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Abstract. Although both & harmonic ordinary mode (01) and®zharmonic extra-ordinary mode (X2) have been
successfully used to initiate pre-ionization anelatadown in many devices, a complete theoreticalahisdstill missing
to explain the success of this method. Moreovanesexperimental observations are not completelyerstdod, such as
what occurs during the delay time between the aurrof ECRH power and first signals of density ghtimeasurements.
Since during this free period the ECRH power halse@bsorbed by in-vessel components, it is of @iimportance to
know what governs this delay time. Recently, dadidastart-up experiments have been performed on WEGIng a
28 GHz ECRH system in X2-mode. This machine hasirtte¥esting capability to be run also as a tokamkdwing
comparative experiments between stellaratg? > 0) and tokamak (/2w = 0) configurations. Different scans in
heating power, neutral gas pressure, and rotattoaasform () show clearly that the start-up is a two step @ssc A
first step following the turn-on of the ECRH powdiring which no measurable electron density (or fli®ve the noise
level in some cases), ECE and radiated power ectit. Its duration depends strongly on the le¥éhjected power.
The second step corresponds to the gas ionizatidrplasma expansion phase, with a velocity of dermsiild-up and
filling-up of the vessel volume depending mainly pressure, gas and rotational transform. Moreoamrinteresting
scenario of ECRH pre-ionization without loop vokam tokamak configuration by applying a small ol vertical
field can be relevant for start-up assistance duoréuexperiments like ITER. The results from thigerimental
parametric study are useful for the modeling ofstast-up assisted by the second harmonic eleciroiotron resonance
heating. The aim of this work is to establish pctde scenarios for both ITER and W7-X operation.
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INTRODUCTION

One of the specific purposes and tasks of the BledCyclotron Resonance Heating (ECRH) system on both
tokamaks and stellarators is to provide a religiidsma start-up. Indeed, the plasma breakdown ardthrough
has to be insured in the two upcoming biggest expsits in the world, ITER and W7-X, where large ECRH
systems are foreseen: 24 MW on ITER and 10 MW onXNZI}. Contrary to the start-up in a tokamak whene a
induced loop voltage generates a plasma curreatiadle plasma start-up in a stellarator uses ECRii (@r NBI).
Since the rotational transfornj @nd thus the confining magnetic field alreadyseki vacuum, a loop voltage can
be omitted. Therefore, the plasma start-up reqainesxternal heating source in a stellarator, topensate the lack
of internal ohmic heating. In ITER, pre-ionizatiand assisted start-up with ECRH (or ICRH) will be neaesto
achieve plasma breakdown because of the low tdreldatric field € 0.3 V/m) compared to the large volume of
the vessel [2].

A typical delay time is observed between the rapmfithe ECRH power and the electron density build-up
This delay time, also called breakdown time, cast i to several dozens of milliseconds. Sincendutihis free
period the ECRH power has to be absorbed by in-Vessaponents, it is of prime importance to know wha
governs the dependence of this delay time on digehparameters (ECRH power characteristics, gasyseeasd
rotational transform) to avoid any damages durimg operation of W7-X. Therefore, recent dedicatedt-sip
experiments have been performed on the WEGA stdia(IPP, Greifswald, Germany) [3], using a 10k®8-GHz
- ECRH system in X2-mode. WEGA has the interestingabdity to be run also as a tokamak allowing corapiae
experiments between stellaratof2r > 0) and tokamak:f2m = 0, i.e. no poloidal field) configurations. Its major
and minor radius are respectiveR= 72 cm and = 19 cm. WEGA is currently operated with a magnégtd in
the range of [0.44 — 0.52] T, and a maximum rotetidransform of about= 0.4 in stellarator configuration. The



maximum plasma radius #&= 11 cm for a volume of = 0.16 ni. A parametric study has been realized in both on-
and off-axis heating configuration in X2-mode. he thext part, the results from these experimemsammarized

to give a characterization of the start-up on WE®Asults from experiments of tokamak start-up caméigon on
WEGA are exposed in the third part of this papéie Tast part is dedicated to the conclusion anggeetives.

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

Several parameters can influence the plasma gigoerformance assisted by ECRH power. The first patam
is the level of power injected in the neutral gas. Strength of the electric field), closely limkéo the polarization
and the harmonic of the electron cyclotron wavee Tieutral gas pressure is a parameter to optirhizegach
working gas has its own behavior in terms of plasvall interaction and plasma build-up. Results pnése here
correspond to helium and hydrogen discharges. Soad®€RH power, neutral gas pressure and rotatioaastorm
are performed. To characterize the start-up, theydime and the electron density(rof three series of helium
discharges performed with on-axis heating are gdiofts a function of the neutral gas pressure indig. The delay
time strongly depends on the pressure at low pd& kW), since it increases from 18 ms to 60 menvthe
pressure is increased from 5”1@bar to 25-1®mbar (blue curve). However, no dependence on tasspre is
observed at high power (7 kW), where the delay tismains constant at about 4 ms (dashed red cukvsiall
increase of 10% in the electron density is meastnad the 5-10 mbar discharge to the 25-3fbar discharge.
The third discharge series (black dotted lineksiitates a high power case at very low rotatiormadsiorm (/27 =
0.02). It shows that even at higher power (8.3 kW),dk&y time is larger up a factor of 4, and thetetn density
achieved during this discharge is especially mwetel (factor of 1/4) than in high rotational tramsh discharges
(red triangles ¢/2m = 0.21). These experiments show that there is an ECRH ptiweshold from which the start-
up performance does not vary over the scannedyeesange. However, this threshold depends ondtational
transform, which has to be strong enough to inga confinement and thus high plasma density.dddmbsses
of high energy electrons (above the ionization gyehreshold), which are accelerated by the EC vwe&etron
interaction, are minimized by a high rotationahsform and an optimized neutral gas pressure. Aiglo neutral
gas pressure inhibits the acceleration procesaddgistic collisions between neutrals and electrons.
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FIGURE 1. (a): Delay time (in ms) as a function of the malgas pressure (in mbar) for four different ca3é® blue line
corresponds to low ECRH power discharges (2.8 k@ttad) at high rotational transform (0.21). Thehdd red curve
represents discharges performed at the same ibt higher power (7 kW). Then, a third dischargges at even higher power
(8.3 kW) but very low rotational transform (0.02)illustrated by the dotted black curve. Finallge®ff-axis discharge (green
star) at high power (7.5 kW) and rotational transf¢0.21) is plotted. (b): Electron density as acion of the neutral gas

pressure measured for the same sets of discharges.

Similar discharges have been performed in hydraggsito allow a comparison of the start-up perforean
between both gases. Results from high power ECRHhaliges are plotted in figure 2, which shows thatstart-up
is faster in helium with an electron density ugtfactor of 5 higher than in hydrogen.
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FIGURE 2. (a): Delay time as a function of the neutral geesssure for helium and hydrogen plasma. (b): Edealensity
as a function of the neutral gas pressure measoré¢de same sets of discharges.

As previously observed on the Heliotron J helicadide [4], only a thin ring of plasma is produceduad the
magnetic axis in a first phase. This phase, welraéuced on WEGA, especially during on-axis hydroge
discharges, is illustrated in figure 3-(a) by atie taken with a video camera. It is charactertzgd small increase
in the electron density hardly measurable by theraé channel of the interferometer, since onlyhim tvolume
around the magnetic axis is ionized (picture (ajignre 1). Indeed, although the increment of epdry wave-
electron interaction is low for the X2 scheme, at d these electrons can accumulate energy bysitmiless
heating well above the energy of ionization of atred atom [5]. In a second phase, if good condgiare fulfilled
in terms of ECRH power, neutral pressure and rotatitnansform, the radial plasma expansion phasarsduy
perpendicular diffusion. The electron multiplicatidominates the losses (drifts, recombination,, éégding to a
high increase in the electron density before ithea a flat top (picture (b) in figure 3).
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FIGURE 3. lllustration of the two main phases in the denbitild-up, in a stellarator configuration with atibnal transform
(pictures (a) and (b)), and in a tokamak configaratvith vertical field (pictures (c) and (d)). )(&:irst, electron collisionless
heating phase, when only a thin snake of plasmeoiduced around the magnetic axis. (b): Then, pasxpansion, associated
to the electron density build-up. (c): Without tdditional poloidal field, the confinement is p@ord ionization occurs first in
the vertical resonance cylinder. (d): optimizedicet field enables to ionize a large volume of tngligas and to reach a high n

Off-axis heating experiments were performed to detepthe understanding of the electron densitydbu. In
this case, the EC resonance is shifted of aboutr.Away from the magnetic axis to the high fieldesiwhich is
quite large compared to the radial size of therptag~11 cm). A strong degradation in the plasmadiup is
measured during the off-axis discharges. To ilatstithis result, delay time and electron densitynfia discharge
performed in optimized conditions (high iota and lpressure) is plotted in green marks in figur@Htis discharge
can be compared with the low pressure dischargieplavith a red triangle since both are similarténms of
pressure and ECRH power injected. In off-axis heating delay time is much longer (120 ms) and tleetedn
density is by a factor of 5 less. In this configioa, the ECRH beam does not cross the resonandeeamagnetic
axis leading to a less efficient process of electoceleration by the EC wave.

TOKAMAK SCENARIO FOR ECRH ASSISTED START-UPWITHOUT LOOP
VOLTAGE

In the discharges performed on WEGA in tokamak igométion, no poloidal field is applied resulting a
rotational transform equal to zero. In order tadgtthe start-up assisted by ECRH and to evaluatffitiency to
pre-ionize the plasma, a constant vertical fieldgplied without action of the central solenoidlédad, thanks to the
capability of WEGA to perform long pulses (20s) tlamp-up (or -down) of the vertical field ends2b&fore the



ECRH power is switched-on to insure a zero loopagststart-up. The line integrated electron demsigsured by
the interferometer, as well as the delay time &edplasma current, is plotted as a function ofvilagical field in
figure 4 for a set of 12 discharges. The wide soarertical field shows that an optimal value oftieal field allows
a fast plasma start-up. During these dischargedntitease in the electron density during the tadipansion phase
of the plasma is synchronized with a plasma curmeren by fast electrons generated by ECRH. Elesteoe well
confined by the compensation of the inward Lordotze with the outward centrifugal force, and gesterco- or
counter-current depending on the vertical fieldnsid\n absolute vertical field of [10-20] Gauss alf the
confinement of electrons in the range of [150-229]. However, although best plasma start-up iseadd for an
absolute value of vertical field of 20 Gauss (s&tupes (c) and (d) in figure 3), an asymmetry lie results is
observed between the positive and negative vefiadl Both electron density and plasma currentugréo a factor
of 3 higher in the case of negative vertical figlshntrary to a positive vertical field, a negativeeds assumed to

compensate the verticBIA VB drift by a vertical pitch angle.
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FIGURE 4. Line integrated electron density, plasma cureegnt delay time as a function of the vertical field.

CONCLUSION AND PERSPECTIVES

Different scans in power, pressure, and rotatidraaisform allowed the characterization of the plastart-up
on WEGA assisted by the ECRH in X2-mode. The optithizarameters, which were determined to achieveta fa
start-up at high electron density, are the maxini®RH power available on WEGA (9 kW), a low neutragsure
around 5.19 mbar, and on-axis EC resonance discharge in heieutral gas.

The optimized scenario combining ECRH and verticaldfito assist plasma start-up on tokamak withoop lo
voltage will be very interesting on experiment®lIRER to increase the operational margin for a sbbueakdown
and low-Z impurity burn-through, and also to impedte conditioning techniques with ECRH [7].
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