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Introduction

The main advantage of an ECH system is its ability to heat and drive current in a
magnetized plasma, locally. In a next step Tokamak like ITER this is essential for controlling
confinement degrading localized MHD instabilites such as the Neoclassical Tearing Modes
(NTM) or the sawtooth instability near the g=1 rational surface. The ECH system installed on
the TCV Tokamak, with a total of 4.IMW of injected power, with a highly flexible launching
mirror system that allows real-time control of the toroidal and poloidal mirror angles, is, at
present, one of the most relevant ECH systems for ITER. A variety of tools are used for
modeling the localized electron heating and current drive. These include: a ray-tracing code
for calculating the wave propagation, a relativistic model for the polarization and power
absorption and a Fokker-Planck mode! including spatial diffusion for the ECCD current drive
calculation.

With the TCV ECH system, in addition to a scientific program based on applications
of ECRH/ECCD to confinement and MHD stability, an extensive effort has been devoted to
validating the different models in terms of the localization properties. In this paper, the
experimental methods used to determine the absorption profiles for the power and driven
current are presented. The stabilisation of local MHD instabilities requires, first, a high
aiming accuracy on the launcher system and, second, the ability to follow an eventual radial
movement of these instabilities. Real-time feedback on the power deposition radius needs to
be implemented. Both, accuracy and real-time control are adressed in this paper: the
characteristic aiming accuracy of the very sensitive X3 launching scheme is presented and, in
relation to the real-time feedback, some possible limitations on the real-time determination of
the deposition radius are discussed.

The TCV ECRH-ECCD system

The ECRH-ECCD system has recently been completed and is composed by 9
gyrotrons (Figure 1) divided in three clusters. Each cluster is connected to a single high
voltage power supply. Two of the clusters each have 3 gyrotrons §82.7GH2, 0.5MW, 2s) used
for heating (ECH) and/or current-drive generation (ECCD) in 2" harmonic X-mode (X2)[1]
while the third cluster has 3 gyrotrons (118GHz, 0.5MW, 2s) for top-launch third harmonic
X-mode (X3) heating[2]. At the toroidal magnetic field of 1.5T, the X-mode cut-off densities
for the X2 and X3 waves are 4.2 10"°[m™] and 11.510"[m"™], respectively.

The X2(X3) gyrotron rf output, is connected to an rf conditioning unit (RFCU) whose
optics is composed by 4(3) mirrors. There are two(one) parabolic mirrors for adapting the rf
beam to the HE,; waveguide and two flat gratings for controlling the wave polarization.



For a given plasma equilibrium and a predefined launching angle, for the X2 gyrotrons, the
required polarizer angles are calculated and than physically set to these calculated values
using a motorized system. Each RFCU is connected to a 63.5mm evacuated HE;; waveguide.
For the X2 gyrotrons each line is connected to a low-field side launcher which has two
angular degrees of freedom. One degree of freedom has real-time steering capability with a
maximum angular sweep rate of 48 °/sec (96%/sec for the rf beam). The mirror orientation can
be such as to either sweep, during the plasma shot, the poloidal or the toroidal injection angles
(Figure 2). The waveguides from the X3 gyrotrons converge to a single top-launch mirror
which has radial and poloidal angle degrees of freedom. The X3 mirror angle has a real-time
steering capability of 20°/sec (40°/sec for the rf beam) while the radial position can be
changed between shots.

With the very flexible position and shape control capability of theTCV plasmas, the
real-time steering capabilities of the launching angles both for the X2 and X3 have proven to
be essential. For a given target plasma, the real time steering of the rf beams primarly permits
experiments to be performed that would be significantly more difficult to analyse and
interpret if performed on a shot to shot basis but also opens the door to the implementation of
a feedback system to control in real-time the power deposition location and/or driven current.

X3-Top Launch

X3-Cluster C
118GHz/ 3 x 0.5MW

X2-Cluster A
82.7GHz/ 3 x 0. SMW i
Evacuated TL
> ~HE,;, 63.5mm
X2-Cluster B 5
82 7GHz/ 3 x 0.5MW RFCU

Figure 1. The TCV ECRH system. Three clusters of gyrotrons, A (X2, 82.7GHz
3x0.5MW), B (X2, 82.7GHz 3x0.5MW), C (X3,118GHz 3x0.5MW). Each cluster is connected
to one High Voltage power supply (V) = 85kV, 1,=80A, Tu = 2s). At each gyrotron rf output,
a rf Conditioning Unit (RFCU) contains an for efficiently couple the rf beam into the HE;,
(63.55mm diameter) waveguide as well as control the rf beam polarization..
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Figure 2. Real-time steering capabilities of the X2 and X3 launchers.

Figure of merit of an ECH-ECCD system

The highly efficient and localized heating and current drive capabilities of ECH-
ECCD in magnetic fusion devices are based on a resonant wave particle interaction which
takes place both in real and phase space. The localization properties can essentially be
described by a gaussian function: A(p) = Ag Exp[-(p—po)*/Ap°], where the quantity, A,
represents a relevant physical quantity such as the power density dP/dV [MW/m’] and/or
driven current jecep [MA/m?]. The localization properties are described by the deposition
radius, po, and the width Ap. For a given plasma configuration and ECH system, the three
quantities, (Ao po,Ap) depend essentially on: the installed power, the rf beam optics and
aiming accuracy, refraction effects, and diffusion processes both in real and phase space. The
rf power density at a given deposition radius is approximately given by:

dP/dV (r) Pgre/ (877 1o Ar k Ro)*Exp[-(r-ro)/Ar’] [W/m’],(ro > 1.5Ar )

where Pgrr is the total beam power, 1o is the deposition radius, k is the plasma
elongation, Ry is the major radius and Ar is the deposition width. Ar can either be dominated
by the beam optics (Ar  wygp,, Where woy is the beam spot size in power) or by the absorption
layer width, Laps,(Ar  Laps< W) for high field side deposition. For the beam optics of the
TCV X2 launcher (wop, = 20mm), the typical power densities versus normalised deposition
radius,pqcp ,are shown in figure 3, where the gaussian deposition profiles for two different
power levels [1.35MW (red curve) and 0.45MW (blue curve)] are centered at, pgep= 0.3. The
power deposition profile for a total rf power of 1.35MW injected with the X3 top-launch is
shown by the dashed black curve. Contrary to the case of the X2 LFS injection, the deposition
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Figure3. Typical power densities for the X2 and X3 system on TCV. For the X2 system, the
deposition radius is located at pyyp = 0.3 and the power deposition width is determined by the
beam optics with a spot size (in power) of wy, = 20mm (Ap =wy, /(k a)=0.012, a=0.25m, x
=1.7). The continuous lines passing through the peak density show how the peak density
varies with deposition radius. For the X3 top launch, the deposition width is determined by
both the beam optics and the ray trajectory within the resonant layer.

profile for the X3 is not local and is mainly used as a global heating in plasmas with electron
densities higher than the X2 cut-off.

Models validation

The absorption profiles in TCV are calculated using the ray tracing code TORAY-
GA[3] with the ray tracing part modeled by a cold plasma dispersion relation and the wave
polarization and absorption calculated by a fully relativistic model assuming an isotropic,
Maxwellian velocity distribution function. The plasma parameters used in TORAY-GA
calculations are the bulk electron temperature and density profiles measured by Thomson
scattering and the equilibrium reconstruction given by the LIUQE code[4]. In presence of a
significant fraction of suprathermal electrons, in particular for the X3 wave, the absorbed
fraction can be significantly underestimated by TORAY-GA and, in addition, the absorption
profile can strongly deviate from the one based on a single Maxwellian distribution
function[5].

Based on the ray-tracing trajectories and polarizations calculated with TORAY-GA,
the current driven profile is calculated by codes based on a quasi-linear Fokker-Planck (FP)
model. The fastest computational method, which is based on the Cohen[3] or Lin-Liu model
for ECCD[3], is imbedded in the TORAY-GA code and gives a current driven profile,
Jecen(p), varying linearly with the power deposition profile, dP/dV(p). Non-linear effects of
the injected power are taken into account by the CQL3D code[6] which solves the FP
equation in momentum space [2D, bounce average] and 1D spatial space (radial) using an rf
quasilinear operator. In this model the effect of a parallel electric field can be included. As
shown by Harvey et al.[6], the power dependence on the driven current deviates from its
linear dependence for normalised power densities Q = dP/dV[MW/m'x]/ne[l()lgm'3 1> 0.5. At
normalised power densities Q>>0.5, as it is possible to achieve in TCV plasmas, the effect of
spatial diffusion on the current carrying electrons has to be included in the CQL3D Fokker-
Planck code[7,8].



Considering a flat electron density profile ne(p)= neo(1-p'®), a comparison of the power
density, dP/dV(p), and normalised power density profiles Q(p) between different ECH
systems installed on present and future devices is shown in Figure 4. The profiles are shown
for a deposition radius, pyep= 0.65, which corresponds to the g=3/2 rational surface for ITER.
The rf power used in the calculation is representative, for each system, of the maximum
power deposited on a defined pgyep, and the beam width, used in the calculation is

representative for each system.
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Figured. Comparison of, a) power densities, and b) normalised power densities for different
ECH systems installed on present and future tokamaks or stellerators. Notice that the
normalized power density values for JT-60 and ITER have been multiplied by a factor of 50.

It is clear from this figure, that in case of ITER, non-linear effects as well as spatial diffusion
effects on the current driven profile will be negligible. Extensive experimental studies of the
ECCD efficiency with normalised densities Q [, have been carried out in the DIII-D
Tokamak and confirm that the linear calculation of the driven current is in good agreement
with the experiment[9]. The TCV ECH system allows one to investigate both, moderate,
(Q 1[10], and high (Q 5-15) Q values. For the latter case it has been experimentally
demonstrated that the current drive efficiency is dominated by spatial diffusion effects[7,8].

Experimental methods used for model validations

With the highly flexible ECH system installed on TCV, an extensive scientific
program has been devoted to model validation as well as the real time control of the power
deposition. These studies include, the evaluation of the aiming accuracy of the launcher
mirrors and, the determination of the deposition location and width of both ECH and ECCD.
In relation to the driven current, TCV has no diagnostics able to make a direct local
measurement of the driven current profile, but indirect measurements using an in-situ
diagnostic, such as the q=1 surface[10,11] or global measurements in fully ECCD plasma are
used to determine the driven current profile.

The launcher aiming accuracy in TCV is determined by sweeping the rf beam during
the plasma discharge and by either observing the sawteeth response on the q=1 surface[10],
or, in the case of the X3 top launch, by measuring the global electron temperature increase
during the sweep of the poloidal injection angle. For the latter launching scheme, due to the



long ray-path in the resonance layer, the aiming accuracy has to be as high as A8 <0.5%s
shown in Figure 5. Both the measured optimum aiming angle and the angle width are in good
agreement with the angular dependence of the absorption calculated using TORAY-GA.
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Figure 5. Comparison of the predicted absorption (TORAY-GA) versus top-launch mirror
angle (6) and the plasma response by a line integrated soft-X diagnostic (the electron density

variation during the sweep is negligible).

A similar aiming accuracy is required for NTM stabilization in ITER using the top-
launch injection. For X3 top-launch in TCV, the variation of the optimum aiming angle with
plasma parameters (electron temperature, Shafranov shift, etc..) is of the same order as the
alming accuracy. In order to maintain optimal absorption a feedback system has been
designed [12] and will be tested in the near future.

The experimental validation of the deposition location and deposition profile has been
performed both by studying the sawtooth period response on the g=1 surface [10,11] or by
modulating the injected rf power (MECH)[13]. The latter method is potentially capable of
giving the deposition radius in real time, by calculating, via an FFT, the minimum phase
between the drive signal and the plasma response as measured using a spatially resolved
diagnostic (e.g ECE). For real time control of the deposition radius, as required for NTM
stabilisation in ITER, this method could be used for generating the error signal in a feedback
loop. However, in the presence of sawooth activity or ELM's, the coupling between these
perturbations and the MECH signal can render the FFT method useless as shown in Figure 6
and Figure 7(left) for a case with central deposition. In figure 6(a), the time traces of the
MECH are shown together with raw Soft-X signals for different lines of sight and a Fourier
spectrum of the raw data (b) clearly indicates the presence of sawteeth-MECH coupling. The
amplitude and phase reconstruction, using an FFT analysis, is shown in Figure 7(left) for the
first three harmonics of the MECH, where amplitude (top) and phase (bottom) are shown
versus normalized minor radius. The positions of the power deposition and inversion radii are
respectively indicated by the green and blue vertical dashed lines. It is clear form this figure
that with the FFT analysis, the minimum phase criteria does not correspond to the deposition



radius but to the inversion radius. This result is due to the strong coupling between the two
dynamics associated with the sawteeth and the MECH.
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Figure 6. (a) MECH drive signal and raw Soft-X signals for different lines of sight. (b)
Fourier spectrum of raw data. different peaks related to different frequencies are visible, in
particular the sawtooth-modulation coupling.
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Figure 7. Left figure, amplitude(a) and phase(b) profiles at higher harmonics (first,third and
fifth) of the signal treated with an FFT analysis. Right figure, amplitude(a) and phase(b)
profiles at higher harmonics (first, third and fifth) of the signal treated with an SI-SVD
analysis.

Several analysis methods have been investigated in order to decouple the two dynamics, and,
as shown by Manini et al.[13], a new method based on system identification (SI) using a



Singular Value Decomposition (SVD), is capable of simultaneously separating the MECH
form the sawtooth contribution. The result of this analysis is shown in Figure 7(right) where
the power absorption radius clearly corresponds to the minimum phase criteria. In addition,
the high quality of the amplitude and phase reconstructions given by the SI-SVD method
makes it a powerful tool for transport analysis. In the case of off-axis ECH deposition, (pyep >
Pinv), the sawteeth perturbation is significantly weaker and the FFT analysis is sufficient for
determining the deposition radius using the minimum phase criterion. Due to the time
consuming numerical calculations involved, the SI-SVD method is not applicable for
determining the power deposition radius in real-time. The SI-SVD analysis is, however,
necessary for a precise amplitude and phase reconstruction needed in transport studies.

In the case of NTM stabilization in ITER[14], occuring on the rational surfaces g=3/2
(Paep = 0.66) and q=2 (paep = 0.79), real-time determination of the power deposition radius via
a FFT analysis might be possible provided that perturbations generated by ELM"s (and/or
sawteeth), are negligible.

As mentioned earlier, the validation of the current drive profile is not possible in TCV
by a direct measurement. However, it has been shown[10,11] that the sawteeth period
variation is directly linked to the local current drive profile via a modification of the local
shear near the g=1 surface. For experiments at low normalised power density (Q 1) using
ECCD for sawtooth stabilisation[10], it has been shown that the sawteeth period variation
follows the current driven profile predicted by TORAY-GA.

At large normalised power density (Q >>0.5), as typically used in TCV for fully
sustained non-inductively driven ECCD discharges (Figure 8), the total experimental ECCD
driven current, Igccpexp, 1s calculated by substracting from the measured plasma current, the
bootstrap fraction calculated from the pressure profiles given by Thomson scattering (Figure
8(b)). Comparing the experimental value of Igccpexp to the predicted value by the different
models (Figure 8(c)), it is clear that radial diffusion (CQL3D+D) needs to be included in
order to be consistent with the experimental observations. It is important to notice that despite
the significant decrease induced by the radial diffusion on the value predicted by CQL3D, the
non-linear effects are still important since the value calculated with CQL3D +D and matching
the experiment is approximately a factor of 2 higher than the one predicted by the linear code
TORAY-GA. The important effect of the radial diffusion is on the strong broadening of the
current driven profile. For TCV power densities, CQL3D+D simulations of hard X-ray
emissivity yield typically Dy ~ 0.5-3m?/s.
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Figure 8. (a) Launching geometry for the co-ECCD beams in a fully ECCD driven plasma
(two beams(0.45MW/each) with toroidal injection angle, ;¢=22”). (b) Plasma current
(black), bootstrap current (blue) and ECCD driven current(red) time evolutions. The filled
red point corresponds to the calculated (CQL3D+D) ECCD driven current with a radial
diffusion coefficient Dy = Im’/s. A radial dependence of the diffusion coefficient following an
L-mode scaling is considered: D(p) =Dn(]+3p3)[nea/ne(p)].(c) Current driven profiles
calculated with TORAY-GA, CQL3D, CQL3D+D.

The dominant effect of diffusion at high normalised power density has motivated specific
experiments dedicated to the dynamical studies of suprathermal electron relaxation by
Modulated ECCD (MECCD) [15]. In these perturbative experiments the response of a high
field side ECE radiometer to short, low duty cycle, periodic and localised ECCD has given
promising results on the relaxation dynamics of the fast current-carrying electrons. In these
experiments, a pulse length of 250us (duty cycle 1/40), has been empirically adjusted to be
well below the time of quasilinear saturation and to permit observation of the spatial
propagation of the pulse after rf turn-off. To improve the signal to noise ratio, coherent
averaging is performed throughout the steady-state phase of the discharge, comprising up to
200 pulses.

Since for the HFS-ECE, the optical depth of the suprathermal populations is low, and
assuming a characteristic temperature of the suprathermal electrons independent of position
one can show[15] that the variation of the radiation temperature measured by the HFS-ECE
can be directly associated with the variation of suprathermal density. Figure 9(b) shows the
time history of the different HFS-ECE channels in response to a short central ECCD pulse
with a toroidal injection angle of 25° (Figure 9(a)). A simple measurement of the radial



propagation of the pulse is the time to peak calculated from the power turn-off time and is
shown on Figure 9(c) for four different shots with increasing vertical distance between the
magnetic axis and the horizontal ECE chord.
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Figure 9. (a) Configuration of the centrally injected co-ECCD rf beam and the line of sight of
the HFS-ECE radiometer. (b) Suprathermal density derived from the HFS-ECE signals, in
response to a short central ECCD pulse with a toroidal injection angle of 25°( ending at t=0),
averaged over 114 coherent pulses (shot 25018, I, = 230kA, <n,> = ].5*10]9[m'3], Topear=
1.5keV, x=1.6). (c) Time-lag from the end of a central ECCD pulse to the ECE peak, as a
Junction of py, calculated by tacking into account the estimated relativistic downshift.

The TORAY-GA code predicts a power deposition in the region p=0-0.2, which is confirmed
by the measurements to be a region of zero time-to-peak delay, within the ECE time
resolution of 50us. As for the experimental determination of the power deposition profile with
MECH described earlier, the dynamical evolution of this system will be analysed by means of
a formal system identification method which allows one to separate the different dynamics
associated with this diffusive process. The application of different transport models will
possibly allow the determination of the spatial diffusion coefficient of the suprathermal
population which will complement the values inferred from the analysis of Hard-X ray
emissivity[8].

A final example of the application of co-ECCD in fully non-inductively driven
plasmas is described. By staggering different clusters it is possible to extend the plasma
discharge to pulse lengths well beyond the limit of 2s for ohmic plasmas. This type of
scenario allows one to simulate the maximum reaction time in case of rf power default by
imposing a variable time-delay between the turn-off of the first cluster and the turn-on of the
second cluster. The situation is shown in Figure 10 a), where the relevant time traces are
shown for a complete turn off of the rf power during Atgery  25ms. The plasma eventually
disrupts when the time delay Atgeray is bigger than a maximum value Aty The disruption
mechanism is a vertical instability occuring while the plasma current is decaying with a
constant elongation k. For a given machine and «, there is a threshold on the plasma current
below which the plasma cannot be maintained. The value of Atya, normalized to the
caracteristic decay time of the plasma current (T =L/R, exponential decay fitting of the plasma
current) is shown in Figure 10 b). This result shows that the characteristic time-scale in case
of an rf power default has to be faster than the decay time to this Ip-threshold. For the present
plasma current levels reached in the experiment this characteristic time scale is of the order of
the characteristic L/R decay time of the plasma current.
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Figure 10. Simulation of rf power default in a fully ECCD driven plasma. (a) Time evolution
of the plasma current, co-ECCD rf power during a power default period of Atyeiny = 25ms. (b)
Maximum delay time, Aty normalised to the plasma current decay time(t =L/R) for different
total plasma currents.

Conclusions

Extensive studies with ECH and ECCD on TCV have allowed the validation of different
models used to predict the figure of merits of an ECH/ECCD system in terms of localization
for both the power deposition and the ECCD driven current. In TCV, the normalised power
density as defined by Harvey et al. ranges from values where, for the ECCD driven current
calculation, a linear theory (as implemented in the TORAY-GA code) is applicable, to values
where non-linear effects and spatial diffusion (Fokker-Planck code, CQL3D + Diffusion)
have to be used. For ITER, the normalised power density is very low, such that non-linear and
diffusion effects will be negligible and the linear theory will properly predict the ECCD
current drive efficiency as well as the current driven profiles. For the high normalised power
density experiments on TCV, with significant radial diffusion, dedicated experiments have
confirmed the bulk value of the diffusion coefficient and further studies aimed at a direct
evaluation of the spatial diffusion coefficient of the fast electrons are currently ongoing.
Limitations for implementing a feedback control on the deposition radius by using a minimum
phase criterion (between a spatially resolved diagnostic and MECH) have been analysed. In
the case of significant perturbing effects generated by ELM's and/or sawteeth, the phase
calculation with an FFT analysis might lead to potential misinterpretations of the deposition
radius. In the case of NTM stabilization in ITER, the effects of these perturbations needs to be
carefully adressed.
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Abstract: The TCV additional heating system was upgraded with three 450 kW gyrotrons operating at the fre-
quency of 118 GHz for 3" harmonic X-mode top-launch heating. In the moderate magnetic field of TCV (1.45 T), the
X3 ECH system extends the accessible plasma density range to 1022 m™. Since the absorption coefficient is lower
with X3 than with X2 by a factor (kBTe)/(mecz), a top-launch injection system was installed in order to maximize the
ray path length along the resonance layer, thus maximizing the optical thickness. Experiments with a poloidal angle
sweep have been performed and showed that the absorption strongly depends on the poloidal injection angle. Opti-
mum absorption was obtained by properly adjusting the launching parameters (poloidal angle and radial position of
the mirror). The optimal injection angle is in good agreement with predictions by the linear ray-tracing code TORAY-
GA. The need for accurate aiming led us to consider a real time control system, based on a synchronous demodula-
tion technique, to ensure optimal absorption during a discharge with slowly varying parameters (density, temperature,
etc.). Preliminary experiments showed that a feedback signal can be obtained from the plasma response (SXR, Te
from X-ray, ECE) by modulating the poloidal injection angle.

During the sweep experiments the absorbed power, measured with a diamagnetic loop during a modulated
ECH phase (MECH), was observed to be higher than the TORAY-GA predictions. This is attributed to a suprathermal
electron population which is observed with the HFS-ECE radiometer. These observations lead us to use the X3 top-
launch as a fast electron diagnostic. By varying the radial distance between the RF beam and the cold resonance, the
beam can couples selectively to different electron energies. A calculation with a weakly relativistic model assuming a
bi-maxwellian distribution function give a vertical single-pass absorption of up to 50% in the HFS region. Prelimi-
nary results of this technique and its relevance to the study of the suprathermal electron population will be presented.

1. Introduction

The extension of accessible electron density with the EC
system is possible in the moderate magnetic field of TCV (1.45
T) by using a third harmonic X-mode heating. Compared to the
2" harmonic low field side launch (e oueog=4'10"" m™3), the
third harmonic extends to the cutoff density ne_,oz=1210'" m™
and allows the heating of H-mode plasmas [1]. The low X3
absorption coefficient has led us to choose an upper launcher in
order to maximize the beam path along the resonance, that is to
maximize the optical depth. The X3 heating system on TCV is
composed of three 450 kW gyrotrons operating at the frequency
of 118 GHz. The X3 launcher is an elliptical mirror focusing in
the center of the plasma. Its poloidal angle can vary from 40° to
50° during the discharge at a maximal velocity of 20 deg/s.

Figure 1: Poloidal view of the TCV vessel with both X2 and X3 beam.



The mirror can move radially between 80 and 97 cm (as shown in Figure 1) from shot to shot [2].

In this paper, section 2 discusses the absorption properties of X3 top-launch on the base of
theoretical results. Section 3 presents the observations made during poloidal launcher angle
sweep. The absorption efficiency depends strongly on the poloidal injection angle and this is in
good agreement with predictions of the linear ray-tracing code TORAY-GA. The sweep method
allows us determining the optimal injection angle and TORAY-GA is a useful tool to predict the
optimum injection angle. Since the X3 absorption depends strongly on the poloidal angle and
since the optimum angle varies during a discharge (Temperature and density variations), a real
time feed back control on X3 launcher has been proposed. Section 4 shows the feasibility and a
simulation of such a control system. Section 5 presents X3 heating experiments showing the role
played by the suprathermal electrons in the X3 absorption efficiency. Therefor the X3 heating can
be used as a fast electron diagnostic in a purely vertical launch by exploiting the relativistic shift
effect. Preliminary experiment has shown the potential of such a diagnostic.

2. X3 absorption coefficient and sensitivity with top-launch

In a weakly relativistic approximation and for the finite density regime
(@,/ ®,)? » 2(v,,/c)?, the absorption coefficient of the third harmonic, for an extraordinary
polarization mode (X-mode) and in a quasi perpendicular propagation, is given by
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where o is the plasma frequency, ®, is the cyclotron frequency, v, is the electron thermal
velocity and N, . is the real part of refractive index (given by the Happleton-Hartree dispersion
relation) [3]. F’’y,,(z3) is the imaginary part of the Dnestrovsky function (Shkarovsky function
for perpendicular propagation) and the variable z,, is such that
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with #n=3. In comparison to the second harmonic, the X3 absorption coefficient is lower by a fac-
tor:
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and in order to maximize the optical d%lpl Tyy = joc&x )ds a top-launch is required. In a top-
launch configuration, the optical depth ty; = n,T, in the case where the wave vector stays quasi
paLr%lSlel to the resonance layer, whereas for a low-field-side launch, the optical depth
Ty; =n,T? . Figure 2 shows the absorption coefficient as a function of the minor radius (mag-
netic field dependence) for three different temperatures and for a density ne=3'1019 m>. The
amplitude of the absorption coefficient is linearly dependent on the temperature. The resonance
layer defined as the full width at half maximum (FWHM) of the absorption coefficient also
increases linearly with the temperature. In a top launch configuration, such a broadening



decreases the absorption sensitivity on the poloidal injection angle depending also on the beam
size. For X3 low-field-side launch, it would increase the optical depth, whereas for X2 low-field-
side launch, it has not any effect because the power is fully absorbed before to reach the maxi-
mum of oc(2 ). The distance AR between the cold resonance and the maximum of (xgx) is shifted
towards the high field side (HFS) as the temperature increases. This shift can strongly affect the
absorption efficiency in a vertical launch configuration since the beam path can get out from the
resonance layer. In the case of X2 ECH or ECCD, the high absorption makes that the shift of the
absorption coefficient to the high field side is of second order and becomes relevant for studies on
decrease of trapping for off-axis ECCD as studied by Prater et al. [4] Both broadening and shift
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Figure 2: The X3 absorption coefficient versus the minor radius. The amplitude, the
Full Width at Half Maximum w (FWHM) as well as the distance between the
maximum and the X3 cold resonance AR increase with the temperature.

effects on X3 top-launch absorption can be associated to the poloidal injection angle sensitivity.
The broadening effect can be evaluated by assuming that if the maximum of the absorption coeffi-
cient is reached when 6=45° (vertical launch), the angle sensitivity is defined by the angle neces-
sary to reach the FWHM w. By taking a typical plasma target which gives the vertical distance
Az=767 mm between the launcher and the plasma center, the angle sensitivity is such that
tan(6,-45) = w/(2Az) and one finds d8)/dTe =0.3 deg/keV. The shift effect is evaluated by
assuming that if the vertical launch (8;=45°) is such that the beam follows the X3 cold resonance,
the angle sensitivity is taken to be the angle necessary to reach the maximum of the absorption
coefficient: tan (6, - 90) = (AR)/(Az). By taking the same Az, one finds that d8;/dTe =0.25 deg/
keV. The real sensitivity is not so limiting because the beam size smooths both shift and broaden-
ing effect. The beam size is characterized by its wait wy=21 mm (E-field), that is the beam diame-
ter is 42 mm and is equal to the resonance layer w for a temperature of 5 keV.



3. Poloidal injection angle dependence of X3 top-launch absorption

In order to study the X3 absorption sensitivity on the mirror poloidal angle, experiments
using a poloidal angle sweep have been performed. The soft X-ray emission from a central chord
has been used to determine the absorption sensitivity on the injection angle. The experiments have
been performed at central densities in the range 3.510'% to 8.4'10!° m™. The soft X-ray signal is
proportional to n,T, and it has been verified that the main effect on the signal variation is related
to a temperature variation. Figure 3 shows the soft X-ray emission and the single-pass absorption,
calculated using the linear ray-tracing code TORAY-GA versus poloidal mirror angle. The typical
width characterizing the absorption sensitivity corresponds to a mirror angle variation AB, = 1°
(FWHM). A deviation of 1° from the optimum angle causes the TORAY-GA absorption to
decrease to zero. The maximum of the measured signal and TORAY-GA maximum are in good
agreement. Therefore it is a good tool to predict the optimum angle, but since the optimal angle
changes with temperature and/or with density variations, a real-time feed back control is neces-

sary.
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Figure 3: SXR emission from a central chord and X3 absorption predicted by TORAY-G A versus
poloidal mirror angle for three different central densities. On the left, a poloidal view of

the vessel illustrates the beam path during the sweep of the launcher angle from 42° 10 48°.

First experiments and simulation have been conducted in order to study the feasibility of such a
control on TCV.

4. Real time control of X3 launcher angle

The goal of a real time control is to optimize the absorption using a dynamic response from the
plasma produced using a small perturbation. The perturbation is performed by modulating the
poloidal angle of the mirror at frequencies between 30 Hz and 70 Hz (technical limits). The opti-
mum angle can be extracted from the dynamic response of the plasma using appropriate signal
processing. Poloidal injection angle modulations have been done on TCV and the plasma



response has been measured on a central vertical chord of the soft X-ray emission. Figure 4 a)
shows the launcher modulation given by

8(f) = B4(t) +d6cos(w,,, 1) (4.1)

where 66=0.2° and ©,,¢/(27)=40 Hz. 6 denotes the slow variation which is, in Figure 4 a), time
proportional in the angle range 45° to 47°. Figure 4 b) shows the raw signal of the dynamic
plasma response. Its slow variation can be modelized by a gaussian function and the perturbation
is visible. Figure 4 ¢) shows the AC component of both perturbation and response signal after dig-
ital signal processing. The amplitude of the plasma response becomes zero at the optimal angle
corresponding to the maximum of the SXR signal. The phase, shown on Figure 4 d), between the
perturbation and the plasma response jump from 0 to 180 at the maximum of the SXR signal.
The optimal injection angle can be accurately determined using the phase jump. The modulation
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Figure 4. a) the mirror poloidal angle modulation added to a slow variations (sweep), b) SXR signal
Jrom a central chord reacting to the perturbation, ¢) AC component of both perturbation
u(t) and plasma response s(t) obtained by digital signal processing and d) phase between

uft) and s(t). The modulation is such that 868=0.2° and f,,,;=40 Hz. The angle is in the

range 45 to 47° (LFS to HFS) in order 10 sweep over the maximum absorption,

frequency of 40 Hz is the minimum required to ensure that the phase shift is initially zero. In
order to get a fast reaction time, the modulation frequency should be increased but this is possible
only of the modulation amplitude is decreased (technical limits). This will be possible taking into
account the experimental results.

The feed back control system has been simulated using the Matlab package SIMULINK.
Such a system can be divided in five parts as shown in the block diagram of Figure 5. The first part



(Figure 5 a)) is the sinusoidal modulation of the mirror as defined in (4.1). The second part (Fig-
ure 5 b)) builds the response signal such that
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where 6 is the optimum angle, Gy denotes the absorption sensitivity (~0.7 times the FWHM) and
I’y is a random fluctuation function. The third block (Figure S c)) executes the synchronous
demodulation using the plasma response and the reference signal and gives the derivative of the
signal ds/dB. The output signal is fed through a PID controller (Figure 5 d)) which builds the error
signal. The term proportional to ds/d8 (P) allows getting close to the optimal angle but not
remaining on. The integration term (I) allows reaching the optimal angle and staying on with an
accuracy 06. The last part (Figure 5 e)) defines the starting angle 8,(/=0) and allows simulating a
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Figure 5: Block diagram of the simulated feed back control. a) the reference signal (sinusoidal modulation), b)
the plasma response is define as a gaussian function of the mirror angle, ¢) the synchronous demodu-
lation gives the signal slope, d) the proportional-integrator (Pl) controller giving the error signal and
e) the starting angle and a deviation from the optiimum injection angle simulating variations in plasma
parameters.

deviation (slow variation of 6y(7)) from the optimal angle, which could be due to temperature or
denstity variations. Figure 6 shows the control system dynamic for the following parameters: the
optimal angle is 8 = 45°, the modulation amplitude 36=0.15°, the modulation frequency
finod=®mod/27=70 Hz and the random fluctuations are 10% of the output signal s(). Figure 6 a)
shows that the starting angle 8y(t<1) = 46° and after 1 s, a deviation is imposed such that 8,(t>1)
deviates by 2 deg/s. Figure 6 b) shows the error signal which is characterized by three typical
times. The rise time T,; = 130 ms 1s the time that the system needs to rise from 10% to 90% of the
final value. The peak time T, = 220 ms is the time that the system takes to reach the first maxi-



mum of oscillations around the final value. The settling time T, = 440 ms is the time that takes the
system to oscillate within 2% of the final value. Figure 6 ¢) shows the launcher angle according to
the error signal. The angle fluctuates around the optimal angle (45°) within 0.15°, even when the
deviation is imposed. In the present configuration (86 = 0.15 and w/(2r)=70 Hz), the system can
compensate the imposed deviations up to 20 deg/s (it corresponds to the speed limit of the
launcher) and is able to reach the optimal value in the 2 seconds time window by starting from the
maximum value8,(0) = 46. 16”. This means that the starting angle has not to exceed 1° from the
optimal angle since the feed back is wanted to be in the typical time scale of TCV.
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In this section, a first step has shown that an exploitable signal from the dynamic response
of the plasma can be obtained and a second step has shown, with a simulation, that this system is
sufficiently fast and stable to be implemented on TCV. In conclusion, it has been demonstrated
that a real time feed back control is feasible on the X3 launcher. A real time controller is being
implemented on TCV and experiments using the controller will begin in september.

5. X3 heating and fast electrons

In the frame of X3 absorption optimization experiments, comparisons between the absorp-
tion measurements and the TORAY-GA predictions have been performed. In these set of experi-
ments, | MW of X3 power was injected into a plasma target as illustrated in Figure 7. The X3
absorption measurement is performed by square wave modulating one gyrotron (450 kW) at 237
Hz between 1.2 and 1.5 seconds. The absorbed power is deduced from the induced variation of



the diamagnetic flux measured with a diamagnetic loop (DML) [5]. Figure 7 shows that X3 heat-
ing makes the central temperature (From Thomson scattering) increase from 1 keV to 2 keV. The
DML measurement gives an absorption of 65% (averaged on the modulation time window)
whereas the TORAY-GA predictions give an absorption of 40%. This discrepancy can be
explained by the presence of a non negligible population of suprathermal electrons and has been
observed in more complex scenarios like high elongated plasma with far off axis X2 ECH [6] or
LES injection of X3 with X2 EC pre-heating [7]. At the RF power switch on, the high field side
ECE (HFS-ECE) signal increases. This is a signature of the presence of suprathermal electrons
since this signal should be in the cutoff, that is the signal should be flat because the 2™ harmonic
emission from the bulk should be completely reflected since it comes from the center. It has been
shown that the fast electrons play a role in the X3 absorption [8].
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Figure 7: Typical scenario with 1 MW X3 top-launch heating. The absorption measurement during the square wave
power modulation (MECH between 1.2-1.5 s) gives an absorption of 65%. The high field side ECE mea-
surement is representative of the suprathermal population since it should be in the cutoff. The maximum
temperature from Thomson scattering increases from 1 keV to 2 keV at X3 switch-on. On the left, the beam
path is quasi-vertical along the cold resonance.

The strong coupling of X3, launched from the top, with the suprathermal electrons
observed in these preliminary experiments suggests its use as a fast electrons diagnostic. In a pure
vertical launch, the radial distance R of the X3 launcher with respect to the cold resonance is
directly linked to the energy of the coupled electrons. In a pure heating, from the relativistic shift
effect, the energy of a single resonant particle is given by

R
E(R) = (”m(fo( )_ 1).mec2 (5.1)

where n=3. Figure 8 b) shows the effect of the suprathermal population on the X3 absorption in a
vertical single-ray path. This calculation has been done by assuming a bi-maxwellian distribution
function and parabolic profiles A(r) = Ay(1 - (r?/a?*))® with different peaking coefficient .




The plasma bulk temperature and density as well as the plasma geometry are the same for all
curves. The fast electrons temperature is respectively 21 keV for the dark-blue curve and 35 keV
for the light-blue curve. The central bulk temperature Tey=2 keV and the red curve represents the
absorbed fraction without suprathermal tail. The X3 absorption can reach 60% if the suprathermal
density is 10% of the total density and if the suprathermal temperature is 12 keV. By scanning the
radial position of the X3 launcher, the RF beam can selectively couple on the different energies
and such an absorption curve as shown in Figure 8 b) should be reproduced. The radial scan
experiments have been performed by generating fast electrons with 100 kW of X2 CO-ECCD.
Figure 8 a) shows poloidal and top view of both X2 and X3 beam trajectories. In these prelimi-
nary experiments, the density was chosen too high (ne; ~ 310" m™) and refraction of the X2
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beam trajectory degrades the CD efficiency. On the other hand, the X3 beam is unaffected and its
trajectory remains vertical. The energy selectivity is related to the X3 beam waist (wy=21 mm E-
field) which corresponds to an electron energy AE=12 keV. With a launcher radial position R=870
mm, as schematically drawn on Figure 8 b), TORAY-GA predicts no X3 absorption, that is X3



doesn’t couple with the bulk, whereas the DML measurements gives an absorption of 25%. The
X3 power is thus fully absorbed on suprathermal electrons which have an energy E = 26 + 12
keV. This interpretation is confirmed by the radiative temperature increase from 2 keV to 3 keV at
the X3 switch-on as shown in Figure 8 c¢). With a launcher radial position R=890 mm, TORAY-
GA and the DML measurements give both 45% of X3 absorption, that is the beam couples only
on the bulk. Nevertheless the radiative temperature increases from 2 to 5 keV which denotes the
generation of suprathermal electrons and since the beam couples the bulk, it is not able to increase
the fast electrons energy. Future experiments will be conducted to scan a broader energy range,
with a lower density and with higher X2-ECCD power level.

6. Conclusion

The necessity for a real time feed back 5 ; — ‘ , ,250
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(NTM) stabilization, injection of O1 ECH 3 4
from upper launcher in ITER is foreseen.

Such a stabilization system needs a real time Figure 9: ITER poloidal view with upper ECH launcher.

feed back control. It also requires a minimum
accuracy for the mirror orientation since the
deposition location must be controlled. Fig-
ure 9 shows a shematic view of ITER plasma
with upper launcher and O1 cold resonance.
This picture can be used to evaluate the poloi-
dal injection angle accuracy. The characteris-

The launcher accuracy 88 is evaluated, consid-
ering a 2 dimensional geometry (restricted to
the poloidal x-section), for poloidal injection
angle © necessary to reach both g=3/2 and g=2
surfaces. The deposition width is 6z=18 cm and
corresponds to 8r/a=0.05.

tic deposition width given by a NTM island size of 8z=18 cm (8r/a=0.05) defines the angular
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aiming accuracy of the top launch. Considering the plasma and launching geometry given in ref-
erence [9], the required angle accuracy is 66=2.3 and 86=1.6 for q=2 (r/a=0.66) and q=3/2 (r/
a=0.79) respectively. The TCV upper launcher accuracy is significantly higher than this require-
ment and the future feed back control system on TCV will give useful preliminary results.
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1. Introduction

Plasma turbulence is generally thought to be responsible for anomalous cross-field electron
heat transport which typically exceeds by two orders of magnitude the neoclassical transport in
tokamak L-mode discharges. In particular, electron temperature gradient (ETG) modes and
trapped electron modes (TEM) are candidate causes of anomalous transport as they are theoreti-
cally predicted to exhibit a threshold in VT',/T, which is consistent with the experimental profile
resilience or stiffness observed in many tokamaks during the last three decades [1]. Above the
threshold, an increase of the heat flux leads to a large increase of radial transport which acts such
as to keep the logarithmic gradient of T, almost unchanged. Moreover, the value of RVT,/T, is
quite comparable in several tokamaks, which suggests the same underlying turbulence.

TCV experiments with varying VT ,/T, and constant edge heat flux at two different plasma
triangularities (8~0.2 and 6~0.4) are discussed in this paper. The dependence of the electron ther-
mal diffusivity 3, on VT /T, is investigated. Thanks to a flexible electron cyclotron heating sys-
tem combined with the highest EC power densities used in such experiments to date, VT /T, 1s
forced to extremely high values. The dependence of the electron thermal diffusivity . on
VT,/T, is compared to that found in ASDEX Upgrade [2] and to a model used in ASDEX
Upgrade and JET [3, 4].

2. Description of the experiments

In the TCV tokamak (major radius R;=0.88m, minor radius @<0.255m, magnetic field
By<1.54T) auxiliary heating relies on an ECH system totalling 4.5MW of nominal power for a 2s
pulse length. The 2" harmonic frequency ECH system (X2) is composed of six gyrotrons at
82.7GHz and six independent low field side launchers steerable during the discharge, delivering a
total nominal power of 3MW. The 3™ harmonic frequency ECH system (X3) consists of three
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gyrotrons at 118GHz, with a single top launcher that can also be steered during the discharge,
delivering a total nominal power of 1.5MW.

In the present experiments, the plasma current and magnetic field are 1,~220kA and B7=1.44T.
The edge elongation x is approximately 1.6 and two triangularities, 8~0.2 and 8~0.4, are explored
with a safety factor gg5 of 4.7 and 5.4, respectively. The X2 ECH system is used to deposit from
0.45 to 1.8MW of EC power (X2) at two different normalized radii, p;~035and p,~0.7,ina
L-mode plasma in limiter configuration. The normalized radius is defined as p = ,/V/V LCFS»
where V is the plasma volume. A poloidal view of the plasma cross-section and of the EC beams
aiming at p, and p, is shown in Fig 1. The single pass absorption is ~100% (T,,~1.5-4.5keV,
Hop~1 .3-2.4x1019m'3) and refraction effects are weak, since Moo/ Ny curoff < 0.6, which results in a
narrow deposition region and therefore high power densities, up to 7MW/m”.

Keeping the total EC power Pp.(p|) + Pr(p,) constant and varying the EC power deposi-
tion distribution, Prc(p)/ Prc(p,), the electron heat flux O, between p, and p, and therefore
the electron temperature gradient V7', are changed at constant edge heat flux.

The profiles of the electron temperature 7, and density n, are obtained every 25ms from a
Thomson scattering diagnostic covering the full plasma height with a spatial resolution of 4.5¢m.
The 7, and n, profiles are measured after steady state is reached and averaged over ~300ms. This
leads to the relatively small error bars for 7, shown in the figures. The normalized temperature
gradient R/L;,=(RVT,/T,) is calculated at the low field side mid-plane. The ion temperature
profile 7; is obtained from a Charge Exchange Recombination Spectroscopy (CXRS) every 150ms
[5]. The plasma region seen by the two diagnostics is indicated in Fig 1.

3. Temperature profile variations

As shown in Fig 2, the shape of the 7, profile does not depend on the amount of centrally
deposited EC power. Here, p, ep= Pi- As the deposited EC power is varied from 0.45 to 1.8MW,
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VT, and Tzdge increase, but R/LT( only varies by 10% in the region p, < p <p,. This was
already observed in the past in several tokamaks and is known as profile resilience or stiffness [1,

6.

5 : | Figure 2:
: :gg mw ; T, profile in logarithmic scale. The
0'90 MW | EC power is varied from 0.45MW to
2l 1 o 0' 45 MW 1.8MW at constant deposition loca-

tion, p;~0.33, indicated in arbitrary
units by the thick blue line.

The T, profile is stiff for 0.4<p<0.7.
5~0.2.

# 24872, 24873, 24875

Q

0.2 0 4, 06 0.8 1

vol

On the contrary, a change of the EC power deposition distribution P £c(P1)/ Prpc(p,) at con-
stant total EC power leads to large variations of R/ LT as illustrated in Fig 3a and Fig 3b. Here,
Tidg remains constant while the EC power distribution is changed because the flux surface aver-

aged electron edge heat flux Q dge g kept constant. For a total EC power of 1.8MW, which corre-
sponds to a value of Q e of approximately 0.15SMW/m?, R/ LT varies by a factor 5. The

5 — (4,0) Figure 3a:
—= (2,2) T, profile variation at constant total
4 (0,4) EC power (Pge~1.8MW) for different
s radial distributions of the EC power:
s 3 1 The EC power deposition is indicated
&9 PEC~1 8 MW in arbitrary units by the thick lines.
=2 ol Q%% 0.15 MW/m3  The two numbers in the legend, repre-
© sent the number of EC beams aimed
at py and p,y, respectively (0.45MW
1t per beam).
o 5~0.2.
0 =

0 02 04, 06 08 1
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highest values of R/L; are obtained when all the EC power is deposited centrally, at p,, peak-
ing the 7, profile, whereas the lowest values are obtained when all the EC power is deposited off-
axis, at p, , broadening the T, profile.

Concerning T}, two features have to be pointed out. Firstly, as shown in Fig 4a, T, depends
weakly on the EC power and the ratio T,/ T, ranges from 2 to 5 at 8~0.2, following essentially
the 7, variation. Electrons and ions are weakly coupled at these low densities. Secondly, Fig 4b
shows that 7} is 1.5 times higher at 6~0.2 than at 3~0.4. This is only partly explained by the geo-

(0,4) ' ' [ 502

§~0.2
0.6} — 3~0.4

— (3!0)

24876, 24848

0 0:2 0.4

Figure 4a: Figure 4b:
T, and T; profile for two extreme power T; profiles for 8~0.2 and ~0.4

deposition distribution at 8~0.2 The whole T, profile is lower at 5~0.4
T/T; ranges from 2 to 5. than at 8~0.2.
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metrical effect of flux surface compression which leads to larger regions with high VT, values
and hence lower confinement at high 8 [5, 7]; the remaining variation could be due to the different
Zgr values observed at the two triangularities (Zegr was typically 1.3 to 1.7 times higher at 5~0.2
than at 5~0.4).

4. Heat flux and temperature gradient length

The electron heat flux is evaluated through the following expression where all quantities are
flux surface functions:

0, = vl{ jz P,,.dV+ jz PpydV - fg Pe,dv_%jz wedv},

where V" is the derivative of the plasma volume with respect to the normalized radius. The ohmic
power P, is calculated assuming a radially uniform loop voltage. The ECH power deposition
Prcyy is computed by the TORAY-GA linear ray tracing code [8]. The power transferred to the
ions P,; is evaluated using the ion temperature from CXRS and the electron temperature and den-
sity from Thomson scattering. The electron plasma energy W, is calculated using the T, and n,
profiles from Thomson scattering. Measurements from AXUV-bolometers (photodiodes) show
that the radiated power P,,; never exceeds 20% of the total power P, and that for p<0.8,
Prud” Proy <5%. Ppuqis therefore negligible in the region p<0.8. In Fig 5, a power balance analy-

Figure 5:
5 Power balance analysis.

Y The various contributions are indi-
£ cated, showing the dominant role of
2 1 the EC power.
o
o ~
3 5~0.4
®
0.5
]
£

0\

0

sis for a typical shot in this set of experiments is shown. It is seen that Py strongly dominates the
power balance, which validates the method as it allows for a strong variation of 0, by changing
only the EC power deposition distribution.

At a fixed normalized radius, intermediate between the two EC power deposition radii p; and
p,, and for a given Qedge, the local heat flux Q, exhibits a threshold dependence in R/ Ly, as

4

shown in Fig 6. The threshold value for R/L;, lies between 3 and 7, which is consistent with the
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Figure 6:
7} hreshold behaviour of the heat flux Q, variation as a function of R/ Ly, for 3 values
of Qe 8¢ and at fixed normalized radius p~0.5.

galues obtained in other tokamaks. It can also be noticed that the 7, profile becomes stiffer, i.e.
ed ge

aR/L,, increases, at high Q,

5. Thermal diffusivity

The power balance analysis yields the electron thermal diffusivity through the relation:

e Q,
¢ n, VT,

With the power densities used in TCV, R/ Ly, at mid-radius has been varied from 4 to 25, a
range of values significantly broader than that explored in other tokamaks. Fig 7 illustrates the
corresponding range of X, obtained in TCV. For R/L;, <15, y, increases monotonically with
R/ Ly, , whereas it decreases for R/ Ly, > 15. The behaviour is similar at all radii between the
two power deposition locations, that is for p;<p,,,;<p,. The values of X, are comparab]e at both
triangularities. The decrease of x, at high R/L;, and for Qe $ - 0.15MW/m” occurs in the
parameter region satisfying the Tresset criterion [9] for the formation of an electron internal trans-
port barrier in TCV: p; =p,/ LTF >0.06, where py is the ion Larmor radius at the sound speed. It
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should be noticed that the off-diagonal term involving the density gradient in the heat transport
cannot explain the decrease of X, as no correlation is found between these two parameters, even

atafixed R/ Ly . The decrease of y, with R/L, is more likely linked to a decrease of the micro-

p. ~0.5
12 , _vol ' .
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2 * - 8~0.2 q 4. 7
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Figure 7:

Xe at Pyor~0.5. from power balance analysis, as a function of R/ Ly for 3 values of Qedée
and two triangularities.

turbulence with R/L; or a correlated parameter.

Electron microinstabilities likely to be at play in TCV are electron temperature gradient (ETG)
modes and trapped electron modes (TEM). At mid-radius, the experimental value of R/ LT is
below the ETG threshold [10] for all the points shown in Fig 7. By contrast, while the experimen-
tal value of R/ LT is below the TEM threshold [11] for the three points with the lowest values of
Xe and R/L; <7, it exceeds the threshold for all the other points, consistent with the increased
Xe- In TCV, TEM are thus more likely to be responsible for the anomalous radial electron heat
transport than ETG.

An analytical model with a threshold in R/L; has been used in ASDEX Upgrade and JET to
describe the experimental variation of ¥, [3, 4], aécording to the following expression:

. T
X :q-—e-‘—‘-xo+q-e——~—-xs(RVT/T -x.) HRVT,/T,-x,)

In this expression, H is the Heavyside function. Below the threshold, X 15 constant and character-
ised by the parameter ¥, whereas above the threshold it increases linearly with R/ Ly . A gyro-
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Bohm scalmg of micro-turbulence driven transport is introduced by the term p,-T,/(eB), where

[2m.T,/eB is the ion Larmor radius at the sound speed. The safety factor ¢ compensates
the decrease of y, towards the edge, due to the T ? factor introduced by the gyro-Bohm term,
and helps also keeping y, constant at different currents. This expression has allowed an adequate
modelling of ASDEX Upgrade and JET data for R/L;,, between 2 and 10 [2, 12].

To test this model, ), normalized to ¢ - T3/2/(RB ) is plotted in Flg 8 for 6~0.2. As the
model introduces a dependence on T, results for the three different Q° . 98 Galues are plotted on
the same graph. For comparison, ASDEX Upgrade data from the experiments described in refer-
ence [1] are shown as well: the plasma shape and safety factor are 51mllar (k~1.6, &~0.25,
q95~4.5) but, in ASDEX Upgrade, the heat flux is lower ( Qedge ~0. O%%/IW/m ) and the plasma is
in divertor configuration. For R/Ly, <15, the E))ehawour of RB Xe / (qT ) is qualitatively
consistent with the model. The slope of RB YLe /(qT ) = f(R/Ly ) 18 however lower in
TCV than in ASDEX Upgrade. No statement can be made on the validity “of the T ? normalisa-
tion owing to the lack of points with different 7, and same R/LT For R/Lr > 15 the model
clearly breaks down completely for TCV. The result is similar for §~0.4. If it assumed that anoms-
alous transport is driven by the trapped electron mode (TEM), the decrease of RB® Xe / (g Tg/j)
with R/ Ly could arise from a dependence of the threshold (acting on k) or growth rate (acting
on y) on R/ LTe or a correlated parameter.

10 ' ; ' ' ' Figure 8:
SH pvol~0_5 Normalised y, as a function
% of R/Ly,
L 8
7
m: _I_ TCV 5-02 g, -4.7 TCV and ASDEX Upgrade
™ 1 data.
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6. Conclusions

The high ECRH power density in TCV has allowed a broad scan of VT, and R/ Ly at con-
stant edge heat flux: R/L, T, in particular has been varied from 5 to 25. For R/ L, <15, ‘the rela-



tion between X and R/ Ly is offset linear, as in other tokamaks. The slope, that is the stiffness, is
found to be lower in TCV than in ASDEX Upgrade. A new and higher domain of R/ Ly is
explored in TCV, 15 <R/L; <25, where ¥, stops increasing with R/ LT , which departs from
the predictions of the model used in ASDEX Upgrade and JET, and which represents the domain
of transition from stiff L-mode profiles to transport barrier profiles.
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Abstract: The main aim of the upper launcher in ITER is the stabilization of Neoclassical Tearing Modes
(NTMs). Efficient and effective stabilization requires generation of very localized driven currents, which in turn
rely on localized absorption. As a general rule, it is necessary to ensure tight overlap of multiple independent
beams. We discuss various aspects of aligning six beams on TCV using the response of the plasma to heating and
current drive as the detector. Specifically, the EC deposition is routinely swept during shots and the sawtooth
period is used to infer the beam size, power density and beam overlap from multiple beams. The physics of the
sawtooth instability creates an ideal in situ detector of the relative power density and driven current when the
plasma response is linear in power density: the “detector” appears to be smaller than the beam size. The method
used for multi-beam alignment, which ensures high local power density as a result of tight beam overlap, will be
described; from bench-top cold tests through laser alignment and plasma sawtooth period measurements. The
impact on the design of the ITER upper launcher will be discussed.

1. Introduction

The stabilization, or reduction to an insignificant amplitude, of NTMs at the q=2 and q=3/2
surfaces has been demonstrated in the past [1,2,3]. NTM stabilization on ITER is the top prior-
ity for the upper launchers. Twenty megawatts are planned to be injected via three ports; each
port having eight megawatts of installed gyrotron power transmitted via evacuated HE, trans-

mission lines to the launcher. The present ITER design is based on 1 MW gyrotron sources:;
however, Europe has undertaken the development of a 2MW source [4] to permit higher power
per port or less stringent space requirements at the 20MW level, due to the reduced number of
transmission lines required. In either option the total power from the 3 ports must be concen-
trated at the resonant surface of the modes in question to make efficient use of the available
power. The width of the current channel driven by the beams must be smaller than the island
width to make the island shrink and the width of the current channel will determine the ulti-
mate minimum size of the island [5]. If the island can be driven below some minimum island
width by the beams, other stabilizing effects can result in complete stabilization [6]. The
smallest beam width occurs when all beams are concentrated at the exact same position. This
paper will discuss the analogous problem encountered on the TCV tokamak when attempting
to stabilize the sawtooth instability with multiple beams. It provides a record of successes and
difficulties encountered during experiments designed to ensure accurate alignment of the 6
independent beams of the 2nd harmonic heating system.

The paper is organized as follows. Section 2 outlines the TCV electron cyclotron (EC) heating
system [7] and the tests used to pre-align and calibrate the launching systems. Section 3 pre-
sents a short summary of previous results of sawtooth stabilization with both heating and cur-
rent drive. This section also summarizes modeling of the experiments with the PRETOR-ST
code. Section 4 compares and contrasts the TCV and ITER alignment situations and section 5
concludes with the suggestion of some steps that should be taken to ensure successful align-
ment of the upper launchers on ITER.
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2.The TCV EC system and its initial alignment

TCV is equipped with nine, one-half megawatt gyrotrons. Six gyrotrons emit at 82.7GHz and
three at 118GHz. The nominal pulse length is two seconds. The gyrotron output power is
injected into an evacuated RF conditioning unit (RFCU, to use the ITER terminology) which,
in the past, has been referred to more commonly as a “matching optics unit” or MOU. The
RFCU contains focussing mirrors and grating-polarizer mirrors to prepare the beam for cou-
pling to the 63.5mm evacuated HE11 transmission line and, further on, to the plasma itself.
The 82.7GHz gyrotron beams are launched from the low field side (LFS) of the machine and
the 118GHz beams from the top. The two frequencies are matched to the so-called 2nd and 3rd
harmonic of the electron cyclotron frequency in the plasma and the polarization of each beam
is generally adapted to couple to the X-mode of the plasma; although, the universal polarizer
in the RFCU allows any polarization to be chosen. This leads to the nomenclature X2 and X3,
used on TCV to designate the two frequencies.

At the tokamak, all three X3 beams are concentrated on one focussing mirror which can be
displaced radially, between shots, and tilted in a poloidal plane, during a shot (FIG. 1). The
beam trajectory in the plasma runs nearly parallel to the resonance surface, and the absorption
profile is broad; providing bulk heating. The X3 launching system and its alignment will not
be discussed further but, reference [8] provides some operational details.

The 6 X2 beams are all launched
independently. The launchers are
distributed non-uniformly in 4 of the
16 sectors of the torus. Four of the
launchers are in upper ports and two
in equatorial ports. The magnetic
axis of the plasma in TCV tends to
be located in the upper half of the
vacuum chamber and thus, the equa-
torial launchers point upwards
toward the plasma center while the
upper launchers point downwards, in
general (FIG. 2a). All launchers,
however, can be oriented to provide
toroidal injection for current drive
(CD or ECCD) (FIG. 2b) as well.

1 focusing mirror ,
«..  rotation during pulse

translation between pulses

The X2 launcher contains a 4 mirror 1.5 MW at 118GH:z
assembly (FIG. 3). The last mirror of |
a launcher allows the beam to be

swept in the plasma (96° /s) over a  FIG. 1. The X3 launcher. One focussing mirror directs
significant portion of the plasma all three 0.5MW beams along the resonance surface in
minor radius; depending on the /igh elongation plasmas at densities higher than the X2

plasma elongation, resonance field cutoff. The mirror can be rotated during a shot and dis-

location and beam refraction. The Placed radial between shots.

mirror movement is usually referred

to as “poloidal” and is accomplished through vacuum bellows using short actuator rods which
push on a drive plate. The drive plate houses a set of ceramic ball bearings which permits the
mirror assembly to rotate providing toroidal injection; the toroidal motion being accomplished



- 37 -

FIG. 2. a) Poloidal and b) toroidal cross-
section of TCV showing the range of the
launchers. Paraxial beam free-space trajec-
tories are shown corresponding to the /e
diameter in electric field. The X2 launchers
can be rotated 360° for downward, upward,
+90° or intermediate aiming, as shown.

via a rotary vacuum feed through and a set of
gears. Longer rods attached to this drive plate
push on levers attached to the mirror which
rotates about an axis. The return motion of the
mirror is assured by 4 springs acting directly
on the drive plate. Atmospheric pressure would
cause compression of the springs when the
launcher is evacuated. The springs are pre-
compressed during installation to avoid devia-
tion from the nominal rest position. The posi-
tion 1s measured by linear potentiometers in the
mirror control system. Once the launcher is
assembled, it is cold-tested at its rest position
using a low power HE; input beam. Cross-
sections of the beam are measured at several
distances from the last mirror, along the theo-
retical beam axis, and fit to a 2-D Gaussian
power profile. The center of the beam is thus
traced and any errors in angle can be corrected
by mechanical adjustments to the last mirror.
The expected TEM,y, waist propagation char-
acteristics (w(z)) are also checked. This proce-
dure allows correction of accumulated angle
errors down to 0.06° on the launcher assembly
(~Imm error in vertical height at the reso-
nance). All significant errors in beam align-
ment have been eliminated by modifications to
either the mechanical design of the mirror sup-
ports or assembly procedure. The low power
measurement procedure can be eliminated
without compromising the alignment when
replaced by the appropriate mechanical tests

Once the launcher mirror assembly mechanical
movement tests under vacuum have been car-
ried out and the cold-tested in the laboratory
have been completed, the mirror assembly is
installed on the torus. Unlike the ITER
launcher, the TCV mirror assembly could not
be fixed directly to the port flange but is bolted,
at the back end, to a removable vacuum cham-

ber added to the torus chamber (see Figure 3); while the front end of the launcher is positioned
by a frame attached directly to the torus chamber itself. During installation on the torus, the
mirror assembly position is adjusted to insure smooth “toroidal” motion with the bolts tight-
ened. Often the optimum position for smooth toroidal motion is slightly displaced from the
theoretical position defined by the jig used to center the back end of the launcher..

Significant play in the actuator system results from the multi-stage assembly process. The play
in the installed launcher is taken up by shims external to the vacuum that are individually
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adjusted at the time of installation. Nevertheless, this complicated assembly procedure makes
it absolutely necessary to check the launcher alignment once it has been placed on the torus.

The calibration of the actuator chain is carried out by a technician inside the torus once the
launcher and the angle measuring electronics are installed. The angles of the fixed mirrors are
checked with a digital level (0.1° sensitivity) to ensure that no relative misalignment between
mirrors has occurred during installation; then, the measured angle given by the control elec-
tronics is calibrated against the digital level for ~5 angles. This calibration consists of a zero
angle (intercept) and a slope, as the external cam of the drive system has been designed to pro-
vide a linear relation between the control voltage and mirror angle. Any error in the launcher
axis, relative to the horizontal, should thus be taken into account by the calibration.

o FOTHSSRRE REIFTERY

flat uirror

input
500'000w
at 82.7GHz

Motors for aiming

FIG. 3. The X2 launcher. The bellows, short actuator rods and drive plate are hidden behind the
large green circular flange. The long actuator rods travel inside the cyan tubes to pivot the gray
mirror at the TCV end. The dark blue frame is fixed to the TCV vacuum chamber and supports
the 4-mirror launcher assembly (cyan + mirrors) at the TCV end by 3 ceramic bushings and 1
spring-loaded metal contact bushing which grounds the system. The entire cyan structure can
rotate up to 360° about the launcher axis (dark red line) between shots.

The final calibration step involves injecting a laser beam aligned to the waveguide axis at the
entrance of the launcher. The waveguide axis is aligned to be horizontal to the same accuracy,
0.1°, using the digital level. Laser alignment tests were attempted with limited success. The
surface finish required for microwave mirrors is significantly rougher than for optical surfaces
so the laser spot was very diffuse and difficult to localize. (This problem could be eliminated
by optically polishing a flat section in the very center of each mirror which is “invisible” to the
microwaves. e.g. A 4mm diameter flat could be machined at the mirror centers while introduc-
ing < 2um error in the surface shape; or, an equivalent sized plug could be inserted into the
mirror from the back providing the flat alignment surface.)

High power alignment using the actual transmitted beam at 82.7GHz is perhaps more relevant.
Any error in angle due to mode mixture at the waveguide cut will be included directly. This
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procedure entails difficulties of its own as an appropriate reference target is required in the
torus and both personnel and machine safety must be guaranteed. A liquid crystal target was
affixed to a plastic insulating sheet with double-faced tape and this was glued to a metal plate
which was subsequently mounted on the central column of the torus vacuum chamber using
the threaded holes designed for the carbon tiles. Their position is precisely known in the torus
reference frame. A several-millisecond, several-hundred-kilowatt pulse was fired at the target
and a photograph of the liquid crystal sheet taken. The error in the position is then estimated at
~6mm after 617mm corresponding to an error 0.6°. The maximum error expected at this stage
1s <0.2°. The high power test clearly reveals an unexpected misalignment not detected in the
previous alignment stages. Unfortunately, this type of high power alignment is not suitable
after launcher repairs or maintenance as it requires entry into the torus and removal of several
carbon tiles. Another option would be to install a permanent detection system for e actual
millimeter wave beam produced by the gyrotron/RFCU/transmission line/launcher system.
Such a system does not exist on TCV, so this experience points to the requirement for an in
situ plasma alignment procedure.

If we assume that this undetected error arises from the input beam to the launcher, it would
imply an error in the output angle of the waveguide and therefore a coupling loss at the
waveguide free-space transition. The magnification of the launcher system is ~1. The diver-
gence angle 6, = (2/&k/w,) of the beam which couples best to the free-space TEM, mode is
~3.2° and the coupling loss due to angular misalignment alone would thus correspond to
Ploss ! Pin = (68/84,)? ~3.5% at 82.7GHz. (As the mirrors are large - diameter 4 times the elec-

tric field spot size on the mirror - the diffracted power loss through the launcher might be
expected to be considerably lower.) Multiple high-power calorimetric measurements of the
gyrotron power have a standard deviation of +2%.

In contrast to TCV, the ITER launcher is part of a plug-in unit attached to the vacuum flange of
the port and otherwise entirely independent of the torus chamber. Only a 20mm gap is avail-
able around the front (blanket) end of the launcher. Combined with the roughly 6m length of
the launcher this defines a maximum physical misalignment of ~0.2° if the launcher were to
touch the blanket at the front-end. As this will certainly not be permitted, the maximum align-
ment can be estimated to be less than half this value. The ITER port is inclined at an angle
which presumably constitutes the reference angle of the plug-in; so, any error in the port
angle, relative to the ITER reference coordinate system, is added to that of the plug-in within
the port.

The “highly oblique launching” angles of the upper launchers in ITER may range from |o| ~
73° to 53° while the maximum angle of the X2 launchers in TCV is 55° and X3 launcher angle
from 85° to 90°. Errors in launcher angle translate into errors in Pdeposition 1he angle o — mea-
sured between the normal to the resonance cylinder and the k-vector in the poloidal plane -
provides a rough estimate of the importance of this effect, in the absence of strong refraction.
When heating near the top of a given flux surface the sensitivity to angle errors scales as AR/b/

cosz( a ), where AR is the horizontal distance from the launch point to the resonance surface
and b is the elongated minor radius (k = #/a). A rough estimate of the typical situation for saw-
tooth stabilization discussed in this paper yields AR ~ 0.25m, la] ~ 20°, b ~ 1.4*0.25m while
for NTM stabilization in ITER AR ~ 0.75, lof ~ 63°, b ~ 1.7*2m. Thus, despite the vast differ-
ence in size between the two machines, the sensitivity to angle errors is ITER is similar to that
in TCV.
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3. Summary of ECH and ECCD effects on TCV sawteeth

A strong dependence of the sawtooth period on the ECH deposition location in tokamaks has
been demonstrated on many machines. For example, more than a decade ago, Hanada and co-
workers [9] on WT-3 showed the asymmetry of stabilization (here meaning increase in the
sawtooth period) between heating near q=1 on the high- and low-field-side of the magnetic
axis, the non-linear increase in the sawtooth period when the power exceeded a certain thresh-
old, the dependence of the power threshold on density and on gegg, and finally that the ability
to fully stabilize sawteeth required a small beam spot size (e.g. higher power density and/or
better localization). Further, it was shown that the sawtooth period was very sensitive to the
toroidal magnetic field; that is, the half-width of the region over which stabilization occurred
for HES heating was roughly the same size as the beam half width. It was suggested that mod-
ification of the local shear due to a heating-induced change in resistivity and therefore current
density, was responsible for the observed sawtooth stabilization.

Experimental studies of ECH on the sawtooth period have been carried out on TCV since the
first injection of power into the tokamak in 1996. The ECH deposition location Pdep Was varied
relative to the g=7/ surface by either shot-to-shot radial scans, as on WT-3, or by single shot
sweeps. Because of the flexibility of the TCV control system, its highly elongated vacuum
vessel (3:1) and the equally flexible launchers, both radial and vertical sweeps are possible.
Radial sweeps by variation of B are used commonly on all tokamaks. (On TCV the maximum

magnetic field limits deposition to essentially the HFS of the plasma axis.) In the vertical
direction, however, the plasma is swept relative to the beam (z-sweep) or the beam relative to
the plasma (8 - sweep) and heating occurs at a plasma poloidal angle of roughly +90° (top or
bottom) rather than 0° (LFS) or 180° (HFS). In this case the deposition half-width 5Pdep is
dominated by the projection of the Gaussian beam cross-section onto a resonance surface
which is now roughly perpendicular to the flux surfaces rather than tangent (as in the B,
sweeps) to them. The poloidal field creates an up-down asymmetry due to ECCD when aiming
in the poloidal plane and during ECCD, trapped-particle effects can become important at the
resonance location. All three of these differences can play an important role in determining the
sawtooth period.

In parallel, theoretical studies and modelling of the sawteeth have been carried out since 1998
[10] using the PRETOR 1-1/2 transport code linked to a sawtooth model [11]. The resulting
code is referred to as PRETOR-ST to designate the inclusion of the sawtooth model [12]. The
sawtooth modeling is based on determining the moment at which the sawtooth crash occurs;
that is, evolving the temperature and current profiles from just after a crash to the moment
when a trigger condition is met. The trigger condition in TCV can be written as s; > 5;.,
where s refers to the shear and the subscript indicates evaluation at the g=/ radius. While both
the shear and the critical shear (threshold value) evolve after a crash, in most cases, it is essen-
tially the growth rate of s; which determines the sawtooth period: the slower the rise in shear
at g=1, the longer the sawtooth period. Continued refinement of the modelling has allowed all
of the experimental observations [13,14] using ECH and ECCD to be confirmed and has cul-
minated in simulations and predictions related to sawtooth period control using both ECH and
ECCD (or any electron heating and current drive system) [12].
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FIG. 4. Normalized sawtooth period versus ECH deposition
location relative to g=1. The blue lines are Gaussian fits to the
data. The 1/e power half-widths are ~20mm — similar to that
expected for free-space propagation. The thick magenta curve
in the b) is the ECH power density (0 offset to 1 on the graph)
calculated by the TORAY-GA ray-tracing code at the Thomson
measurement time closest to the peak in sawtooth period The
offset between the beams is 0.026 which here corresponds to
~8mm or 1.3°.

Of particular importance to the
discussion at hand, it has been
shown that the sawtooth period
evolution as a function of g,

can indeed be used to measure
the width and location of a single
beam when swept in the plasma,
as suggested in [13]. As an exam-
ple, Figure 4 shows the sawtooth
period (normalized to the no-
ECH sawtooth period) as a func-
tion of Py, - Py-; for two shots
in which different launchers were
swept. The deposition location
can be defined by the maximum
of the power density, or the loca-
tion at which 1/2 of the beam
power is absorbed. In most cases,
the two coincide to within 0.01.
When the deposition moves
across the q=1 region, the gq=1
radius moves. The deposition rel-
ative to the q=1 radius is used to
eliminate, as much as possible,
the effect this has on the fit
parameters  discussed below.
When comparing sweeps, all
beams are swept in the same
direction (from inside to outside
g=1) to avoid residual hysteresis
effects [15] from this motion.
TCV does not have a measure-
ment of the poloidal field and
therefore the motion is inferred
from the motion of the inversion
radius in some shots. The g=1
location given by the inverse
equilibrium code LIUQE has
been shown to be correlated to
the inversion radius motion and,

being more readily available, is more commonly used as the reference for the g=1 location.
For this reason, the absolute value of the offset (e.g. +0.04) is not necessarily significant. In
PRETOR-ST, the g=1 surface is calculated self-consistently with the current profiles and the
relative position of the deposition to the q=1 surface is significant. PRETOR-ST clearly indi-
cates that the optimum location for stabilization is the order of one beam half-width outside
the q=1 location. As the same sawtooth trigger model will be incorporated in the suite of trans-
port codes at DIII-D and similar sawtooth period measurements are now under way, this may

soon be corroborated with MSE measurements.



- 42 -

Superimposed on the sawtooth periods measurements in Figures 4 are Gaussian fits to the
sawtooth envelope. From these fits, the baseline (~1), amplitude, location and beam widths are
found. Launcher 2 and 5 are seen to be offset in the location of their maxima by Ap =~ 0.026
which corresponds to ~8mm or 1.3°. Analysis of identical plasma shots shows reproducibili-
ties £10% in spot size, +3% in amplitude and +0.004 in location (0.2° in angle). In Fig. 4b,
the power density calculated by the TORAY-GA ray-tracing code is also shown. The maxi-

mum power density is ~2.5MW/m? at a local density of 2x10"°m™. The deposition profiles are
calculated for the times at which the THOMSON scattering n, and T, profiles are measured.
The profile shown is for the plasma and launcher parameters at the time of the measurement
nearest to the peak in sawtooth period. The maximum timing error incurred is 25ms for a
sweep of 1s (i.e. 2.5% of the full horizontal scale Ap =~ 0.005).

In contrast to the single beam

sweeps discussed above, the
1.0 simplistic idea that the ¢=/
surface can be used as a detec-
tor to measure the complicated
power density profiles that can
arise from simultaneous injec-
tion of multiple misaligned
beams is incorrect. The saw-
tooth response is not simply
the sum of positive definite

. a PRETOR-ST

00 02 ' 0.6 1. I 1:4 . 18 terms when multiple beams
time [s] are swept. As an example,
15 — when 2 beams are used to sta-

b experiment

bilize sawteeth, by heating at

12 0.8 the optimum location outside

Fo ! g=1, and another beam is
E 9E “_»'0'6 swept across q=1 for align-
P§ 6 : 0.4 ment (see Figure 5), the swept
| beam is strongly destabilizing

3t 02 over a broad region when py,,

- is inside g=1: the beam has a

0 0.8 : 1' ' 1_'2 ' 1.'4 ' 16 “negative” effect. It might be

. suggested that two beams be

time [s] considered as the linear sum
FIG. 5. a) PRETOR-ST sawtooth period predictions for 1. 35MW  of Gaussians, with a negative
Jixed at pyp,™ ™ and 045MW swept in time ( Paep”"*°F). b) Similar  coefficient inside and positive
coefficient outside q=1. How-

experiment with 0.9MW at a fixed angle corresponding to py,,"™ | o )
ever, it is clear (see Figure 6a)

(i.e. peak sawtooth period location from an earlier sweep) and ] -
0.45MW swept. The right hand axis is the normalized radius p in that With both beams outside
both plots. The q=1 location is shown as a function of time as are 4=1, the sawtooth period does
the deposition locations: in b) they are indicated by 10 equal not show a linear response to
power density contours. (The aspect ratio of the plots has been the power and the peak loca-
adjusted to visually provide the same slope for the swept beam.) tion is not found at the maxi-
The swept beam destabilizes over a broad region inside g=1.[12]. mum of the total power

density but, rather at the loca-

tion of the inner beam. Without good a priori detailed knowledge of the sawtooth response to
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various EC profiles and the beam spot sizes, the utility of the multi-beam sawtooth alignment
method — combining beams and deducing the positions from the sawtooth period — is lost.
Simulations are too unwieldy to work backwards from the measured sawtooth response to
determine the deposition locations.

Dispite this difficulty, relative align- shot 20915: L2 + L5 sweep over upper q=1 region
ment between launchers using single 26
beam sweeps has been performed. An 2‘4 a

example of re-calibration by signle
sweeeps is shown in figure 6b. 2.2}
Launcher 1 and 2 were initially mis- 2t
aligned by 1.6°. A correction to the :El_s-
feedforward calibration was made and ° 1 ¢
each beam was again swept separately 1.4/
to re-check the correction. Finally both & 120
beams were swept together and the saw- )
tooth response can be seen to be signifi-
cantly improved over the linear
combination of the L1 + L2 fits as well
as the combination of the misaligned

6 - - : : .
0.1 -005 0 005 01 015

beams from L2 and L5 (figure 6a). In Prol ~ P
the latter case, however, caution must shot 24619 L1 and 2 swept together
be used as the sawtooth response is . . , ./
clearly non-linear in the power density 26l b expected '/
and it is known that L1 has slightly 2.4| linear addition
more power than L2 while L5 has less 22| R
power than L2; accentuating the differ- E 5|
ence in the combined sweep curves of & 3
Fig.’s 6a and 6b. L 18 P
5 1.6
For the small changes in sawtooth “ 1.4}
period measured in these plasmas dur- 1.24 )
ing single beam sweeps, it is less clear 1 |
that the amplitude and width of the 0.8 , 1. , , ‘ ‘
peaks can be used to determine reliably -0.2 -0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2
the relative powers. For example, the P

Gaussian fits of ﬁgure 4 (shown also in FIG. 6. a) Normalized sawtooth period versus ECH
figure 6a) suggest that L2 has at least deposition location relative. to gq=1 when both L2 and
65% higher power than L5 (assuming L5 are swept at the same time. The d@hed and dotted
that the beam half-widths are actually lines show the Qamszan ﬁts from the single sweeps of

. o & figure 4. The solid blue line is a fit to shot 20915. The
LSRR E N SL O osition is centered on the inner beam and the width is
by power mionitor measurements (cor- N )

larizati hich indi much narrower, as would be expected if the sawtooth

rected for the polarization) w lch indi- response is non-linear in the power density. b) The same
cate only ~33% more power 1n L2. plot for L1 and L2 together in which good alignment is
Nevertheless, large differences in peak gephieved. The sawtooth stabilization is much stronger.
height are often indicative of some error
in the optimization of the power coupling; e.g. bad polarization of the launched wave.
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4. TCV and ITER alignment situations

The beams from the upper launcher in ITER will not reach the q=1 surface; so, sawtooth
experiments cannot be used for alignment on ITER. Modulated ECCD experiments and local-
ization with an ECE diagnostic will be possible in ITER: this diagnostic was not available on
TCV when alignment was begun. What may be learned from the TCV experiments is that
despite the best efforts made to insure proper alignment, multibeam stabilization of sawteeth
did not proceed as expected. This difficulty was traced to relative misalignments of the beams.
Testing of the beam alignment in the plasma is required.

Diagnoses of the multibeam problem was difficult even though the sawtooth instability in
tokamaks has been thoroughly investigated for over a decade and models have existed for
nearly half that time which can correctly simulate the observed sawtooth behavior. As an
example, co- and counter- ECCD were not activated initially; although the possibility was
present in the model, and it is only recently that a thorough investigation of ECH/ECCD
effects has been carried out. This is understandable as the most relevant modeling studies (i.e.
those that can be tested against existing data) are carried out first. A related issue is that models
generally specify parameters of known or suspected importance to the physics; these are not
always those which are controlled in an experiment. For example, Pdep May generally be held
constant in PRETOR-ST while the launcher angle is constant in the experiments. Changes in
the plasma profile which lead to differences in Pdep are therefore not simulated. This can, of
course, be included a priori; however, the details included in the modelling are usually driven
by the experimental results since their importance can be difficult to predict and time consum-
ing to implement. Thus, PRETOR-ST had not been used to simulate the particular situation of
misaligned beams and therefore could not provide guidance to the alignment experiments. For
ITER itis desirable to change the methodology and use the construction period to simulate the
worst case experimental scenarios with respect to alignment of beams for NTM stabilization.
The modeling should be consistent with the real-time methods which are envisaged for beam
alignment.

The normalized beam size in TCV for these investigations is ~20mm/1.4/240mm= 0.059. As
an example, the current width over +5° about the nominal angle in the ITER upper launcher
ranges from 0.056 to 0.072 [16]. To benefit from higher power density stabilization in TCV,
the estimated, required, beam overlap in TCV is ~ 1/2 the beam size (see Figure 6). Relative to
the resonant surface p; (for sawteeth pg = Pq=1) @ beam which is misaligned e.g. Ap = Pdep - Ps
by half the beam width can eliminate the stabilizing effects (see Figure 5a). A similar mis-
alignment of the deposition location relative to the NTM resonant surface can also destabilize
the NTM [17].

The point here is that the dimensions of interest in p on TCV and ITER are similar. Resolution
of the misalignments on TCV is possible, but difficult, as the diagnostic resolution and knowl-
edge of the equilibrium is of the order of the errors in alignment. The instability response to
the heating, itself provides the required resolution due to its sensitivity to local parameters at
the resonant surface: the location of the beam which is being aligned directly affects these
parameters. In fact, if this were not the case, the misalignment would be inconsequential and
thus irrelevant.
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5. Conclusions

The experience of multibeam alignment on TCV urges caution regarding alignment in ITER.
First, it should be assumed that the beams will be misaligned rather than the contrary. Even the
best pre-alignment must be checked in the plasma. Second, both experiments and modeling
should be done in present day machines with multiple (intentionally) misaligned beams to
ensure that the NTM’s respond as expected. Multi-beam NTM stabilization experiments heat-
ing near the top of the resonant surface are needed. Refining the models of stabilization and
alignment algorithms will help minimize the required machine time on ITER. Finally, the fea-
sibility of real-time, multibeam, feedback control should be carefully evaluated both by simu-
lation and experiment.

This work was partly supported by the Swiss National Science Foundation.
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Abstract

The development of an industrial prototype of a coaxial cavity gyrotron with an RF output
power of 2MW, CW at 170 GHz started recently in cooperation between European
Associations (CRPP Lausanne, FZK Karlsruhe and HUT Helsinki) together with European
tube industry (TED, Velizy, France). The engineering design is in progress. The fabrication of
the prototype is foreseen to start in 2004 and the delivery of the prototype is expected for mid
of 2005. The development work is based on results from detailed investigations performed on
a 165 GHz coaxial cavity gyrotron at FZK in the last years. In parallel to the engineering
design of the prototype the experimental coaxial gyrotron at FZK is under modification for
operation at 170 GHz in order to verify the design of critical components in short pulse
operation (~5-10 ms).

Introduction

To reduce the costs of the installations of the electron cyclotron wave (ECW) system at
ITER and to allow a compact upper port launcher an increase of the output power per
gyrotron unit is desirable. Coaxial cavity gyrotrons have the potential to generate a
microwave power in excess of 1 MW in continuous wave (CW) operation at frequencies
around 170 GHz since very high-order volume modes can be used. This is because the
presence of the coaxial insert practically eliminates the restrictions of voltage depression and
limiting current and in addition, the problem of mode competition is reduced by a selective
influence of the diffractive quality factor of competing modes [1].

The feasibility of manufacturing a multi-megawatt coaxial gyrotron operated in CW has
been studied during the last years at FZK Karlsruhe as an ITER task. The investigations have
been performed on a coaxial gyrotron operated at 165 GHz in the TEj;; ;7 mode which is
described in detail in [2,3]. The gyrotron is of modular type and enables an easy replacement
of components. Its cooling performance allows only operation at short pulses (up to ~ 10 ms)
with a low duty factor (~ 1/1000). Problems specific to the coaxial arrangement have been
studied experimentally and theoretically and solutions have been demonstrated [2,3.4].
Among others the following investigations on the coaxial gyrotron and its components have
been performed:
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- coaxial insert: cooling requirement and losses, amplitude of mechanical vibrations under
operating conditions, influence of radial misalignment on gyrotron operation, leakage current
in dependence of the retarding collector voltage, demonstration of suppression of the build up
of a Penning discharge inside the gun
- cavity and RF interaction: mode competition, range of single mode operation and efficiency
of microwave generation, hysteresis effect and consequences on microwave power
modulation [5]
- RF output system: conversion of the cavity mode into a free space Gaussian mode,
microwave diffraction losses captured as stray radiation inside the tube body
Further on within the development work a new type of a coaxial magnetron injection gun
(CMIG) with a cooled coaxial insert which is adjustable under operating conditions has been
designed and tested [4]. The gun fulfils the main requirements for use in an industrial tube
operated in CW. A design of a novel type of a high power collector capable to dissipate a
beam power in excess of 2 MW, CW has
been performed and the feasibility of
manufacturing has been proven [6]. The
requirements for the superconducting (SC)
magnet have been specified. The suitability
of all major gyrotron components for their
use in a 2 MW, CW gyrotron has been
examined and no principal technical
constraints have been found. A first draft
integral design of a 2 MW, CW coaxial
gyrotron has been performed as shown in
Fig.1. The overall dimensions of the _
gyrotron are comparable with the : i;\f.' : . .
dimensions of a conventional gyrotron with ' \N\Qﬂ H‘T:#’: CVD diamond window
an RF output power of 1 MW [7]. The ...~ mirrors
obtained results demonstrate the basic |
feasibility for fabrication of a 2 MW, CW
170 GHz coaxial gyrotron and provide all
data needed for a technical design and I@
industrial manufacturing. E

Based on these results the development g @
of a coaxial cavity gyrotron with an RF
output power of 2 MW, CW at 170 GHz as

2.2 MW, CW -collector

insulation

coaxial cavily

~ sc-magnet with

could be used for ITER started recently in | | dipole coils

cooperation between European Associations £ ¢ = 220 mm

(CRPP Lausanne, FZK Karlsruhe and HUT 4

Helsinki) together with European tube pel elctron gun with
coaxial insert

industry (Thales ED, Vélizy, France). The
engineering design of such a gyrotron is in
progress. It includes a technical design and
integration of all components as well as
thermo-mechanical calculations and specifi-
cations of auxiliary systems needed for
operation of the tube. The design phase will
be finished end of 2003. The fabrication of
the first prototype is foreseen to start

Fig. 1: Draft integral design of a 170 GHz,
2 MW.CW coaxial cavitv evrotron.
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beginning of 2004 with a delivery of the prototype tube mid of 2005. In parallel a test facility
suitable for testing the 2 MW coaxial gyrotron up to CW will be installed at CRPP Lausanne.

In order to test under realistic conditions critical components designed for the industrial
prototype the experimental short pulse coaxial gyrotron at FZK operated at 165 GHz in the
TE31,17 mode is under modification for operation at 170 GHz in the TE;4 ;0 cavity mode. This
modified coaxial gyrotron will be equipped with an electron gun which is very similar to the
gun designed for the industrial prototype tube. The cavity and the quasi-optical RF output
system will have the same geometry as designed for the prototype tube. Thus the generation
of the high power electron beam, RF interaction and mode competition as well as the design
of the RF output system will be verified and the amount of stray radiation will be measured
under realistic conditions.

In the following, first the specification of the 2 MW coaxial gyrotron and the design of
components are reported and some critical aspects are discussed. Finally the modifications on
the experimental gyrotron are described.

2 MW, CW, 170 GHz Coaxial Cavity Gyrotron

Specifications and engineering design

The basic design of the 2 MW, CW coaxial cavity gyrotron and its components have been
performed already. Constraints related to an operation at ITER have been taken into account.
The main nominal design parameters are summarised in Table 1.

Table 1: Nominal operating parameters of the gyrotron and some design specifications

operating mode: TEs4.19
trequency, f 170 GHz
accelerating voltage, Upee 90 kV
cathode voltage, Ucam -55 kV
body voltage, Upogy +35  kV
beam current, I, 75 A
RF output power, P,y 2 MW
RF output efficiency, Nou 245 %
generated RF power, Pgr =22 MW
electron beam:
average beam radius in the cavity, Ry, 10.0 mm
velocity ratio, o =13
SC magnet:
magnetic field in the cavity, Bey 68 T
diameter of the warm bore hole, Oy 220 mm
cavity and coaxial insert:
radius of outer wall, Reay 29.55 mm
radius of coaxial insert at centre of cavity, Riys 7.86 mm
Ohmic losses (twice the losses of ideal copper at 273 K; Prr = 2.2 MW):
peak losses at outer wall pcay 2 kW/cm?
total losses at outer wall Py, 54 kW
peak losses at coaxial insert pins 0.2  kW/cm?
total losses at coaxial insert pjys =2 kW
collector (beam power to be dissipated):
CW - operation <24 MW

operation with modulated RF power (0.6 - 2 MW): <31 MW
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A CMIG gun [4] similar to the gun used in the short pulse experiments has been designed.
At the nominal beam current the emitting current density is 4.4 A/cm®. This value is
compatible with requirements for the lifetime of at least 10000 h. The geometry of the
technical part of the gun has been optimised to avoid trapping of electrons and thus the build
up of a Penning discharge. According to the performed measurements the leakage electron
current [ins to the insert is expected to be below 0.1% of the beam current, lip < 0.001 x Iy, at
the nominal operating parameters. The total losses at the insert given in Table | contain both
losses due to microwave absorption and dissipation due to the leakage current. In operation
the accuracy of radial alignment of the coaxial insert relative to the electron beam has to be
within AR;,; <+ 0.15 mm. In order to be able to fulfil the required accuracy the insert will be
adjustable under operating conditions.
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Fig. 2: Geometry of the TEs4 9 coaxial cavity

The TEs419 mode has been selected as operating cavity mode [8]. The geometry of the
cavity is shown in Fig. 2. The design of the cavity has been verified by using two different
time dependent, multimode and self consistent codes. With those codes the start up behaviour
has been simulated considering up to 11 modes as competitors. The main mode competition
was found to occur between the two mode triplets, {TE.33,19, TE 3419, TE 3519} and {TE 3220,
TE.3320, TE+3420}. As an example the Figs. 3a,b show the start up scenario for three different
values of the magnetic field calculated with a beam width (guiding centres) AR, =0 mm
(Fig. 3a) and ARy, = +£0.5 mm (Fig. 3b) around the nominal beam radius R, = 10 mm. The
calculations have been performed for a beam voltage from 55 kV up to 93 kV. A dependence
of the velocity ratio o according to the behaviour of a diode gun has been assumed with
o =1.3 at a voltage of 90 kV and the beam current has been varied according to the Schottky
effect with I, =80 A at 90 kV. The finite beam width has a small influence on the gyrotron
oscillation, however, a wide range with single-mode oscillations can be obtained by a suitable
selection of the operating parameters. The cavity will be made out of Glidcop. The Ohmic
losses as well as the outer cavity wall and the insert (Tab.1) are within technically accepted
limits. In thermo-mechanical calculations the maximum radial expansion of the cavity due to
the Ohmic wall loading has been found to be 50 pum under stationary conditions which will be
reached after about 0.4 s. The corresponding decrease of frequency is expected to be nearly
300 MHz. The deformation of the cavity causes a small increase of the Q-factor from about
1640 (cold) to 1700. Simulations of the start-up behaviour have shown that the influence of
the deformation on the microwave generation can be compensated by reducing slightly the



magnetic field in the cavity. In order to demonstrate the feasibility of the cavity cooling a test
of the cooling circuit will be performed.
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Fig. 3: Start up scenario in the TEs4 s coaxial cavity. (a) AR, = 0, (b) AR, =+ 0.5 mm.

The microwave stray radiation needs to be considered carefully since dissipation of the
stray radiation power inside the gyrotron may result in an overheating of some parts which
finally may limit the length of the pulses as observed in conventional 1 MW gyrotrons which
are now under development for CW operation [7,9]. In the experimental 165 GHz gyrotron
the total amount of microwave stray losses inside the gyrotron tube has been measured to be
as high as about 9 % of the RF-output power. In this case the q.o. RF output system consisted
of a simple smooth launcher with cut and of two mirrors. In order to reduce the diffraction



- 52 -

losses at the cut and thus to decrease the amount of microwave stray losses an improved g.o.
RF output system has been designed. A rippled-wall launcher with reduced field amplitude at
the edges of the cut similar as used successfully in the 140 GHz gyrotron for W7-X will be
employed. In Fig. 4 the field distribution on the surface of the dimpled wall launcher is
shown. The field pattern radiated from the launcher and the edges of the cut are marked. A
schematic arrangement of the RF output system consisting of a launcher and three mirrors
(one quasi-elliptical and two non-quadratic phase correcting mirrors) is shown in Fi g. 5.

Y / rad

0 50 100 150 200 250 300

X/ mm

Fig. 4: Distributicn of the H, field at the surface of the launcher. The field distribution
radiated from the cut and the edges of the cut are marked.

It is expected that with the improved RF output system the stray losses will be reduced in
comparison to the values measured with a smooth launcher and that the losses can be reduced
to 5to 6 %. However, even at this value the corresponding microwave losses are around
100 kW. This requires an efficient reduction of the amplitude of the captured stray radiation
in a controlled way either by well cooled microwave absorbing surfaces inside the mirror box
and/or by efficient relief exits. Further on, in order to avoid an overheating of components due
to dissipation of the stray microwave power the heat removal from all parts in particular the
beam tunnel and all insulating ceramics have to be considered very carefully.

A single-disk CVD-diamond window with a thickness of 1.852 mm = 5A/2 at 170 GHz can
be used for transmission of 2 MW microwave power at 170 GHz. At a loss tangent of 2x107
(state of the art) 880 W power will be absorbed in the disc. Edge cooling of the CVD diamond
disc with water is sufficient for removing the heat load.

In order to fulfil the requirement concerning the microwave output efficiency a single-
stage depressed collector with the collector at ground potential will be used. Under nominal
operating conditions about 2.3 MW, CW beam power is remained and has to be dissipated in
the collector. In operation with modulated microwave power (between about 0.6 MW and
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Fig. 5: Schematic arrangement of the RF output system

with 1:1 duty factor) the power dissipated at the collector rises to an average value of about
3 MW if as foreseen the power modulation will be performed by variation of the body
voltage. A new collector with improved power distribution along the collector surface capable
to dissipate 2.3 MW in CW operation has been designed as shown in Fig. 6. In order to be
able to handle a power up to 3 MW, CW as would be needed for operation with modulated
RF power a modification of the suggested design is under consideration with a maximum
inner diameter up to 600 mm.
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Fig. 6: Schematic view of the collector design for a dissipated power of 2.3 MW,

The requirements on the magnetic field distribution and the technical parameters of the SC
magnet have been specified. The magnet will have a warm bore-hole with a diameter of
220 mm. The distance between the cathode position and the maximum of the magnetic field



has been defined to be about 380 mm. The magnet consists of a pair of main coils, a bucking
coil and of two small gun coils which allow within certain range a flexible adjustment of the
magnetic field in the gun region. In addition to the solenoid coils, the SC magnet will be
equipped with a set of dipole coils, which are needed to perform the alignment of the coaxial
insert under operating conditions.

Short-pulse experiments

In order to verify the design of

critical components as electron gun, . 196 _

cavity and q.0. RF output system . 171 _

under similar conditions at short pulse 38

(~ 5-10 ms) operation, the anode; +30kV
experimental 165 GHz coaxial Y RN

gyrotron at FZK is under modification
for operation at 170 GHz in the
TEs4 19 mode. The maximum magnetic
field of the used SC magnet of only
6.667 T requires a reduction of the
operating voltage from 90kV to
80 kV in order to be able to excite the
nominal mode. The cavity and the
quasi-optical RF output system will be
identical as designed for the industrial |
tube. This will allow to prove the RF
generation and mode competition as
well as the efficiency of the RF output
system and to measure the amount of
the microwave stray radiation lost
inside the tube under practically the
same conditions. Numerical
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simulations of the RF interaction have <

shown that even at the lower beam

energy an RF output power above insert; +30kv
1.5 MW can be expected with the - fixed part -
cavity as shown in Fig. 2. A new

design of the electron gun (Fig. 7)

very similar to the gun of the

prototype, has ‘bee'n designed and is insert: +30kV
now under fabrication. Care has been ] _ adjustable part -

taken to avoid regions with trapped :
electrons in order to suppress the build £
up of a Penning discharge which may - o
limit the high-voltage performance. 190
The modification of all components is | Fig. 7: Schematic arrangement of the coaxial
in progress. Experimental operation of | magnetron injection gun for the experimental
the experimental short-pulse gyrotron | gyrotron. Dimensions in mm.

is expected to start beginning of 2004.
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Summary and Outlook

The development of an industrial prototype of a 2 MW, CW coaxial cavity gyrotron at
170 GHz started in cooperation between European Euratom Associations (CRPP Lausanne,
FZK Karlsruhe, HUT Helsinki) and European tube industry (Thales ED, Velizy, France). The
final goal of the development work is to provide 2 MW, CW coaxial cavity gyrotrons for use
at ITER. The engineering design is in progress and will be finished end of 2003. Thus the
fabrication of a first prototype gyrotron is expected to start beginning of 2004. Then the
gyrotron could be delivered mid of 2005. A suitable test facility is under preparation at CRPP
Lausanne. The prototype will be considered as success if the specified parameters (Table 1)
will be obtained for at least I s. The design of critical components of the prototype will be
verified in short pulse operation with an experimental gyrotron which is now under
modification.
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