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Abstract. ECRH assisted plasma break down is foreseen with full anfdniadnetic field

in ITER. As reported earlier, the corresponding O1- and BResnes have been successfully
used for pre-ionisation and breakdown assist in presentidaiges. This contribution reports
on common experiments studying the effect of toroidal matiion of the ECR beam, which is
> 20 in ITER. All devices could demonstrate successful breakdassist also for this case,
although in some experiments the necessary power was arfextor of two higher compared
to perpendicular launch. Differences between the devidésnegard to the required power
and vertical field are discussed and analysed. In contrambgi of these experiments, ITER
will build up loop voltage prior to the formation of the fieldithdue to the strong shielding by
the vessel. Possible consequences of this difference soestied.

1. Introduction

The standard procedure to start a Tokamak plasma (ohmitugtprelies on plasma
breakdown in the presence of a toroidal electrical fi&ld According to Townsend’s theory
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this is facilitated by the optimisation of the neutral gasgsure (usually adjusted by the
so-called pre-fill) and the maximum connection length of thagnetic field lines to the
vessel wall, the latter corresponding to the distance batvedectrodes in Townsend’s theory.
Additionally, E¢ drives a toroidal ohmic current in the initial plasma. Thigrent is an
essential component of the evolving MHD equilibrium of thekdmak. The formation of
this equilibrium increases thermal insulation such that dftmic heating is sufficient to
generate a fully ionised plasma of several hundred eV @edemperature. On ITER, the
superconducting solenoid and the thick vessel walls lingttbroidal electrical field available
for plasma breakdown well below the values used in most obplerating Tokamaks. Since
ITER is significantly larger than these Tokamaks one migiathat the connection length is
larger and breakdown should be possible at lower elecfii|ldl Such an argument neglects
the quality of the field null which is not easy to predict, esply in the presence of vessel
shielding and eddy currents. Data from existing machindeast do not show a clear size
scaling of the electrical field necessary for ohmic breaku¢see table 1 below). This rose
concern if the foreseen electrical field in ITER will allowiedle breakdown. In order to come
to a conservative prediction on the breakdown behavioufF R, in this study machines are
compared on the basis of the (measured) electrical fieldgdecteing possible variations in
(estimated) connection lengths.

Although experiments on JET [1], DIlI-D [2] and Tore SupreS{1[3] show that ohmic
plasma start-up with the electrical field value of ITER (0.8 is marginally possible
for optimised magnetic configuration, assist of plasma Katean by electron cyclotron
resonance heating ECRH is highly desirable for ITER to iaseghe operational margin. The
relevance of ECRH assist is highlighted by the first expentmen KSTAR in 2008: ECRH
assist was necessary to break down the first plasmas [4]atbéess route to plasma formation
was successively optimised and in 2010 even purely ohmikbi@vn was achieved [5]. To
achieve initial plasma breakdown, ECRH can either createvatémperature plasma prior
to the application of a loop voltage or in the presence of @ leoltage it may relax the
Paschen-Criterium by additional acceleration of an otierwsub-critical electron distribution
[6]. In the subsequent current formation phase, when cldlsedsurfaces form and the
electron temperature rises, ECR heating of the electronsfaslitate the sustainment of
the breakdown through the radiation barrier when light intpes are ionized and radiate
a significant fraction of the ohmic heating power. ECRH dd®s already been investigated
previously by the ITPA Steady-State-Operation group [1] aatisfactory results have been
obtained for the fundamental and 2nd harmonic resonanceth rBsonances may be used
in ITER when operating with full and half magnetic field resipeely to match the gyrotron
frequency of 170 GHz. As explained below the optimum pod#ias is O-mode in case of
the fundamental resonance (O1) and X-mode for the secomdaméc (X2). Most of these
results were performed with ECRH launched perpendicul#néanagnetic field, in contrast
to the planned situation in ITER where the minimum toroidgéction angle is 20[7]. As
discussed in detail below, the initial results with tordiganclined launch were contradictory.
To clarify the effect on toroidal inclination, the new ITPAtegrated-Operational-Scenarios
group initiated a continuation of the joint experimentshittie participation of the Tokamaks
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AUG(X2), DIlI-D(X2), FTU(O1), KSTAR(X2), Tore Supra (O1, %), and of the Stellarator
TJ-II (X2). It should be noted that during the initial colbs-less heating-phase of the pre-
ionisation sequence, electron acceleration due to ECRMnsrthntly perpendicular to the
magnetic field [8], such that the large scale toroidal geoyrgites not play a significant role
in this phase as long as no loop voltage is applied. Sincasrstbdy in all Tokamaks except
FTU and TS the plasma was ionized by ECRH before the onseteolothp voltage, it is
sensible to include as well Stellarators into a comparidahe conditions for the collision-
less heating phase. In general it is noted that plasma boaakdsing ECRH is the standard
method in Stellarators and no principal problems with tady inclined beams have been
reported. A systematic study on breakdown using mainly tHeharmonic resonance in
Heliotron J is presented in [9].

The rest of the paper is structured as follows: in the next@ethe effect of the toroidal
beam inclination is described and analysed, which was tke& aotivation for this study.
During the study other parameters turned out to be impowaith are discussed separately
in subsequent sections, i.e. poloidal launching angldillgpeessure, and field null structure.
Apart from the initial avalanche process also the curremh&dgion and impurity ionisation are
significantly influenced by ECRH, which is discussed in a sgjgasection. This is followed
by a discussion of the consequences of these findings for I@IB®R addressing minimum
power requirements and the adaption to the breakdown scifiemeseen in ITER, which
differs from most of the experiments described here due ¢ostilong vessel screening of
magnetic flux modifications in ITER.

It is beyond the scope of this work to model the current foramaphase. As outlined
in section 6, the evolution during this phase depends diwaa poorly controlled quantities
such as induced vessel currents and impurity sources. Toessive phase of plasma-current
ramp-up is modeled by several groups as reported in [10,2,11,3].

2. ECRH breakdown assist with toroidally inclined ECRH

AUG, DIII-D [14], KSTAR, and TJ-ll find that ECRH assisted llelown in X2-mode is
possible with a toroidal injection angle of 2Qor larger). FTU [15] obtains the same results
for O1 in line with the older results from TS and JT-60U. Thessaults indicate that a toroidal
inclination of 20 as foreseen for ITER does in general not pose additional koatipns for
plasma breakdown with ECRH, although some parameters eagfustment such as prefill
and ECRH power.

The results of the individual machines are detailed in tdbfer O1 and X2 heating.
In all Tokamaks it was possible to reduce the necessary lolipge by using ECRH assist.
In most cases the toroid&H-field on axis E¢) remained below the foreseen ITER value of
0.3 V/m. Exceptions are O1 experiments at FTU and X2 expearisnat TS. FTU did not
try lower voltage and in TS a non-optimised poloidal fieldlnsiregarded as reason for the
unusual behavior.

As already reported in [1], a significant difference ususdlynd between the O1- and X2-
schemes is the time delay between the start of the ECRH andsunable plasma ionization
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Ohmic  O1lperp O1linclined X2 perp X2 inclined
Device |Emin  |Emin  Pecrr|Emin  Pecrn angle| Emin Pecru| Emin - Pecru angle | frequency
AUG (052 |0.3 0.4 0.2 1.0 (0.2 1.6 20 |01:105,
X2:105,140
DIlI-D |0.25[2]{0.15[2] 0.8 0.21[10] 1.2 ]0.3[14]0.6 24 | 01:60,
0.42[14] X2:60,110
FTU |1.3 041 0.8 |0.69 04 20 140[15]
JT-60U| 1.5 026 04 20 110[16]
KSTAR|0.38[5] 0.24 0.35 |0.24 035 15 |84[4]
0.29 0.24 |0.29 0.24 20 |110[17]
TS 0.3 0.15 0.25 |0.25 0.3 30 |05 0.5 |0.6 0.5 30 [118[3, 18]
T-10 |0.44 0.28 0.45 21 |[140[19]
QUEST] >3.0 0.06 8.2
T3l |- - 0.08 |- 0.14 >30 |53.2

Table 1. Optimized breakdown parameter§ (n VIm, Pecru in MW, angle in degree,
frequency in GHz).Emin corresponds to the minimum in a sequencé@fvalues, which

are themselves the maximum valuesaftime-traces observed in separate discharges of the
respective study. gry is the minimum power successfully tested with the cited eadfi
Emin. As discussed in the text below, these numbers are not th# cés. multi-dimensional
minimisation procedure, but rather singular points foumdisually one-dimensional scans.
Especially the loop voltages at inclined angles in AUG, EBland FTU were not minimised.
For a single device, the field null structure may vary betwdiéfarent entries (except KSTAR
(84 GHz) and TJ-I). In ITERE cannot be larger than 0.3 V/m and the toroidal launching
angle of the ECRH beams is 20° degrees.

(usually determined b, emission). With O1 an increase of this emission can be medsur
immediately after ECRH is switched on, independent of itipecangle. With X2 the increase
is usually delayed by several ms (during which the full ECRvpr has to be absorbed by
in-vessel components) . This delay is dependent on thia&tin angle, as demonstrated in
figure 1 for TJ-1l. As in DIII-D, AUG, and TS, the delay incressswith the inclination angle
especially close to the ECRH power threshold. For KSTAR ttumason is less clear. At least
for the first ten degrees the delay is reduced [4].

To understand the difference between fundamental and 2ntbiméc resonance, the pre-
ionisation process has to be described in some more detailanrAECR-beam is injected
into the neutral gas without a plasma, it is reflected, détijsde-polarised and damped on
in-vessel components and an undefined mixture of O-and Xenpadarisation will fill the
whole vessel. The wave-field will still be highest in the oigd beams, but also in other
fractions of the vessel volume the intensity may be high ddpg on the injection angle,
geometry of the first reflections, beam divergence and waleri@. The latter determines
the absorbed fraction per reflection. In [20] this fractias lbeen determined for 140 GHz

T In cases of ECRH power well above the threshold and optahpsefill pressure and field null the delay can
be less than one ms for X2 in DIII-D. For the DIII-D case showriii@. 1 of [14] the delay has been checked to
be 0.9 ms between onset of ECRH and ons@&gfIt is an open question if this should be regarded as similarl
fast as the delay for O1 heating, which has been checked toShm® for the so far only (and therefore not
optimised) O1-case in AUG (see [1]).
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Figure 1. Effect of variation of the toroidal injection angle in TJ-Bhown is the delay of
theHq rise after turning on the ECRH as functionNf for several ECRH powers (X2) with
constant prefill of 510~° mbar H (#23930-#23965)N| > 0.55 corresponds to a toroidal
injection angle> 30°. (N is the refractive inde multiplied with the cosine of the angle
between wave vector and magnetic field. Here it refers to ldmnpa edge whefd ~ 1.)

to bea1/20 for graphite anek1/500 for W. A free electron will be accelerated perpendicul
to the magnetic field since it dominantly absorbs on the X-enpdlarisation. (The reason
to inject the fundamental wave as O-mode is an X-mode cudtafiie low field side, which
develops at very low densities, such that O-mode is nege$sassist sustainment of the
breakdown through the radiation barrier later in the disgha By non-ionising collisions
with the neutral gas the electron gains parallel momentuthnaoves to other regions of the
plasma volume, where thg field may be different. Since the magnetic field lines are not
closed, it will finally be lost to the wall. The avalanche eribn basically is: do slow free
electrons have in average the chance to accumulate so muRH gGwer that they do create
another (initially slow) electron by ionisation of a neuitatom before they hit the wall? The
delay time which was observed corresponds in this pictutbedime which is necessary to
accelerate the first slow electrons to approximately 20 edf. the fundamental resonance,
absorption is very efficient even at low temperatures. Teseacceleration is prompt. In
contrast, X2 absorption vanishes for zero temperature lamtie¢ating rate is proportional to
the electron perpendicular energy and the electric fields THads to an exponential growth
of the initially small (0.03 eV) electron energy in time arektelectric field determines the
exponential growth time. This model has been quantitatiaehlysed for DIII-D experiments
in [8] and good agreement with experiment was found. Due ¢oettponential dependence
on the electrical field, electrons are accelerated domiynantegions of highest ECR-wave
field. Results from T-10 [19] on the effect of beam focusinghp@ the same direction, i.e.
the delay is significantly increased if the beam is defocustith strongly reduces the wave
field.
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Figure 2. Scan of toroidal launching angle in AUG for 140 GHz X2-preigation for a
toroidal magnetic field on axis of 2.B including effect on stray radiation. No significant
differences were observed during the subsequent currem@afon phase , i.e. for times
0.03 sec (not shown).

Potentially, the variation of the delay with beam inclimatimay also be related to a
variation of the electrical field. For perpendicular launalections keep the beam center in
the poloidal plane of injection, in this region the field idagged and a significant toroidal
decay is expected. In case of toroidally inclined injecttbe enhancement by multiple
reflections is reduced as is the maximum field strength.

Stray-radiation detection in AUG supports this explanatés shown in fig. 2 for a
toroidal angle scan of the ECR beam in otherwise identicalldirges. The above mentioned
delay of the H-rise is clearly seen. The bottom trace shows the stray pewtring the
ECE optics, which is 22degrees or 0.8 m toroidally separated from the next ECRHclaem
which directs its beam (diameter during first patt®.1 m) successively away from the diode
as the toroidal inclination is increased. The diode sighdi@onset of the ECRH is saturated
for normal inclination and decreases with increasing mation. As the K signal rises the
stray radiation is reduced in all cases due to increasedatimo on electrons with several
eV of energy created by the avalanche process. Similar wints@ns are made with sniffer
probes in FTU. These results may suggest that strength cfield field and the delay time
are anti-correlated.

The much higher absorption of X1 compared to X2 also has tieetethat for X1 the
field strength of the initial stray field is strong enough tedkdown a plasma along the whole
resonance cylinder (i.&8 = ne , N being the order of the harmonic), whereas for X2 this is
only the case in the vicinity of the points where the initiablns cross the resonance cylinder,
typically close to the midplane. This can be nicely obsemnwgth fast visible cameras in
several devices. For fundamental resonance heating in TS igows that the resonance
cylinder lights up within the timing uncertainty, as the HBER switched on. In contrast
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Figure 3. O1 pre-ionisation in TS (TS-42249): Time tracesEr, | p, Ne (2 lines) and two
frames from a CCD camera without filter, i.e. modtly emission from [3]. Uncertainty of
ECRH timing:+ 1 ms.

fig. 4 shows that with X2 a plasma forms in the AUG midplane axtereds upwards and
downwards along the resonance with a vertical speed of B01/8. WithB,/Bg ~ 0.001,
the speed along field lines is 50-100 km/s, of the order of #eeplised ion sound speed,
which is 20 km/s for 10 eV electrons and cold ions (taking extoount that in the expanding
plasma the electrons have to drag their ions with them to t@iaiguasi-neutrality). 8

According to this model of X2 heating the breakdown avalanshould start at the
point of highest field on the resonance cylinder. This haartldeen observed in Heliotron
J [9]. In Tokamaks a toroidal evolution has not yet been resblin time. In contrary,
in several of the Tokamak experiments of this study, it isnfbdhat the combination of
several gyrotrons with beams crossing the resonance eyladthe sam®&, z but different
@ reduces the time between ECRH switch-on and the appeardnice ld, emission. The
process is analysed in more detail in [8]: after an initiallismn-less heating phase the
accelerating electrons become collisional with respeatdn-ionising collisions with the
neutral gas, such that perpendicular energy is transfergrhnallel energy. The electrons
start to rotate toroidally following magnetic field linest #at point every region along the
magnetic field line where ECR-wave-field is high contributethe further acceleration of the
electron. Sincd3; usually is of the order 0.5-5 mT (see section 5) the verticgpldcement
per toroidal turn is of the order 0.2 - 2 clR € 1.75 m) or 0.8-8cmR = 7 m), such that even
a single beam is passed several times. Therefore one expatthe plasma at the onset of
the breakdown avalanche has a significant degree of torsysametry. However, the fast
camera measurements made in several Tokamaks using fori@da are not really suited
to characterise toroidal asymmetries, so the experimenmtdénce of a toroidally symmetric
growth of theH, emission in Tokamaks is still weak.

§ Here and in the following the indice&® andz represent the projections in the radial, toroidal and wvatti
direction. An indexpol refers to the length of the vector projected into Bye-plane.
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Figure 4. X2 pre-ionisation in AUG (#23177): 4 frames from a CCD cameithout filter,
i.e. mostlyH, emission (light blue) in front of visualised CAD-data (redymbers correspond
to sectors) at 9.1 ms, 10.1 ms, 11.2 ms, 12.2 ms. A total of W6AWECRH was switched on
(within 1 ms) at 0.0 ms, provided by four mid-plane launché&its12 ms the maximum of the
Hg emission occurs. One launcher is visible in sector 8 butrttezsection with the resonance
cylinder is out of view. Therefore the light is probably erad from a toroidal structure. Its
height can be estimated by comparison to the height of thédll@Rennae, which is:1.0 m.
The speed of its vertical extension is estimated to be 50+1/80

3. Poloidal injection angle

The intersection region of the beam and the resonance eylioan be moved vertically
varying the poloidal launching angle. From JT-60U (O1) [&8jd KSTAR (X2) [4] it is
reported that it is favorable if this region is located sorhatbelow the mid-plane. These
results are of different nature: In the O1 case of JT-60Ujrhil plasma formation (before
Uioop is applied) is hardly affected by the poloidal angle vaadafibut the plasma current
evolution varies. The authors speculate that the initiabpia forms at different locations,
but data on the position of the current center are not showralsb seems possible that
the confined plasma forming around a current center (ratked fin space) is heated with
varying efficiency depending on the poloidal angle. In thec&2e of KSTAR significant
variations of the delay between onset of ECRH power Hgdrise are found in the pre-
ionisation phase without)oop, the delay being shorter for beams crossing the resonance
cylinder below the midplane. The authors speculate thafiBe: B drift of the electrons is
important, but quantitatively one finds that 8sR = 10-3 Tm and 10 eV electron energy, the
vertical component of the parallel velocity exceeds thée@lrdrift velocity if v /v, > 0.015.
Under these conditions/( >> v, Exin = 10 eV, BoR = 5 Tm) the0B x B drift is 2 m/s
or 2 mm/ms. In other words, in the collision-less accelerapphase the drift is dominant
but very small. In the collisional rather cold plasma whichtresponds to thél, emission
v will be a significant fraction o/, and therefores; dominates the vertical movement of
the charged particles. This is also in line with figure 4, inchhan up-down symmetry in
the vertical plasma extension is observed. One possiblamaion for the observation in
KSTAR may be related to the position of the launcher belowntidplane. A beam crossing
the resonance cylinder below the midplane has a smalleicaemclination and bounces
more often back and forth through the plasma in this polatdass section. The path of the
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Figure 5. Pre-ionisation in DIII-D, scan of vertical fiel#, using a slow ECRH power ramp
and corresponding poloidal flux surfaces. (From [22], figut8 and 14, with permission of
G.L. Jackson.) Th®; values connecting the time traces on the left to the eqialibn the
right are given in the lowest box on the left and above theldxyiz (B\F,’gF , respectively.

reflected beam significantly varies as the plasma facingtstres in KSTAR are completed
such that they become more axis-symmetric. It will be irgeng to follow in how far the
length of the collision-less heating phase is influencedst Fesults with PFCs upgraded in
2010 are presented in [17].

4. Prefill pressure

The values in table 1 show significant inter-machine varatn terms of breakdown field and
required ECRH power indicating the influence of additioreigmeters. In fact also the intra-
machine variations are of similar relative size. Two majargmeters are the prefill pressure
and the structure of the poloidal field null, which are adseelsin this and the next section.

All devices find that ECRH assist allows to use significantghler prefill pressures than
for optimised low voltage breakdown. Systematic scans hmen performed in TS, JT-
60U, FTU, DIII-D (01 and X2) and KSTAR. For O1 the possible garof prefill variation
spans more than a factor of 4. For X2 at least a factor of 3 indan DIII-D and KSTAR.
Both experiments find that the upper limit increases with BEG®wer. For constant ECRH
power, the range for successful breakdown with X2 varies wie injection angle. This is
the reason for the initially negative results in DIII-D fo2>reakdown with large toroidal
launching angles as explained in [21]. Following the disaus at the end of the section 2
it is most likely that for X2 the pressure-range narrows viitreasing toroidal angle as the
collisionality condition has to be met more accuratelyhd tocal electric field is reduced by a
toroidal inclination of the beam. For O1, FTU finds that 2@gree inclined injection widens
the usable pressure range.
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5. Field null

The issue of details of the field null seems to be especiallgial for X2-heating, as found
in TS, where O1 experiments were performed prior to X2 expenits. Also DIII-D, TS,
KSTAR and AUG find strong effects, B=cry is close to the threshold. Ideally the poloidal
field would be zero in the whole vessel during pre-ionisatod the electrons would only
drift vertically with the [IB x B drift. In reality, a finite vertical field remains even in the
plasma center such that parallel velocities have a non{zemection in vertical direction
(see section 3). Additionally, non-zero radial field comguats exist as well, such that the
corresponding projection f; can move the electron radially. The 2-D pattern8gfandB;
determine the poloidal field-null structure. It determities connection lengths to the wall,
which should be large. As found in DIII-D, it is also beneflgfahe projected field lines are
vertical in the vicinity of the resonance cylinder, iB.>> Bg in this region [22] as shown
in figure 5. This makes fast electrons stay longer close todbenance such that the ECRH
beam is absorbed more efficiently. In DIII-D, configuratiovith the lowesB, haveBgr ~ B;.

It can be seen that in this case an additional vertical magfietd of ~ 5 mT facilitates
pre-ionisation although it reduces the connection lendgthe value of such an additional
field depends on the initial field-null structure. TS and K&TAnd optimum additional
|B;] < 2 mT. For AUG, two field nulls have been used accidentally. 002 a very large
null has been used witByo <2mT, which yielded a perfectly vertical initial ECR plasma
(fig. 4). In 2009 the area wheig,, < 2mT was much smaller and the initial ECR plasma
was bent away from the resonance cylinder. In the latter addéionalB, helped. These
AUG results indicate that an additiora} is not always necessary to align the initial plasma
with the resonance cylinder, but optimization of the fieltl may be important too. Following
the argument at the end of section 2 on reentry of an eleatrtreiECR beam after a toroidal
turn, the diameter of the ECR beam may also be relevant: thiealedisplacement of the
field line after one toroidal term depends linearly®n If the ECR beam is wide, high&;
values may be tolerable than for narrow beams. This coulthexprhy DIII-D with rather
wide ECR beams performs well with relatively highvalues.

Some interesting issues related to the pre-ionisation biRHE@re not followed up in
this paper, since their relation to the other findings preskhere is not clarified yet. Among
these are the toroidal currents found in the pre-ionisaitase in most Tokamaks-80 kA in
recent DIII-D experiments [23]) and the observation in K&I'that no pre-ionisation occurs
with no current in the poloidal field coils (.84 only) [17].

We note here that also for the spherical tokamak QUEST, EC$iisted breakdown is
reported with non-zero vertical field. Since the resonasdedated in this case essentially
on the inner heat shield, it is not clear that the processrexctly comparable to the other
Tokamaks where the initial plasma generation is well sépdrrom the walls.
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Figure 6. Sequence of successive plasma start-ups on AUG. #245&% fail sustain
breakdown (time traces with crosses), in #24570 ECRH wadiegpftime traces without
symbols) and in #24571 breakdown was achieved without EC&#Htd conditioning effects
of the previous discharge (time traces with stars). Linerayed density is measured
perpendicular in the midplane, as is the radiation fromigliytionised oxygen, for which
a SPRED VUV spectrometer is used. Other parameters suchlésdik and pre-fill were
kept constant.

6. Current formation and impurity burn-through

As the loop voltage is applied in Tokamaks, a toroidal curreses, which may lead to the
formation of closed flux surfaces. Initially, it has to deyelin a location determined by
feed-forward(FF) control of the poloidal field coils, wherean grow until it is large enough
that its position can be determined by the magnetics andldaekl control can take over. In
the phase of FF-control the value Bf is also crucial. Sinces, is limited, the values of
B, during pre-ionisation and during current formation aremsgly coupled and it is hard to
say which one determines the optimum. It is usually found tthe@ current does not form at
the ECRH resonance. On AUG with ECRH the current forms clogbé outboard limiters
but without ECRH it forms close to the inner heat shield aliio poloidal field currents are
programmed to be identical and the resonance is closer tmiioard side. The difference
may be due to different vessel currents, since the loopgeliadifferent in both cases. These
vessel currents are hard to determine, which prevented so fater-machine comparison. In
fact, in DIII-D the current forms on the in-board side in betses and it would be definitely
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interesting to understand the differences between botitelevAs mentioned above, during
the ionisation of light impurities too much power may be edédd that the breakdown is not
sustained. Obviously this radiation is related to the intgutensities, such that machine
condition plays an important role for this phase. In AUG islieeen found that the current
ramp-rate is significantly higher in the boronised machise&@mpared to the unboronised
W-coated machine. The effect is most likely due to the refgateposited Boron which acts
as a getter for light impurities. On AUG and DIII-D, ECRH hdsabeen used successfully
after ohmic breakdown to burn through this radiation barfer AUG this is illustrated with
a sequence of three successive discharges in figure 6. Tihdisitkarge had a non-sustained
breakdown, in the second discharge ECRH was applied fronms 181l 45ms after start of
the Ugop-ramp and the third discharge successfully broke down witB@CRH assist. It is
clearly seen that the radiation due to incompletely ion®adjen is significantly reduced with
ECRH even in comparison to the third discharge proving thigtis not only a conditioning
effect. This means that with ECRH the electron temperatses rquicker. Unfortunately a
direct proof using ECE emission is missing, since the ECEesy®n AUG was not used with
early ECRH, not to expose the diagnostic to excessive sadigtion. We note that KSTAR
has recently changed ECRH assist from a pre-ionisatiomseea scheme sustaining ohmic
breakdown in order to improve reproducibility and to redimeurity production due to the
strong interaction of the non-absorbed beam with in-vessmiponents during the first milli-
seconds in the pre-ionisation sequence [17]. This new s®egueas been run with X2- and
O1-heating using 110 GHz at different toroidal field values.

7. Minimum power and size scaling

Usually it is found that more ECRH power widens the operatiaange for breakdown
for essentially all relevant parameters. Inversely, thesans that all parameters have to be
adjusted simultaneously to find the absolute minimum of EGRMer for a specific loop
voltage and even when doing so, the result will depend siverewall conditions. Some
partial parameter scans were done, but no machine has s\gtelty tried to reduce the
required ECRH power to the bare minimum. Especially for tleddfinull this is a high
dimensional minimisation procedure. Still, it is notedtth& and JT-60U which differ a factor
of 2 in minor radius find approximately the same values of regltERCH power £ 0.4 MW)

to obtain breakdown with O1 for a toroid&Hield of 0.25 V/m. It is also noted that KSTAR,
driven by limited ECRH power in the early stage of the machioend a parameter range for
X2 assisted plasma breakdown, with ECRH power well belowesifound on DIlI-D and
AUG, indicating some margin in the results presented heis.also noted that the machines
using X2 assist in these joint experiments are of similae,stzich that no conclusions on a
size scaling can be drawn.
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Figure 7. Estimated wave forms fd8;, Br andU)q.p during breakdown in ITER in the center
of the breakdown region for a scenario with full field, fulljarged central solenoid and initial
current formation on low field side. From [24], figures 6-55 @&nd 6-13. Breakdown occurs
atl.2s.

8. Consequences for ITER

In summary it is found that the toroidal inclination of thealbes poses no principal problem
to ECRH assisted breakdown, but the required ECRH power radydher up to a factor of
two. Unfortunately it is difficult to transfer the results BCRH assist directly to ITER, since
in ITER the field null is only formed when a significant fractiof the loop voltage is already
applied [24], because the vessel screening times are Isegdigure 7). This is in contrast to
most of the performed experiments for which the loop voltagelly was virtually zero, in
order to separate the pre-ionisation phase from the cuiwemiation phase. This is the case
for all X2 and most O1 experiments, except the experimeniSiand FTU where breakdown
schemes were run, which use O1 in a similar timing-schemé&as@d for ITER at full field.

The results from FTU experiments, which use ECRH only afpgliaation of the loop
voltage are shown in figure 8. With ECRH, breakdown is possibksignificantly lower loop
voltage. The delay of current and temperature rise withegetsio the start of the ECRH may
be due to the time evolution of the field null, which moves adigioutward toward the ECRH
resonance. This effect which has a strong similarity to TR plans will be analysed in
future experiments at FTU. In TS, the loop voltage and a gasld fiull are applied before
the ECRH. In that case (fig. 3) the ECRH triggers plasma b@akdnd current rise. These
results indicate that O1 ECRH assist is expected to red@cedbessary breakdown voltage at
full field in ITER. The results in TS and JT-60U which requirgdnificantly less than 1 MW
of ECRH power suggest that a small fraction of the ITER ECRWgroshould be sufficient
for this purpose.

Using the ITER breakdown-timing at half magnetic field (X#)ge reduction of the
breakdown voltage by ECRH assist may be significantly smadiace ionisation with X2
requires that the electrons stay long enough in regions wgh ECRH field, from which
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Figure 8. Breakdown in FTU ohmic (blue) and with ECRH assist (red). v@hare plasma
current, centralle, central line averaged density and loop voltage. The blaslsth area
represents the wave form of the ECRH power (400 kW) in caseéCRIE assist.

they may be drawn away by the non-zero loop voltage beforadalp sufficient energy from
the wave-field. This issue has been recognized and will beeaddd in the framework of a
joint ITPA-IOS experiment, also using at KSTAR a nex.8 kw, 170 GHz gyrotron [17], a
variant of the Japanese ITER gyrotron [25].

It is important to understand that the difference betweena@d X2 discussed above
refers only to the initial breakdown. As pointed out in sect6 both schemes strongly
enhance impurity ionisation if applied during the curreotnfiation phase. Also in ITER
both schemes have the potential to convert an unsustaimeit ®neakdown into a sustained
ECRH assisted breakdown for otherwise unchanged parasneter

Disclaimer

As for all publications with co-authors from the ITER Orgzetion, the latter requires to add
the following disclaimer: "The views and opinions exprasberein do not necessarily reflect
those of the ITER Organization.”
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