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Abstract. Although both i harmonic ordinary mode (01) andharmonic extra-ordinary mode (X2) have been
successfully used to initiate pre-ionization anelladown in many devices, a complete theoreticalahisdstill missing
to explain the success of this method. Moreovenesexperimental observations are not completelerstdod, such as
what occurs during the delay time between the turnef ECRH power and first signals of density or figh
measurements. Since during this free period the E@Q&Rirer has to be absorbed by in-vessel compon¢msfiprime
importance to know what governs this delay time.dRég, dedicated start-up experiments have beeionoeed on
WEGA, using a 28 GHz ECRH system in X2-mode. This hitee has the interesting capability to be run asa
tokamak allowing comparative experiments betweeltesaitor and tokamak configurations. Differentrscin heating
power, neutral gas pressure, and rotational trams&how clearly that the start-up is a two-stepcess. A first step
following the turn-on of the ECRH power during which measurable electron density (or just abovaige level in
some cases), ECE and radiated power is detectedurésion depends strongly on the level of injeqtedver. The
second step corresponds to the gas ionization Esinp expansion phase, with a velocity of densitydbup and
filling-up of the vessel volume depending mainly pmessure, gas and rotational transform. Morearinteresting
scenario of ECRH pre-ionization without loop voltageokamak configuration by applying a small optinaertical
field can be relevant for start-up assistance doréuexperiments like ITER. The results from thigperimental
parametric study are useful for the modeling ofsfaet-up assisted by the second harmonic elecyrclotron resonance
heating. The aim of this work is to establish pcédé scenarios for both ITER and W7-X operation.
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1. INTRODUCTION

One of the specific purposes and tasks of the iBlec@yclotron Resonance Heating (ECRH)
system on both tokamaks and stellarators is toigeoa reliable plasma start-up. Indeed, the
plasma breakdown and burn-through has to be insnrte two upcoming biggest experiments
in the world, ITER and W7-X, where large ECRH systaare foreseen: 24 MW on ITER and 10
MW on W7-X [1]. Contrary to the start-up in a tokaknwhere an induced loop voltage
generates a plasma current, a reliable plasmaugian a stellarator uses ECRH only (or NBI).
The plasma start-up requires an external heatiageon a stellarator, to compensate the lack of
internal ohmic heating. In ITER, pre-ionization aassisted start-up with ECRH (or ICRH) will
be necessary to achieve plasma breakdown becatise lofv toroidal electric field< 0.3 v/m)
compared to the large volume of the vessel [2].

A typical delay time is observed between the rampwuthe ECRH power and the electron
density build-up. Since during this free period B@@RH power has to be absorbed by in-vessel
components, it is of prime importance to know wiaterns the dependence of this delay time
on discharge parameters (ECRH power characterigi@sspressure and rotational transform) to
avoid any damages during the operation of W7-X. rétoee, recent dedicated start-up
experiments have been performed on the WEGA sattia(IPP, Greifswald, Germany) [3],
using a 10kW - 28 GHz - ECRH system in X2-mode. M H@s the interesting capability to be
run also as a tokamak allowing comparative expariméetween stellaratos/{= =0) and
tokamak (/2= =0, i.e. no poloidal field) configurations. Its majand minor radius are
respectivelyR= 72 cm and = 19 cm. WEGA is currently operated with a magngéild in the
range of [0.44 — 0.52] T, and a maximum rotatiomahsform of about= 0.4 in stellarator
configuration. The maximum plasma radiusais 11 cm for a volume o¥/ = 0.16 ni. A
parametric study has been realized in both on-o#iralis heating configuration in X2-mode. In
the next part, the results from these experimaetsa@ammarized to give a characterization of the
start-up on WEGA. Results from experiments of tollrstart-up configuration on WEGA are
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exposed in the third part of this paper. The lastt ps dedicated to the conclusion and
perspectives.

2. CHARACTERIZATION OF THE START-UP IN X2-MODE ON STELLARATOR

Several parameters can influence the plasma gtgretformance assisted by ECRH power.
The first parameter is the level of power injecitedhe neutral gas (i.e. strength of the electric
field), closely linked to the polarization and tharmonic of the electron cyclotron wave. The
neutral gas pressure is a parameter to optimizeedith working gas has its own behavior in
terms of plasma-wall interaction and plasma bupd-Results presented here correspond to
helium and hydrogen discharges. Scans in ECRH pawesrtral gas pressure and rotational
transform are performed. To characterize the sfayrthe delay time and the electron densigy (n
of three series of helium discharges performed wiitfaxis heating are plotted as a function of
the neutral gas pressure in figure 1. The delag tatnongly depends on the pressure at low
power (2.8 kW), since it increases from 18 ms tav@when the pressure is increased from
5-10° mbar to 25- 18 mbar (blue curve). However, no dependence onréspre is observed at
high power (7 kW), where the delay time remainsstant at about 4 ms (dashed red curve). A
small increase of 10% in the electron density iasneed from the 5- Tombar discharge to the
25-10° mbar discharge. The third discharge series (btimtted line) illustrates a high power
case at very low rotational transformizg = 0.02). It shows that even at higher power (8.3 kW),
the delay time is larger up a factor of 4, andeleetron density achieved during this discharge is
especially much lower (factor of 1/4) than in higkational transform discharges (red triangles -
(/2 = 0.21). These experiments show that there is an ECRHepohveshold from which the
start-up performance does not vary over the scapnessure range. However, this threshold
depends on the rotational transform, which hastetibng enough to insure good confinement
and thus high plasma density. Indeed, losses df aigergy electrons (above the ionization
energy threshold), which are accelerated by thevga@e-electron interaction, are minimized by
a high rotational transform and an optimized négtaa pressure. A too high neutral gas pressure
inhibits the acceleration process by inelasticisiolhs between neutrals and electrons.
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FIGURE 1. (a): Delay time (in ms) as a function of the malugas pressure (in mbar) for four different cases

Similar discharges have been performed in hydrggerto allow a comparison of the start-up
performance between both gases. Results from higlepECRH discharges are plotted in
figure 2, which shows that the start-up is fastenelium with an electron density up to a factor
of 5 higher than in hydrogen.

As previously observed on the Heliotron J helioavide [4], only a thin ring of plasma is
produced around the magnetic axis in a first ph@ikes phase, well reproduced on WEGA,
especially during on-axis hydrogen dischargesljustrated in figure 3-(a) by a picture taken
with a video camera.
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FIGURE 2. (a): Delay time as a function of the neutral geessure for helium and hydrogen plasma. (b):
Electron density as a function of the neutral gasgure measured for the same sets of discharges.

It is characterized by a small increase in thetedeadensity hardly measurable by the central
channel of the interferometer, since only a thilugee around the magnetic axis is ionized
(picture (a) in figure 1). Indeed, although therémaent of energy by wave-electron interaction is
low for the X2 scheme, a part of these electromsaczumulate energy by collisionless heating
well above the energy of ionization of a neutraha{5]. In a second phase, if good conditions
are fulfilled in terms of ECRH power, neutral preégsand rotational transform, the radial

plasma expansion phase occurs by perpendicularsdifi. The electron multiplication
dominates the losses (drifts, recombination, é&e)ing to a high increase in the electron
density before it reaches a flat top (picture (bligure 3).

FIGURE 3. lllustration of the two main phases in the dgnbitild-up, in a stellarator configuration with
rotational transform (pictures (a) and (b)), and itokamak configuration with vertical field (picés (c) and (d)).

Off-axis heating experiments were performed to detepthe understanding of the electron
density build-up. In this case, the EC resonancshifted of about 6.5 cm away from the
magnetic axis to the high field side, which is gu#érge compared to the radial size of the plasma
(~11 cm). A strong degradation in the plasma bupdis measured during the off-axis
discharges. To illustrate this result, delay timd alectron density from a discharge performed
in optimized conditions (high iota and low pressguseplotted in green marks in figure 1. This
discharge can be compared with the low pressuchalige plotted with a red triangle since both
are similar in terms of pressure and ECRH powerctad. In off-axis heating, the delay time is
much longer (120 ms) and the electron density ia Eactor of 5 less. In this configuration, the
ECRH beam does not cross the resonance on the ticagxis leading to a less efficient process
of electron acceleration by the EC wave.

3. TOKAMAK SCENARIO FOR ECRH ASSISTED START-UP WITHOUT LOOP
VOLTAGE

In the discharges performed on WEGA in tokamak igométion, no poloidal field is applied
resulting in a rotational transform equal to zénoorder to study the start-up assisted by ECRH
and to evaluate its efficiency to pre-ionize thespha, a constant vertical field is applied without
action of the central solenoid. Indeed, thankfieodapability of WEGA to perform long pulses
(20s), the ramp-up (or -down) of the vertical fieddds 2.5s before the ECRH power is
switched-on to insure a zero loop voltage startfine line integrated electron density measured
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by the interferometer, as well as the delay tingthe plasma current, is plotted as a function of
the vertical field in figure 4 for a set of 12 disecges. The wide scan in vertical field shows that
an optimal value of vertical field allows a fasagina start-up. During these discharges, the
increase in the electron density during the ragkglansion phase of the plasma is synchronized
with a plasma current driven by fast electrons ¢etied by ECRH. Electrons are well confined
by the compensation of the inward Lorentz forcehwtite outward centrifugal force, and
generate co- or counter-current depending on thtecakfield sign. An absolute vertical field of
[10-20] Gauss allows the confinement of electranshie range of [150-220] keV. However,
although best plasma start-up is achieved for apnlate value of vertical field of 20 Gauss (see
pictures (c) and (d) in figure 3), an asymmetrthie results is observed between the positive and
negative vertical field. Both electron density god@sma current are up to a factor of 3 higher in
the case of negative vertical field. Contrary fmaitive vertical field, a negative one is assumed
to compensate the verticalh VE drift by a vertical pitch angle.
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FIGURE 4. Line integrated electron density, plasma cureemnt delay time as a function of the vertical field.

4. CONCLUSION AND PERSPECTIVES

Different scans in power, pressure, and rotatitrealsform allowed the characterization of
the plasma start-up on WEGA assisted by the ECRK2imode. The optimized parameters,
which were determined to achieve a fast start-ubigtt electron density, are the maximum
ECRH power available on WEGA (9 kW), a low neutpaéssure around 5.PGnbar, and
on-axis EC resonance discharge in helium neutsal ga

The optimized scenario combining ECRH and vertitgald to assist plasma start-up on
tokamak without loop voltage will be very interesgtion experiments like ITER to increase the
operational margin for a robust breakdown and lowsipurity burn-through, and also to
improve the conditioning techniques with ECRH [7].
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