T, I, =300 kA (relativistic effects are included) and power deposition is
displayed in Fig. 9b.
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Fig. 9a. [real(E_psi)| in T-10, Fig. 9b. P(p)in T-10, © = 20,

N(0)=4.5-10" m™, F=140 GHz F =140 GHz

At plasma density N,(0) = 9- 10" m™ the diffraction is more strong one
(Figs. 10a, 10b). .

2} 3F

- £
3 T
® °t %’

-20} 4 JE

-‘D-‘O -;0 R-Rg(em] © :-0 0:2 04 mo

Fig. 10a. [real(E_psi)| in T-10, Fig. 10b. 1D&2D P, in T-10,
NA0)=9-10"m™ N(0)=9-10"m™

2.2.2. Second Harmonic ECH Scenarios in DIII-D at Oblique Launch

Second harmonic X-mode oblique 1 MW upper port launch in DIII-D
H-mode dense plasma with elongation k = 1.65, triangularity § = 0.5, N = 160
(NA0) = 0.075), F=60GHz, To=6.55KkV, N(0)=1.0-10" m™, [,=360 kA,
B,=0.95T, q(0) = 1.1, g(a) = 5.4 is displayed in Figs. 11a, 115 by |real(E_psi)|
and Im(E_z)| fields components. Radial power deposition calculated by STELEC
for elliptically polarized Gaussian X-antenna is given by Fig. 12. One can see
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two wave patterns propagation and absorption lobs. Standing wave structure,
clearly seen on E_z contour plots, shows that the reflection and diffraction effects
play a remarkable role in dense plasma H-mode scenario.
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Fig. 11a. |real(E_psi)|in DIII-D at 20,
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Fig. 12. P,(p) in DIII-D
calculated by STELEC
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Fig. 12b. [Im(E_z)|
in DIII-D

In DIII-D L-mode rare plasma with N(0) = 0.5-10" m™, B,= 1.05 T,
with smaller density gradients, the wave reflection plays a smaller role as dis-
played by Figs. 12a, 12b.

In DUI-D L-mode dense plasma with N,(0) =2.0- 10" m™ (N.(0) ~ N,,)

the diffraction and refraction effects are more pronounced as is demonstrated by
[real(E_psi)| and |Im(E_z)| fields components in Figs. 13a, 13b. Radial power
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deposition for this case is given by Fig. 14. One can see two wave patterns
propagation and triple absorption lobs. Wing lobs are remarkably smaller ones.
Behavior of parallel E_z contour plots shows that the O-mode more deeply
propagates beyond second harmonic resonant zone with following multiple re-
flections from the walls.
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Fig. 13a. [real(E_psi)| in DIII-D Fig. 13b. Im(E_z)|in DIII-D  Fig. 14. P(p) in DIII-D
at N,(0)=2.0- 10" m™ atN(0)=2.0-10"m>  atN,(0)=2.0-10"m>
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2.2.3. ECH Similarity Laws check for ITER

This was done for the ITER hydrogen phase of operation at twicely reduced
magnetic field for scenario #2, i.e. at second harmonic X-mode outside launch
from the upper port. at B, =2.65 T for F =5, 10.1, 20.2 and 30.3 GHz with the
gaussian beam divergence £0.71° and N, = 0.09 suitable for NTM suppression
scenario. The 2D contour plots of electrical fields [Re(E_psi)| are given in Fig. 15
and displaying very similar wave pattern for all frequencies.
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Fig. 15. Contour plots of |Re(E_pst)| for three frequencies in non active ITER
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The respective flux surface averaged radial power deposition profiles are
shown in Figs. 16a, 16b, 16c. They are also very similar and displaying well lo-
calized power deposition profiles in conditions of absence into plasma Upper
Hybrid resonance. Thus ECH similarity Laws [1] are working well as shown for
the frequency change up to factor ~6.
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Fig. 16a. P, in ITER at 30.3 GHz Fig. 16b. P, at 202 GHz Fig. 16¢. P, at 10.1 GHz

Fig. 17 shows parallel elec-
trical fields [Im(E_z)| at second
harmonic in the ITER: The re-
markable reflection from second
harmonic resonance layer at
30.3 GHz is evident one (DIII-D
earlier modelling has shown
similar effect at 44 GHz [1]).
This can influence the usual di-

-200-100 0 100 200 . .. .
R-R0(em) agnostic EC emission interpreta-

Fig. 17. lm(E_2)| in ITER tion based on WKB.

2.2.4. Conclusions on second harmonic modelling

In toroidal bounded plasmas the O-mode and X-mode are coupled ones
through the space inhomogenity and boundary conditions even at second EC
harmonic. This modes coupling effect in toroidal plasmas is weak one but im-
portant at the second harmonic scenarios in waves reflecting conducting cham-
ber. In second harmonic scenarios the modes coupling is more weak one. Ray
tracing/bi-tracing technique may be still used.

Second harmonic X-mode scenarios in T-10, DIII-D and ITER evidently
show more broader power deposition profiles in compare with usual ray tracing
ones at moderate plasma densities. At low densities the ray tracing approach still
works. Refraction and diffraction effects in rare and dense plasmas were mod-
elled for the T-10 and DIII-D tokamaks in circular and elongated magnetic con-
figurations respectively.
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Recent STELEC code modelling for non active ITER phase plasma in fre-
quency range 5-30 GHz confirmed validity for the similarity laws use at reduced
frequencies for large fusion machines.

3. HFFW CD in large machines and ITER

The JT-60U reported NNB CD experiments (EB;,;3 = 340 keV) in conditions
modelling the ITER scenario (VBgeams ~ VBajens) With unfavorable results [8],
instabilities (waited from theory) have appeared and expelled energetic ions be-
fore their slow down to thermal energies. This information became even more
worser with recent off-axis ASDEX NB CD experiments [9] which demonstrated
NO any change in driven current PROFILE (JT-60U previously also reported
similar results) thus manifesting on ions and current profiles decoupling.

In such situation High Frequency Fast wave CD (frequency ~ 10 cyclotron
harmonics) may be a back up to substitute NBI in ITER/DEMO creating driven
current peaked at HALF of plasma minor radius (goal of NNB) simply relying on
large amount FW' wave lengths over fusion reactor plasma minor radius, suffi-
cient to provide single pass wave absorption at classical damping mechanisms on
electrons.

The HFFW Current Drive, with efficiency comparable to EC and NBI meth-
ods, was demonstrated in DIII-D [10]. Active program on HFFW Current Drive
experiments is underway at NSTX [11] (efficient electron heating without den-
sity rise, RF driven current ~100 kA, plasma internal inductance drop,). We
modeled HFFW CD scenario with MRAYS code. Plasma and machine ITER
parameters are close to present design weak negative steady state scenario #4

e Major radius, R 6.35m

¢ Minor radius, a 1.85m

e Plasma elongation, x 1.97

¢ Plasma triangularity, & 0.58

*  Nominal plasma current, /B, p 9 MA

*  Toroidal field, BBy 53T

(atR=6.2 m)

+  MHD axis safety factor, ¢B,g 344

*  MHD safety factor, gBysss 5.5

Plasma parameters of representative ITER scenario #4

*  Central deuterium temperature 7Bpgp 25.2keV

«  Central tritium temperature 7By 25.2keV

*  Central electron temperature 7B, 24.4 keV

¢ Volume averaged electron temperature < 7> 10.5 keV

¢ Central electron density 7. 7.27-10° m™

¢ Volume averaged density < n> 6.74-10” m>

Impurity fractions fBycs, /Bgess, fBars, fBaiphass 0.039, 0.02,
0.0035, 0.0056

«  Effective Zeff 2.17

*  RF power 20 MW

363



Power deposition to the electrons and driven current profiles for 3D
STELION code modeling with single toroidal harmonic N = 50 at frequency
300 MHz are given in Fig. 18a, 18b.

ges T v e e g

e g e gy

~wp i vy ot

o

2
T
-
R
E
e

L we
s

12

1 ax”

o -
-
a1

whe

g

i
N

=/

-

|
k
Ifi

N

05

3 e

s
Py

1

13

Fig. 18a. Electrons power deposition Fig. 18b. Driven current profile in ITER

The CD efficiency is high as 0.55 A/W/mP%. FW’s absorption on Alphas
cyclotron harmonics was not accounted in this modeling. Modeling together with
Yu. V. Petrov with the multi rays MRAYS code [9, 10] with account to full multi
loop antenna poloidal and toroidal spectrums in SS-Active ITER: 12 loops, 57/8

phasing (NBjmas = 3) is displayed in Figs. 19a, 195.
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Fig. 19b. ITER antenna poloidal spectrum

Power deposition profiles and the profile of driven current at NByq,,s = 3 in
ITER scenario #4 with 20 MW input power is displayed in Fig. 20 (y = 0.32

A/W/MP* | MRAYS code, 990 rays).

Ray trajectories (each 3rd ray is shown) and contour lines showing power
dep