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With its 2™ and 3™ harmonic flexible Electron Cyclotron (EC) system
(BMW at 82.7GHz and 1.5MW at 118GHz), adapted to its flexible plasma
shaping capabilities, TCV (Tokamak a Configuration Variable) explores a
large spectrum of EC heating (ECH) and current drive (ECCD) physics,
from low to high plasma densities, that is in different collisionality and
confinement regimes. This paper reviews some recent highlights of TCV
ECH experiments.

Second harmonic X-mode (X2) radially localized EC heating allows a
variation of the normalised electron temperature gradient and electron tem-
perature independently and over a large range. These experiments are dedi-
cated to the separation of the effects of collisionality and plasma shape on
electron heat transport.

Third harmonic heating (X3) allows initial exploration of SB-limits at inter-
mediate currents and densities. The coupling of the wave is optimised by
feedback control of the mirror angle, based on a sinusoidal oscillation of
the mirror angle. Since the coupling increases with electron temperature
and density, best performance are obtained at the maximum of the available
3™ harmonic power and typically at 3/4 of the cutoff density, around
Neo~8-10 10"°m™. Central heating of both electron and ion species has been
achieved, providing an increase of f from 1 to 2.5%, equivalent with the
normalised value By=2.

First evidence of EBW (Electron Bernstein Waves) global power absorp-
tion and radially localized heating in a tokamak has been obtained in an H-
mode plasma. The results have been obtained using the low field side O-
>X->B-wave conversion scheme which becomes possible at high density
(Mee~20-25 1019m'3), a density several times overdense to 2™ harmonic O-
mode.

The three kind of experiments addressed in this paper can also be seen as a
set of experiments at increasingly high densities, using the adequate EC
wave propagation mode (X2, X3, EBW) to provide accessibility and power
absorption.

EC-System on TCV (X2, X3)

An essential part of the TCV tokamak program is dedicated to the study
of the effect of plasma shape on plasma confinement and stability properties,
see Fig.1. Electron cyclotron waves (ECW), with a power coupling independ-
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ent of the plasma-launcher distance, were therefore the obvious choice.
Moreover, the narrow localization of the 2™ harmonic ECW X-mode (X2)
power deposition is crucial for transport studies together with current profile
and instability control. Third harmonic ECWs (X3), with a three times higher
density cutoff, provide access to higher density, allowing the study of B-limits
at intermediate currents.

X3 system (118GHz, 1.5MW)
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The TCV ECW system is composed of six 2™ harmonic X2 gyrotrons
with low field side (LFS) launchers (3MW, 2s, 82.7GHz, n. cutorf x2 =
4.3x10”m™) [1] and three 3™ harmonic X3 gyrotrons using one top launcher
(1.5 MW, 2s, 118GHz, n. cutorr x3 = 11.5><1019m'3) [2], see Fig.2. All launchers
have two degrees of freedom and can be steered in real time. The gyrotrons
and matching optical units are separated from the tokamak by about 30m of
evacuated waveguides lines of 62.5mm diameter, with a transmission effi-
ciency of typically 95%. In the plasma, a high heating power density can be
achieved, up to more than 30MW/m’ with central X2 injection. The relative
alignment of the different X2 launcher mirrors is accomplished using the
highly localised sawtooth period response at the g=1 resonant surface [3]. The
main codes relevant for this paper are, TORAY-GA for ray tracing, [4], ART
for the conversion to electron Bernstein waves [5], Fokker-Planck CQL3D for
the non-linear CD (X2&X3) [6], the inverse equilibrium code LIUQE [7] and
CHEASE [8].

Fig.1. Examples of plasma shapes in TCV

Fig2 X2 and X3 launchers set-up
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Access to high density with EC Waves

The accessibility of EC waves depends primarily on the magnetic field.
We compare the accessibility of EC waves in different machines, from the
low field spherical tokamaks or compact tori (B=0.5T), through the rather low
field TCV (B=1.5T, R=0.88m, a=0.25m), to the high field ITER machine
(5.3T). The accessibility limitation due to EC cutoffs is compared to the spe-
cific machine plasma density limit, given by the empirical Greenwald density
limit <p.>=0.27 Ip/a2 [9]. The nominal ITER operation parameters are taken
as a reference, also standard for the other machines envisaged, namely: safety
factor gos=3, elongation x=1.85 and triangularity 6=0.5, with
qos~(5a°BJ/RoL,) f(a/R) [1+K*(1428™+...)]/2. The typical ratios of EC cutoffs
versus machine accessible density range, 1. cuoff#e0g, are given (%) in Fig.3
for these conditions.
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In ITER, the field is sufficiently high to allow for the heating of the com-
plete machine density range with the fundamental O-mode (O1) at 170GHz.
In spherical tokamaks however, the lowest harmonics ECWs allow only for
the heating of up to a few percent of n., thus justifying the great hopes
placed in the potential of EBWs, which exhibit no principle high-density
limit. In the medium field machine TCV, 10% of n.g is accessible with the 2™
harmonic X-mode (X2), a range extended to 26% with the use of the 3™ har-
monic X-mode (X3). The density range above X3 accessible densities could
be accessed with 2™ harmonic EBWs.

If current drive using EBWs would develop in addition to heating, then
there are potential applications of EBW even in high a field machine like
ITER.
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Electron Heat Transport with Shape & Collisionality

Increasing the energy confinement in order to limit the amount of addi-
tional heating needed for a reactor grade plasma is one of the big tasks in to-
kamak research. Plasma shape is one of the free parameters, which influences
transport and confinement.

The effect of plasma shape on core electron heat transport in low-density
L-mode plasmas is investigated in TCV using strong localized EC heating to
vary both the electron temperature 7, and the normalized electron temperature
gradient R/Lt. [10-12]. The power is deposited at two radial locations, see
Fig.4, one off-axis just outside the g=1 surface, at p,, and the other far off-
axis, at py, a radius still guaranteeing full first-pass absorption. The power
ratio P(p1)/P(p,) essentially determines the electron temperature gradient,
whereby the total power strongly influences 7. at mid-radius, the radius of
investigation, by determining the total heat flux at the edge. Varying the two
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Fig.4. EC beams for off-axis (p;) and far Fig.5. Range of T, and R/Ly, explored in
off-axis deposition (p,), with the positions TCV and AUG. In TCV, T, and R/Ly, are
of the cold EC resonance, q=1 surface, varied independently.

Thomson and CXRS diagnostics measure-

ments.

parameters P(p1)/P(p;) and Py independently allows decoupling R/Lr. and Ty,
see Fig.5. The large EC power available in TCV allows exploring a range of
R/Lr. three times larger than in preceding similar studies [13]. To study the
effect of plasma shape, the triangularity was varied from negative to positive
values, -0.4<8<+0.4. The strong modification of the edge pedestal and stabil-
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ity with triangularity in H-mode [14] justifies the use of L-mode in a first
study of the direct effect of plasma shape on core heat transport.

Typical parameters at mid-radius are 7,=0.6-1.3keV, 7./T;=2-4, R/L1.=4-
20, Z=2-5, veg=0.25-1, where Vo= Vei/ 0pe~0.1Rn.*Z.o/ T., the collision fre-
quency versus curvature drift frequency, is the effective collisionality relevant
for micro-instabilities [15]. Simulations with the local gyro-Landau fluid code
GLF23 [16] and with the global collisionless linear gyro-kinetic code LORB5
[17] show that with such parameters, trapped electron modes (TEM) are the
most unstable modes, except for the very lowest values of R/Lt., where ion
temperature gradient (ITG) modes dominate. In addition to the effect of
plasma shape, the experimental study focuses on the dependences of . on T,
R/Lte and v, plasma parameters predicted to strongly influence TEM stabil-
ity.

The experimental electron heat diffusivity y. is found to increase strongly
with the electron temperature, with no strong dependence on R/L,. or R/Lr.,
from the whole parameter range explored, Fig.6. This result is obtained at
constant neZ.g. The strong dependence of x. on T, suggests a gyro-Bohm
and/or a collisionality dependence.

Looking more into the details of the R/Lt. dependence, it appears from
Fig.7 that for R/L1>8, the gyro-Bohm heat diffusivity does not depend on
R/Lte, while at R/Lr.<8, TCV data are compatible with ASDEX Upgrade
(AUG) data showing an increase of x./7T.”” with R/Lr..
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Fig.6. Strong dependence of y, versus T, at Fig.7. Gyro-Bohm normalized electron heat
mid-radius, despite a large range of varia- diffusivity x, versus normalized electron
tions in R’L,,, and R/Ly,. temperature gradient.
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The effect of plasma triangularity on electron heat diffusivity — in these
TEM dominated plasmas — can first be illustrated by a specific example,
which represents well the effect of triangularity on local and on global trans-
port properties. In the experiment depicted in Fig.8, the heating power just
outside the q=1 surface was adapted to get at the negative triangularity 6=-0.4
the same T.-profile than the one obtained at the positive triangularity 6=+0.4
with 1.35MW. The other parameters, n., Zes, gos being held constant, it turns
out that less than half of the power was needed at negative triangularity, com-
pared to positive triangularity. At the negative triangularity comparatively to
the positive triangularity, the (global) confinement time and confinement time
enhancement factor are increased, respectively 7y=3.6->7.7ms and
Hriw=1.5->1.9; and the (local) heat diffusivity from power balance is de-
creased, x. (p=0.5)=8.5->2.6 m?/s, with similar trend from heat pulse analy-
sis.
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Fig 8. Identical T, profiles obtained at negative Fig.9. Separation of shape and
triangularity 0=-0.4, as compared to positive tri- collisionality effects, both influ-
angularity 5=+0.4, with half the EC power. encing X.. (qos=const.)

Comparing the data with different values of n.Z., it appears that y, does
not only depend on T, but also on #n.Z.g and that the heat diffusivity and the
gyro-Bohm normalised heat diffusivity decrease strongly with increasing ef-
fective collisionality. The finding of a reduction of electron heat transport
with ver is consistent with ASDEX Upgrade experimental results [18] and
with the predicted stabilising effect of ves on the TEM modes, as shown e.g.
from GLF23 simulations.

The coupled effect of plasma triangularity and collisionality is shown in
Fig.9. The heat diffusivity does not vary significantly from 6=0.4 to 6=0.2.
However, at negative triangularity, . clearly decreases with decreasing 8. For
the whole range of triangularity, x. decreases strongly with increasing ves.
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Thus, the present experiments have allowed us to separate the effect of
plasma shape — here the triangularity - and collisionality on local electron
heat transport. Small and negative triangularity, as well as low effective colli-
sionality have both been shown to reduce favourably the electron heat trans-
port, in this TEM dominated regime. Although the reason of the effect of
plasma triangularity needs still to be determined, the strong effect on electron
heat transport may be used as a tool to ease or control the access to electron
internal transport barriers (eITB).

X3 Heating for high g in H-mode

In the moderate magnetic field of TCV, the recently installed X3 system
broadens the tokamak operational range, providing the possibility of heating
plasmas at high density, well above the X2 cutoff density [19, 20]. To com-
pensate for the significantly weaker absorption in X3 compared to the ab-
sorption in X2, top-launch injection is used to maximise the ray path along
the resonance layer, with a shallow incidence on the resonance, thus maxi-
mising the optical depth.

The X3 mirror is located on top of TCV vacuum vessel (as shown in
Fig.2) and collects the power of three gyrotron beams. It is steerable both
along the major radius (0.8<R<0.96m) from pulse to pulse and azimuthally
(40°<6<50°) during discharges, with a maximum speed of d6/d=20%s. A key
characteristic of the X3 top launch is the high sensitivity of the absorption on
the mirror angle 6. In a typical L-mode plasma (n.,=4 1019m'3, T.,=2.7keV),
the maximum power absorbed is typically 40-60% with a FWHM A6~1.4°.
For a plasma with fixed ». and T, profiles, ray-tracing calculations show that
the optimum mirror angle (at fixed mirror radius R) depends sensitively on
the central density (dB/dneo=O.18°/(n601019m'3), due to refraction) and central
temperature (d6/d7.,=0.2°/keV, due to the relativistic shift). There are addi-
tional effects from the Shafranov shift and the paramagnetic cold resonance
displacement (~Ip2). This high sensitivity to the mirror angle has motivated
the development of a real time control of the mirror angle.

The real-time control is based on a sinusoidal modulation of the mirror
angle and a synchronous demodulation of the soft X-ray plasma response.
With this system it is possible to generate an error signal proportional to
d/x/d6 (or dT.x/d8 in Fig.10) where dIx/d6 is obtained from a central soft X-
ray chord passing through plasma axis. The error signal is proportional to the
slope d/x/d6. In the closed loop system, this error signal is compared to an
externally preset reference, and the difference between the error signal and
the reference is fed to a PID controller. The dynamic response of the closed-
loop system with a PI controller is shown in Fig.10 where the external preset
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mirror angle was fixed at a value of 45.5 °. After a transient period of ap-
proximately 250ms the error signal vanishes. This real-time feedback is fully
operational in L-mode plasmas, where up to full single-path absorption has
been measured (DML) for plasma densities lower than 4 10”°m>. At these
plasma densities the calculated absorbed power fraction (TORAY) based on
the assumption of a Maxwellian distribution function, is found to be signifi-
cantly lower than the measured one, a difference due to the presence of the
suprathermal electrons generated by the X3 heating itself.

Fig.10. X3 mirror angle feedback closed
loop response. Preset (dashed) and opti-
mal mirror angle with 13Hz superimposed
1500 ‘ ‘ 4 mirror oscillations, maximizing the soft X-

_. 08 ‘ : 7 ray Tex, together with error and regulation
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In H-mode plasmas, due to the presence of the strong ELM perturbations,
the present feedback system is not yet operational. However, the improved
confinement in H-modes improves sufficiently the absorption that the need
for a feedback system is less stringent.

In recent experiments dedicated to the heating of H-mode plasmas with
the full installed X3 power (1.35MW), it has been possible to reach quasi-full
power absorption in a plasma with central density n.,~8 10"°’m~, owing to the
electron temperature increase from 0.8 to 2.5keV soon after heating start,
leading to an increase of the absorbed power P from 28 in Ohmic to 94%
with X3 heating on.

The temporal evolution of the relevant parameters is shown in Fig.11. At
the full X3 power level, an ELMy regime fundamentally different to Oh-
mic/low-power-heating ELMy H-mode has been found (with large ELMs of
lower frequency or small “grassy” ELMs). The presence of these ELMs al-
lows establishing a stationary H-mode at constant density. The plasma energy
increases by more than a factor two, with a very substantial increase of the
ion temperature, due to collisions at these high densities.
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Fig.11. B increase with X3 heating in H-mode. From top to bottom:
X3 power, D, showing ELM behaviour change, diamagnetic Slux,
total plasma B, Thomson scattering central T,,, ion temperature at
p=0.6 from CXRS, line integrated density.

With the applied heating, the plasma B increases from 1 to Prax=2.4%,
with up to a normalised beta By = B[%)/IN[mT/MA] = 2 (with In=I/aB~1.25
[MA/mT]), typically 3/4 of the ideal MHD Troyon pressure limit, see F 1g.12.
Long stationary discharges, which are MHD stable can be obtained, but the
large ELMs in these low q discharges can degrade the core confinement in-
stantaneously [21].

Encouraged by these results, we are presently studying the possibility of
upgrading the installed X3 power on TCV by increasing the unit power of
each existing gyrotron by approximately 30% (~600kW/gyrotron) and by
adding a fourth gyrotron with a LFS injection. In total, this upgrade would
allow to nearly double the X3 power coupled to the plasma in X3.



Fig.12. B enhancement with X3 full
power heating in TCV H-modes. The
recent X3 heated H-modes (empty
squares) reach a normalised beta
Bv~2, a sizable fraction of the ideal
MHD Troyon pressure limit [2]],
also shown.
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Electron Bernstein Wave Heating in TCV

Electron Bernstein Waves offer the possibility of heating low-field machines
like spherical tokamaks or tokamaks with EC waves at densities far above the
conventional cutoff density of O- and X-modes [22]. The first demonstration
of EBWH on a torus took place on a stellarator. Bernstein waves heating can
be of particular interest in low field tokamaks (B<3-4T), where the conven-
tional EC cutoffs are typically lower than the Greenwald density limit.

With a low field side (LFS) launch, overdense plasmas are accessible
through the double mode conversion O-X-B scheme. This scheme combines
two advantages: it uses an oblique launch, minimising the risk of power re-
flection to the gyrotron, and permits coupling to Bernstein waves through a
low-density path accessible to conventional O- and X-modes.

The refraction bends the oblique O-mode wave ray path until it nearly
parallels the magnetic field lines, where O-X conversion occurs, and from
where the wave propagates back towards the upper hybrid layer. The O-X
conversion transmission function, as a function of toroidal (z) and poloidal
(x) refractive index is [23]:

TN Ny) = exp(-tkoLne sqrt(¥/2) [2(1+ V) Noop-N) + (VO]

with Y=w./w
Thus, a large transmission angular conversion window requires 1) a high-
density gradient, or small density scale length L., 2) a central density 7.,
above O-mode cutoff. The subsequent X-B conversion occurs naturally in a
hot plasma close to the upper hybrid resonance layer. The converted B-wave
propagates further to the centre where it is dissipated at the EC resonance
harmonic. A typical O-X-B mode conversion ray path is shown in Fig.13.
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Fig.13. Typical ray path in poloidal projec-
tion of an O->X->B wave conversion,
launched from an equatorial TCV port
(height indicated by the lower dotted line).
The plasma magnetic axis is above equator
(12cm).

A low gos~2.3 Ohmic H-mode target plasma was developed (1,=400KkA,
k=1.8, 6=0.55), with a slowly rising density, exhibiting ELMy and ELM-free
phases, with adequate high edge density gradients. The heating studies [24]
use a central density of 1.5 10"°m?, typically half of the Greenwald density
limit.
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Prior to heating experiments, the value of the correct O-mode injection
angles needs first to be determined. It has been noticed that the power of one
gyrotron beam (0.47MW) is influencing the H-mode properties, triggering
ELMs or enhancing the D,-emission with a delay of the order of 1-2ms, asso-
ciated with a simultaneous decrease of the power conversion. Therefore, to
determine the angular conversion-absorption window without perturbing the
H-mode, the power was injected in relatively short pulses at low power duty
cycle (6%). The level of EC stray radiation, monitored at 180° toroidally,
gives a measure of the converted power, see Fig.14. The stray radiation is
found to be low, i.e. indicates good absorption, when the angle is set close to
the expected optimal angle, and decreases asymptotically during the estab-
lishment of an ELM free phase.
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A two-directional scan of the injection angle, searching for the minimum
of the stray radiation around the presumed optimal angle, yields the optimal
launcher angle position through interpolation. This experimental angle over-
laps, within a 2° error, with the optimal angle determined from the ray tracing
code ART [5], as shown in Fig.15. This small difference is compatible with
the uncertainty in the equilibrium reconstruction. In addition, the experimen-
tal window (15-20° FWHM) appears larger than the calculated one (8°
FWHM), which can be due to the uncertainty in the ne-profile determination
in the region of the steep density gradient.

With a higher duty cycle, the total power absorbed is measured from the
modulated energy via the diamagnetic probe. A power of more than 60% of
the injected O-mode power has been measured, as shown in F ig.16.

With X-mode injection instead, there is no significant absorption, less
than 10%, or with a knowingly wrong injection angle, the same measurement
yields a very small-absorbed power.

a0f " O-mode’ #2032 | Fig.16. Global power absorption in
g 300} \J—\W~«/\/ 1 O->X->B conversion from the diamagnetic
'T'gzoo» W { probe: a) the power absorbed,
a® 100} 1 b) phase of DML signal vs. modulation.
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Local power deposition is found on the soft X-ray DMPX wire-chamber
camera, directly from the evolution of the soft X-ray emission at the heating
pulse, as well as from Fourier transform, at a location close to the predicted
power deposition from the ART code.
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These high power EBH experiments demonstrate both local and global
absorption of EBW wave using the O-X-B scheme in a conventional aspect
ratio tokamak, in good agreement with the simulations.

Conclusions

Using the flexibility of TCV plasma shaping and the capability of varying
the electron temperature and gradients with high power and localised second
harmonic EC heating, it is possible to separate the independent effects of
plasma shape and collisionality on electron heat transport. In these dominant
trapped electron mode regimes, low and negative triangularity as well as high
collisionality reduce electron heat transport.

In the moderate magnetic field TCV, third harmonic ECH X3 heating has
allowed successful heating of H-mode plasmas approaching a sizeable frac-
tion of the B-limit and demonstrating at the same time full power absorption
of the X3 microwave power. At these high densities, the direct heating of the
electrons by the ECWs and the indirect heating of the ions through collisions
with the electrons both contribute to the plasma performance.

To add here for information, plasma scenarios in which the 2™ and 3™
harmonic EC heating systems can usefully be combined have been developed
in TCV. This is the case for example in low current high elongation dis-
charges, in which the 2™ harmonic X2 is used to increase the vertical stability
margin through broadening of the current profile, while the plasma core,
overdense to X2, is heated using the 3™ harmonic X3 [26].

For the first time in an overdense plasma of a conventional aspect ratio
tokamak, EBWH, relying on the O-X-B mode conversion scheme, has been
recently demonstrated in TCV, launching second harmonic waves from the
LFS. This mode conversion scheme requires a steep density gradient at the
plasma edge and a density overdense to O-mode, which both can be satisfied
in TCV Ohmic H-modes. The optimal launcher injection angles were deter-
mined experimentally from the EC stray radiation and compare well with ray
tracing calculation. A global deposition exceeding 60% of the launched
power was so far measured from the diamagnetic probe, and only within the
prescribed conversion angular window. This heating can typically be useful in
low field devices, where the conventional EC cutoffs are limiting the opera-
tion to density values well below the Greenwald density limit.
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