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Abstract. Powerful ECH with an adaptable launching geometry and plasma shaping capability are exploited on
TCV to create and control high performance regimes, with 3MW of 2nd and 1.5MW of 3rd harmonic (X3) and
real time optimisation of the absorption by mirror feedback. Full X3 absorption with launching parallel to the
resonant surface was obtained. Electron temperature profile stiffness was measured as a function of the shape up
for a large range of temperature gradients and confirmed that the diffusivity is lower at negative triangularity and
high elongation. The link between shear and transport was verified by interleaved modulation of co- and counter-
ECCD. ECCD efficiency and fast electron generation and transport measurements demonstrate the role of transport
on the driven current profile. Stationary electron ITBs were created and the role of the current profile in transport
reduction was clarified by improving or destroying the barrier with a small induced electric field.

1. Introduction

Powerful electron cyclotron heating (ECH) with a highly adaptable launching geometry and
plasma shaping capability make the TCV tokamak (Tokamak a Configuration Variable) a
unique tool to address a number of crucial research areas for the next generation burning plasma
experiments and for the improvement of the tokamak concept. One challenge for TCV is the
achievement and control of high performance regimes with sustained increased energy
confinement properties, exempt from macroscopic instabilities, in dominant electron heating
and low collisionality to simulate the conditions generated by o-heating in a reactor plasma.
Local modifications in the pressure and current distributions involving external heat and current
sources together with tuning in the main plasma shape and divertor configuration are required
for the creation and optimisation of these regimes. Both methods are exploited on TCV. Its ECH
and current drive (ECCD) system amounts to a total power of up to 4.5MW, 3MW at the second
harmonic (X2) and 1.5MW at the third harmonic (X3). The flexibility in the launching
geometry, that was privileged during the design of the system, is now complemented with a real
time optimisation of the wave absorption using an appropriate feedback on the mirror angles.
This results in an unsurpassed power density with a precise control of the location and extent of
the power deposition region that is specific to ECH systems.
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This overview presents recent developments on the understanding of the plasma-wave
interaction at high ECH and ECCD power level as well as studies of fundamental plasma
phenomenology such as electron heat transport. Based on this knowledge significant progress
in the performance of advanced operational regimes has been achieved and is also reported.

Birth distribution of the resonant fast electrons and their diffusion due to transport have been
experimentally determined with perturbative techniques. These observations show that
collisional diffusion in velocity space and cross-field transport operate on comparable time
scales and that the latter plays a key role in determining the driven current profile and the ECCD
efficiency. (Section 2.)

It was possible to extend the range of one key parameter for the electron energy transport, the
normalised electron temperature gradient, by a factor four compared to the highest value
obtained on other tokamaks. This was performed using off-axis heating at the high power
density available. In these conditions the stiffness of the electron temperature profile and the
associated heat diffusivity as a function of the plasma triangularity were investigated. It is
observed that the lowest heat diffusivity is obtained with the most negative triangular shapes.
(Section 3.)

The link between the local magnetic shear and the anomalous electron transport was
experimentally tested by a local modulation of the plasma current profile obtained by
interleaving co and counter off-axis modulated ECCD with a constant total power. The
modulation in the heat diffusivity due to the change in the magnetic shear appears as a localised
source term in the electron temperature dynamical response and typical signatures for such a
term are observed on the amplitude and phase profile of the temperature response. (Section 4.)

Stationary electron internal transport barriers (eITB) have been created both in fully ECCD
driven discharges or with a residual inductive current component using a combination of off-
axis co-ECCD to broaden the current channel and centrally absorbed ECH or counter-ECCD to
control the depth of the central current trough and thus the strength of the barrier. Several
properties of the eITB have been studied. Its formation, observed to occur in less than 1ms, is
considerably faster than the current diffusion time and comparable to the energy confinement
time. The role of the current profile in the creation of the barrier was clarified by applying to a
fully ECCD driven discharge a small electric field, corresponding to a negligible ohmic power
of 3kW. This electric field, due to the electrical conductivity profile, induces a centrally peaked
current density which in the counter direction further enhances the barrier strength, while in the
co-direction weakens or even destroys the barrier. (Section 5.)

Third harmonic ECH opens the possibility to heat plasmas with densities above the X2 cut-off.
Vertically launched X3 waves propagating parallel to the resonant surface are used and a real
time optimisation of the wave absorption in which the mirror angle tracks the maximum in the
absorption curve was developed. Experimental measurements of X3 absorption were performed
to validate ray/beam-tracing codes and full Fokker-Planck modelling. Injecting 1.35MW of X3-
ECCD into an ELMy H-mode ohmic target gave access to a new ELM regime in which the ELM
frequency is decreased and the energy released by each ELM increased by a factor 10 compared
to the ohmic case. (Section 6.)

The threshold power for L to H-mode transition using X2 heating was determined at densities
below the X2 cut-off. This is found to be higher than the lowest threshold obtained in ohmic



OV/4-5

conditions at higher densities. It was also demonstrated that in these conditions, X3 heating with
a similar power level can be used to assist the transition. (Section 7.)

2. Dynamics of suprathermal electron generation and transport

FIG. 1. Time lag from the end of a central ECCD pulse to
the ECE peak, as a function of py (normalised

—
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radial coordinate proportional to the square root _ 08 8 %2?12 ,
of the plasma volume), calculated by taking into E o6l | @ Hie @"
account the estimated relativistic down-shift §_ e
(plasma current 230kA, density 1.5-2.1x1 0m, S04 o Q‘%@
electron temperature 1.5keV, elongation 1.6, g 02 OO(W
power 0.45-0.9MW). = e
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The physics of ECCD is largely determined by the 025 02 04 06 Y
relaxation phenomena governing the behaviour of P

suprathermal electrons. In the past few years, a

combination of quasi-linear modelling and direct experimental measurements in TCV has
shown in particular that cross-field transport of suprathermal electrons plays a pivotal role in
regulating the current profile and, in the uniquely high-power conditions of TCV, the ECCD
efficiency as well [1]. In recent experiments [2] we have sought to probe the suprathermal
(ECE) electron dynamics by studying the response of high field side (HFS) electron cyclotron
emission to short, low duty cycle, periodic, localised ECCD pulses. The pulses are applied with
one or two 0.45MW sources (with identical aiming) and are defined by a 0.2ms ramp-up, a
0.25ms flat top and a 0.1ms ramp-down, with a periodicity of 8 to 10ms. The measurement is
performed with a second harmonic X-mode ECE radiometer, operating in the 78-1 14GHz range
with 24 channels of 0.75GHz bandwidth [3], with coherent averaging applied over up to 200
pulses, resulting in a good signal-to-noise ratio in spite of a low (<40kW) average power. In
order to extract quantitative information on the suprathermal population, we have employed the
simple model of a bi-Maxwellian energy distribution, with uniform suprathermal temperature;
this temperature can then be estimated from the relativistic shift of the spatial symmetry point
of the signal distribution, as well as from equating the pulse decay time with the collisional
slowing-down time. The optical thickness, thus ultimately the density, of the suprathermal
population can then be derived from the radiative temperature through known formulas (note
that the suprathermal population is invariably optically thin).

FIG. 2. Successive snapshots of normalised suprathermal
density after on-axis ECCD turn-on (t = 0s).
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The time to peak, calculated from the power turn-off time,
is shown in Figure 1 as a function of minor radius, as a
composite over several shots, with central heating in all
cases. The overlapping data are in satisfactory agreement,
with most of the scatter attributed to density variations.
Ray tracing calculations place the ECH deposition in the
region p = 0-0.2, which is confirmed by the
measurements to be a region of zero delay, within the ECE 0
time resolution of 0.05ms. The effect of radial transport on

the shape of the suprathermal profile is evidenced by the

successive snapshots of the normalised suprathermal

density profile after power switch on, shown in Figure 2. A substantial broadening of the profile

0.6

Normalised suprathermal density
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around the deposition region is clearly observed. While quantitative details can be strongly
affected by the approximations inherent in our simple model, model-independent analysis
techniques, such as System Identification techniques, have also been applied in order to
determine the characteristic relaxation times and the power deposition profile. Initial results
suggest that the latter is anomalously broad in the presence of significant cw ECH power.
Further studies are planned to test this conclusion.

3. Influence of the shape on electron temperature stiffness and thermal diffusivity

FIG. 3. Electron heat flux versus electron temperature 250,
gradient at py = 0.5 (normalised radial coordinate - e e o°
proportional to the square root of the plasma 2005 A 2gyros
. . L 4 1gyro P L4 -
volume) for various triangularities. &5150
Y \d
. g I AN
Electron heat transport investigations have been 100 S >
performed in L-mode plasmas [4][5] at plasma © mhAg A <
triangularities between -0.2 and +0.4, using spatially 50
L

localised central and off-axis ECH to independently vary % »
the electron temperature, T, and its normalised gradient,

R/LT , where LT = VT, /T Because of the large

power density installed, an unusua]ly large range of

values for R/ LT and for the heat flux, g, was obtained. Figure 3 shows that at constant heat
flux, larger gradients and thus better confinements are generated at lower or negative
triangularity, as for the case of ohmic or centrally heated plasmas [6][7]. A strong dependence
of the electron heat diffusivity, x, on T, is observed, Figure 4. For the three points with the
lowest x,, the TEM are calculated to be stable. There is no such clear dependence of y,
observed on R/Lr, or R/Ly., in contrast to the results from local gyro-fluid simulations (GLF23)

[8].

el ®

FIG. 4. Electron heat diffusivity versus electron temperature
at py = 0.5 for various triangularities.

The experimental values of heat diffusivity are compared
in Figure 5 to the predictions from the critical gradient
model [9] for TCV and ASDEX-Upgrade. TCV data
extends over a wider range of R/ LT and indicates also a
strong dependence on triangularity.

L e . 5 1 1.5
The micro-instabilities responsible for the anomalous T, [keV]

electron heat transport in these plasmas are determined

using the local gyro-fluid (GLF23) and global collisionless gyro-kinetic linear simulations
(LORBSY). Ion temperature gradient (ITG) and trapped electron modes (TEM) are found to be
unstable. The TEM are the most unstable modes, except at the lowest R/L; values where they
are stabilised and where ITG modes dominate. In all these plasmas, the high ZyT, /T; values
lead to complete stabilisation of the electron temperature gradient (ETG) modes. The plasma
collisionality v, is found to strongly reduce the electron heat transport, which is consistent
with the stabilisation of TEM with increasing v, in the simulations. However, the variation of
g ofr With d in the experimental data prevents us to quantify the intrinsic dependence of y, on



FIG. 5. Inter-machine comparison of gyro-Bohm
normalised heat conductivity versus
normalised temperature gradient at
py = 0.5: ASDEX Upgrade (green), TCV
at three different triangularities (red, blue,

magenta).
4. Shear modulation experiments with ECCD

Shear-modulation experiments have been
performed by using two X2 clusters of 2
gyrotrons with 0.45MW each. The launchers
are oriented toroidally for driving ECCD in
opposite directions, and poloidally for having
an identical deposition radius, r,, . The power
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is switched on alternatively in the two beams for driving alternate ECCD at constant
instantaneous ECH heating. Modulation frequencies from SHz to 70Hz have been used, but the
analysis is mostly performed at the lowest frequency, using Thomson scattering data. The goal
of the experiment is the study of the electron transport dependence on magnetic shear.

Because the modulated ECCD is localised in a narrow layer inside a conductive medium, the
electrodynamic plasma response must be taken into account in estimating the actual current
distribution. A model using magnetically coupled lumped circuits is applied for calculating the
modulation amplitude of the current distribution, the main effect on shear being shown in Figure
6. The estimated modulation of the current density profile and shear (+40%) is supported by the
evolution of the internal inductance, by voltage-current characteristic and sawteeth behaviour.

FIG. 6. Calculated magnetic shear profiles for co and
counter-ECCD.

A striking feature is a strong oscillation in T, , more
than 30% peak-to-peak in the plasma core, in spite
of constant input heating power. Small and
negligible density oscillations are also observed,
although a process different from energy
confinement is acting on particles. The phase of the
T, oscillations confirms that the heat wave is
generated inside r; ep and propagates outwards.

FIG. 7. Relative modulation amplitude of VT, (full
squares) and relative heat flux modulation
amplitude (red solid line) (shot #24867).

This oscillation can be interpreted as a change either
in the thermal diffusivity ), or in the heat flux ¢,,
with an associated gradient modulation expressed as
VT/VT, = q./9, -1/ X - The main
contribution to g, is the modulation of the ohmic
power due to modulation of the resistivity and
current density. As shown in Figure 7, this
modulation is very small compared to the heat flux
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associated with the additional heating outside r,, , while at and inside r, , the gradient
modulation can only be explained by a relative modulation of 40% of y,. This 1s confirmed by
a local power balance, and is consistent with the 4% increase in the global energy content,
taking into account the fact that only 25% of the volume is involved and that ohmic input is
decreased when T, is increased. The thermal diffusivity modulation is in phase with that of the
magnetic shear; it decreases where the shear is low, and at all internal radii. The relative
modulation in ¥, is of the same order of that estimated for the shear. This provides an important
information on the issue of magnetic shear damping of drift-wave, fine-scale turbulence [10].

5. Electron internal transport barrier formation and control

FIG. 8. Time traces of typical elTB scenarios with an
inductive current perturbation in the latter phase 100 /_\‘h‘ g
. , Ip [kA] = \
of the discharge to probe the elTB with an 50
additional positive or negative jq contribution. I Peclaul
0 8
Electron internal transport barriers (eITB) have been \;:.m...

extensively studied in the TCV tokamak, with an
emphasis on steady-state scenarios. This is why the
elTB presented are fully sustained by non-inductive
currents, in our case by bootstrap current and ECCD.
With the powerful and flexible ECCD system installed,
the full plasma current can even be sustained non-
inductively with off-axis beams only [11]. This allows
the control of reverse shear scenarios in steady state.

FIG. 9. Thomson scattering pressure profiles

corresponding to the discharges shown in ° ' * '

Figure 8, time-averaged in the steady-state g P, [kPal * *

period [1.95,2.355], except for the open 7t +‘+ i 25953

circles, averaged over {0.65,0.85] *

6f ’} * 25956

The usual scenario for our recent eITB physics 5| é
studies is shown in Figure 8. First a stationary L- af }@ * é‘ 25957
mode ohmic plasma is created, at low plasma 3 4 °d ]
current around /, = 90kA . At 0.4s, two co-ECCD ¢ ® 25956,0.7%
off-axis beams (0.9MW) are launched and the 2 ]
ohmic transformer current, [, is kept constant. 1 s ol
Then the plasma evolves from a peaked, monotonic 9 1’*‘"6 =5 5 :‘tl

inductive current density profile j;, to a non- 2 [m]

monotonic total profile fully sustained by j ., plus

jps» the ECCD and bootstrap current density

profiles respectively [11]. This evolution occurs on the resistive current redistribution time,
T Which is typically around 0.1-0.2s [12]. After that time, most of the inductive current has
vanished and the safety factor, ¢ attains a flat or reverse profile and the eITB forms rapidly, in
less than 1ms [13][14]. One additional gyrotron (0.45MW) heating near the centre of the
plasma is turned on at 0.8s. This enhances the eITB so that it can be clearly observed in the
pressure profiles, as seen in Figure 9. Note that the global electron energy confinement time
actually increases with this additional heating in the centre, Figure 8, since the power is
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deposited in an improved confinement region. It can be speculated that the microinstabilities
have been stabilised and thus there is no longer any power degradation in the core.

FIG. 10. Time evolution of line integrated soft

... g 21655, =
X-ray emissivity of select chords of ter ; A i 895
: ’ patil
the MPX gn - e
. L. . o8 Sunpiint v rine g rhedd = ()4
The barrier formation is best observed with =~ = foes o™ M hargig #7017 g =05
A . 0.4 prode -0
the Multiwire Proportional X-Ray camera S~ T SRS ] 5;8;9
(MPX) with an appropriate high spatial %08 o6 o 586

and time resolution [15], Figure 10. The it

sudden increase in soft X-ray emissivity is

dominated by an electron temperature increase. The radial location between chords with
increasing and flat signals p = 0.44 corresponds to the barrier foot. The line integrated signal
of chords viewing inside the barrier cannot be used to determine the effective rise time of the
local temperature but the local emissivity profile may be obtained assuming a constant
emissivity on a given flux surface and applying a minimum Fisher inversion method [16]. In the
case shown in Figure 11, the eITB forms at p = 0.3 in a narrow region and the temperature rise
then propagates rapidly inwards and outwards, with a characteristic time less than 1ms. This
observation provides a unique test for validating theories on [TB.

FIG. 11. Inverted soft X-
ray emissivity: a)
profile snap shot
plotted every
0.75ms around
ITB formation;
b) temporal
evolution at
selected radial 0
locations.
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Once the discharge has
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constant surface loop ' 0‘5‘:6[51 0548 0.5 0532
voltage [17]. This drives

an inductive current with

a well-known profile

that peaks on-axis within about one 7., and reaches steady-state in less than 1s. The additional
ohmic power is negligible, ~3kW, as compared to the total EC power, 1.35MW, and even to the
central ECH, 0.45MW. Then the effect of only perturbing the current profile, at constant input
power can be tested. As clearly seen from Figure 8, the electron confinement time varies from
~1.4ms with +30mV and I, = 90kA, to ~2.3ms with —=30mV and /_ = 70kA . Since the total
plasma current is higher with the additional inductive current, t{])e effective confinement
improvement, normalised to standard scaling laws, actually almost doubles between these two
cases. This is confirmed by the pressure profiles shown in Figure 9.
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FIG. 12. Time evolution of magnetic shear shear evolution due to imposed +30mV perturbation
due to an imposed surface loop 1 e reemm— it
voltage perturbation of +30mVona L g
plasma corresponding to the elTB
discharges shown in Figure 8 at
1.4s, with V,,,=0 over the whole
minor radius.

In Figure 12, we show the time evolution
of the magnetic shear due to the addition
of a loop voltage of +30mV. The ASTRA
code [18] is used, keeping everything else
constant, in particular the transport
coefficient [12]. First the reverse shear is
slightly enhanced, since the positive
inductive current density perturbation comes from the edge, and then the q profile becomes
essentially monotonic. This transient behaviour, which lasts about 0.1-0.2s, is actually observed
with larger perturbations [19]. The final ¢ profile is monotonic or flat with +30mV, and much
more reverse with =30mV [12], corresponding to a degradation and an improvement of
confinement respectively. Therefore these experiments show clearly that current profile is the
primary cause for improved and anomalous electron transport in these eITB discharges. This is
consistent with previous experiments where co- and counter-ECCD were added in the centre
[20][21]. They are also consistent with global linear gyrokinetic simulations which show that
TEM are the most unstable micro-instabilities in these discharges with T, » T; and their growth
rate is strongly reduced when shear decreases and becomes negative [22]. These results are also
obtained with GLF23 [8], which has been used within the ASTRA code to simulate self-
consistently a similar discharge. The simulations confirm that reverse magnetic shear is
sufficient to form an eI TB, and the bootstrap current provides a significant contribution to create
and maintain the non-monotonic current profile [23]. The simulations also show that it is
difficult to determine if the confinement is improved in a small region around g,,;, or in the
whole core region inside the foot of the barrier, since the central ECH beam is not localised
enough. In any case, it is always better to heat in the centre to maximise the bootstrap fraction
and the global electron thermal energy confinement time [23].

time [s]

6. Third-harmonic, top-launch ECH

FIG. 13. View of the X3 top-launch
mirror. The three RF
beams are directed on one
single focusing mirror
with radial and poloidal
steering capabilities. The
poloidal angle can be
controlled in real time. On
the poloidal cross section,
the maximum steering
range is outlined in red.

In the moderate magnetic field of
TCV (1.5T), the X3 system
broadens the operational space with the possibility of heating plasmas at high density, well
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above the cutoff density of the X2 system (4.2><1019m_3 ). To compensate for the weak
absorption coefficient, top-launch injection is used that maximizes the ray path along the
resonance layer, sketched in Figure 13. The main characteristic of this launching scheme is the
sensitivity of the absorption to the poloidal injection angle, 6 as it is shown in Figure 14, where,
with 0.45MW of injected power, the level of absorption is indicated by the variation of the
central temperature deduced from the soft X-ray emission measurement along a central vertical
viewing line [24].

FIG. 14. Soft-X ray temperature versus poloidal
injection angle 6 (in blue). In red the
predicted absorption calculated with the
TORAY-GA code.

To maintain the maximum absorption in plasma
discharges with unexpected variations of both
density (refraction) and temperature (relativistic
shift), a real time control of the injection angle
has been developed. The feedback system
consists in a synchronous demodulation of the
plasma temperature response to a harmonic
perturbation of the injection angle at 13Hz. This produces a feedback signal which is
proportional to the actual value of dT,/d® and the mirror is controlled to track the maximum
of the absorption curve where this derivative is zero.

FIG. 15. a) Pre-programmed (green} and
Jeedback controlled (red) mirror angle.
b) Central plasmatemperature. c) Error
signal.

The capabilities of the feedback are presented
in Figure 15 where the mirror poloidal angle
was pre-programmed to perform a linear
sweep crossing the maximum absorption. The
feedback controlled mirror-angle reached the
optimum angle faster than the pre-
programmed sweep and then (¢ = 1.1s)
maintained this optimum angle despite the
externally imposed ramp. A stable real-time
optimisation of the injection angle has been
obtained on a wide variety of L-mode
plasmas and further development for H-modes are presently under way.




FIG. 16. a) Central temperature versus line
integrated density for two levels of X3
injected power. The temperature of the
ohmic target (s 0.9keV. b) Absorbed
Sfraction measured (DML squares) and
predicted by TORAY-GA (circles).

The X3  absorption studies  were
significantly simplified with the real-time
optimisation of the launcher. The absorbed
fraction versus plasma density at different
levels of the injected power are presented in
Figure 16 with target plasma parameters:
elongation 1.6, triangularity 0.1,
I, = 230kA. The absorbed power is
measured using the response of the
diamagnetic flux to a modulation of the
injected power [25]. The difference between
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the measured absorbed fraction and that predicted by the TORAY-GA code is to be associated
with the existence of a suprathermal population generated by the X3 wave itself. At higher
electron densities this difference is lower since a fast thermalisation of the suprathermal
population occurs. First comparisons between the absorption predicted by the ray tracing-code,
TORAY-GA and the beam-tracing code have been made [26].

FIG. 17. Temporal evolution

plasma parameters 15 . o

in a quasi-stationary T 4t l

ELMy H-mode with 2 s

X3 heating, from top e -

to bottom: injected 10 an

X3 power, H, 3 g oo g ‘ ’
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temperature, line y 4
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Until X3 heating was
installed on TCV the only
routinely available ELMy

H-modes were ohmic H-
modes {27]. Initial results
with low power X3 heating

(Py3 < Pg,where P, is the
ohmic power) applied to
El.My plasmas indicate that

the ELM frequency
decreases with increasing
power but the ELM regime
remains unchanged [28]. In

Time [s]
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recent experiments Py, =3P, has been obtained and the effects are significantly different.
Figure 17 shows the temporal evolution of a quasi-stationary ELMy H-mode plasma heated
with 1.35MW top launch X3. The ELM regime exhibits a clear transition at the application of
the additional heating accompanied by a reduction in the ELM frequency and an increase by a
factor 10 in the stored energy released at each ELM. At 1.42s one of the X3 gyrotrons was
switched off and the plasma immediately went back to the low power regime, indicating that
there is a minimum additional heating power to maintain the large ELM regime.

7. H-mode Threshold Power with ECH

FIG. 18. LH transition power threshold for ohmic

favourable (circles) and unfavourable (triangles) o
ion VB drift, X2 unfavourable (stars) and X3 Y .
Sfavourable (square). ~
0.8 J
The LH threshold power was measured in discharges g o7h *
with additional ECH-X2 power. Only densities below o~
the cut-off density were investigated. The LH transitions 06
obtained in these conditions with an unfavourable ion V PP S S
B drift exhibit a higher threshold power than the lowest
ohmic threshold, Figure 18 (stars), in agreement with 04753 04 05 0.6
previous results showing that the threshold power 0.061 g BY©° s

increases with decreasing density below a given density

[29]. The minimum in the threshold power is then located between the two groups of data. These
experiments show that the threshold density can be lowered with the ECH but at the cost of more
power. The TCV ECH-X3 system has a higher cut-off density, 11.5x10 Pm , motivating an
experiment to close the gap between the ohmic and ECH-X2 data. The mirror angle was slowly
tilted during the heating pulse in order to vary the total interaction volume and thus the power
absorption. An LH transition occurred when the absorbed power measured using modulation on
the diamagnetic flux [25] reached approximately 0.2MW (Figure 18, square). This X3-assisted
LH transition was obtained at a power and a density in agreement with the ohmic LH transitions.
This similarity suggests that the underlying transition physics does not depend on the heating
scheme and that the increase in threshold power observed in the ECH-X2 data is a general
property of the low density transitions. The minimum H-mode threshold power with favourable
ion VB drlft is 0.45MW for this particular plasma shape, at a line averaged density of
4.5x10"

8. Outlook

The powerful ECH system of TCV and its highly adaptable launching system are now fully
deployed and have proved to be unique tools to achieve high performance regimes both in H-
mode plasmas and in ITB scenarios. These capabilities can now be exploited to further optimise
the performances of these plasmas and to pursue the investigations of the involved physical
mechanisms in studies of fast particle generation and relaxation, heat transport and related
turbulence modelling and detrimental instability mitigation.
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Effect of Plasma Shape on Electron Heat Transport
in the Presence of Extreme Temperature Gradient Variations in TCV
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Abstract. Electron heat transport experiments are performed in L-mode discharges at various plasma
triangularities, using radially localised electron cyclotron (EC) heating to vary the normalised electron
temperature gradient R/L;, (where 1/L; = VI/T,) and the electron temperature 7, over a large range. Local gyro-
fluid (GLF23) and global collisionless gyro-kinetic (LORBS) linear simulations allow the determination of the
unstable micro-instabilities. Ion temperature gradient (ITG) and trapped electron (TE) modes are found unstable.
TE modes are the most unstable modes, except at the lowest R/L;, values where they are stabilised and ITG
modes dominate. High Z.;7./T; values lead to a complete stabilisation of the electron temperature gradient (ETG)
modes. Experimentally, a strong dependence of the electron heat diffusivity x, on T, is observed. No such clear
dependence of the heat diffusivity x, is observed on R/L;, or R/L,., in contrast to results from GLF23
simulations. The electron heat transport is reduced with triangularity. However, this effect can be partly, or
totally, attributed to an increase in the plasma collisionality, leading to a stabilisation of TE modes.

1. Introduction
Plasma shape is one of the fundamental parameters in a tokamak that strongly

influences plasma properties and performance, placing also strong constraints on
technological and construction choices in machine design. Increasing the elongation allows
higher plasma current and also influences other operational limits such as the pressure [1,2]
and density limits [3]. The triangularity and elongation have a strong influence on the core
stability, e.g. sawteeth [4], and edge plasma, in particular on H-mode pedestal and ELMs
[5.6].

This paper addresses the issue of the role of plasma shape on the energy confinement,
focusing on the role of triangularity on the /ocal electron heat transport properties in electron
temperature gradient variation experiments using localised electron cyclotron (EC) power
deposition. Global confinement studies in Ohmic [7-9] and in central EC heated L-mode
plasmas [10,11] showed the beneficial role of low or negative triangularity on the electron
energy confinement time. This result is in contradiction with similar studies of the influence
of triangularity on H-mode confinement, where the confinement time was observed to
increase with plasma triangularity [5,6], due to the contribution of the edge pedestal.
Triangularity also strongly modifies the ELM stability [12]. The use of L-mode plasmas
should help minimise the influence of the edge features on global confinement, allowing a
more direct study of the genuine effect of plasma shape on core local electron heat transport.
A better understanding of transport dependence on plasma shape may also provide ways of
influencing the access to eITB regimes. Such studies have commenced elsewhere with an H-
mode edge, with the strong influence of ELM activity [13,14].

The specificity of the present study [15-17] lies in: 1) the comparatively large range of
both normalised electron temperature gradients R/L. =R VIJT, [18,19], and electron
temperatures explored, by changing respectively the radial EC power distribution and the
total EC heating power; 2) the study of the influence of plasma shaping, in particular the
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triangularity 8, which is varied from D- to inverse-D-shape. In addition, a third parameter, the
plasma collisionality, plays a significant role. While the first two parameters are operationally
controlled, the third parameter may not always be controlled.

2. Electron temperature gradient variation and temperature variation experiments

2.1. TCV and EC system: The TCV tokamak (R,= 0.88 m, a < 0.255 m, B;< 1.54 T,
I,< 1 MA) has been designed to investigate the effects of plasma cross-section shaping.
Plasma edge triangularity -0.7 < 6 < 1 and elongation 0.9 < k < 2.8 have been achieved [9].
The auxiliary heating relies on EC waves at the 2*harmonic (X2) and 3“harmonic (X3)
frequencies. The X2 EC waves are produced at 82.7 GHz by six gyrotrons delivering a total
nominal power of 3 MW and are coupled to the plasma from the low field side (LFS), using
six launchers independently steerable during the discharge [20].

2.2 Plasma discharges and experimental conditions: The experiments are performed in a
moderately elongated L-mode plasma, k = 1.6, in a limiter configuration. The electron
transport has been studied at three plasma triangularities, 6 = -0.2, +0.2 and +0.4, while the
plasma current /, and the toroidal magnetic field By are kept constant (/, = 220 kA and B, =
1.44 T), resulting in a slight safety factor variation g, from 4.4 to 5.5 (8=-0.2, +0.4
respectively). Cross-field electron heat transport is investigated by depositing up to 1.8 MW
X2 EC power in the plasma to vary the normalised electron temperature gradient R/L;, and by
distributing the power at two different radial locations: one "central", at a deposition radius of
P, = 0.35, just outside the g = 1 surface p_.,, and one far off-axis at p, = 0.7. The normalised
radius is defined as p = sqrt(V/V| ), Where V and V| are the volumes delimited by the flux
surface labelled by p and by the last closed flux surface, respectively.

— (410) —— (410)
-~ (3,1) ~ (3,1)
— (04) | 25| (04)]

# 24873, 24043, 26400 q . . R
region of investigation

§ 3 ; a region of investigation ; 20 p=0.5
'._ﬂ’ 2 15

]
e # 24673, 24848, 26409

0.5 1

0
1 0 pvul
FIG. 1. ECH at wo FIG. 2a. Electron temperature profile variations obtained at constant edge
different deposition heat flux when changing the EC power deposition locations from central to far
locations and line off-axis, for a triangularity 8=0.2. The numbers in parenthesis represent the
of sight of relevant nb. of EC beams deposited (“centrally”, far off-axis), 0.45MW per beam.
diagnostics FIG. 2b. Corresponding variations - up to a factor of 4 - of the normalised

temperature gradient R/Ly,.

The central density range is fixed such as to avoid excessive refraction of the EC beams and
to ensure full single pass absorption for the far off-axis deposition (1.5 < n,, < 2.7x10* m™).
The width of the EC beams, narrow compared to the plasma minor radius, leads to radially
localised EC power deposition. The EC power deposition width at half maximum Apg. never
exceeds 0.1 and the power absorption from the linear ray tracing code TORAY-GA [21]
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always exceeds 95%. A poloidal view of the plasma cross-section and EC wave launch is
shown in FIG. 1, for a case with simultaneous central and far off-axis EC power deposition.

Thomson scattering, essential for this study, measures the electron temperature 7, and
density n every 25 ms along the full plasma height with a spatial resolution of 4.5cm,
typically 2x8 points in a full profile. Profile information is only used after steady state of the
current profile is reached, that is when reaching stationary internal inductance /, and then
averaged over 12 measurements (~ 300ms).

2.3 Electron temperature profile and discharge response: Varying the amount of EC
power deposited at p, only, from 0.45 to 1.8 MW, does not change the shape of the T, profile
plotted on a logarithmic scale, and R/Lt. only varies by 10% in the confinement region. This
behaviour, already observed in several tokamaks, is known as profile stiffness [18]. To
change the value of R/Lr., far off-axis distribution of part or total EC power is needed, e.g.
following the scheme developed in ASDEX Upgrade to study electron heat transport as a
function of the normalised electron temperature gradient [19]. Far off-axis EC power
deposition leads to low R/Lt. values whereas central deposition leads to high R/Lt. values.
Intermediate R/Lte values are achieved by sharing the deposited EC power centrally and far
off-axis. Keeping the total EC power constant, the variation of R/Lt. can be obtained at
constant electron heat flux at the plasma edge, ¢.**¢, without large changes of the electron
temperature at the investigation radius, p=0.5. FIG. 2a shows the variation of the T, profile,
from peaked to flat, when changing gradually the EC power distribution from fully central to
far off-axis. This variation is obtained at constant edge T., as ¢, is kept constant. The
corresponding R/Lr. profiles exhibit a factor of 4 variation in the region delimited by the two
power deposition locations p, < p < p,, typically at p=0.5, FIG. 2b. Varying the total EC
power also permits electron temperature variations at constant R/Lr..

In these experiments, cross-field electron heat transport is studied by calculating the
1,
dp
averaged over the flux surface. As a linear relation between the electron heat flux g, and the
electron temperature gradient VT, is assumed, the effects of off-diagonal terms in the
transport matrix are not included. The electron heat flux is calculated in steady-state taking
into account the contributions of the Ohmic power, the localised EC power deposited at p, and
P, and the power transferred by the electrons to the ions. A radially uniform loop voltage is
assumed for the calculation of the Ohmic power and the EC power is obtained from TORAY-
GA. The ion temperature profile, needed to estimate the power transfer to the ions, is obtained
from Charge Exchange Recombination Spectroscopy (CXRS, see FIG. 1). The power balance
is strongly dominated by the EC power, which allows, by changing the EC power distribution,
for a large variation of ¢ between p, and p, while keeping constant ¢ **¢. The low plasma
density results in a low equipartition power flow from electrons to ions and a high 7/T, ratio.
The radiated power P, measured by XUV-bolometer photodiodes never exceeds 20% of the
total power P,,. Moreover, the ratio P,,/P,, remains below 5% for p<0.8 and may be
neglected in the region of investigation p,<p<p,.

The sawtooth activity present in these discharges confirms the expected deposition
location as just outside p,_,: the sawtooth period increases (sawtooth stabilisation) while
increasing the power deposited at p,, from 2-3ms in Ohmic to above 10ms with the total EC
power. The observed sawtooth stabilisation indicates deposition just outside p,., [22],
confirming the TORAY ray tracing calculations. ASTRA transport calculations, using the
experimental power balance heat conductivity x,*, the density and geometry, and assuming
neoclassical conductivity and current profile steady-state conditions, yield a g-profile, without

, Where the brackets indicate

electron thermal diffusivity yx, defined by g, = -n,, <]Vp|2>
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the assumptions of a particular radial heat transport model [23]. The location of p,., ranges
from 0.28 to 0.34, FIG. 3, and, at the powers used, p,, is always present. Since stationary
conditions are required for diagnostics and transport analysis purposes, the imposed
temperature profile variations produce asymptotic current profile changes (/; is modified) [24].
The toroidal rotation velocity profile, measured form CXRS of C*-lines, is non-monotonic in
Ohmic discharges [25], with a maximum close to p,.,. Power deposition outside g=1, e.g. at
mid-radius, further peaks the central velocity profile increasing the velocity shear in the core.

3. Micro-instabilities

Local gyro-fluid (GLF23 [26]) and global collisionless gyro-kinetic (LORBS5 [27])
linear simulations indicate the micro-instabilities potentially responsible for anomalous heat
transport in these experiments. Ion temperature gradient (ITG) and trapped electron (TE)
modes are found to be unstable. TCV data are depicted in the stability diagram, FIG. 4, which
shows that TE modes are generally the most unstable, except at the lowest R/L;, values where
they stabilise and ITG modes dominate. The dashed lines indicate the pure TE threshold for a
fluid model [28]. In all these EC dominated plasmas, the high values of Z T./T,, a parameter
determining the electron temperature gradient (ETG) mode threshold [29], leaves the ETG
modes stable (R/Lrt. is 50% of the threshold at mid-radius p=0.5).

T 20 = B~ 04 . | FIG. 4. Experimental values
oz A 5~02 ® at mid-radius of the driving

1.5 3204(4.0) | e - ey s [ 6~—02. Aéé & | gradients for TE modes,

, . e N ) R/L;, and R/L,. From

: : r i x& . .| GLF23 simulations, TE

os - —_ g 10 ﬁ:ﬂ 1 modes are most unstable

£ be e (yellow), except for the

0 0z 04 p, 08 3s 5 e 1 lowest values of R/Ly,, where
FIG. 3. q profiles from ASTRA |~ i ITG modes are most unstable
with different EC power distri- 0 2 4 6 g (blue). The dashed lines
bution (norm. to 0.9) and 6. RLn, indicate the pure TE mode

threshold for a fluid model.

The ranges of the different relevant parameters at the investigation radius (p=0.53) for
different power deposition distributions, total power and for two triangularities 6=0.2 and 0.4,

is given in the following table (f: trapped particle fraction, v, collisionality [32], s = L%q_ :
q dr

Te [keV] Tx [keV] Te/Tl ﬁ R/Ll'e R/Lﬁ R/an BT Zeff Vest q s

06-1.3 | 0.2-05 2-4 0.54-0.55 4-20 3.5-6.5 3-7.5 3.4-11.5 | 0.25-08 | 1.5-1.9 1.1-16

4. Inter-machine comparison within heuristic transport model
The “heuristic” model developed by Imbeaux and co-workers [30,31] has the form:
Xe=Xo+ A q T (R/Lre - R/L1e™)  H (R/L1e - R/L7e™™),

where ¢ is the safety factor, A and R/Ly.™ are coefficients to be adjusted, H is the Heaviside
function, with the possibility of specifying different exponents for the 7.”* and (R/Lr. -
R/L1e™) terms. To test the dependencies of this model against TCV data, the electron heat
diffusivity in the gyro-Bohm normalised form is plotted against R/Lt. in FIG. 5a. ASDEX
Upgrade data have been added for comparison. While ASDEX Upgrade data show a clear
offset linear dependence on R/L,,, the three different triangularities in TCV exhibit different
levels of transport. A saturation of the diffusivity is observed at 6=0.2 and high R/L,.. The
experimental T, and R/L;, ranges are shown in FIG. 5b. This broad two-dimensional range




may be the cause of the larger spread of TCV data in FIG. 5a, implying that the dependences
on T, or R/L;, may not be adequate.
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FIG. 5a. Inter-machine comparison of normalised FIG. 5b. Range of data used in FIG Sa,
heat conductivity (gyro-Bohm) versus normalised showing that TCV data occupy a wide
temperature gradient: ASDEX Upgrade (triangles), range in the T,-R/Ly, space.

TCV at three different triangularities (circles).

5. x. dependencies: experiment, heuristic modelling

We concentrate on plasma configuration with triangularity 6=0.4, suggested by the
observed constancy of n.Z.; (see FIG. 10). Plotting the heat diffusivities against the driving
terms of the TE modes (R/L,,, R/L,) in FIG. 6a,b, we observe that x, globally tends to
increase with R/L.,, but that for a fixed value of the driving terms, x, exhibits large variations.
These two parameters are therefore not sufficient to explain the variation of .. Surprisingly,
T. alone appears to be a more adequate variable to describe the variation of ., FIG. 6¢c. The
diffusivity y. shows a strong dependence on T, with little scatter despite the large range of
R/L;, and R/L,, explored. In fact, the trend of ), to increase with R/L;, can be attributed to the
correlation of T, and R/L,, shown in FIG. 5b. The experimental observation of a strong .-
dependence on T, does not exclude a weak dependence of x, on R/L;, or R/L,, but is in
contrast to the results from GLF23 simulations, which indicate a clear y.-dependence on R/L,
or R/L... Note that in FIG. 6c¢, the two lowest . points are not TE, but ITG mode dominated.
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FIG. 6a,b,c. Plotting the dependence of the electron heat diffusivity at 6=0.4 data against different
variables at nearly constant n.Z (see FIG. 10). No clear dependence of x, is found on R/Ly,, FIG. 6a,
or R/L,, FIG. 6b. A strong dependence on T,, however, is observed, FIG. 6¢c.

We compare different forms of the model with the aim of specifying a better form for
the heuristic critical gradient model for the diffusivity . and heat flux ¢, [30,31]. The most

standard form: '
¥ ~T(R/Lp-R/L:™™), with a heat flux as q~n,T.”*(R/Ly-R/L")R/Lr,



or a non-linear form in R/L.,, suggested by the weak dependence of x. on R/L;, visible in
Fig. 5a and FIG. 6:

X~T.*(R/Ly-R/L."™)/R/Ly,, with a heat flux as g,~n.T.*(R/L.-R/L;™).
TCV data, for the diffusivities (FIG. 5a) as well as for the heat fluxes (FIG. 7), are better
represented by the second, non-linear formulation.

6. TCV data at different shapes and collisionalities

The heat fluxes at different triangularities follow a linear law as a function of R/L;, or
of VT, FIG. 8. A heat flux threshold above which the heat flux is enhanced is suggested from
the diagram. This representation clearly shows a beneficial effect of reducing triangularity for
a given q,. Plotting x, versus T,, for different triangularities, FIG. 8, also demonstrates the
beneficial role of reducing the triangularity (an extension of the diagram of FIG. 6c¢).
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FIG. 9. Electron heat dif-
SJusivity versus electron tem-
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0=0.4

quadratic one.
gradients are generated at

lower triangularity.

The dependence on triangularity of the local electron heat transport is similar to the
global confinement time dependence of centrally heated discharges reported earlier [10,11].
This trend can further be illustrated in the present study with “central” (i.e. just outside p,.,)
and far off-axis deposition by the confinement enhancement factor Hy,, FIG. 10, which
increases when 1) the triangularity is reduced, and 2) the power is deposited the closest to the
magnetic axis. FIG. 11 shows that the parameter n.Z.; determining the collisionality (v.g~ 0.1
Rn.Z /T, see [32]) is relatively constant for all the 8=0.4 data, which were used to find the
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regression of FIG. 6¢. Plotting all the j, data versus collisionality, FIG.12, reveals a possibly
crucial role of collisionality in this transport study, where shape, heat deposition location and
total heat flux are varied independently. The electron heat transport is found to decrease
strongly with plasma collisionality v,,, which is consistent with the stabilisation of TE modes
while increasing v, in GLF23 simulations. However, the strong data correlation of v, with &
and temperature prevents us from establishing the dependence of x. on & and v
independently.

To test whether theory predicts an influence of plasma shape on TE mode micro-
instability-driven transport, simulations were performed using the linear collisionless
gyrokinetic code LORBS. Measured experimental profiles at a single triangularity, 6=0.2,
have been maintained while the triangularity was varied. FIG. 13a and b show that the spatial
distribution of the convective cells is affected by the change of plasma triangularity. Growth
rate and transport (estimated by mixing-length arguments) both increase slightly with
triangularity, FIG. 14, in the same direction as the experiment, particularly in the toroidal
mode number range 15<n<25. The effect is however too small to demonstrate a significative
effect of shape, here triangularity, on the TE mode growth rate and transport.
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(a), and 6=0.5 (b). The spatial structure changes  toroidal mode number, indicating a slight
with triangularity. increase of transport quantities at high positive 0.

7. Discussion and conclusions

The present TCV experiments involve imposed variations of plasma triangularity. The
value of nZ., hence collisionality, was found to undergo important changes while varying
plasma triangularity. Whether the dependence of n.Z.4 on triangularity is an issue of plasma-
wall interaction or an issue of particle transport through the last closed surface remains open.
It was noted however that a higher gas injection is required in TCV in highly positive
triangularity plasma to maintain a constant density, which could explain a lower n.Z.

In addition to triangularity variations, variations in both power deposition distribution
and total power, allow discriminating between the effects of R/L., and T, an extension over
experiments at constant total power in which R/L;, and 7, remain correlated. The
experimental data suggest a saturation of x, at high R/L;, and a linear dependence of the
normalised heat flux ¢./n.T,”? on R/L,,, providing more information for a heuristic model and
supporting recent simulations obtained elsewhere [33]. Note that a saturation of y, with R/L,
had already been predicted earlier for ITG modes [34]. A clear dependence of x, on T, is
observed at all triangularities. In TCV data, y, is found to decrease with the triangularity.



However, the triangularity effect on y. can be explained by the variation of collisionality,
which plays a determining role in stabilising TE modes. From the linear collisionless
gyrokinetic LORBS results, ¥, is not expected to vary significantly with triangularity.
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Abstract. The primary mission of the International Fusion Material Irradiation Facility (IFMIF) is to generate
a material database to be used for the design of various components, for the licensing and for the assessment of
the safe operation of a demonstration fusion reactor. IFMIF is an accelerator-based high-energy neutron source
whose irradiation volume is quite limited (0.5 1 for the high fluence volume). This requires the use of small
specimens to measure the irradiation-induced changes on the physical and mechanical properties of materials.
In this paper, we developed finite element models to better analyze the results obtained with two different
small specimen test techniques applied to the tempered martensitic steel F82H-mod. First, one model was used
to reconstruct the load-deflection curves of small ball punch tests, which are usually used to extract standard
tensile parameters. It was shown that a reasonable assessment of the overall plastic flow can be done with
small ball punch tests. Second, we investigated the stress field sensitivity at a crack tip to the constitutive
behavior, for a crack modeled in plane strain, small-scale yielding and fracture mode I conditions. Based upon
a local criterion for cleavage, that appears to be the basis to account for the size and geometry effects on
fracture toughness, we showed that the details of the constitutive properties play a key role in modeling the
irradiation-induced fracture toughness changes. Consequently, we suggest that much more attention and
efforts have to be paid in investigating the post-yield behavior of the irradiated specimens and, in order to
reach this goal, we recommend the use of not only tensile specimens but also that of compression ones in the
IFMIF irradiation matrices.

1. Introduction

The aggressive irradiation environment of a fusion reactor will lead to very specific material
problems. These problems have been continuously addressed but many challenging issues
remain to be solved in order to operate a power generating fusion reactor. Indeed, while
important progresses in physics of fusion plasma have been accomplished, efforts are still
necessary to better understand the irradiation effects on all the identified material candidates
but also on the materials under development that will be close to the neutron flux escaping
the burning plasma. These materials will undergo severe neutron fluence resulting in
significant neutron-induced changes in their chemical, physical and mechanical properties.
Up to now, the material fusion research community has made extensively use of fission
neutron irradiation, e.g. [1,2] and/or accelerator facilities [3] to investigate the effects of
irradiation on materials. As a matter of fact, the overall fusion material development has
been guided by the results of irradiations whose neutron spectra do not reflect that of a
fusion reactor environment. The maximum neutron energy available from a fast reactor is
about 2 MeV only, leaving open all the issues related to the irradiation damage produced by
the high energy neutron range of the fusion spectra, which reaches 14 MeV resulting from
the deuteron-triton reactions. One specific issue related to the fusion neutron spectrum is the
production of gaseous impurities (helium and hydrogen isotopes) in the material bulk
simultaneously with the creation of atomic displacement damage. The extended exposures
of the first wall of DEMO reactor will produce about 20 displacment per atoms per full
power year (dpa/FPY), 180 atom parts per million of helium per FPY (appm/FPW) and 709
hydrogen appm/FPY [4]. Despite all the material fusion development based on the great
deal of irradiation data collected over the years from fission neutron sources and accelerator
based facilities, the limits of employing these types of irradiation have been identified. First,
the results and conclusions obtained from a given neutron spectrum can be transferred only
up to some extend to that of the fusion reactor. For instance, the effect of the correct ratios
of He/dpa and H/dpa along with the appropriate primary recoil spectrum on the irradiation-
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induced changes can certainly not be properly inferred from fission neutron spectra or any
other irradiation experiment. Second, there will be always an intrinsic issue of reliability as
long as no experimental validation has been performed to prove the validity of the data
transfer. As a consequence, there is a fundamental need to build an intense high energy
neutron source to serve, on the one hand, as a tool for fundamental investigations on the
current material candidates as well as for the development of new and emerging materials
and, on the other hand, to qualify materials for the design, the construction and the operation
of a demonstration reactor.

2. The International Fusion Material Irradiation Facility

The details of the International Fusion Materials Irradiation Facility (IFMIF) design, the
description of its major components and a discussion of its suitability for fusion materials
research can be found in [5]. We briefly summarize hereafter the main characteristics of the
facility. The neutrons are produced by stripping the protons from two 40 MeV deuteron
beams in a liquid lithium target through the nuclear reactions 'Li(d,2n)'Be, °Li(d,n)'Be.
This choice is mediated by the desire to reproduce as close as possible the irradiation
damage conditions occurring in the first wall and breeding blanket of a fusion reactor. The
irradiation volume is located behind a stable liquid Li jet onto which two 125 mA deuteron
beams are delivered. The high anisotropic (forward directed) neutron emission of the
stripping process generates a rather high flux but in a relatively small useful irradiation
volume. This volume is subdivided into three regions: i) the high flux test region ii) the
medium flux region and iii) the low flux test region. The irradiation damage production in
terms of displacement per atom (dpa) in these regions in a full power year (fpy) of operation
is respectively, 20-55 dpa/fpy, 1-20 dpa/fpy and 0.1-1 dpa/fpy. In its current design, the
high-flux, medium-flux and low-flux irradiation volumes are respectively of the order of 0.5
liter, 6 liters and 100 liters. In the high-flux region, mainly reduced activation materials for
the first wall and blanket will be irradiated in instrumented capsules. The specimens will be
tested after irradiation in hot cells. Among the materials foreseen to be irradiated in this
region, we mention the tempered martensitic and the oxide dispersion strengthened steels,
the vanadium alloys, the SiC¢SiC composites, the refractory metals and alloys. Twelve
separated rigs have been designed in which the irradiation temperature will be
independently controlled between 250°C and 1100°C. The medium and low flux volumes
will be devoted to fully instrumented in-situ tests such as creep fatigue, crack growth tests,
stress corrosion tests, radiation induced conductivity, electrical degradation, tritium
diffusion and release experiments. The materials concerned by these last experiments are
ceramic insulators, rf-windows, ceramic breeder materials, Be-neutron multipliers and
superconducting materials.

In order to use effectively the irradiation volume of the high flux volume in particular,
specimens as well as the corresponding test techniques have to be miniaturized. The
miniaturization of the specimens is also driven by the need of reducing the strong neutron
flux gradient intrinsic to this type of source and therefore to obtain a reasonable irradiation
damage homogeneity through a given specimen. In addition, it is also highly desirable to
miniaturize the specimens form the point of view of handling, testing and managing
radioactive materials. Over the last decades, numerous techniques applied to non-standard
specimens have been developed to extract a host of mechanical and physical properties and
to benchmark them with respect to the standard mechanical testing methods. Reviews and
recommendations for small specimen techniques have been published e.g. [6,7]. A review of
all the miniaturized and sub-sized specimens foreseen for IFMIF can be found in [8].
Among these techniques, some are simply based upon a scaling-down of the standard
counterparts (tensile, fatigue, fracture toughness, for example). Other non-standard
techniques have also emerged like for instance the small ball punch that we discuss
hereafter. On a phenomenological basis, correlations between parameters obtained from the
non-standard techniques with the usual parameters measured on standards tests have been
established. However, there still remains some lack of understanding of the underlying
physical processes that control the various calibration factors and their material and
irradiation dependence. In order to gain insight into these processes, modeling, in the
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broadest sense of the term, constitutes an inseparable tool for the correct interpretation of
the results. In this line of thinking, we developed finite element models that we applied to
investigate the plastic flow properties from ball punch tests and to study the influence of the
constitutive behavior on the attainment of a local criterion for cleavage, criterion often
considered to account for the size/geometry effects of the specimens on fracture toughness.

3. Plastic flow assessment from small ball punch tests

The small ball punch (SPT) tests have been developed to extract the tensile and fracture
properties [9] and to assess the so-called ductile to brittle transition temperature [10]. In
FIG. 1, the ball punch test experimental device is presented. It consists in deforming a
center-loaded clamped disk with a spherical puncher; the load-displacement curve is then
recorded. The spherical puncher is a 0.5 mm radius (R1) hard steel ball. The ball is pushed
with a rod through a 1 mm hole in the upper die (D1) (a small tolerance of 0.05 mm and oil
Jubrication are necessary). The diameter of the hole in the lower die is 1.5 mm (D2) having
a machined round billet radius of 0.2 mm (R2). The sample (in black) is a disc of 3 mm
diameter (D3) and a thickness varying between 0.23 and 0.27 mm approximately (T). More
details about the experimental procedure can be found in [11]. Using ABAQUS 6.4-1 code,
a finite element model was developed and validated with two different steels (austenitic and
tempered martensitic) [11]. Making use of our finite element model, we discuss below the
expectations and limitations of the ball punch test technique in assessing the potential
irradiation-induced changes in the constitutive behavior. Let us first recall that, in order to
simulate a SPT curve, it is necessary to assign a constitutive behavior to the sample disk in
the form of a uniaxial true stress—platic true strain relationship, o(e;). Actually, the
ABAQUS code requires this input to model the multiaxial stress state that develops in the
deformed disk using the von Mises stress
potential and associated J, flow rule. Thus,
the fundamental idea of modeling the SPT
curves obtained on irradiated disks is to
determine, with a series of successive
simulations, a true stress - true strain
relationship that allows reconstruction of the
SPT curve. Let us emphasize that, after
irradiation, the true stress — true strain
relationship can usually not be readily
established by conventional tensile test
owing to the onset of necking taking place at
very low strain, preventing the assessment of
the post-yield behavior. In the following, we
focus our attention on the behavior of the 7-
9Cr class of reduced activation tempered
martensitic steel, using the F82H-mod steel, produced in the framework of material
development for fusion structural applications.

FIG. 1 Experntal ball punch tes evice

A typical experimental SPT load-deflection curve obtained at room temperature is shown in
FIG. 3. Along with the experimental data, we present five simulated curves, among which
two deal with the constitutive behaviors of this steel in the unirradiated condition and three
are related to possible constitutive behavior that may result from irradiation-induced
changes. Therefore, five specific true stress—true strain relationships have been employed to
calculate the corresponding five SPT curves in FIG. 3. These true stress—true strain
relationship are shown in FIG. 2.

Let us discuss first the curves obtained for the unirradiated material. The two o{g;) curves
for the unirradiated case were obtained by extrapolating the experimental standard tensile
curve, whose true uniform strain is limited to 5%. We have already demonstrated that the
constitutive behavior of a variety of tempered martensitic alloys can be successfully
described in the framework of a simplified model of net storage of dislocations with plastic
strain [12,13]. In this model, the increase of the post-yield component of the flow stress oy
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scales with p"? where p is the total dislocation density. When the storage rate of

dislocations balances the annihilation rate, the net storage is zero and the flow stress does
not increase any more. Hence, within the framework of this simplified model, a saturation
stress is expected. The corresponding o(g;) curve is plotted in blue in FIG. 3. The red curve
in FIG. 3 was obtained by extending the curve beyond necking with a linear slope [11].
Simulating the SPT curves with one or the other of stress-strain relationships assigned to the
disk leads to a significant difference in the quality of the fit at deflections larger than 0.4
mm. Clearly, an excellent agreement between the simulation and the experimental SPT
curves was found when using the o(g;) curve without saturation. In fact, the maximum load
and the deflection at maximum load were well reproduced while the o(g,) curve with
saturation failed to satisfactorily simulate the SPT curve at deflections larger than 0.4 mm. It
must be underscored here that the SPT curves permit to sample intermediate to large strains,
about 60% in terms of equivalent plastic strain at maximum load. Such strains are much
larger than those measured by tensile tests. Therefore, the small ball punch test technique,
when used in conjunction with finite element modeling, allows evaluation of the o(g;) curve
over a plastic strain range that has not been explored yet. From the simulations of the
unirradiated F82H-mod punch curves, we concluded that a linear strain-hardening stage
beyond necking controls the plastic flow of the tempered martensitic steel.

We have studied the effect of irradiation hardening on the shape of the SPT curves by
constructing three different true stress-true strain curves representing possible constitutive
behaviors of the irradiated F82H-mod steel. We arbitrarily selected an irradiation hardening
(difference between the yield stresses of the unirradiated and irradiated material) of 300
MPa and constructed three different post-yield behaviors. For the first one, the same strain-
hardening as that of the unirradiated material was chosen, the second one accounts for a loss
of strain-hardening and the third one considers an initial softening of 100 MPa over the
initial 5 % of plastic strain followed by a moderate strain-hardening regime identical to that
of the unirradated case above 5 %. For an in-depth discussion of the origin of such a
softening and subsequent moderate strain-hardening, we refer to [14]. In FIG. 2, these three
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f{l ope .a";]b the ave_rcégled ndﬂOOg siress  observation we made [11], i.e., that Py is
etermined between & = .1 ana .c. mainly mediated by the yield stress Oo..
Furthermore, this also supports the use of a
simple and direct calibration between P, and 0y. Consequently, it is reasonable to estimate
the irradiation hardening from the P, increase itself provided that a good calibration is
established. As far as the post-yield behavior is concerned, it can be stated that its major role
is reflected in the slope of the load-deflection curve beyond 0.2 mm. In the deflection range
0.2 mm up to 0.6 mm, the equivalent plastic strain in the disk, while not uniform at all in the
disk, varies from about 0.1 to 0.6. Looking at the o(e;) curve, in FIG. 2, it can be seen that
in this strain range, the flow stress increase is moderate. Using a very crude approximation,
albeit quite reasonable, the material can be regarded as deforming at a constant averaged
flow stress over the strain range 0.1-0.6. For the unaffected strain-hardening curve for
instance, the averaged flow stress is about 1100 MPa + 100 MPa over the strain range 0.1-
0.6. Actually, the slope of the SPT load-deflection curve beyond 0.2 mm tends to scale with
the averaged flow stress over the strain range 0.1-0.6 as it can be seen in FIG. 4. Thus, these
slopes can be seen as the signature of the averaged strain-hardening capacity of the
materials defined as the difference between the averaged flow stress and the yield stress.

Finally we would like to emphasize the following point. As already mentioned, the simple
uniaxial o(e,) relationships cannot be obtained by tensile tests on irradiated materials owing
to the occurrence of necking at small strain. Thus, in principle, a so-called inverse
methodology has to be used, where the o(g;) curves are adjusted until a good fitting of the
SPT curve is obtained. Following the above discussion, it is believed that the irradiation
hardening can be satisfactorily obtained from the Py-0y, calibration as well as the average
strain-hardening capacity while the fine details of the o(g;) shape may certainly not be
unambiguously extracted.

4, Effect of the constitutive behavior on fracture toughness

The tempered martensitic steels, like the F82H-mod, undergo a so-called ductile to brittle
fracture mode transition from high-temperature microvoid coalescence to low-temperature
cleavage [15]. As a consequence of neutron irradiation, the transition between the ductile
and brittle regimes is shifted to higher temperatures. It is therefore of primary importance to
characterize both the fracture properties of the unirradiated materials and to develop a
methodology, based upon an understanding of the fundamental mechanisms, to assess the
changes in fracture toughness under irradiation in order to safely manage reactor structures.
As mentioned above, the fusion reactor structural materials will be qualified after irradiation
in IFMIF. Consequently, fracture toughness data obtained enly on sub-sized specimens,
which do not meet the usual requirements of the ASTM standards, will have to be
considered in the material database for designers. In other words, the standard fracture
mechanics does not apply and models have to be developed that account for the size and
geometry of the specimens on fracture toughness. This can be successively achieved only if
strong efforts are done to better understand the whole sequence of micro- to macro-
mechanisms controlling fracture. Modeling has become a key element that must be
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integrated in the analysis of the experimental results. Of course, modeling has to be
understood at a multiscale level where, at the continuum level, finite element analysis is a
well appropriate tool. It is evidently not possible to discuss here all the details of the models
currently used to account for the specimen size and geometry effects on fracture toughness.
However, we briefly remind the underlining ideas of the methodology and we address only
one specific point in this section.

In order to characterize the fracture toughness in the brittle regime, we can make use of the
so-called local approach to cleavage to deal with the size/geometry problem. This approach
is described in details in the work of Nevalainen and Dodds [16] where the model for
cleavage requires the attainment of a critical stress o* within a critical stressed volume V*
to trigger cleavage. Other models based on the same general idea have also been used to
account for the constraint loss effect on fracture toughness. While differing in the details,
they involve a critical stress o* but acting over a critical distance A* or a critical area A*
[17,18]. Applications of these simple models have been successful in predicting fracture
toughness in the transition region for various alloys. In particular, the constraint adjustments
have been recently applied to the existing fracture toughness database of the F82H-mod
steel in the transition with the ultimate goal of using a similar master curve approach as that
developed for the reactor pressure vessel steel [19].

In this study, we investigate the possible effects of the irradiation hardening (increase of the
yield stress) and of the post-yield behavior on the critical applied stress intensity factor
necessary for the attainment of the critical condition for cleavage. In order to do so, we
simulate the stress/strain fields ahead of a crack tip for plane strain and elastic-plastic small-
scale yielding conditions (SSY). A fully circular model, based upon the modified boundary
layer model, that contains a small notch radius p, in the middle was built, in a quite similar
way as the semi-circular model described in [20]. The opening of the crack was performed
in mode I by imposing the standard elastic displacements, Ax and Ay, of the nodes on the
outer circular boundary and considering a T-stress equal to zero. Ax and Ay are written as:

Ax = K—l-%l—) %ﬂ cos(g)(.’) -4u- cosB) Ay = Kl—-;;:2 %n sin(—g—](B -4v -cos 6)

where is r is the radial distance from the crack tip and 6 is the angle between the crack plane
and the direction to the node, v is the Poisson ratio and E the Young modulus. Note that the
imposed displacements scale with the applied stress intensity factor K. 2D linear reduced
integration elements were used. To limit the effect of the initial tip radius on the stress field
at the crack tip, we ran simulations such that the crack tip opening displacement & assures
that the ratio &/ p, is larger than 4.

For the unirradiated F82H-mod steel, the fracture toughness in SSY condition is about 100
MPa m'? at 170 K, temperature at which we ran a series of simulations. The corresponding
measured constitutive behavior in the unirradiated condition is presented in FIG. 5. The
necking begins at 0.05 and then the curve is simply linearly extrapolated. We selected three
possible hypothetical true stress-true strain curves for the irradiated condition. All the three
curves exhibit an irradiation hardening of 100 MPa but different post-yield behaviors. In the
first case, the strain-hardening is not affected by irradiation. In the second case, the curves
shows a Liiders-type strain region without strain-hardening up to 0.03 followed by the same
strain-hardening law as that of the unirradiated material. In the third case, we consider a
moderate softening (-50 MPa) over a strain of 0.03 also followed by the same strain-
hardening law as that of the unirradiated material. As mentioned, the fracture toughness at
170 K is about 100 MPa m"? so we imposed the corresponding elastic displacement field on
the outer boundary of the mesh and assigned the o(ep) unirradiated curve as the constitutive
behavior of the material. Then, we assume that the local critical condition for cleavage is
given by o* = 2000 MPa acting over an area A* = 1x10° m?. These last values for the (o*-
A*) criterion are quite similar to those already used for the F82H-mod steel to model the
fracture toughness-temperature curve [18]. Then, we simulate the stress fields that develop
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at the crack when one or the other of the three constitutive behaviors for the irradiated
materials was selected and we search the required applied stress intensity factor K to reach
the cleavage condition o*-A*. The results are summarized in Table I below where the
strong influence of the post-yield behavior on the attainment of o*-A* can be clearly seen.
Therefore, it of a prime importance to establish the true stress-true strain relationship over a
significant strain range (about 0.05). This is particularly evident if we want to predict the
fracture toughness change after irradiation based upon a o*-A* criterion. Unfortunately, we
already mentioned that the tensile testing of the irradiated specimens does not allow getting
this information due to the necking at low strain. Consequently, we recommend foreseeing

in the IEMIF specimen matrices the inclusion of new type of specimens like compression or

torsion ones, which would permit to investigate the true stress-true strain relationship over a
significant strain range.
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FIG 5. Four different constitutive behaviors used as input to simulate the stress fieldata
crack tip.

Table I Applied stress intensity factor K to reach the selected cleavage criterion o*-A*

Constitutive relationship Applied K to reach: o* = 2000 MPa - A*= 1x10° m"
o(e,) unirradiated 100 MPam'"”
o(e,) irradiated Nr. 1 56 MPam'*
o(g,) irradiated Nr. 2 66 MPam'”
o(e,) irradiated Nr. 3 85 MPam'”

5, Conclusions

In this paper, we reported new developments for the analysis of small ball punch tests (SPT)
as well as on the stress/strain fields at the tip of a stationary crack based upon finite element
simulations. We showed that it is possible to reconstruct the entire SPT load-deflection
curves. We discussed the influence of the yield stress and of the post-yield behavior on the
overall shape of the SPT curve. We concluded that the yield stress, measured by standard
tensile tests, can be fairly evaluate through a calibration with the yield load of the SPT
curve, independently of the post-yield behavior. A very good estimation of the strain-
hardening capacity of the materials after irradiation can also be done by considering the
slope of the SPT curves at deflection larger than 0.2 mm. However, a precise determination
of the shape of the o(g;) curves is certainly more critical. As far as the fracture toughness is
concerned, we studied the influence of the irradiation hardening and of moderate variations
in the constitutive behavior on the applied stress intensity factor necessary to reach a local
criterion for cleavage. It was found that these moderate variations in the constitutive
properties lead to significant ones in fracture toughness. Hence, we identify a real need to
better characterize the post-yield behavior of the irradiated specimens and recommend to
foresee in the IFMIF irradiation matrices not only tensile specimens but also compression or
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torsion ones that would allow precise determination of the strain-hardening in the low to
moderate strain range.
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Abstract In the moderate magnetic field of TCV (1.5T), the recently installed X3 system (3 gyrotrons
@118GHz, 0.45MWeach, 2s) broadens the operational space with the possibility of heating plasmas at high
density, well above the cutoff density of the X2 system. To compensate the significantly weaker absorption
coefficient compared to the absorption of X2, the top-launch injection allows to maximize the ray path along the
resonance layer thus maximizing the optical depth. To maintain the maximum absorption in plasma discharges
with a dynamic variation of both density (refraction) and temperature (relativistic shift) a real time control
system on the poloidal injection angle has been developped and succesfully tested on TCV. Comparisons of the
absorption calculated with the TORAY-GA ray-tracing code and the beam-tracing code, ECWGB, which
includes diffraction effects, are presented. An experimental study of the X3 absorption versus plasma density in
an L-mode plasma shows that with a total injected power of 1.35 MW full single-pass absorption is reached with
a significant fraction of the absorbed power associated to the presence of suprathermal electrons. Compared to
ohmic/low-power-heating of ELMy H-modes, it has been possible to enter into a significantly different ELMy
regime with an injected power of 1.35MW .

1. Introduction

The recently completed ECH system on the TCV Tokamak, with a total of 4.5MW of
installed power (4.1 MW of injected power), and with a highly flexible launching mirror
system allowing real time control of the toroidal and poloidal mirror angles, is, at present, the
most relevant ECH system for ITER. It consists of 9 gyrotrons grouped in three "clusters” of
three gyrotrons each[1]. Two of the clusters operate at 82.7 GHz (0.45MW/gyrotron, 2s) and
are used for heating and/or current drive, coupling to the X-mode EC plasma wave from the
low-field side and being absorbed at the 2™ harmonic resonance (X2). The third cluster
operates at 118GHz (0.45MW/gyrotron, 2s), couples to X-mode from the top of the vacuum
vessel and provides the ECH power which is absorbed at the 3™ harmonic resonance (X3)[2].

In the moderate magnetic field of TCV (1.5T), the X3 system broadens the operational space
with the possibility of heating plasmas at high density, well above the cutoff density of the
X2, where the cutoff for the X2 and X3 waves are 4.2 1019[m‘3] and 11.5 1019[m‘3],
respectively. To compensate the significantly weaker absorption coefficient compared to the
absorption of X2, the top-launch injection maximizes the ray path along the resonance layer
thus maximizing the optical depth.

2. Experimental setup

As shown in Figure 1, on the left, the three waveguides radiate the rf beams onto a single
elliptical mirror. This mirror is made of copper and has a 700mm focal length, focusing the
beam inside the plasma. Assuming a gaussian distribution, its minimum waist is wo =33mm in
E-field. The mirror can be steered radially from 800m to 960mm from pulse to pulse and the



EX/P4-17

poloidal injection angle 6 can vary from 40 to 50 degrees during the shot with a maximum

speed of 20 deg/s.

_ FIG.1. On left side, view of the X3
X3 2%y o top-launch mirror. The three RF
\\«\ Yoo beams radiated from the HE;,
’ ? ; R . 5

g waveguides are directed on one
single focusing mirror which has
radial and poloidal steering
capabilities. The poloidal angle, 6,
can be controlled in real time. On
the right side, a poloidal cross
section of TCV, with shown, in red,
the rf beam paths corresponding to
the maximum radial steering range
of the X3 launcher. In blue, the
poloidal steering range of the X2

launcher.

The main characteristic of the X3 top-launch heating is its sensitivity of the absorption versus
poloidal injection angle as it is shown in Figure 2 [2,3,4]. For a given plasma equilibrium
shown in Figure 2b) and a fixed launcher radial position, the plasma response versus poloidal
injection angle is shown in Figure 2a). With 0.45 MW of injected power, the level of
absorption is indicated on this figure by the variation of the central temperature (Te-X, blue
curve) deduced from the soft X-ray emission measurement along a central vertical view line
(two-foil method). As a comparison, the calculated absorption with the TORAY-GA code is
shown in red. A good agreement between the experiment and the simulation is found.
[N

FIG.2. a) Blue trace: plasma temperature, Te-X, versus poloidal injection angle (the yellow trace is
the result of low-pass filtering the blue trace). In red, the absorbed fraction as predicted by TORAY-
GA. b) Cross section of the plasma with ray trajectories for different injection angles. Contour plot of
absorbed fraction versus poloidal injection angle and radial position of the mirror.

The main point to be noticed is the fairly narrow angular range where the X3 wave is
absorbed. The calculated X3 top-launch absorption versus poloidal injection angle and radial
position of the launcher is shown in Figure 2c). The target plasma cross section is shown in
the inserts and the absorption has been calculated on an experimentallg obtained plasma
equilibrium having a central electron density and temperature of 4 10”m™ and 2.7 keV,
respectively. One notices that the FWHM of the absorption versus poloidal injection angle is
weakly dependent on the radial position.

3. Real-time feedback on the poloidal injection angle
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To maintain the maximum absorption in plasma discharges with a dynamic variation of both
density (refraction) and temperature (relativistic shift) a real time control system on the
injection angle has been developped. The main element of this feedback system consists in a
synchronous demodulation of an harmonic perturbation of the plasma response (line-
integrated emissivity of a central soft-X ray chord), generated by sinusoidally varying the
launcher injection angle. The dynamic response of the feedback system is related to the
maximum frequency at which the mirror can be swept and this frequency has been determined
by measuring the transfer function of the system composed by the mirror mechanical system
and its motorization. The frequency response of this system is represented in a Bode diagram
on Figure 3.

Mieror + mobr FIG.3. The frequency response of the top-launch mirror
e ey SYStem IS Tepresented in a Bode diagram. This system consists
of the mechanical part and the mirror motorization. The
quantities represented in this diagram are the amplitude and
phase of the ratio between the desired and actual mirror
angular position. A strongly damped resonance is observed
around the frequency of 13Hz which is chosen as the driving
frequency for the harmonic perturbation.

Transter function:

10 -

The schematic of the complete feedback system is shown in Figure 4. In the Laplace
transform representation the transfer function shown in Figure 3 corresponds to the function
Gs(s). The other elements of this system are detailed in the figure caption. The signal at the
output of the low pass filter is proportional to the derivative of the plasma response shown in
Figure 2a). The reference, R(s), is set to a value such to maintain the mirror angle on a zero
derivative of dT,/d@. Only the proportional term of the PID controller has been used in these

experiments.

al o

proportion
d(X-Te)de

FIG.4. Schematic of the complete closed-loop feedback system. The harmonic perturbation at 13Hz is
used both for applying the sinusoidal perturbation on the launcher mirror and also as an input of the
synchronous demodulator which is placed after a pass-band filter centered at 13+5Hz. At the output of
the demodulator the AC component is filtered out by a low-pass filter (fouy = 2 Hz) with the resulting
signal being proportional to the derivative of the plasma response function, dT./d@ where 8 is the
mirror poloidal angle. The dynamic response of the closed-loop system can be adjusted by the
parameters of the PID regulator.
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The open-loop characteristics of this system are shown in Figure 5, where the time traces of
the relevant quantities are represented in a shot on which a linear sweep of the launcher angle
is performed. The sweep is such to cross the optimum angle corresponding to the maximum
X3 absorption.

47
4.5 :
46 "

FIG.5. Open-loop signals during a linear sweep of the mirror
poloidal angle. Trace a), linear angular sweep of the mirror
poloidal angle with superimposed the sinusoidal perturbation
at 13Hz. Trace b), Plasma central temperature deduced from
the two-foil method using the soft X-ray emission
measurement on a central chord. Trace c), Signal at the
output of the pass-band filter whose envelope is proportional
to the derivative dT./d6 of the Te-X signal. Trace d), signal at
the output of the low-pass filter following the demodulator.
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One notices that the envelope of the signal at the pass-band filter output (Trace ¢) crosses zero
exactly at the time (t;=1.41s) where the mirror is at the optimum angle. The small time delay
between this time and the time of zero crossing of trace d) (t;=1.47s) is caused by the low-
pass filter. This small difference can be compensated by properly adjusting the level of the
reference signal R(s).

The closed loop characteristics of the real-time feedback are shown in Figure 6. In this shot
the mirror poloidal angle was pre-programmed to perform a linear sweep across the angular
region of optimum heating (green line). The feedback controlled mirror-angle (red line) has
been such to reach the optimum angle faster than the pre-programmed sweep and, once the
optimum angle has been reached (t = 1.1s), the feedback has reacted such to maintain this
optimum angle despite the externally imposed ramp, forcing the mirror to move away from
the optimum. In the experiments with feedback performed so far only the proportional term of
the PID controller was used. After an experimental optimisation of the different parameters in
the system, a stable real-time control of the optimum injection angle of the X3 launcher has
been obtained on a wide variety of L-mode plasmas.

477 : e .

_w;:f‘v A v FIG.6. Real-time control of the mirror in a L-mode
5455 g ' ' ' .| plasma. In this shot the mirror angle was programmed
o 45.

skt ©. .. . .. zis4 . with a linear sweep (green line) across the optimum

) _ g L injection angle which occurs at t =1.1s. The error signal
\ which is fed to the proportional controller is shown on
! trace c. On trace b), the time-trace of the central plasma
temperature clearly demonstrates that once the launcher
optimum angle is reached, the feedback controls the
' launcher such to maintain it on the optimum angle.
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Further development of this real time control system are required in case of plasmas with an
L-H transition and H-mode plasmas where the perturbations associated to the presence of
ELMs and also rapid density variations strongly perturbe the feedback loop. A complete
modeling of the system will allow to further optimize the dynamic response of the real-time
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control. Once the Advanced Plasma Control System of TCV will be operational it is also
planned to transform this analog controller to a digital one.

4. X3 Absorption with top-launch

The X3 absorption studies were significantly simplified with the real-time control of the
launcher and the absorbed fraction versus plasma density at different levels of the injected rf
power has been measured. With the mirror feedback control, the absorbed rf power was
measured only after a stationary state of the mirror angle was reached. The absorbed fraction
was measured during a modulated portion of the X3 rf pulse (full-power modulation of one
gyrotron at 237Hz) using a diamagnetic loop [5].

The absorbed fraction versus plasma density is shown in Figure 7b, for two different levels of
average injected rf power and a L-mode target plasma with a cross section as shown in the
insert of Figure 2¢ (Rg = 0.88m, a = 0.26m, k = 1.6, 8 =0.1, Br = 1.45T, I, = 230kA). The
two levels of average injected power correspond to the sum of the average power of a fully
square-wave modulated gyrotron (Pav = 225kW) plus the power of one (450kW) or two
(900kW) additional gyrotrons.

The difference between the measured absorbed fraction (DML) and the one predicted by the
TORAY-GA code is to be associated with the existence of a suprathermal population
generated by the X3 wave itself and not taken into account in TORAY-GA. At higher electron
densities this difference is lower since a fast thermalization of the suprathermal population
occurs. The coupling to the ions (equipartition) is very weak since the average ion
temperature, on a vertical chord, remains nearly constant at T;= 510eV during the entire
plasma shot.

28 T T
—e— P _=0.675 MW ||

24 =
2ol R P;:HZS MW o
> , S *"‘“‘—"a-)'l FIG.7. a) Central temperature versus line integrated

=1, \ density for two levels of X3 injected power. For the
Co 16 \ target plasma used, the value of the central density [m?],
A is twice the value of the line integrated density. The
2 , ' central temperature during the ohmic heating (before rf
100 %—»—_4;\*_\ b | injection) is 0.9 keV.
80 ; b) Absorbed fraction measured with the DML (squares)
N and predicted by TORAY-GA (circles) versus line

£
2 80 integrated density for two levels of X3 injected power
| ey (0.675MW and 1.125MW).
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The typical density and temperature profile measured with the Thomson scattering diagnostic
are shown in Figure 8 for a central electron density of 4.10" m™> which, on Figure 7,
corresponds to a line integrated density of 2.10" m?. The ohmic profiles (squares) are time
averaged during 100ms before the X3 is turned on and the profiles during the ECH phase are
time averaged from the start of the ECH pulse until the modulation phase is started. At the X3
power switch on, a clear flattening of the density profile is observed. This "pumpout”
phenomenon has also been observed on X2 ECH and ECCD experiments on TCV [6] as well
as on ASDEX Upgrade [7].

For the plasma target used in this study, a contour plot of the absorbed power fraction,
calculated with TORAY-GA, versus central density and temperature is shown in Figure 9.
The presence of a suprathermal electron population is not taken into account in this
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calculation. The four inserts show the ray trajectories inside the plasma for the extremities of
the density and temperature ranges.

FIG.8. The temperature and
density profiles measured with
the Thomson scattering
diagnostic for both ohmic and
ECH phases. This shot
corresponds to a point in
: : : g Figure 7 with P, =1.125MW
s g : : WM and line integrated density of
S 2.10" m™.

0 0%2 0%4 0%6 0?8 1 1150 0?2 0T4 OTB D‘TS 1
DV pV

The yellow part on each ray indicates the absorbed fraction between 10% and 90% of the total

absorbed fraction for each specific ray. The cold resonance is indicated by the vertical dashed

line and the g=1 surface by the circular dashed line.
1

v

FIG.9. Contour plot of the
absorbed power fraction
calculated with TORAY-GA
versus central plasma density
and temperature. The
equilibrium corresponds to shot
25588 and the calculation with
TORAY-GA have been made by
properly scaling the respective
density and temperature

profiles.
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As expected, a strong dependence of the absorption on the electron temperature is observed,
whereas the dependence on density is fairly weak. At high density, refraction effects can
generate a fairly strong focusing of the tf beam. In this cases the WKB approximation, on
which the ray-tracing code is based, might fail. In order to assess the importance of diffraction
effects on the X3 power absorption, preliminary studies with the beam tracing code ECWGB
[8] have been performed. In Figure 10 a comparison between the two codes is made. The
launcher mirror has been designed [2] to be focusing inside the plasma with a minimimum
waist located approximately at the vacuum vessel center.

TORAY-GA ECWGB Abectbed power slong
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FIG.10. Comparison of the ray trajectories for the TORAY-GA (a) and ECWGB (b). On (c), the total
absorption computed along the central ray ( indicated in black on a) and b)) is shown in red for the
ECWGB code and in blue for the TORAY-GA code.
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In TORAY-GA, the focusing gaussian beam is approximated by a cylindrical beam with a
gaussian rf power distribution of width w¢/ V2. The ray trajectories of Figure 9 a,b show this
effects especially for the case of ECWGB where the rf beam in the absorption region
(described by the red colored rays) is slightly diverging which is consistent with a focusing
beam having its minimum waist located at z  20cm. The slightly higher absorption predicted
by TORAY-GA might be explained by the cylindrically shaped modeling of the rf beam.

Further comparisons between the two codes are presently underway especially for the cases
where, at high density, refraction effects cause additional focusing (as shown in Figure 8).

5. X3 top-launch heating of quasi-stationary ELMy H-mode plasma

Until X3 heating was installed on TCV the only quasi-stationary H-modes that were routinely
available were ohmic H-modes that were approached through a narrow gateway in parameter
space [9]. Using X3 to heat the core of ELMy H-modes, accessed through the gateway,
experiments have been performed to establish quasi-stationary additionally heated ELMy H-
modes and to study the effect of heating on the ELMs. Initial results of X3 heating in quasi-
stationary ELMy H-mode plasmas were presented by Porte et al. [10]. In this reference,
results of low power X3 ECH (Pgcu x3< Pg, where Pecux3 is the X3 absorbed power and Py is
the ohmic power) have shown that the ELM frequency was reduced with increasing Pecu.x3
but they were unable to alter the ELMy regime (i.e. the ELM type).

In recent experiments, Pecuxs = 3P, has been obtained and the results are significantly altered
as compared to [10]. It has been possible to enter into an ELMy regime that is fundamentally
different to ohmic/low-power-heating ELMy H-modes. The ELM frequency is reduced and
the energy loss per ELM is significantly increased (= factor of 10). There seems to be a
minimum additional heating power before the transition from one ELM regime to another can
be achieved as it is demonstrated in Fig.11 when, at t=1.42s, one gyrotron is switched off.

15

P | e FIG.11: Temporal evolution of a quasi-stationary ELMy
ot 08 H-mode plasma, heated using top launch X3. The
- b discharge exhibits a clear transition from one ELMy
i, 5“’ I g | J ;Eh | regime to another with the addition of X3 heating. The two

o . - . ELMy regimes are distinguished by their ELM frequency
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In Figure 11 a discharge is presented where the transition from the ‘low-power’ regime to the
‘high-power’ regime is achieved. With a total injected power of 1.35MW, the absorbed rf
power during the quasi-stationary part of the discharge with large ELM's (t =[1.2-1.42s]), is in
excess of 850kW. Work continues to determine the ELM type, according to the usual
classification and to establish a technique to make the high-power ELMy regime easily and
routinely accessible.
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Further studies of the X3 absorption properties both in L and H-mode plasmas at higher
elongations and triangularities will be investigated in the near future.

6. Conclusions

A top-launch X3 ECH system has been installed on TCV in order to heat high density
plasmas. The X3 absorption is theoretically predicted to be strongly sensitive to the launcher
poloidal angle. This strong dependence has been experimentally confirmed showing a typical
launching angular width of +0.5" (FWHM) within which the absorbed power fraction is
maximized. This narrow width together with the goal of maintaining the optimum absorption
in dynamically varying plasma conditions has motivated the development of a real-time
control system of the launching angle. This system has been successfully tested and has
allowed to perform extensive absorption studies in L-mode plasmas. With a total injected
power of 1.35MW, full-single pass-absorption has been reached with a significant fraction of
the power absorbed on a suprathermal population. Preliminary comparisons between the
linear ray-tracing code TORAY-GA and the beam-tracing code ECWGB have been
presented. First experiments with 1.35MW of injected power have demonstrated the
accessibility to an ELMy regime that is fundamentally different to ohmic/low-power-heating
ELMy H-modes.
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Abstract Anomalous electron transport is determined by turbulence, which in tumn is affected by magnetic shear.
A novel application of Electron Cyclotron Current Drive (ECCD), aiming at localized shear modulation, has
been applied on TCV tokamak for experiments on shear-dependent electron transport. Pairs of EC beams,
absorbed at the same radius but oriented for co and counter injection, are modulated out of phase in order to
force a local modulation of current density at constant input power. Off-axis deposition (Paep=0.24) is performed
for sawteeth control. A significant impact on local shear is achieved with Igccp=0.1Ioy even if the modulation
period is much shorter than current diffusion time. Although source (heat and particle) terms are constant, both
electron density and temperature are modulated during alternated ECCD. Thomson Scattering is the diagnostic
for local T, and n, measurement, in order to overcome suprathermal problems on ECE from high field side. Once
equilibrium effects are taken into account for appropriate mapping of TS measurements onto flux coordinates, T,
and electron pressure modulation, peaked on-axis, is confirmed at all radii internal to EC deposition. Best
confinement (An T, o=+12%) is for co-injection, when shear drops from =0.5 to less than 0.2.

1. Introduction

The current density profile in a tokamak is a key feature contributing to determine actual
discharge thermodynamic quantities through separate but interlinked processes: it controls the
relevant geometry by arranging flux surfaces consistently with equilibrium, it provides an heat
source term, it determines MHD equilibrium, and it contributes to heat transport by affecting
turbulence scale length. Any experimental attempt to study one or the other of these processes
has to deal with the difficult task of a clear distinction between them.

Experiments on electron transport with Electron Cyclotron Heating (ECH) are carried out in
many machines (AUG, DIIID, FTU, TCV, TS), focussed on the key issue of electron heat
transport and its relation with turbulence [e. g.1,2,3]. Since magnetic shear can have an effect
on the stability of the modes producing turbulence [4,5,6,7,8,9], clearly the interest in using
Electron Cyclotron Current Drive (ECCD) for shear-control, finalized to transport studies, is
great. However, this is a typical case in which much attention must be paid to separate heating
effects, always present together with ECCD, from transport features. A way to do this is to
compare co and counter ECCD in different shots [10]. In earlier times switching from co to
cnt was performed within the same shot on the Stellarator Wendelstein VII-AS [11]. A similar
procedure has been used in TCV tokamak, suitably tailored to shear modulation by choosing
the switching frequency and the absorption radius in order to achieve the largest and most
localized perturbation of the current density profile.

2. Experimental set up, practices and diagnostics

Shear-modulation experiments have been performed on TCV by using the ECRH-ECCD
system which has recently been completed. It is composed by 9 gyrotrons divided in three
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clusters. Each cluster is connected to a single high voltage power supply. Two of the clusters
each have 3 gyrotrons (82.7GHz, 0.5SMW, 2s) used for heating (ECH) and/or current-drive
generation (ECCD) in 2™ harmonic X-mode (X2)[12] while the third cluster has 3 gyrotrons
(118GHz, 0.5MW, 2s) for top-launch third harmonic X-mode (X3) heating[13]. Two
gyrotrons at 82.7 GHz have been used for shear modulation experiments.

The essential aspects of the experimental procedure are as follows: two EC beams, or a pair of
beam clusters when available, are oriented toroidally for driving ECCD in opposite directions,
and poloidally for having the identical deposition radius rsp. The power is switched on
alternatively in the beam clusters by square-wave modulation of the pertaining power supplies
at the identical frequency, but exactly out of phase. The power in the two beam clusters is
such that the absorbed fraction is identical, so that the instantaneous EC heating is constant
and equal to its average value. Because the heat source distribution is constant in time (not
modulated), any observed synchronous electron temperature oscillation T, has to be ascribed
to modulation of the transport properties.

In principle, co and cnt deposition layers can be finely overlapped by observing the heat wave
excited by each one of the two clusters, the other one being kept CW at half power in order to
have the same average absorbed power, and the same average T, in all conditions. More
difficult is the balancing of the power in the two clusters, to the precision required for
revealing small perturbations of thermal diffusivity. In order to take into account all
imperfections in power balancing, a preliminary calibration experiment is performed with the
same settings (plasma target and EC system) as for the Switching ECCD (SECCD)
experiment, but for the toroidal angle which is set for purely perpendicular launch, without
any driven current. The residual synchronous oscillations recorded in this calibration
experiment provide the reference term to the real SECCD experiment.

Although all main diagnostics (ECE and soft-X emission, FIR interferometer) are used to
monitor SECCD effects on electron temperature 7, and density n,, the detailed quantitative
analysis has been performed using Thomson Scattering data, because in this case both 7, and
n, measurements are really local, and taken at the same volume by definition.

Different modulation frequencies from 5 Hz to 70 Hz have been used, but the quantitative
analysis discussed in this paper is performed on experiments at 5 Hz for two main reasons: as
shown in the following, at this frequency the driven current is a substantial fraction of its
steady-state value. Secondly, Thomson Scattering can be used in spite of its relatively low
repetition rate of 20 Hz. Nyquist frequency is 10 Hz in this case, allowing FFT analysis of
the 5 Hz modulated signals.

Experimental information on the current density profile is provided by the estimate of the
internal inductance and by MHD activity, mostly by sawtooth. The diamagnetic loop is used
to confirm appropriate power balancing between the two beam clusters.

Finally, it should be noted that stationary periodic perturbations allow the use of well-known
techniques of synchronous detection with much greater sensitivity than in purely transient or
steady-state conditions. In fact, the discussion in the following will be entirely based on
amplitude and phase of oscillations (any quantity) at the fundamental switching frequency.

3. Steady periodic alternate ECCD and electrodynamic effects on magnetic shear

Because of the transient nature of SECCD, localized in a narrow layer inside a conductive
medium, the elctrodynamic plasma response must be taken into account in the estimate of the
actual distribution of the driven current. By taking advantage of the periodicity of the
equivalent e.m.f. locally applied by SECCD, we follow a simplified procedure for calculating
the periodical amplitude current distribution. Instead of solving the complete current diffusion
equation, we imagine the plasma composed by N toroidal shells mutually coupled, with an
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e.m.f. assigned to each shell accordingly to the calculated ECCD (TORAY, Fig.3). The
periodical current distribution I,, n=1:N, is provided by solving a system of linear circuit
equations.

In order to get a reliable evaluation of the periodic modification of the shear profile, all
sources of modulated current must of course be taken into accounts. We anticipate here the
observation, thoroughly discussed in following sections, that the electron temperature is
modulated during SECCD, which creates a modulated current drive term to be added to
SECCD. From the electrodynamic point of view the change in resistivity is equivalent to the
application of an additional, distributed ““current drive” J,(p) = (6n/n)J(p), where dn/n is
the relative change in resistivity and J(p) is the average current density profile. Figurel
summarizes the results of a simulation of shot #24867. Total ECCD current is 12 kA, peaked
at 5.7 cm, 3.1 cm wide (1/e? of the peak value). Resistive current drive is peaked at center, it
has a width of 5 cm, with a total modulated current of 12 kA. Swing frequency is 5 Hz. Main
thing to be noted is that electrodynamic reaction to ECCD is strong, but a large fraction of
localized current drive still persists, with a significant modulation of the current density
profile . Magnetic shear modulation is therefore evident near ry, (x60%, from 0.15 to 0.75
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An experimental validation of calculated current profile changes J(p) is given by the internal
inductance time evolution. Fig.2, left, shows the power from the gyrotron P, dedicated to
co-ECCD, and the plasma current oscillating correspondingly (with appropriate phase shift).
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The internal inductance increases during the co-injection phase (Fig.2, right), consistent with
the calculated flattening of the current density profile (Fig.1, center).

The change in internal inductance, due to both SECCD and resistivity oscillations, is
8l =3.1%, very close to the measured value of 3.4%. In addition, a loop voltage
(periodical) of V, =20 mV is calculated, very close to the measured value of 24 mV, with
a very good agreement also between measured and calculated I,-V,, phase delay.
Furthermore, sawteeth are suppressed during the co-injection phase (gyrotron 2), and re-
appear during the cnt-injection phase (gyrotron 5). During cnt-injection the magnetic shear
is strongly increased at r,,, and the safety factor is slightly reduced inside r4,. In the case
of co-injection the opposite holds true. Both strong shear near to g=1 surface (note that
Py =0.13s p,,, Which is the most effective arrangement for affecting sawteeth with

ECH/ECCD) and low central q are destabilizing factors for sawteeth [14]. This is
important experimental evidence supporting the claim that ECACD drives a modulation of
the current density profile as foreseen and calculated.

Max. and Min. plasma cross-section during one swing period
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Fig.3 — Current density profile for co (red) Fig.4 — Magnetic flux surfaces for co and
and counter (blue) injection, calculated counter injection. Dots mark the position
from linear ECCD theory (TORAY code). of Thomson Scattering measurements.

4. Electron temperature modulation at constant heating power

The essential feature of swing ECCD experiments is that, in principle, the instantaneous EC
heating power is constant. Any detectable 7, synchronous fluctuation can be ascribed
therefore to a modulation of heat confinement, possibly induced by SECCD. Effective J{p)
modulation might cause synchronous modulation of the whole equilibrium frame, as indeed
observed (Fig.4). Since the grid of Thomson Scattering measuring points is fixed in the
laboratory frame, this effect clearly must be taken into account. The electron density must be
monitored and, in case of modulation, properly taken into account. A whole section will be
dedicated to this point in the following

The striking feature (shot #24867) is that 7, strongly oscillates (more than 30% peak-to-peak
at centre) in spite of constant input power. Fig.5 and Fig.6 show the main features of this
internal heat wave. The whole 7, profile oscillates internal to the EC wave absorption radius
Tsp- A thermal barrier (or a step-up in thermal diffusivity) is alternated at 1, to a thermal
bridge (or a step-down in diffusivity), in synchronism with ECCD. The phase distribution of
the oscillations, Fig.6, confirms that the modulation is generated in the plasma core, internal
to I, and propagates outwards. If local transport is modulated, important effects should be
found in V7, also. V7, can be modulated either because local diffusivity x, is modulated at
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constant heat flux ¢, or because the heat flux itself oscillates. Since n VT, =-¢/x,, and
assuming that n, is constant, we get:

VI, ¢ X

VIo ¢ X.o
where VT, is the amplitude of the oscillating gradient (obtained by FFT analysis of the
incremental ratio of the T,data), and VT, is the gradient of the averaged profile. All other
quantities have a similar meaning. ¢ is partly due to a sloshing flux possibly caused by re-
adjustments of x,, vanishing on a time scale longer than local heat transfer time constant. Its
contribution to fluctuating gradient is expected therefore to be negligible.
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The main contribution to (,5 is due to a feed-back from j¥, which modulates T,, which
modulates (in phase opposition to T,) the ohmic input. We assume therefore that:

- Ze - Vf‘e _ J)oh
Xeo V:I;,o Pono

The measured V7,/VT,, (FFT on T, incremental ratio) and the relative heat flux modulation
d., /d)oh,()’ estimated on the basis of observed 7, fluctuations and assuming Spitzer
resistivity, are shown in Fig.7. Outside r,, the relative change of the gradient is fully
explained by heat flux modulation. This is not the case in the whole region at r,,,, where
gradient fluctuations are twice the flux oscillations. This implies that¥,/x,,=0.5 at ry,
Inside r,, both VT, and VT,, are small, and the error in the measure prevents a reliable
estimate of their ratio. However, the absence of a phase delay and of a damping of the heat
wave at center with respect to r,,, supports the conclusion that transport is modulated in the
whole region internal to r,,. It has to be noted that 7, increases, and transport drops, during
the co-injection phase, when shear is also low (Fig.8). The same result is obtained by the
estimate of yx, with power balance analysis. Fig.9 shows that x, ,, (at p=0.2) is modulated
out of phase with respect to 7, and in phase with magnetic shear modulation.

Consistent with ¥, modulation, a modulation of the global energy content W, is also
observed. The observed relative change We/(We)=0.04, confirmed by 4% oscillation
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amplitude measured in the diamagnetic signal, is compatible with a 40% change in electron
diffusivity over a volume smaller than 25% of the total one, considering also that in the
meantime in the same volume there is a loss of 40% in ohmic heating (modulated T,). Global
energy confinement behaviour is therefore consistent with the observed modulation of local
thermal diffusivity.
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dependence of the electron thermal provides, as in the other figures, the time
diffusivity from power balance. Jframe.

It has to be noted that 7. modulation caused by %, is opposed by modulation of the ohmic
input. At constant input power, the temperature change would have been much larger.

All the elements of thermal analysis converge to the point that a local decrease (=60%) in the
magnetic shear determines a decrease of the same amount (=40%) in the electron thermal

diffusivity at and inside 1.
5. Electron density modulation at constant particle sources

Although particle sources are likely constant during SECCD, electron density n, is clearly
modulated during these experiments. Since the equilibrium is modified with SECCD, we need
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to take this into account, as in the analysis of electron temperature. However unlike the T,
measurement, changes in n, measurements might be due not only to motion of Thomson
Scattering (TS) observation point across magnetic surfaces, but also to thickening/rarefaction
of flux surfaces at the same point, causing reduction/increase of the volume between surfaces.
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Fig.11 — Red full dots: amplitude of n, Fig.12 — Full dots: density oscillations.
oscillations synchronous to swinging. Crossed squares: 6n, due to volumetric
Green crossed squares: averaged n, effects. Open dots: total dn,, corrected by
profile. Open red dots: relative change. equilibrium and volumetric effects.

Figure11 summarizes the results of the analysis of synchronous density oscillations performed
by FFT of the TS density data corrected by equilibrium modulation (but not by volumetric
effects). Density oscillation amplitudes are small (only a few percent), but outside the error
bar given by the random noise in the FFT spectra. Figure 12 shows that the correction term
due to volumetric effects is even smaller, densification/rarefaction of flux surfaces being
peaked at the plasma periphery. It follows that we can neglect equilibrium volumetric effects
on the density modulation.
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Fig.13 — Relative amplitude of T, and n, Fig.14 — Red full dots: phase radial profile
oscillations synchronous to swinging. Both of T, oscillations synchronous to swinging.
data are corrected for equilibrium Green crossed squares: phase of n,
modulation effects. The ECCD profile is oscillations. Both data are corrected for
shown for reference equilibrium modulation effects.

If we compare amplitude and phase of T, and n, oscillations (Fig.13 and 15), we see that the
two effects are both determined by SECCD, but as a result of different processes. ﬁ,
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oscillations are limited in the region inside the deposition radius, and possibly propagate
outwards, while 7 oscillations are originated in a broader region extending outside the
deposition radius. The phase is also quite different in the two cases, confirming that different
processes are going on in the two regions.

Because of the small relative amplitude of 7,, we can neglect their impact on T.

6. Conclusions

Electrodynamic calculations show that +40% (from 0.15 to 0.75) shear modulation can be
achieved at r,,, in Switching ECCD experiments on TCV. Shear modulation is localized at the
CD layer. Internal inductance measurements and sawteeth activity evolution support the
calculations.

In spite of the constant heating power, the presence of electron temperature oscillations
show that electron transport is modulated at, and possibly inside, the SECCD layer. The
observed +40% relative amplitude of %, modulation is at the same level of the shear
modulation amplitude.

An important result is that electron transport is reduced when shear is low. This provides
useful information on the issue of magnetic shear destabilization of drift-waves [e.g. 4], and
on the link between transport and fine-scale turbulence.

Small amplitude density oscillations are also observed during SECCD, although a process
different from energy confinement is acting, possibly related to the ne(q) functional

dependence.
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Abstract. A rapid formation of an electron internal transport barrier (eITB) is observed during a slow evolution
(~200ms) from a centrally peaked to a hollow current density profile, while all external actuators remain
constant. The time constant for the barrier formation appears to be shorter than the electron energy confinement
time. The improved confinement associated with the barrier formation occurs first in a localized region off-axis.
Then the effects propagate to inner and outer flux surfaces on a confinement time scale. The temporal and spatial
localization of the barrier formation suggest a threshold in the magnetic shear profile, which triggers the onset of
the eITB. The location of the barrier corresponds to the radial location of the zero-shear flux surface based on a
Fokker-Planck code and, therefore, we assume that the inversion of the g-profile corresponds to the barrier
formation in both time and space. A simplified model is presented that attempts to characterize the current
profile evolution and correlates the onset of the barrier with the time at which the current profile becomes
inverted.

1. Introduction

Generation of non-inductively driven electron Internal Transport Barriers (eITB)"*** on the
Tokamak a Configuration Variable (TCV) initially starts with a steady-state Ohmic plasma
discharge with the current density profile (jp) peaked in the center. The plasma current is then
sustained using co-Electron Cyclotron Current Drive (ECCD) deposited off-axis (pcp~0.4,
1.0MW), which broadens jp. The co-
ECCD current density profile (jcp) is flat

or slightly hollow from the deposition 2
location inward due to a strong particle
diffusion”™. The off-axis co-ECCD also
broadens and increases the electron o
temperature (Te), steepening the electron
pressure gradient off-axis (VP.) and
resulting in an increased bootstrap current
(Iss). The bootstrap current density profile
(jgs) is peaked off-axis, and combines
with jep to generate a slightly hollow jp.
The transition from a peaked to hollow jp
profile occurs on a slow time scale ‘
(~200ms). Even though the applied BT "
external loop voltage is zero, the plasma  fyG. 1a) The temporal evolution of the line-
inductance generates local electric fields  integrated soft x-ray emission across the plasma
that drive internal currents (ji), which  cross section, the eITB forms near 0.62s and b)
attempt to maintain the peaked jp profile  viewed at selected values of p, during the elTB
that existed before the co-ECCD turn on.  transition; the barrier foot position corresponds to
ji decreases with a time constant Tj, the horizontal dashed-dotted line at p=0.44.[6]
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governed by a combination of the current redistribution time and the plasma’s L/R time
constant. The transition from the centrally peaked to the hollow jp is delayed until j; is
reduced to the point that it no longer fills in the hollow non-inductive current profile.

Despite the gradual evolution of the current profile and all external actuators being held
constant, a rapid improvement in confinement is observed'®, see FIG. 1. The fast transition
suggests the reaching of a threshold during the magnetic shear profile evolution, which
triggers the onset of the eITB. We have determined the transition to occur at the moment at
which the q profile becomes inverted. Unfortunately, there is no direct measurement of the
local magnetic field line pitch angle on TCV, but simple modelling of the magnetic shear
profile under equilibrium conditions and the of the current profile evolution, motivates the
hypothesis that the rapid and localized barrier formation coincides with the appearance of the
zero-shear (s=0) flux surface in time and space.

In the next section, the experimental evidence that the barrier forms rapidly and in a very
localized region off-axis will be presented, with the position correlated to the modelled s=0
flux surface. Also, the formation of the barrier is shown to occur on an even faster time scale
than the electron energy confinement time (T.g). In the third section a simplified model of the
current profile evolution is presented, which approximates the three source current
components: inductive, ECCD and bootstrap. The barrier’s appearance is correlated with the
inversion of the modelled current profile and the confinement enhancement is proportional to
the modelled depth of the hollow jp. Conclusions are offered at the end of this paper.

2. Spatial and temporal formation of the barrier

A typical eITB discharge from the turn on of the ECCD to a nearly steady state regime is
shown in FIG. 2. The co-ECCD (1.0MW) is initiated at 0.4s, and at 0.42s all external
actuators (including the ohmic transformer current, I,,) are held constant. After 0.42s the
plasma current is sustained by only Iy, Iz and I, and evolves from a peaked to hollow
current profile as I; decays on 1 scale. Approximately 200ms after the Iy is held constant, a
transition to the improved confinement regime is observed between 0.6 and 0.65s by the
increase in the central electron temperature (Te), the electron energy confinement time (T.g)
and the confinement enhancement factor, Hryw (=T /TRLW)W’B], see FIG. 2. Unfortunately, T,

and T.g are obtained on the Thomson
120 F(a) I, [kAl ! 21655 |
100 —J\\g ! ]
20 ioulka/10 —

Scattering (TS) diagnostic acquisition
rate of 20Hz and can not resolve the

rapid barrier formation evidenced by o e : ! . :
the soft x-ray emission (measured by . M |
a multiwire chamber proportional x- 05 ] mli0 L%M
ray detector, MPX) of FIG. 1 and 2¢, 4| gTﬂ[kt‘ﬂ: 3 ’ ; ‘ ;

which occurs at tt~0.618s. The 2
barrier formation improves the 0
confinement in the center as the ;
emission from inner chords relative to
p=0.44 increases, while the outer
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viewing chords register a momentary
decrease as the barrier reduces the
energy flux from the core to the
outside, see FIG. 1b. The median
radial location between the chords
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FIG. 2. Typical elTB discharge with the improved
confinement starting at 0.62s, including a) ohmic
transformer  coil currenr and plasma current; b)
internal inductance and central electron density; c) Iy
and central T.. and d) Hery-and Tor..
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defined as: FIG. 3 a) The enhancement factor, Hy y versus the time
* / relative to the elTB formation time, ty, for three different
Pr Ps / Lte discharges. b) The step in confinement enhancement at ty is

where L. =-T/(dT/or) is the local
temperature gradient scale length,
p=c/m, is the ion Larmor radius
at the sound speed c, w, is the ion
cyclotron angular frequency. After its inception the barrier's radial location remains stable
until additional heating or counter-ECCD is applied in the center at 1.1s (not shown).

correlated with the radial location (red curve} of the
barrier formation. The time t; (blue curve) is earlier for
broader barriers.

Even though Hypw is calculated on the TS acquisition rate, the rapid transition can also be
observed by assembling several similar shots and plotting HrLw at each TS acquisition time
relative to tr, see FIG. 3a. A gradual improvement in confinement is observed leading up to
tr, and then a rapid increase in Hrpw of magnitude AHgrw occurs. There is a slight variation
in AHgrw for the three discharges, which can be attributed to the formation of the barrier at
slightly different radial locations from shot-to-shot. If the barrier forms at a larger radius, the
whole volume inside that radius will experience the improved confinement resulting in a
greater step in AHrLw as shown in FIG. 3b. It appears that AHrrLw depends on pp*Z
(proportional to the enclosed volume) as shown in FIG. 3b (red curve), consistent with the
el TB figure of merit proposed in reference [10].

The chord-integrated Isx seems to indicate a uniform increase across the whole core; however,
chords viewing the plasma axis cannot distinguish between an increase at the center and an
increase near the barrier. A recently upgraded MPX camera, viewing the entire plasma cross
section, is used to obtain a local emissivity
profile (esx) by inverting the integrated
profile, assuming a constant emissivity on a
given flux surface and using a minimum
Fisher inversion method"!. The inverted
profiles, averaged over 0.25ms and plotted
at 0.75ms time intervals, are shown in FIG.
4a. The relative intensity (normalized to
pre-eITB levels) for selected radial
locations may then be plotted as a function
of time, see FIG. 4b. An increase in the soft
x-ray emission is first observed in the
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region of p~0.3, then progresses inward
toward the center and outward toward the
barrier foot. We chose to estimate the
propagation time by fitting (solid line) the
relative intensity change at each radial
position to a hyperbolic tangent: €sx(p) =

FIG. 4 a) The reconstructed &gy profiles
averaged over 0.25s and plotted every 0.75ms
during the elTB transition. b) The temporal
evolution of &sx normalized and plotted for
selected radial locations. The barrier forms first
around p~0.3.
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tanh[(t-tr(p))/te(p )], where esx(p)
corresponds to the amplitude rise, tr(p)  _
the inflection point of the rise and Tr(p) -
the rise time for the given flux surface p. -
The time of the initial rise of €sx(p) at 0543
each radial location is approximated by
tr(p)-te(p) and is plotted as a function of
p in FIG. 5a. The increase in €sx(p)
occurs first at p~0.3, which can be ,
attributed to a local decrease in thermal : 4
diffugivity, 1.e. the fonnaf:ion ofg barrier.  pre s a) The fitted rise time (t-Ts) of €sx: the

As time prog esses, neighbouring ﬂ}lx barrier forms at p~0.3 (vertical dashed line) and

surfaces are influenced as the barrier yp, oftocrs then propagate inward (blue line) and

“dams” the thermal flux resulting in a  ourward (green line). b) Calculated jp and g-profile

build-up of the local temperature. The  from the CQL3D code for shot #21657 (equivalent

inward and outward propagating effects ro #21655 and 24914 but in equilibrium

of the barrier formation of FIG. 5a result  conditions).

in a relatively sharp “V” rather than a “U”

shape indicating that the barrier width is very narrow (~0.05 in p or 1.2cm). The flat T.
profiles typical of the region contained inside eITBs™'? also indicate that the diffusivity is
comparably higher inside p <0.3 than at the barrier. The barrier is located at the edge of the
gsx or T, flat top and not farther out at prre! ™! near the barrier foot (p=0.44 of FIG. 1b)
characterized by the radial location of unchanging Isx-chords.
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The jp (red curves) and q profiles (blue curves) of FIG. 5b were calculated using the Fokker-
Planck code, CQL3D" for an equivalent shot (#21657) after steady-state conditions were
achieved. The calculations assumed two different averaged effective charge values, Z.g=5
(solid) and 2.5 (dashed). In each case the diffusion coefficient (D) was chosen in such a way
as to best reproduce the experimental total plasma current, e.g. D=0.5 m %/s (solid) and 0.7

m?/s (dashed)!"™. In both cases the zero-shear (s=0) flux surface occurs near p~0.3, equivalent
to the barrier location pg~0.3 of FIG. 5a. Since the barrier location corresponds to the
modelled s=0 and the barrier position remains stable, it is reasonable to hypothesize that the
threshold, which trlg%ers the barrier formation, corresponds to the appearance of a zero-shear
magnetic flux surface'”, i.e. that the barrier forms when and where s=0.

The step in confinement enhancement from the rise on the soft x-ray emission of FIG. 1
appears to occur on the order of 1.g. However, if the transition occurred instantaneously, the
increase in stored energy would occur on a similar T.g time scale, indicating that the formation
of the barrier may occur at an even faster rate. In order to discern the formation speed, the
confinement improvement is modelled as a function of time and of the barrier's formation
time constant Tr as follows:
Teg (1) = Tepo + ATep (1+tanh((t-T¢)/ Tr))

where T.go represents the initial global confinement time and At is the corresponding step
associated with the onset of the eITB. The experimentally measured values are used for both
T.zo and AT.e. The corresponding increase in the local soft x-ray emission can then be

modelled as follows:
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FIG. 6 a) the modelled step in confinement at Tr with the three chosen transition times
T7=T,/20 (red), T.z (green) and 4%.; (blue). b) The modelled local soft x-ray emissivity for the
three choices of T.r is compared to the experimental reconstructed local soft x-ray (black).

e () = g e (- Tl
t; =0
where €04 is the soft x-ray emission, & is the normalized reconstructed local emissivity, and
t; is the interval time step chosen to be small relative to the confinement time scale. An
example of three barrier formation rates: Tr =T.e/20 (red), Tr = Tk (green) and Tr = 47Tk, are
shown in FIG. 6a, with the corresponding modelled response in FIG. 6b along with the
reconstructed local emissivity at p=0.3. The formation speed, can be estimated by choosing
the value of tr that minimized the difference between €m04 and €sx (Exp.). This was performed
for each radial location of the reconstructed emissivity profiles. In the region near the barrier
formation, T <0.2ms (or <T.g/10), which is nearly three orders of magnitude faster than the
current evolution time scale T;. Note that the resolution of r is limited to the MPX acquisition

rate for this discharge (20kHz).
3. Current profile evolution

Since no direct measurement of the local magnetic field line pitch angle exists on TCV, we
can only attempt to estimate the current density profiles through calculated and modelled
profiles of the different source currents. After the current in the transformer coil is held
constant, the plasma current is maintained by the sum of I, (net co-ECCD current), 15 (net
bootstrap current) and I, (net current from the induced electric fields from the plasma
inductance). Iy can be calculated from the T, and n, profiles'?, and the time evolution of Iy,
and I, can be approximated using the following expression:

T{pcp» t ,
Ip(t) - Tas(t) = Clégg—g—’% tge

where the first term represents the EC driven current (I;) and the second term the inductively
induced currents that decay on a 1, scale. I, is the measured total plasma current, and pp, is
the co-ECCD deposition location. The constants c,, ¢, along with T; are obtained from an
optimization routine that minimizes the difference between the measured and modelled
currents. The evolution of the measured, calculated and modelled sources is shown in FIG. 7a
for a similar discharge (#21654). At 1.1s central heating is added which increases the central

(t —0.423)
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FIG. 7 a) Time evolution of the plasma current compared with the modelled contributions of Igs
(blue), Icp (green), I + I; (black) and their sum (rved-dashed). b) The reconstructed current density

profiles before and after the current in the transformer coil is held constant.

temperature, steepening the pressure gradient and increasing the driven bootstrap current.
Again, the inductive nature of the plasma prevents rapid changes in the current profile, and a
negative I; is driven by the internal electric fields that then decay in time. The above
minimization procedure is repeated during the central heated phase as shown in FIG. 7a. Once
the magnitudes of the different current sources have been determined, the current density
profiles can then be reconstructed. The profile shape of jo,""' is supplied by CQL3D, j; at
t=0.42s can then be calculated by subtracting (jop+gs) at t=0.42s+3 (where 8 is a small time
step) from jps+jq at t=0.42s-, see FIG. 7b. Note that j, is taken to be proportional to T.”,
with the absolute amplitude constrained by the measured total current. Finally we can write j;
= j(p)*e*“?"¥! from t=0.42 to 1.1s, and at 1.1s the process is repeated to obtain the complete
profile evolution throughout the discharge. The modelled j, becomes hollow between 0.6 and
0.65s consistent with the barrier formation near 0.64s (for #21654), see FIG. 8a. Although
this is a simplified model of the complex evolution of j,, the transition from a peaked to a
hollow modelled j, occurs consistently near the formation of the barrier for the five discharges
analyzed. Hence it is reasonable to infer that the barrier forms once an s=0 surface appears in
the plasma, which occurs soon after the j, profile is inverted®..
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FIG. 8 a) Reconstructed jp at the nearest TS acquisition time before (blue) and after (red) the
barrier formation at tr. b) The temporal evolution of d; (height or depth of current center) during
discharoe #21654. t-is renresented hv the red vertical dashed-line.
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The depth of the hollow current profile can 012 g
be characterized by d;= (jp.n-jp.8)/ Jp.s, Where sresa 6t
jp.n 1S the average current density inside p= 0L g P
Py (the radial location of the off axis
maximum in j,) and jp5 is the local current 0.08
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density at p = p;,. The evolution of both d;
and pj,., is shown in FIG. 8b, where the | £ 0.06
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and plotted against the average maximum d

J
of p' (referred to as the barrier strength, FIG. 9 Comparison of the barrier strength, P’ .
P mad), see FIG. 9. The results suggest a  versus d; averaged after the barrier formation
threshold in improved confinement once (red) 'a.nd at each TS acquisitiop time before the
d,<0 as well as when p*m>0'04[101‘ The tgrlt)msmon (blue) for the same discharges of FIG.
results further suggest that the improved )
confinement increases as the current profile (and g-profile) becomes more hollow (i.e. more
inverted). However, the barrier width does not increase in size (as would be expected if the
confinement increases with negative shear, but appears to remains relatively narrow at the
zero shear flux surface. Therefore, the local improved confinement associated with the barrier
improves with increasing ds/dr at the zero shear flux surface.

4. Conclusions

In conclusion, a rapid and localized formation of an internal transport barrier is observed
during a slow evolution of the current density profile. The current profile evolution occurs on
a relatively slow time scale, >200ms, from a well-defined peaked inductive ohmic profile to a
steady-state fully non-inductively sustained hollow profile while all external actuators are
held constant. The magnetic shear evolves on a similar time scale from a monotonically
increasing to inverted profile. During this evolution, an internal transport barrier forms rapidly
(<0.2ms) in a very narrow region off-axis. The barrier remains relatively stable at this location
and the confinement improvement increases with the volume enclosed within the improved
confinement region.

The barrier position is correlated to the zero shear flux surface according to the q profile
modelled with CQL3D. A simplified model of the current profile evolution estimates the
inversion of the current profile to occur when the barrier forms. The combination of the two
models supports the hypothesis that the barrier forms when and where a zero shear flux
surface appears'®. The barrier strength, which is characterized as the maximum in the p’;
parameter, increases linearly with the depth of the modelled current, implying that the barrier
strength could be roughly proportional to ds/dr at the zero-shear flux surface. Here we have
not invoked anything other than a local increase in confinement at a radial position
corresponding to s=0 to explain the experimental data. The dual aspects of a rapid localized
formation of the barrier at the modelled zero-shear flux surface and the barrier strength
dependence on the ds/dr have yet to be incorporated in a single theory on internal transport
barriers.
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Abstract.

Newly contributed data and the current status of the International H-mode threshold database are presented.
Selecting data from only one divertor geometry per tokamak leads to a reduction in the data scattering and
improves the quality of the fits. The selection of a reduced set of transition types also leads to fit
improvement. A new parameter, (R+a)/(R-a), is introduced in the power law scaling to account for the data
provided by the spherical tokamaks. A prediction for ITER is given for the different power law scalings.
Threshold power for ITER is estimated at about 3I5SMW.

1. Introduction

The ELMy H-mode is obtained in many tokamaks. Its good confinement properties
together with its good impurity removal make it the nominal operational regime for ITER.
It is widely accepted that the transition from L-mode to H-mode (LH transition) is obtained
when the input power exceeds a threshold, which depends on the plasma density and the
magnetic field [1,2]. The threshold power was generally found to be lower when the plasma
is shaped in a single null diverted configuration with the ion gradB drift directed towards
the X-point. Finally, it also depends on other parameters such as the plasma shape, the
neutral density or the vacuum vessel conditioning, but in a less clear manner.

The comparison of the threshold power measured in different tokamaks under different
conditions has shown a relationship between that power and the plasma size. Therefore,
data from a series of tokamaks have been collected into one database to analyse the size
dependence of the H-mode threshold power. After data selection, power law scalings were
deduced, including the plasma density, magnetic field and parameters describing the plasma
size. Finally, the power law scaling is used for extrapolation to new devices such as ITER.
Practically, the international H-mode threshold database (IGDBTH), initiated in 1992 and
summarised in [3], now contains data from 13 tokamaks: Alcator C-Mod, ASDEX,
ASDEX Upgrade, Compass, DIII-D, JET, JFT-2M, JT-60U, MAST, NSTX, PBX-M, TCV
and TUMAN-3M.
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In the analyses, the experimental threshold power is approximated by the loss power P
measured just before the transition. Py=Poum + Paux - dW/dt (PLTH in database) where
Poum is the Ohmic power [MW], Payx the absorbed auxiliary heating power [MW] and
dW/dt the time derivative of the total plasma energy [MJ/s]. At the last IAEA conference,
two power law scalings were presented. They were based on data from 9 tokamaks
(ASDEX, ASDEX Upgrade, Alcator C-Mod, COMPASS-D, DIII-D, JET, JFT-2M, JT-
60U, TCV) and their expressions were [4]:

Pii = 1.67 neag”®! B1278 208 RO RMSE=25.1% (1)
Pz = 0.05 nexo’*® B> 8084 RMSE=26.0% 2)

where Puw, nezo, Br, a, R, and S are respectively the predicted threshold power [MW],
plasma density [1020m'3], magnetic field [T], minor radius [m], major radius [m] and
plasma outer flux surface area [m?).

Since 2002, new data have been added to the database. This paper introduces the new data
and summarises the present status of the database. It then shows the analysis of the
database, the criteria used for data selection and to the parameter selection to reduce the
Root Mean Square Error (RMSE) of the fit. The role of the effective charge (Z.) and the
absolute B was studied in [5] and will not be discussed here. Finally, a new estimation of
the prediction for ITER is given.

2. New Data

New time slices were provided by ASDEX Upgrade (17 new time slices), Alcator C-Mod
(79), JET (555), MAST (6), NSTX (6) and TCV (13). The ASDEX Upgrade new
contribution consists of transitions obtained at low density. For Alcator C-Mod, LH
transitions in inner wall limited, inner nose limited, single null and double null
configurations, as well as low density time slices were provided. New JET data points come
from 2002 and 2003 campaigns with the MKII GB (SRP) divertor as well as 2001
discharges performed in H or He. The MAST contribution comes from new double null
discharges. A first set of data points was provided by NSTX. Data taken at LH transitions
obtained in ohmic power ramps were provided by TCV as well as one LH transition
obtained with ECH. The database now contains 7673 time slices.

At the beginning of the study presented in this paper, the data selection includes the largest
possible data set. The phases taken into account are LD (D for dithering), DH and LH
transitions, D for data points during the dithering phase and LDL, LHL for brief attempts to
reach the H-mode. Data selection is restricted to time slices taken from plasmas in
“appropriate conditions”, as defined by a series of flags (SELDB). "Appropriate conditions”
refers to single null configuration with ion gradB drift directed towards the X-point, a D
plasma with low radiated power. To avoid an increased threshold, the safety factor must be
above 2.5, the density above a value defined in each tokamak and the plasma wall distance
large enough. Exceptions to this rule were allowed to either extend the study to such
parameters or avoid elimination of a complete data set provided by a particular device. For
instance, the Single Null condition would reject all Tuman-3M data. Therefore, an
exception was made for the corresponding data points to maintain them in the preliminary
analysis.



- 55 -
IT/P3-35

Table 1 shows a comparison of the

contribution from the different tokamaks in TABLE I: Contributions from
the selected datasets. The improvement from tokamaks to the full dataset on LH
665 to 1339 time slices comes from the new transitions

data contributions, as listed at the beginning of
the section, and from the extension of the Tokamak JIAEA02 | IAEA04
dataset. ASDEX 37 43
ASDEX Upgrade 172 232
The exceptions to the "appropriate conditions" Alcator C-Mod 130 230
are: 2 entries in Hydrogen plasmas and 29 in COMPASS-D 8 18
Helium for JET; 24 data points in Double Null DII-D 55 58
configuration for JET, 15 for MAST and 5 for JET 118 610
PBX-M; 15 time slices in Limited JFT-2M 21 33
configuration for TUMAN-3M; 46 entries IT-60U 53 53
with unfavourable ion gradB drift for Alcator MAST 20
C-Mod. NSTX 6
A second data set was defined under the name PBX-M 5 5
IAEAO4R. It contains all data in "appropriate TCV 41 51
conditions" and only those exceptions which TUMAN-3M 15
keep the diversity of the database. As an Total 665 1399

example, MAST and PBX-M Double Null
data are kept but JET Double Null data are
rejected. JET non D, data are also rejected.
This restricted data set contains 1298 entries.

3. DataBase Status

The database completed with all new data is referred to as IGDBTH4v4. It contains 7673
entries. Among those, 1399 time slices belong to the large dataset as described above. The
remaining time slices either belong to other phases of a discharge (L-mode, H-mode or HL
transition) or have at least one parameter which is outside the "appropriate conditions". The
restricted dataset contains 1298 time slices. All are in D2 working gas. All are in Single
Null configuration but those from MAST (15 DN), PBX-M (5 DN) and TUMAN-3M (15

TABLE 2: Number of data points for all PHASE and TOKAMAK

PHASE

Count D IDH D [LDL  [LH LHL  OHMD |OHMH
ASDEX 0 0 0 0 37 6 0 0 43
AUG 18 6 89 22 82 0 10 5 232
CMOD 46 0 24 0 49 3 27 35 184
COMPASS 10 o 1 0 0 0 6 11 18
D3D 1 2 0 0 53 0 0 2 =8
JET 226 66 9 o 172 0 0 0 555
JFT2Mm 12 0 8 0 35 o o o 53
JTe0U 0 0 36 0 22 0 0 0 58
IMAST ~ o o0 o o 4 0 16 0 20,
'NSTX 1 0 0 0 5 0 0 0 6
PBXM 0 0 0 0 5 0 0 0 5
TCV 0 20 0 0 1 0 16 14, 51
TUMAN-3M 0 0 0 0 0 0 0 15 15!

314 94 247 22 465 9 75 72| 1298
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LIM). All are in favourable ion Grad B drift but those in Double Null configuration.

The parameter PHASE describes more precisely in which part of the L-mode to H-mode
transition the time slice was taken. OHM, L, D, H refer to Ohmic, L-mode, Dithering and
H-mode, respectively, all combinations of these references indicate transitions from one to
the next state. Usually data corresponding to a transition are taken just before its
occurrence. A 'D' alone represents a time slice taken during the dithering phase. Table 2
shows the contribution of all tokamaks through the different PHASEs.

As shown in Table 2, the restricted data set contains 712 entries at LD or LH transitions
(55%). 147 time slices (11%) also correspond to the transition out of the L-mode but are
obtained in ohmic condition. 408 data points (32%) are taken during the dithering phase
which is considered as being at the threshold as well. The remaining 31 entries (2%) are
also considered as at the threshold since they show an attempt to go in H-mode even if they
return to L-mode soon after.

Figure la and 1b show the distribution of the plasma density and magnetic field,
respectively, for each device. The high magnetic field capability of Alcator C-Mod is
clearly visible in both magnetic field and plasma density distributions. The magnetic field is
quite uniform for half the tokamaks.
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Figure 1: Distribution of plasma density and magnetic field for each tokamak. Quantile box plots
indicate the minimum, 25%, 50 %, 75% and maximum of the distribution.

4. Analysis
4.1 General fit

The fits for the threshold power were generally based on two sets of variables: [nezo, Br, a,
R] and [neo, Br, S). In this paper the first one will be used as a reference. With the
restricted data set (1298 data points because of missing data), the fit gives:

Pis = 3.46 ne”*® B12® '3 RO RMSE=32.4% (3)

The a and R dependences are significantly different from fit (1). However, since most
tokamaks have the same aspect ratio, the roles of a and R are quite exchangeable and then
the size dependence is comparable. This correlation of a and R can only be removed with a
larger contribution from the Spherical Tokamaks. Nevertheless, it is their presence in the fit
which already induces the change in the expression. The influence of Spherical Tokamaks
on the fit will be addressed later.

The deviation of the actual threshold power (Pp) from the fit is shown in Fig.2. Data from
TUMAN-3M remain out of the fit and the excess in the threshold is due to the fact that all
data points are taken while in limited configuration. NSTX also show an excessive
threshold power with this set of variables. Data points from spherical tokamaks (NSTX and
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MAST) and TUMAN-3M are
therefore removed from the data set to 273 - i
analyse the effect of the divertor type 243 - - .
among  conventional tokamaks f; ‘5 |
operating in diverted configuration. PPy 173 7 | ) i -
L/ thres! 3! A ; H
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The database contains a variable ASDEX CMOD D3D JETUFTZM MAST PBXM  TUMANS
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Figure 2: Deviation of the threshold power from
the fit for each tokamak

indicating the name of the divertor
which was used for the experiments
(DIVNAME). The effect of the
divertor shape can then be treated and
used for data selection. Figure 3 shows E —

the deviation of the threshold power as 18 : -
a function of the divertor name for JET 167 b L
data. 142 “‘ B _

LH transitions in plasmas with MKO, 3 = L
MkI or Mkllap divertors have an PP’y | 1 o+ 1 —
average threshold power below the R R
value given by the fit (1). Since the 067 :
database contains a larger variety of 04
data points with the Mkllap divertor,
these time slices will be used in further

analysis.

The same analysis is done for ASDEX and ASDEX Upgrade and DIV-I gives a smaller
threshold. The closed divertor is chosen for Alcator C-Mod and JT-60U, as expected from
the fact that closed divertors are more suited to keep the plasma impurity level low. Since
closed divertors are chosen and TCV works with an open divertor, TCV is removed from
the data set. Table 3 summarises the selected divertor for the tokamaks which changed
divertor configuration.

1 .2-5 "‘f’ —
i

MO | MICE MR M Mda Mdlzp
Figure 3: Deviation of the threshold power from the
fit for each divertor in JET

TABLE 3: Selected divertors

Tokamak Divertor
ASDEX DIV-1
ASDEX Upgrade DIV-1
Alcator C-Mod DIVCLOSE
JET MkIlap
JT-60U CLOSEDSN

With this restriction to one divertor per tokamak, the number of data points decreases to
462 and the new fit is:

P = 2.96 neag ™ B! a! 07 RO# RMSE=22.9% 4)

The RMSE is much smaller with this restricted dataset indicating that the type of divertor
plays an important role in the data scattering. Compared to the global fit (3), the
dependence in plasma density is, here, stronger and in the magnetic field weaker, while the
dependence in plasma size remains similar. In comparison, the fit calculated with the JET
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MKII GB (SRP) divertor, which induces a higher threshold power in JET, gives a stronger
dependence in a and R, 1.55 and 0.53 respectively. Figure 4 shows the reduction of the
scattering in the comparison between experimental and estimated threshold power when
only one divertor is selected.
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Figure 4: Comparison between the experimental and estimated threshold power for the fits (3) and
(4), corresponding to the global dataset and the restricted to one divertor per tokamak dataset.

4.3 Influence of the phase in the transition process

In the previous fit, the selected

data have the PHASE variable 2

equals to either D, DH, LD, LDL, 22

LH, OHMD or OHMH. In this 2

subset, ASDEX Upgrade data & !

contain all LDL time slices (22). B L

These time slices show an Py, T B
experimental threshold power P L P
much bigger than the estimated -~ I i
power as well as the average = - : e
power, as shown in Fig.5. This is 0.4= : ( : ] , :

in contradiction with the fact that O DA 1D DL H OO OHW

these data points could be just at
the threshold. Nevertheless, these
time slices are removed from the Figure 5: Deviation of the threshold power from the fit

dataset. Similarly, OHMH data for each PHASE in ASDEX Upgrade
are removed for ASDEX
Upgrade.

The same filtering is applied to all other tokamaks and TCV rejoins the dataset since its
data is well aligned with the scaling. This data set contains 461 time slices and the fit is:

Pus = 2.34 e’ Br02 a2 RO RMSE=21.5% (5)
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The RMSE is lower than in the previous fit. The exponents for a and R are slightly reduced.

In this dataset, each tokamak contributes with a quite different weight: JET has 113 data
points while PBX-M has only 5. A random selection is performed to reduce the large
datasets (JET and ASDEX Upgrade) to approximately 50 samples to match the population
of most of the remaining ones (Alcator C-Mod, DIII-D, JFT-2M, JT-60U and TCV). The
dataset is then reduced to 367 entries. The RMSE value is slightly reduced but the
coefficients of the fit remain quite similar, independently of which data is kept for ASDEX
Upgrade and JET.

4.4 Effect of the parameter set

The new fits presented in this paper so far are based on the plasma density, magnetic field,
plasma minor and major radius. Fits are also calculated with the plasma outer surface area
instead of a and R. The results are very similar. The effect of the aspect ratio € =a/R cannot
be determined with this parameter set. Similarly, the plasma shape can play a non-
negligible role in the threshold power as seen in TCV [6]. Therefore, an extension of the
parameter set could lead to a more precise fit of the threshold power. However, it is
necessary to select parameters which are not a combinations of the others, such as the
aspect ratio taken with a and R in the fit. Typically the shape and size of a plasma can be
defined by 3 independent parameters, for instance: a or R, k (plasma elongation) or S, € or
Rum=Rmax/Rmin=(R+a)/(R-a). The latter parameter also describes the aspect ratio, although
differently. Fits using different combinations of these parameters are calculated with the
dataset used for (5) enlarged with MAST and NSTX data, since these devices widen
significantly the range in aspect ratio or Rym. 412 time slices make up this dataset. The fit
using only a and R is compared to the best fit of this family, that found with R, S and Rpy:

P = 3.73 Neag>® B2 2! 43 RO RMSE=24.5% (6)
Py = 0.151 neao”® Br®" R'2 8% Ry '*' RMSE=22.9% (7

The parameter Ry, leads to an RMS error smaller than that obtained with the aspect ratio.
Since this parameter is proportional to the ratio of the toroidal magnetic field taken at the
high field and low field side of the plasma edge (Brtany/Br(ouy), it indicates the importance of
the strength of the magnetic field at the plasma edge as already shown in [5].

The LH transition threshold power was found to depend on the X-point height above the
divertor floor [7,8]. Including this variable in the parameter set leads to a reduction in the
RMS error of the fit, down to 18%. However, this reduction is partly due to a substantial
reduction of the dataset since only 203 time slices are used in this calculation. An
improvement of the database would therefore be required to address this question.

4.5 Prediction for ITER

Power law scalings presented in this paper are used to estimate the LH threshold power for
ITER (R=6.2m; a=2m; S=678m’; nex=0.610""m™; B=5.3T) as shown in Table 4. The
uncertainty is calculated as the standard error in prediction.
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The low value of the prediction with scaling Py
(3) is due to the participation of small devices TABLE 4: Threshold power for H-
with a high threshold power in the fit, which mode access in ITER

induces a tilt in the fit and therefore an under

estimation when extrapolating to large devices. In . Threshold
case of scaling Py (6), the prediction is biased by Scaling power
the presence of the spherical tokamaks in the [MW]
traditional fit with plasma density, magnetic field, Py 46
major and minor radii. With the set of parameter P 40
used for this scaling, they also induce a similar tilt Py 32-35
than in scaling Pg3. Piha 40 - 45

. Pins 32-37
Scalings Pys (5) and Py (7) are based on a large Pue 27.31
set of devices and data points. They have a modest Pur 32-37

RMSE and their residuals are independent of the
plasma size. These scalings can therefore be taken as the reference for estimating the
threshold power in future devices. Both give the same predicted threshold power for ITER.

5. Conclusions

New data have been added into the International H-mode threshold database which now
contains 7673 time slices from 13 tokamaks. The initial dataset is enlarged (1298 time
slices), including new data and data taken during the dithering phase.

After selecting data from the best divertor for each device and from the best LH transition
times, according to the DIVNAME and PHASE parameter respectively, the RMSE of the
fit was lowered down to 22.9%. In this fit most devices are represented, improving the data
range and therefore the reliability of the fit.

With the addition of a new parameter in the fit, (R+a)/(R-a), and the use of the major radius
and the plasma surface for the plasma geometry description, the Spherical Tokamaks,
MAST and NSTX, are well fitted.

The predicted threshold power for ITER reaches 35MW when the best fits are used.
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Abstract. A prototype of a 1 MW, CW, 140 GHz conventional gyrotron for the W7-X stellarator in
Greifswald/Germany has been tested successfully and the fabrication of series tubes started. In extended studies
the feasibility for manufacturing a continuously operated high power coaxial cavity gyrotron has been
demonstrated and all needed data for an industrial design has been obtained. Based on this results the fabrication
of a first prototype of a 2 MW, CW, 170 GHz coaxial cavity gyrotron started recently in cooperation between
European research institutions and European tube industry. The prototype tube is foreseen to be tested in 2006 at
CRPP Lausanne where a suitable test facility is under construction.

1. Introduction

Gyrotron oscillators have proven to be the most powerful sources of coherent wave radiation
in the millimeter wavelength range. Fusion experiments of the next generation such as the
stellarator W7-X now under construction at Greifswald/Germany or the international
thermonuclear experimental reactor (ITER) require gyrotrons with a microwave (RF) output
power of one megawatt or more in continuous wave (CW) operation. At the W7-X stellarator
plasma heating with EC waves will be the main heating method. In total an electron cyclotron
wave (ECW) system capable to deliver up to 10 MW, CW microwave power at 140 GHz (10
gyrotrons a 1 MW) will be built up to meet the goals of this stellarator with inherent steady-
state capability [1]. For ITER 24 MW, CW microwave power at 170 GHz is foreseen in the
basic scenario for heating and for stabilization of NTM instabilities [2]. The development of
such gyrotrons in the frequency range between 110-170 GHz is subject of investigation
worldwide since a number of years. A great progress has been made in the development of
conventional long pulse gyrotrons with 1 MW microwave output power during the last years
[3-6]. For the development of the 140 GHz gyrotrons a European gyrotron collaboration has
been established between European research laboratories (mainly FZK Karlsruhe and CRPP
Lausanne) and European tube industry (Thales Electron Devices, (TED), France). The results
obtained within this collaboration are very convincing. With a prototype of the 140 GHz
gyrotron the capability of CW operation around 1 MW microwave output power has been
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practically demonstrated. The obtained results have lead to the decision to start with the series
production of seven gyrotrons of this type as needed at the W7-X stellarator .

To reduce the costs of the installations of the ECW system at ITER and to allow a compact
upper port launcher an increase of the output power per gyrotron is desirable. Coaxial cavity
gyrotrons have the potential to generate microwave power in excess of 1 MW, CW 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 [7]. The
feasibility of manufacturing a 2 MW coaxial gyrotron operated in CW has been demonstrated
and data needed for an industrial design has been obtained [8,9]. The suitability of the major
gyrotron components for CW operation has been examined and according to a first draft
integral design no technical constraints have been found for manufacturing of a 2 MW, CW
coaxial gyrotron as could be used for ITER. Based on these results the manufacturing phase
of a first prototype of such a coaxial cavity gyrotron at 170 GHz started recently within the
above mentioned European gyrotron collaboration. The technical design including integration
of all components as well as thermo-mechanical calculations and specifications of auxiliary
systems needed for operation of the tube is in progress. The delivery of the first prototype is
expected for beginning of 2006. The SC magnet has been specified and has been already
ordered. A test facility for testing the 2 MW tube up to CW is under construction at CRPP
Lausanne [10].

In the following, first the main results and the status of the | MW, CW, 140 GHz conventional
gyrotron for W7-X will be given and then the work on the 2 MW, CW, 170 GHz coaxial
cavity gyrotron will be described.

2. 140 GHz gyrotron for W7-X

The development of the 1 MW, CW, 140 GHz gyrotron for the W7-X stellarator in
Greifswald/Germany started a few years ago within the above mentioned European gyrotron
collaboration. The TEyss mode has been selected as operating cavity mode. The gyrotron has
been equipped with a highly efficient internal quasi-optical mode converter, a single-stage
depressed collector and an edge-cooled, single-disk CVD-diamond window. The main design
parameters are summarized in Tab. L.

TABLE I: Main design parameters of the 140 GHz gyrotrons for W7-X.

operating cavity mode TE;z¢
RF output power, P,/ MW 1
accelerating voltage, Uy, / kV 81
beam current, I, / A 40
RF output efficiency, New > 45%

A pre-prototype (maquette) and a prototype tube have been built and tested at FZK till now. In
Fig. 1 both the bare gyrotron and the tube installed in the superconducting (SC) magnet for
testing are shown. With the prototype tube the design specifications have been almost fulfilled.
A maximum RF output power of 970 kW with an output efficiency of ~44% has been achieved
for a pulse length of 11.7 s. For 180 s an output power of 890 kW has been obtained. The
180 s pulse was limited due to the capability of the high voltage (HV) power supply available
at FZK.

At a beam current reduced to about 25A, at which the HV power supply allows an operation
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Fig. 1.: Photo of the 140 GHz gyrotron, bare tube (left side), assembled for operation (right side).

up to CW, an output power of 540 kW with an efficiency of 41% has been obtained with the
prototype tube for a pulse length of 937 s limited by a pressure increase inside the gyrotron
[6]. At further reduced beam current with an output power of ~250 kW the pulse length was
extended up to 1300 s. In Fig. 2 the results are summarized. The mode purity of the Gaussian
output beam is as high as 98 %. The pressure increase is assumed to be caused due to warming
up of internal parts of the ion getter pumps, placed inside the mirror box, to temperatures
above 250°C by the microwave stray losses inside the tube. The microwave stray losses have
been measured to be as low as 3.2% of the output power in good agreement with the calculated
value of 2.1 %. The internally absorbed part of the stray radiation was experimentally
determined to only 1.4 %. Even this low value caused an increase of the temperature of the
internal ion getter pumps as has been clearly shown by temperature measurements with an
infrared camera. In order to avoid the pressure rise due to the warming up of the pumps in the
series gyrotrons the ion getter pumps will be placed outside the mirror box.
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Fig. 2: Maximum RF output power versus pulse length as obtained with the 140 GHz prototype tube.
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The design output power of 1 MW was not fully achieved. This is suspected to be due to
azimuthally inhomogeneous electron emission of the emitter ring which may result in a
degradation of the electron beam quality and, as a consequence, in a limitation of the
microwave output power to values slightly below 1 MW. For the seven series gyrotrons under
production special attention will be paid to the quality assurance of the emitter rings.

3. 2MW, CW, 170 GHz coaxial cavity gyrotron for ITER

The feasibility of manufacturing a 2 MW coaxial gyrotron operated in CW has been studied
experimentally and theoretically during the last years at FZK. The investigations have been
performed on a coaxial gyrotron operated at 165 GHz in the TE3;17 mode described in detail
in [8]. This experimental gyrotron is demountable and enables an easy replacement of the
components. Its cooling performance allows an operation only at short pulses (typically
<10 ms). With this gyrotron problems specific to the coaxial arrangement as mechanical
stability of the coaxial insert, required alignment accuracy, leakage current to the insert and
losses have been studied. A limitation of the HV performance due to build up of a Penning
discharge inside the coaxial electron gun has been successfully suppressed by modifying the
gun geometry such that electron trapping is avoided. A maximum RF output power Poy of
2.2 MW has been obtained in single-mode operation and efficient microwave generation has
been demonstrated. The conversion of the high-order cavity mode into a free space Gaussian
mode has been performed in a quasi-optical (q.0.) RF output system consisting of a smooth
launcher with a cut and of two mirrors. The microwave stray losses captured inside the tube
body have been investigated and the amount of the losses has been measured. The feasibility
of the main gyrotron components for use in CW operation has been examined and
demonstrated. According to a first draft integral design of a 2 MW, CW coaxial gyrotron no
technical constraints have been found [9].

Based on these results it has been decided to begin within the European gyrotron
collaboration the development of a coaxial cavity gyrotron with an RF output power of
2 MW, CW at 170 GHz as could be used in the ECW system of ITER. The conceptual design
of such a tube compatible with CW operation has been completed and the manufacturing
phase of a first prototype started recently. The first prototype is expected to be delivered
beginning of 2006. A superconducting (SC) magnet has been specified and already ordered. A
test facility designed to host the 2MW,CW gyrotron and to perform experimental
investigations up to full performances is presently built up at CRPP Lausanne.

TABLE II: Design parameters of the prototype and pre-prototype of the coaxial gyrotron.

prototype ' pre-prototype

operating cavity mode TE34.19
frequency, f/GHz 170
RF output power, Pout/ MW 2 | ~15-17
beam current, I,/ A 75
accelerating voltage, Uae. / kV 90 ~80

ulse length: 1 up to CW 5-10ms
efficiency (with depressed collector), Mout > 45%
cavity magnetic field, Bew /T 6.87 |  6.66-6.70
velocity ratio, o =B./B1 1.3

In parallel to the work on the industrial tube, the design of the most critical components of the
prototype - as electron gun, cavity and RF interaction and the quasi-optical RF output system
- will be verified under realistic conditions. For this the experimental 165 GHz coaxial
gyrotron at FZK has been modified for operation at 170 GHz in the TE3419 cavity mode. This
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tube is considered as a pre-prototype for the 2 MW, CW industrial gyrotron since it is
equipped with a cavity and a q.0. RF output system same as designed for the prototype and
with an electron gun which is very similar to the gun of the prototype. The nominal design
parameters of both tubes, the 2 MW, CW prototype and the short pulse pre-prototype are
summarized in Table II. The reduction of the beam voltage to about 80 kV for operation of
the pre-prototype became necessary because the maximum magnetic field of the available SC-
magnet at FZK is limited to values between 6.66 and 6.70 T. Therefore, in order to be able to
excite the TE34 10 mode at 170 GHz at the reduced magnetic field, the beam voltage has to be
reduced. Consequently somewhat reduced RF output power is expected in the pre-prototype
tube.

3.1. First prototype of the 2 MW, 170 GHz coaxial cavity gyrotron

The physical design of main components of the 2 MW prototype tube have already been done
and the detailed drawings for manufacturing are in progress. In order to keep the wall loading
inside the cavity within technically acceptable limits, the TE3q4,19 mode has been selected as
operating mode. The geometry of the cavity is shown in Fig. 3. The coaxial insert is tapered
and corrugated as indicated in that figure. This allows a selective influence of the quality
factor of neighbouring modes reducing thus the mode competition [7]. The Ohmic losses at
the outer cavity wall have been calculated to be within 1 kW/cm? (ideal copper at 273K) for a
generated RF power of 2.2 MW. The corresponding peak losses at the insert have been
calculated to be less than 0.1 kW/cm?. The start up behaviour has been simulated with a time
dependent, self consistent multimode code considering up to 13 competing modes. High
efficient, single mode operation is expected over a wide parameter range. The main mode
competition occurs between the two mode triplets, {TE.33,19, TE 34,19, TE.35,19} and {TE.20,
TE+3320, TE+3420}. Simulations have also been performed for a cavity with walls slightly
deformed due to the Ohmic heat loading.

A new RF output system with a dimpled-wall launcher and three mirrors - a quasi-elliptical
mirror followed by a toroidal and a phase correcting mirror with a non-quadratic surface - has
been designed [11] in order to keep the microwave losses inside the gyrotron tube within
technically acceptable limits (< ~5% of RF output power). From the use of a dimpled-wall
launcher a reduction of diffraction losses at the edge of the launcher cut is expected. The goal
for designing the mirrors was to generate an RF output beam with a high Gaussian content.
However, because of limitations in the accuracy of mechanical fabrication of the surface
structure of the non-quadratic mirror a compromise has been made between the Gaussian
content of the RF output beam and the amount of microwave losses inside the tube.
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According to calculations the total amount of microwave stray losses inside the gyrotron tube
is expected to be within the technically acceptable value (~ 5 % to 6 % of Pow). The short-
pulse experiment will allow to verify the design performance, to measure the amount of stray
losses and to study experimentally possibilities to absorb the microwave losses inside the
tube.

A coaxial magnetron injection gun (CMIG) has been designed similar to the gun used in the
165 GHz gyrotron [12]. The emitting current density is about 4.2 AJem® at I, =75 A. The
inner part of the coaxial insert is cooled with water and its position can be adjusted under
operating conditions. Special care has been taken in designing the geometry of the cathode
and the insert in order to avoid regions in which electrons can be trapped in order to avoid the
built up of a Penning discharge.

As RF output window a single-disk of CVD dlamond with a thickness of 1.852 mm = 5A/2 at
170 GHz will be used. At a loss tangent of 2x107 (state of the art) 880 W power will be
absorbed in the disk [13]. Edge cooling of the CVD diamond disk with water is sufficient for
removing the heat load. The window will have an aperture of 96 mm.

To obtain a desired total efficiency of > 45 % a single-stage depressed collector with the
collector at ground potential will be used. Under nominal operating conditions the remaining
beam power which has to be dissipated in the collector is expected to be about 2.3 MW, CW.
In case of fast modulation of the microwave output power as required for NTM stabilisation
at ITER the average beam power which has to be dissipated power at the collector walls
increases up to ~3 MW. The design optimisation of the collector is in progress.

The magnetic field distribution and the technical parameters of the SC-magnet have been
specified and the SC-magnet has been already ordered. In addition to the solenoidal coils the
magnet will be equipped with a set of dipole coils generating a transverse magnetic field
needed for the alignment of the coaxial insert relative to the electron beam under operating
conditions. The warm bore-hole will have a diameter of 220 mm and the distance between the
cathode position and the maximum of the magnetic field will be about 380 mm.

Fig. 4: View of the integrated coaxial gyrotron, cut (lefi side) and full tube (right side)
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An integral design of a 2 MW, CW coaxial gyrotron has been performed as shown in Fig.4.
The high voltage insulation between the body and the collector is placed at the top of the
mirror box. The overall dimensions of the gyrotron are comparable with the dimensions of a
conventional | MW, CW, 140 GHz gyrotron.

3.2. The pre-prototype of the 2 MW, 170 GHz coaxial cavity gyrotron

In order to verify the design of the most critical components of the prototype the experimental
short pulse coaxial gyrotron at FZK operated at 165 GHz in the TEs; 7 mode has been
modified for operation at 170 GHz in the TEs4 19 cavity mode. This modified coaxial gyrotron
is equipped with an electron gun which is very similar to the gun of the industrial prototype
and both the cavity and the quasi-optical RF output system will have the same geometry as in
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. The main nominal
design parameters are summarized in Tab. II, both for the 2 MW, CW prototype and for the
short pulse tube. The SC-magnet used for the short pulse experiments delivers only a
magnetic field up to about 6.68 T. Due to this the beam voltage has to be reduced to values
below 80 kV in order to be able to excite the TEs4 ;9 mode at 170 GHz. The operation at a
lower voltage results in an RF output power reduced to a value of about 1.5 MW depending
on the finally obtained magnetic field.

The modifications of the previously used 165 GHz coaxial gyrotron for operation at 170 GHz
have already been performed. All components have been fabricated, the pre-prototype has
been assembled and installed inside the SC-magnet. A schematic view of the coaxial
magnetron injection gun (CMIG) is shown in Fig. 5. The emitting current density is about

196 ° ‘ 42 A/em* at I,=75 A. The inner part of the coaxial
‘;; ~ insert is cooled with water as needed for CW operation
anode + 30KV and its position can be adjusted under operating
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Fig. 5: CMIG gun
(dimensions in mm)

agreement with theoretical predictions. Work on
optimization of the microwave output power and
efficiency is underway. The distribution of the
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microwave output beam has been found to be not in agreement with the calculations. The
reason is not clear yet and a detailed analysis is in progress. The experimental measurements
are continuing.

3. Summary and outlook

The development of the 1 MW, CW 140 GHz conventional (hollow waveguide) cavity
gyrotron for W7-X was very successful. CW operation at 1 MW output power has almost
been obtained and thus the series production of seven additional tubes has started.
Encouraged by this impressive progress and based on results of short pulse experiments the
development of a 2 MW, CW 170 GHz coaxial cavity gyrotron as could be used for ITER is
in progress within the European gyrotron collaboration. The manufacturing phase of a first
2 MW, CW prototype started recently. Delivery of the prototype tube is expected for
beginning of 2006. A suitable test facility is under construction at CRPP Lausanne. In parallel
to the work on the prototype tube experimental operation with a short pulse pre-prototype
tube is in progress in order to verify the design of critical components of the prototype tube.
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1. Introduction

Controlling the interaction between fusion generated o’s and modes in the Alfvén
frequency range is a crucial issue for the operation of experimental reactors in the burning
plasma regime, such as ITER, as these modes can be driven unstable by the slowing-down o’s
up to amplitudes at which they could cause rapid radial transport of the s themselves. The
need to avoid strongly unstable regimes for some classes of Alfvén Eigenmodes (AEs) could
therefore provide additional operational limits for the reactor regime. On the other hand, if
adequate actuators are identified, AEs could be used to affect the thermonuclear plasma burn
in a controlled way.

Two classes of investigations are conducted on JET to directly observe the AE stability
limits in the presence of fast particles that can resonate with the modes and to measure the
damping rate of the modes as a function of the plasma parameters, in order to quantify the
mechanisms that provide background damping for the modes in different conditions. Sections
2 and 3 describe experiments from the first class, addressing the AE stability threshold for
different fast ion radial distributions, generated at different locations by additional heating or
at different plasma densities, or modified by the presence of error field mode. Examples from
the second class are described in Section 4. During the last two years a particular effort was
undertaken to complete the database of damping rate measurements of low toroidal mode
numbers using the saddle coil active AE excitation system, which is being dismantled during
the 2004 JET shutdown. A new antenna system is under development to continue along the
same lines, but extending the accessible range of toroidal mode numbers to higher values, up
to n=10-15, of more direct relevance to ITER. This system is described in Section 5.

2. Effect of the ICRF heating scheme and of plasma density on the AE stability threshold

Different Ion Cyclotron Resonance Frequency (ICRF) heating schemes are used to
create different distributions of energetic particles, with energies in the MeV range, and test
their stability with respect to AEs. As a first example, a simple method to affect the radial
distribution of fast ions is to change the difference in frequency between independent ICRF
modules. A broad fast ion pressure profile can be produced by operating the four JET ICRF
antennas at four different frequencies. A wider ICRF power deposition profile corresponds to
a lower fast ion pressure gradient, VBgast, in the plasma core, thus leading to a reduced mode
activity in the Alfvén frequency range [1].

Here we assess the difference on the fast ion distribution function frasrt(E,r) and the
perpendicular temperature T past(r) between single-frequency (monochromatic) and multi-
frequency (polychromatic) minority hydrogen H(D) ICRF heating for similar background
plasma parameters, and the effects of such differences on the spectra of fast ion driven AE
instabilities. Multi-frequency ICRF heating gives rise to a lower T past in the plasma core, as

* See annex 1 of J.Pamela et al., “Overview of Recent JET Results”, OV-1/1.4, Fusion energy 2002 (Proc. 19®
International Conference, Lyon, 2002) IAEA, Nuclear Fusion 43 (2003), 1540.
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measured with a high energy NPA [2]. Earlier measurements of fras(E,r) have also shown
that, for the same level of Picrr, polychromatic heating gives rise to a broader Trasr(r), to a
more peaked electron temperature profile Te(r), and to an increase in the central ion
temperature Tig, or to the same Tjp for a much higher central electron density neo [3]. This may
have favourable implications for ITER operation since the lower T rast approaches the
critical temperature at which fast ions preferentially heat the fuel ions through collisions, but
the reduced collisional heating on the electrons, reducing the electron temperature, may in
turn adversely affect the current drive efficiency.

To confirm these initial results in a more systematic way, we have compared discharges
with the same Picrr and very similar electron density profiles. For the case of polychromatic
heating we observe high-n Toroidal AEs located at the q=2 surface and high-n Ellipticity-
induced AEs located at the g=3 surface, closer to the plasma edge. Conversely, for the case of
monochromatic heating we only observe q=2 TAEs with significantly higher amplitude, but
no EAEs. The presence/absence of the q=3 EAEs and the lower amplitude of the q=2 TAEs
confirms that fpast(E,r) has a broader radial profile, less peaked on-axis, for polychromatic
than for monochromatic heating. This suggests a more extensive use of the polychromatic
heating scheme in JET for further scenario improvements, also in view of ITER operation.
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Figure la. Mode activity in the Alfvén frequency
range for the case of polychromatic ICRF heating.
Here only weak TAEs and EAEs are observed.

Figure 1b. Mode activity in the Alfvén frequency
range for the case of monochromatic ICRF heating.
Here strong core localised TAEs are observed.

Operation at high density is beneficial for the burning plasma regimes in ITER. The DT
fusion cross section has a broad peak around Ep=Er=70keV/amu, and the temperature of the
bulk plasma ions has to reach comparable values in order to maximise the fusion yield. The
use of 2" harmonic minority ICRF heating at higher plasma density reduces T pasr in the
plasma core due to the lower energy at which the RF diffusion coefficient goes to zero [4], but
gives rise to a lower fast ion driven plasma rotation [1]. The reduced rotation may in turn
negatively affect the stability of current and pressure driven modes, and limit the possibilities
to control turbulence and the transition to high confinement regimes through sheared flow
generation [5]. In view of possible extrapolations of the minority ICRF heating schemes used
in JET to the heating of the fuel ions in ITER, it is then important to study the stability of fast
ion driven AEs as a function of the plasma density for otherwise similar plasma conditions.

First, the most obvious effect of plasma density on ICRF-driven fast ions comes from
the dependency of the fast ion slowing down time, ‘cs~Te3/2/ne. Second, the RF diffusion
coefficient goes to zero at lower fast ion energy for increasing plasma density due to the
larger perpendicular wave number of the ICRF wave field, effectively preventing a formation
of a tail in frpas(E) above a certain energy. This critical energy decreases with the harmonic
number, from >3Mev for 1* harmonic heating to <1MeV for 2" and higher order harmonic.



To test this theoretical result and benchmark ICRF code calculations, a series of experiments
were performed using the 2" harmonic H(D) ICRF heating scheme. The ICRF power,
Picre=5.2MW, the electron temperature profile and the shape of the electron density profile
were the same for the various discharges, thus allowing for a direct comparison of Trasr as
function of the electron density in the plasma core ny. The measured T past is almost double
at low plasma density, T rasr=200keV at neo==3x1019m'3 compared to T rasr=120keV at
neo=4x10"m>. Correspondingly, much weaker q=2 TAEs are excited for similar values of
Picrr. thus indicating a much lower drive at the mode radial location, as shown in fig.2. These
results are in quantitative agreement with current modelling of the various ICRF heating
schemes [4], with encouraging prospects for predictions of ICRF scenarios in ITER.
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Figure 2a. Measurement of the mode activity in the | Figure 2b. Measurement of the mode activity in the
Alfvén frequency range for the case of lower plasma | Alfvén frequency range for the case of higher plasma
density, ny=3x10""m, thus higher T, pasr=200keV. density, n~4x10""m, thus lower T pasr=120keV.

3. Effect of error fields on the stability threshold of ICRH driven AEs

The AE stability can be affected by the onset of other instabilities that modify the AE
drive by causing a redistribution of the fast ions. Two examples, already described in [6], are
the rapid density perturbation associated with pellet injection and the appearance of a q=1
magnetic island associated with a sawtooth crash. To further these earlier studies, we
investigated the effect on the fast particle population, hence the AE drive, of externally
induced error fields locking to the q=2 surface and generating a magnetic island. The interest
for this kind of experiment stems from the fact that an ad-hoc radial redistribution of the fast
ions could in principle be beneficial in locally reducing VBrasr, hence the drive for AEs or
Energetic Particle Modes.

In the absence of radially resolved measurements of fpast(E,r,t), the onset and the
disappearance of AEs localised at different radial positions can be used to provide evidence
for fast ion redistribution. In these experiments, the in-vessel saddle coils were used in their
low-frequency mode of operation to apply an externally controlled error field around the q=2
surface. With and without such error field, we observe EAEs associated with the g=3 surface,
whereas with the error fields we do not observe q=2 TAEs, as we do without the error fields.
This indicates that the net drive for these modes has been lowered by the error fields and the
induced magnetic island around the q=2 surface, with a much weaker effect around the g=3
surface [1].

Similarly, without the error fields, n=4 TAEs become unstable at Picre=3MW, and
during the ICRF flat-top phase reach the amplitude at the plasma edge [SB|rag=1.3x10"T. The
only difference observed for the n=4 EAE when the error fields are applied is the much higher
excitation threshold, Picrr=1.1MW without error fields compared to Pickr=2MW with error
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fields, thus indicating that a larger drive is required in this case. The slightly different central
electron temperature, Te<3keV without error fields compared to Teo~4keV with error fields,
does not affect significantly the TAE stability but gives a further indication that the fast ion
temperature is larger in the plasma core without error field modes. These observations can be
interpreted by considering that the presence of a magnetic island causes a radial redistribution
of the fast ions. The detailed modelling of these experimental results is left for future work.
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Figure 3a. The n=4 TAE mode amplitude as function Figure 3b. The n=4 EAE mode amplitude as function
of Picre. No mode is observed with error fields, and it | of Picre. The Picgr excitation threshold is higher with,
becomes unstable at Pyepp=3MW without error fields. Picre=2MW, that without error fields, Picre=1. IMW.

4. Effect of the value of the safety factor on axis, of the plasma rotation and its shear,
and of the direction of the ion VB-drift on the damping rate for n=1 TAEs

One of the main purposes of the AEs studies on JET is to validate the existing
theoretical models and identify the dominant damping mechanisms for global AEs, with the
aim to improve the accuracy in the predictions for future burning plasma experiments such as
ITER. This approach has characterised the AE active excitation experiments in JET over the
last ten years, using the saddle coils as an AE active antenna. The last campaigns aimed at
completing the saddle coil database before their removal, in the second half of 2004.

Along this line, we have investigated the role of the central safety factor qo, of the
plasma rotation and of the direction of the ion VB-drift on the AE stability in plasmas with a
monotonic g-profile. Due to the strong increase of the damping rate for the saddle coil driven,
low-n AEs at high edge elongation (kgs>1.6) and triangularity (895>0.35) [7], which makes it
difficult to measure low-n AEs in such configurations, our experimental work has mainly
focused on plasmas with low x9s and Sys, so as to infer in detail the contribution of additional
damping mechanisms in regimes much closer to the marginal stability limit of low-n AEs.

Theoretical modelling and direct measurements indicate that low-n AEs have a global
structure, i.e., have a radial profile extending over a large fraction of the plasma cross-section.
The rotation fror of the whole plasma column, and the shear in it (r/fror)(dfror/dr), can thus
be expected to have an impact over the effective mode damping. Comparing discharges with
similar level of Neutral Beam power (Png1), we notice that for PnpiS5SMW the shear in the
plasma rotation has no clear effect on the damping rate of n=1 TAEs. Only for Pxgp>6.5MW a
general trend can be identified in the database we collected, namely that the damping rate for
n=1 TAEs is always y®>2% in discharges characterised by a higher rotation shear, as shown
in figs.4a and 4b. This suggests that the damping mechanisms active at low performance are
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different from those active at high performance, with the former not affected by the toroidal
rotation profile of the plasma column and its shear.
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Figure 4a. Damping rate for n=1 TAEs as function of
the volume-averaged rotation shear for Pyg=3MW:
note the large scatter in the values of y/®.

Figure 4b. Damping rate for n=1 TAEs as function of
the volume-averaged rotation shear for Pyp>6.5MW:
here for high rotation shear y/@>2% always.
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Figure 5. Damping rate for n=1 TAEs as function of
go in ohmic plasmas: we note that for ge>1.1 a large

v/6>2% is obtained only for xgs>1.45 and 845>0.15.

Figure 6. Measurement of the frequency, damping
rate, mode amplitude and radial position for n=1 TAEs
as function of the ion VB-drift direction.

Considering ohmic plasmas with K¢s<1.5 and &s<0.3, we find that for qo>1.1 the
damping rate of n=1 TAEs does not exceed the value Y/ ®=2% for a variety of electron density
and temperature profiles and for different values of the plasma current and magnetic field, as
shown in fig.5. Conversely, with go<0.9, we find that in the same experimental conditions Y ®
can reach values up to Y/w=8%. These observations indicate that very large values of the
damping rate (Y®>2%) can only be obtained for qo<1. Theoretical modelling is necessary to
reproduce and provide an interpretation for this phenomenon. The transition between these
two regimes, which is observed for qo=0.9-1.1 is suggestive of a role for the sawteeth, either a
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dynamical one associated to each individual sawtooth collapse, or an average effect of the
sawteeth redistribution providing, on average, a lower core shear, favouring core damping via
mode conversion [8].

The direction of the ion VB-drift is an important parameter in determining the
accessibility conditions for the H-mode regime, with multi-machine experimental evidence
that a lower additional heating power is required for the L-H mode transition when the ion
VB-drift is directed towards the divertor [9]. It is thus important to study the implications of
the choice on the ion VB-drift direction foreseen for ITER operation on the value of the
background plasma damping of low-n TAEs. The data shown in fig.6 indicate that the
damping rate of n=1 TAEs with similar frequency and radial location is approximately a
factor three higher for the case of ion VB-drift directed away from the divertor, suggesting
that low-n TAEs would have a much lower instability threshold in plasma configuration with
the ion VB-drift directed towards the divertor [1].

After about ten years of operation, the 2004 JET experimental campaigns have been the
last where the saddle coils have been used to drive and detect the damping rate of low-n
TAEs. This experimental work has been useful in providing detailed benchmarks for the
theoretical predictions of the TAE stability in ITER, see for instance Refs.[7,8,10,11]. In
particular, we have demonstrated the role of the edge elongation, triangularity and magnetic
shear in determining /o for low-n TAEs [7], and we have measured the dependence of the
damping rate on the bulk plasma beta [10] and normalised Larmor radius [11]. In this respect,
the measurements reported here of the dependence of Y/ for n=1 TAEs on the rotation shear,
safety factor on axis and direction of the ion VB-drift represent the logic conclusion of our
experimental effort on low-n TAEs. On the theoretical side, we have learnt that gyrokinetic
codes provide for a better understanding of the damping rate of low-n TAEs, and particularly
the dynamic scaling of Y/ as function of various plasma parameters such as the edge plasma
shape, the bulk plasma beta and the normalised ion Larmor radius, see for instance the results
presented in Refs.[8,11]. However, it is also clear that a more systematic effort is needed for
accurate predictions of TAE instabilities in ITER, and this work should start from the large
database of low-n TAE data that we have collected so far, of which the data presented in this
paper are a typical example. At the same time, the design and installation of the new high-n
TAE antennas for JET represent the logic step forward towards a more detailed benchmarking
of the existing models for high-n AEs in ITER regimes.

5. Outlook: the new JET antenna for the excitation of high-n AEs

The present antenna geometry limits the active AE excitation to low toroidal mode
numbers, n=0-2, whereas intermediate or high n’s characterise the most unstable AEs, which
are already detected in JET and are similarly predicted for ITER. A direct excitation and
tracking of the same modes is thus of clear interest for preparing the next step experiment. To
this end, an antenna structure optimised for the excitation and detection of AEs with n=10-15
has been designed and built, and it is being installed during the current JET shutdown [12].

The new antenna system comprises two assemblies of 4 toroidally spaced coils, situated
at opposite toroidal locations. The static self-inductance of each new coil is L=25uH, similar
to that of the old antennas. Each coil is made using 18 turns of 4mm Inconel 718 wire, covers
an extent of ~(25%25x15)cm, and is individually insulated from the supporting frame with
Alumina-Oxide spacers. The first turn sits ~45mm behind the poloidal limiters. The coils are
mounted on a 3mm-thick Inconel 625 open structure, to avoid a closed path for disruption-
induced currents. A sketch of one set of four coils is shown in fig.7a. Figure 7b illustrates the
integration of one set of four coils into the JET first wall.



The support scheme uses cantilevered brackets that connect to the remains of the saddle
coils and “wing” brackets which add support to the top of the frame. These four attachment
points are isolated with Shapal-M spacers and bypassed with straps of known resistance to
provide a reliable current path, and hence optimise the mechanical load distribution. The
frame is further protected by CFC tiles. Conservative estimates of the disruption currents in
the MHD antennas and frame were used to calculate the loading and resulting stress in the
antenna structure. The frame is designed as an open structure to break eddy current loops,
computed assuming the antenna is shorted. The forces on the frame primarily result from halo
currents entering around the mini limiters that now protect the coils. Initially, halo current
loads were calculated assuming the full inventory of halo current crossed the toroidal field
and passed downward the full height of the frame to the lower attachment points. This caused
excessive forces at the saddle coil attachment points. To improve the loading, the attachment
points were connected to their mounting locations through resistive straps which have their
resistances sized to produce currents that minimise the net loading. With the addition of the
resistive earth straps at the four attachment points, a small toroidal current crossed with the
poloidal field component is added but the much larger loading due to poloidal currents
crossed with toroidal field is hugely reduced. Figure 7¢ shows an example of the calculation
of the mechanical loads and stresses in the antenna structure, due to halo currents during
plasma disruptions, and, to a lesser extent, to disruption induced currents, in both cases
crossed with the ambient magnetic field. Figure 7d shows a photo of the antenna frame, ready

for the final coil assembly.
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Figure 7c. Stress analysis of the new TAE antennas. Figure 7d. One of the two antenna frames as built.

To comply with the “As Low As Reasonable Possible” system for manual in-vessel
access, the new antennas will be almost entirely installed by Remote Handling (RH). Hence
many components and jigs had to be specially designed to be compliant with the requirements
of the RH installation. Detailed engineering work, the adaptable JET RH capabilities and




virtual reality models were used to develop the installation procedure. This has been recently
successfully demonstrated in full mock-up trials, thus significantly reducing the engineering
risks associated with the actual in-vessel installation.
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Figure 8a. Excited spectrum using 4 opposite coils. Figure 8b. Excited spectrum using 4 adjacent coils.

To simplify the ex-vessel installation, only four out of the eight antennas will be
actively driven, and the four “passive” ones will be used as additional detectors, together with
magnetic pick-up coils and internal measurements such as ECE and reflectometry. The
maximum antenna current and voltage used for the AE excitation experiments are of the order
of 10A and 700V, producing a very small antenna-driven magnetic field, |SB/B|<]0‘5 . Any
combination of 4 out of the 8 antennas will be chosen to excite different n-spectra, up to n~20,
as shown in fig.8a and fig.8b.

xio  JETSSIO7ndens3LIONCRPP Code calculations also demonstrate that this
arrangement provides a coupling to the
plasma for a n=5 TAEs that is of the same
order as that achieved with the present, much
bigger, saddle coils for an n=2 TAE for the
same JET equilibrium, as shown in fig.9.
Thus, it is foreseen that the real-time tracking
capabilities of the old saddle coil system will
be maintained and, possibly, control of the
marginal stability limit could be envisaged
for the intermediate n-modes driven by the
new antennas.

Figure 9. Calculated coupling for new TAE antennas.
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Abstract: Results from an extensive database analysis of JET density profiles show that the density peaking
factor n,y/<n,> in JET H-modes increases form near 1.2 at high collisionality to around 1.5 as the plasma colli-
sionality decreases towards the values expected for ITER. This result confirms an earlier observation on AUG.
The density peaking behaviour of L modes is remarkably different from that of H modes, scaling with overall
plasma shear as (n,/<n,>ocl;), independently of collisionality. H-mode density profiles show no shear
dependence, except at the lowest collisionalities. No evidence for additional Ly,, Ly;, T,/T; B or p* dependences
has been obtained. Carbon and neon impurity density profiles from Charge Exchange Spectroscopy are less
peaked than electron density profiles and usually flat in H modes. The possibility of heavy impurity accumulation
at ITER collisionalities remains an issue. The peaking of the electron density profiles, together with the flatness
of the light impurity density profiles, are favourable for fusion performance if they can be extrapolated to ignited
conditions. Peaked density profiles would help to recover the fusion performance loss resulting from a possible
lower-than-expected density limit in ITER.

1. Density profiles in ELMy H modes

Peaked electron and fuel density profiles in reactor plasmas provide the advantage of higher
reactivity, higher bootstrap fraction and stronger electron-ion coupling in the core, than
obtained with flat density profiles at the same average density, albeit at the risk of impurity
accumulation in the core. Most importantly, they may allow a recovery of the thermonuclear
power loss, which would result if the density limit in ITER [1] is as low as half of the
Greenwald density limit, as expected from a recent analysis in AUG and JET [2]. Therefore
the discovery of a clear collisionality dependence of density peaking in AUG [3] H-modes
called for an independent verification in JET. The theoretically important effective collisional-
. 172 372 ) .

ity defined as v, = v,;/@p,~3(m;/m,)" "€ "v¥,;/q (assuming kgp=1/3), where v,; is
the electron collision frequency and the curvature drift frequencywyp, is a rough estimate of the
ITG growth rate, and is therefore expected to govern both anomalous diffusion and convection
[3]. The collisionality dependence of the density peaking factors for a large representative set
of stationary ELMy JET H modes and ‘hybrid scenario H-modes’ (which have moderate to
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high gg5 and low core magnetic shear) is shown in Fig.1. The density profiles were evaluated
from the JET multichannel far infrared interferometer with the SVD-I inversion method [4],
which uses basis function extracted from the LIDAR Thomson Scattering (TS) profiles,
obtained by Singular Value Decomposition (SVD). This method greatly reduces errors in the
LIDAR TS profiles, while granting consistency with interferometry. The collisionalities
obtained on JET extend to below those expected for the ITER reference H-mode, indicated by
a vertical line. The different symbols in Fig.1 refer to classes of internal inductance, which is a
robust measure of overall magnetic shear. The same data are plotted versus /;in Fig.2. There is
no discernible dependence on /;, except for v,z<0.25. This is in contrast to L-modes in
DIII-D[5], TCV[6](7] and JET[8], where magnetic shear (or the peakedness of the current
profile) was found to be the most important parameter, irrespective of collisionality.
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Fig. 1 Density peaking factor in H-mode versus Fig. 2. Peaking factor in H-mode versus I,
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inductance ;.

2 ; - r 6—
: L | @ 6<10’p*<8 ® 35<RL <5
: Lo 3
18 g vvvvv L @ 5<103p*<6 5_4.: f 5<R/L’l'e<g
P | 4<10°pr<s <R/ <
¥ 3<10%p*<d | w0 - | ¥ B<RAL_ <10
/:\D 1.6 : LI \“! T ‘: N N
g = . AT REE
~ =] D S, A
' SRR 3~ %0
12 ................................................... 2 }’: : S - RREIEE
1 :
1 : N 1 . : Do
v _atr/a=0.5 10’ 10" v _atr/a=0.5 10°
eff eff

Fig. 3 Peaking factor in H-mode versus Vg Fig. 4 Normalised electron density gradient in H-
mode at r/a=0.5 versus Vg resolved by classes

resolved by classes of p* evaluated at r/a=0.5.
of electron temperature gradient.

The data presented here contain a great variety of conditions with
1.7x107%<<n ><11x10"m™3, 3x1073<p*<9x1073, 2.32495<6.5, 0.7<PN<2.6, 4<R/L7,(0.5)<9,
0.65T(0.5)/T(0.5)<1.7, 0.045V),,,<0.55V and combinations of heating methods with
Py SI7MW, P SIOMW, Ppp ,S3MW, including a minority of cases with substantial ICRH
heating (P;cp/P;o: in the range 0.4-0.9 and near central deposition 1/a~0.3). We found no
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additional dependence of peaking on <n,>, nor on Vy,,,, P /Py Bn, p*, T/T;, Ly, or Ly;.
Figs. 3&4 show the same data resolved into classes of p*, and R/Ly,, evaluated at r/a=0.5,
illustrating this lack of further dependences. In Fig.4, to offer an alternative representation, we
characterise density peaking by RL,=RdIn(n,ydr at mid-radius. The results also show that the
Ware pinch cannot be held responsible for density peaking at low Ve Where the lowest values
of Vy,,, are obtained. The latter statement is however in contradiction with JETTO modelling
of three H mode discharges, one of which was at low collisionality, and which did not require
an anomalous pinch larger than the Ware pinch [9]. Figures allowing a side-by-side
comparison of JET and AUG results are available from ref [10]. The peaking is slightly higher
(by ~0.1) at v,4~0.2 in JET than in AUG when the evaluation of v,z is based on the average
Z,derived from visible Bremstrahlung (VB), as in Figs 1-4. JET results are however brought
into full agreement with AUG when the hollow Z, profiles measured by CXS are used. Z,z
inferred from CXS at r/a=0.5 is typically lower by a factor 1.6 than Z,4 from VB, shifting the
Vg axis by the same factor.

It has been suggested that the peaked density profiles observed at low collisionality may result
from edge gas fuelling, rather than, as proposed here, from an anomalous pinch [11]. This
conclusion, obtained using the FRANTIC code, is however disputed, because it is based on
neutral flux calculations based on the total D,y emission, including the divertor, which
produces 90% of the Dy, light in the vessel. The idea that edge, or even beam fuelling may play
an important role in shaping the density profile, is at odds with experimental observations.
Fig.5 shows the peaking factor versus v,gresolved by line average density. The plasma density
determines the mean free path for both the neutrals originating from edge fuelling and those
injected by neutral beam heating. Penetration of edge neutrals occurs by a charge exchange
(CX) chain, until the chain is terminated by an ionisation. For deuterium, the average chain
length is <OVcx><OVigniaion>~4 for T, in the keV range.
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Fig. 5 As fig. 3, resolved by line average density.  Fig. 6 Comparison of peaking factors in deute-
rium plasmas with their counterparts in He.

If density profiles were determined by the sole balance of the particle source and diffusion,
they would only depend on the plasma density and the mixture of edge (shallow) and beam
(deep) fuelling. We notice that a class of samples with n, n.~4x10°m (green diamonds) has
peaking factors ranging from 1.3 to 1.8, in conlradlctlon with the assumption of purely
diffusive transport and a fixed source proﬁle We also note that in the interval 0.3<v,4<0.4,
densities range from 2.5 to 6x10°m™3, yet they have the same peaking factor. Similarly, the
flux of beam neutrals (<Pyg;) and its weight in the particle balance («<Pygj/<ng>) vary by a
factor of four in this interval, without incidence on the density peaking factor. Corroborating
evidence for the absence of source effects was obtained in a recent campaign using He as the
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working gas, where He twins of previous D discharges were produced. He neutral penetration
is strongly reduced by the low cross section for double CX, reducing the CX chain length by a
factor of ~10 with respect to deuterium. Again, if edge neutral penetration mattered, He
plasmas should be much flatter than their deuterium counterparts. As seen in fig.6, the density
profiles in He plasmas are, if different at all, a hint more peaked in some cases. A third element
stems from the comparison of AUG and JET. If neutral penetration mattered, density profiles
in the smaller AUG device would, contrary to observation, be more peaked than those in JET.
Central RF heating by ICRH and ECH
| @ 0<P /P<0.1 has been observed to flatten the density
1@ 0.1<P /P<0.2 profiles in TCV [7] and AUG [13][14].
| € 02<P /P<0.4 In the latter it also led to a reduction of
| ¥¢ 0.4<P /p<0.g the central heavy impurity content. Two

“ ,
T : ; | P 0.8<p /p<1 | different mechanisms may concur to
g ® - e~ produce for this phenomenon. In the
e gl p XV ; o il ] ’ ..... ] first, the pinch responsible for peaking is
S y . @’@ o assumed to be the Ware pinch. The
oo A [@0 e® flattening is then attributed to a rise of

2 }_“f s TR % 1 particle diffusivity proportional to the
Py .Y rise in core heat diffusivity resulting

T DR from the additional heat flux [13]. The

10 s . second mechanism, based on drift wave

Fig. 7 H-mode density gradients resolved by fraction of turbulence theory, attributes the peaking
ICRH heating power. of the density profiles to anomalous

pinches and their flattening in the
presence of electron heating to the destabilisation of trapped electron modes (TEM), which
produce a strong outward thermodiffusive particle convection counteracting the inward
convection produced by the curvature pinch [3][14](15]. In the steady state density profile
database presented here, there is no evidence for a significant effect of Pycpy on electron
density (fig.7). We note however that severe Ar impurity accumulation in Ar seeded discharges
at high v(0.5)~1 can lead to the development of highly peaked core density profiles and flat
temperature profiles with R/L,~7, R/Ly~0 for r/a<0.4 [16]. This evolution is now routinely
prevented by the application of a few MW of centrally deposited ICRH. Electron heating
experiments using ion Bernstein mode conversion heating in (non-seeded) H-modes have not
shown any effect of the electron heating power on the density profiles. A GS2 [17] microsta-
bility analysis of these experiments, which exhibited a clear rise in T,(0y<T,>, but no change
in n.(0y<n,>, showed that these plasmas remained in the ITG regime, possibly due to a lack of
electron power. In the ITG regime only weak inward thermodiffusion is expected [3].

2. Fusion performance benefit from peaked density profiles

The potential fusion performance benefit from peaked density profiles is considerable, as
shown in fig. 8. The figure plots the ratio of the expected thermonuclear yield calculated for
thermal particles, using the measured density and temperature profiles to the same ratio,
assuming a flat fuel density profiles with n.,=n.(0.9) and using the approximation
RDT~nDnTTi2, valid for 7<T;<20keV. The symbols refer to the Greenwald number N¢. The
gain is nearly a factor 3, on average, for the ITER collisionality domain and nearly a factor 2
with respect to the weakly peaked plasmas at the high collisionality end. This advantage may
however be entirely ‘consumed’ to compensate for a reduction of fusion performance, if the
density limit is lower than expected.
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The density limit has been related to the
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pedestal density in JET and AUG H-
modes and has recently produced the
alarming prediction that the density limit
in ITER may be as low as half of the
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density of ITER reference H-mode [2].
If this lower limit (Borrass limit), rather
than the Greenwald limit [18], applies to
ITER, the loss in thermonuclear power
would be at least a factor of two. This
can be estimated, assuming
<0 T,>octgoc<n >4, as expected from
ITERH.DB3 ELMy H-mode scaling
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Fig. 8 Increase of expected thermonuclear yield over

plasma with flat density profile clamped at n,(0.9).

[19]. The reduction will be more
important still due to the unfavourable
effect of the equipartition, as a result of
which ions temperatures would lag sig-

nificantly behind electron temperatures at low density. The gain from peaked density may
compensate for the reduction of thermonuclear power that would result if the Borrass, rather
than the Greenwald limit, applied to ITER. (Other caveats of low density operation, such the
inability to achieve divertor detachment, are beyond the scope of this contribution).

3. Density profiles in L-modes
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Fig. 9. Density peaking in LHCD L-modes versus
internal inductance, resolved by effective colli-
sionality at r/a=0.5. Stars: Carbon impurities.

In source-free MHD-quiescent L-mode
plasmas with LHCD and with ¢g,>1, the
density profile varies as n,,/(n,) =16,
(fig.9, coloured symbols) independently of
Veﬁ“ A range of PLHCD_<3.6MW/, depOSited
typically around »a~0.4, provided this scan
of /; at fixed qgs~8. These experiments,
reported in [8], have been reanalysed using
the SVD-I method [4], showing that the
peaking factor was previously underestimated
by 25%. The density profiles remain peaked
at Vj,,,=0 and negligible core particle
source, as determined by KNI1D [12],
confirming investigations in fully current
driven discharges in Tore Supra [20] and
TCV [7]. As in the above H-modes, no
dependence on Ly was found. A GS2
analysis showed that the sign of the mode
frequency is very sensitive to input

parameters. This may indicate that the discharges are in a mixed ITG/TEM regime, where
little or no anomalous thermodiffusion, and hence no Ly, dependence, is expected [14]. The |
dependence is consistent with an anomalous pinch resulting from Turbulent EquiPartition [5].
Transport simulations using JETTO on a small number of L-mode discharges (not part of the
above LHCD set) have also concluded that an anomalous pinch is present in L-modes [9].
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4. Impurity density profiles and accumulation

Peaked density profiles, as found in many L-modes and in H-modes at low collisionality, raise
the concern of neoclassical impurity accumulation, especially of the proposed ITER divertor
material tungsten. Radial neoclassical impurity convection results from an inward term due to
the main ion density gradient and an ion temperature gradient contribution which depends on
the overall ion collisionality v*;, (b stands for the background ions) [21] and may partly or
fully counteract (‘screen’) the inward convection if v¥,<1, as expected for the ITER reference
H-mode (v*;,~0.4 at r/a=0.5). For a heavy impurity in a hydrogen plasma with a typical light
impurity concentration, the relevant background collisionality is dominated by that of the light
impurities. In the current dataset, the possibility of some screening is limited to the lower end
of the v, range where v*c~1 at 1/a=0.5, calculated on the basis of the plasma deuterium and
carbon content. At v >0.7, v¥s>3 (typically), and the ion temperature gradient somewhat
reinforces the inward convection [21]. Recent calculations using the Weiland model also show
that anomalous inward convection, which scales as 1/Z, is lower for carbon than for deuterium.
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Fig. 10 Normalised H-mode electron (-) and car-  Fig. 11 Ratio of carbon concentrations at 1/
bon impurity density (--) profiles for three differ-  a=0.4 and 0.8 as function of V ,gin H-modes.

ent Veﬁ and QQ5~3.

Fig.9 shows that in L-mode, the carbon density profile from CXS, is significantly less peaked
than the electron density profile. In H-mode, carbon density profiles are rather flat or slightly
hollow, as seen for three examples with different collisionalities in fig.10. As a result, carbon
concentration, n,/n,, profiles are hollow inside ra~0.7, especially at low collisionality, when
density profiles are most peaked (fig.11). Neon gas puff experiments in hybrid H-modes have
provided transport coefficients such that v/D are similar to those of intrinsic carbon
(vy/D;=dinny/dr in source free regions in steady state) [22]. The slight hollowness of light
impurity density profiles exceeds theoretical expectations (Ve<1/Z) and raises the question
wether NC ion temperature screening may contribute. This appears to be impossible in view of
the high diffusion coefficients (D~l-4m2/s, two orders of magnitude beyond NC) obtained for
Ne and Ar in the confinement region [22]. The complex structure and large magnitude of the
convective velocity in impurity transport simulations [22](23] is also at odds with NC theory.
Ar seeding has been used in high density discharges to simultaneously obtain high density,
good confinement and an edge radiation belt. Ar in these H-mode discharges, which had
v,>0.6 and v*;>3, was prone to a process of slow, but severe, central accumulation, often
developing highly peaked electron and Ar densities and high core radiation losses, especially
at low triangularity [16](23](24]. These radiation losses and lack of net heating power in the
core led to core shear reversal with q,;;>1 and the suppression of sawteeth, thereby worsening
the accumulation. A few MW of central ICRH was sufficient for maintaining sawteeth (or
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sometimes a (1,1) MHD mode), for flattening the core electron and Ar density profiles,
allowing access to stationary high performance discharges [16].
8 : ‘ R Results for laser ablated, transient Ni injection
: "j"“:‘%%ee - are shown in fig.12. The figure shows peaking
' ; ‘ ‘ factors extrapolated to steady state, as
deduced from X-ray measurements and
modelled using an ionisation equilibrium code
: : to provide radially resolved transport
e T parameters. Steady-state profiles were then
: o - reconstructed from v(r) and D(r), assuming a
I T constant edge source. Some of these are
‘0 considerably more peaked than the electron
: , 3 P density profiles, with most of the impurities
00 0: ; 0‘2 o8 oj, 4 0:5 06 concentrated_ near Fhe m'agnet.1c axis, inside
ta=0.5) r/a<0.25, while outside this region, Ni concen-
trations were constant. In the confinement
Fig. 12 Peaking of laser-ablated Nickel density zone, Ni diffusion coefficients in H-mode
profiles (transient). (1<D<4m?/s, depending on the discharge) and
L-mode (2<D<7m2/s) were clearly anomalous
and much lower towards the axis and near the edge in H-mode. These observations, as others
(e.g.[25)), support the view that in the core, where anomalous transport is low in the absence
of sawteeth, heavy impurity transport is dominated by NC processes. In particular, the
observation that Ni profiles can be strongly peaked in the core at low v,z reinforces our
concerns about tungsten accumulation in ITER.
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5. Discussion and summary.

The above observations pose welcome constraints on the theoretical understanding and on
ongoing modelling efforts. Some observations can be related to existing theories. The v,z
dependence in H-modes, which are largely in the ITG regime, is in agreement with fluid
modelling [3]. Positive shear L-modes and H-modes at low Vg have profiles which are
consistent with Turbulent EquiPartition [5], as expected from purely diffusive transport of
trapped particles in poloidal flux space, i.e AN/A'¥Y ~constant (where AN is the number of
particles in the interval A¥) over most of the cross section. A theoretical difficulty is the
existence of peaked density profiles at high v,z in L-modes, while, for high values of v,z H-
mode profiles are much flatter. Another difficulty is to understand why there is no evidence for
a shear dependence for H-modes at v,z>0.2, despite the expectance that the curvature pinch is
the dominant convective mechanism when ITG’s dominate [14].

It seems reasonable to assume that the differences are somehow linked to the nature of the
underlying turbulence (ITG or TEM). The fundamental difference between L and H-modes is
the edge pedestal, which appears to lead to flatter core density profiles, which is stabilising
TEMs and destabilising for ITGs. At v,4<0.2, however, the significant density gradient in H-
mode would reduce ITG growth rates and contribute to destabilising TEMs, which may
explain why a shear dependence similar to that of L-modes is observed. (Recent observations
in TCV and AUG also suggest that the domains where scaling with Vg respectively shear, is
observed do not coincide neatly with the H and L-mode regimes). The L-modes reported
above appear to be in a mixed ITG/TEM regime, not however dominated by TEMs, as can be
produced in devices equipped with high power electron heating such as TCV and AUG, where
density profiles have been observed to flatten in response to central electron heating
[13][20]{14].
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The agreement between JET and AUG, together with the lack of significant dependencies on
dimensionless parameters other than v,z (and /; at the lowest v,z), suggests that an extrapola-
tion to ITER H-modes should be possible. Assuming otherwise similar conditions, we expect
nyg<n,>=1.5+0.2 for the collisionality of the ITER reference H-mode, corresponding to
RAL,~4+1 at mid-radius. We expect this prediction to apply to the initial, non-active phase of
operation when hydrogen or helium will be used as working gases. This peaking would also
imply a boost in thermonuclear fusion yield of nearly a factor of 3 over a flat density profile
with density clamped at r/a=0.9. This may compensate for a possible lower density limit in
ITER [2]. Extrapolation to ignited conditions is uncertain, because the large electron heating
power deposited in the core by a-particles may destabilise TEMs, leading to flatter density
profiles. A positive effect may however be a concomitant reduction of the core impurity
content. The amount of net electron heating and their effect on TEMs will however be reduced
by electron-ion coupling, for which smaller devices with high local electron heating power
densities are not necessarily representative. The non-observation, so far, of density flattening
in JET should not be taken as an indication that the phenomenon disappears in large enough
devices, since it may be also due to a lack of electron heating power available in JET. The
issue calls for dedicated experiments at low v,z where the central electron heating is tailored
as to emulate the net electron heating profile in ITER.
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