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Abstract. ECRH assisted plasma break down is foreseen with full arfcdieegnetic field in ITER. As
reported earlier, the corresponding O1- and X2-schemes he@n successfully used for pre-ionisation
and breakdown assist in present day devices. This contibtgports on common experiments studying
the effect of toroidal inclination of the ECR beam, whict20 in ITER. All devices could demonstrate
successful breakdown assist also for this case, althougbnre experiments the necessary power was
almost a factor of two higher compared to perpendiculardaumifferences between the devices with
regard to the required power and vertical field are discuaseldanalysed. In contrast to most of these
experiments, ITER will build up loop voltage prior to the fication of the field null due to the strong
shielding by the vessel. Possible consequences of thexeliite are discussed.

1. Introduction

The superconducting solenoid and the thick vessel wallg time available toroidal electrical
field for plasma breakdown on ITER well below the values usedost of the operating Toka-
maks. Although experiments on JET [1], DIII-D [2] and Torgo®a(TS) [3] show that an ohmic
plasma start-up with the electrical field value of ITER (0.8 is marginally possible, assist
of plasma breakdown by ECRH is highly desirable for ITER tor@ase the operational mar-
gin. To achieve initial plasma breakdown, ECRH can eitheat a low temperature plasma
prior to the application of a loop voltage or in the presenta mop voltage it may relax the
Paschen-Criterium by additional acceleration of an otierwub-critical electron distribution
[4]. In the subsequent current formation phase, when clisgdurfaces form and the electron
temperature rises, ECR heating of the electrons can teilihe sustainment of the breakdown
through the radiation barrier when light impurities areizex and radiate a significant fraction
of the ohmic heating power. ECRH assist has already beestige¢ed previously by the ITPA
Steady-State-Operation group [1] and satisfactory resatve been obtained for the fundamen-
tal and 2nd harmonic resonances. As explained below thenaptipolarisations is O-mode
in case of the fundamental resonance (0O1) and X-mode foretensl harmonic (X2). Mean-
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while, KSTAR has used ECRH (X2) assist to break down its filasmas [5]. Most of these
results were performed with ECRH launched perpendiculéineganagnetic field. Experiments
with an inclined X2 scheme on DIII-D initially did not achiewsustained breakdown for an
toroidal inclination of 20 degrees [6], the minimum value foreseen for ITER. In contras
similar experiments with O1 on TS [3] and JT-60U [7], whictuttbsuccessfully breakdown
with low voltage and large toroidal angles. To clarify théeet on toroidal inclination, the new
ITPA Integrated-Operational-Scenarios group initiatembatinuation of the joint experiments
with the participation of the Tokamaks AUG(X2), DIII-D(X2FTU(O1), KSTAR(X2), Tore
Supra (01, X2), and of the Stellarator TJ-II (X2). It shoulel hoted that during the initial
collision-less heating-phase of the pre-ionisation seqeeelectron acceleration due to ECRH
is dominantly perpendicular to the magnetic field [8], suwdt the large scale toroidal geometry
does not play a significant role in this phase as long as novottage is applied. Since in this
study in all Tokamaks except FTU and TS the plasma was ioriydfiCRH before the onset of
the loop voltage, it is sensible to include as well Stellarsinto a comparison of the conditions
for the collision less heating phase.

2. Pre-ionisation with inclined ECRH

AUG, DIII-D [9], KSTAR, and TJ-1l find that ECRH assisted bietwn in X2-mode is pos-
sible with a toroidal injection angle of 2qor larger). FTU [10] obtains the same results for
O1 in line with the older results from TS and JT-60U. Theseilltesndicate 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 padglistment such as prefil and
ECRH power. The results of the individual machines are Betan table 1 for O1 and X2
heating. In all Tokamaks it was possible to reduce the nacg$sop voltage by using ECRH
assist. In most cases the toroidafield on axis remained below the foreseen ITER value of
0.3 V/Im. Exceptions are O1 experiments at FTU and X2 experisnat TS. FTU did not try
lower voltage and in TS a non-optimised poloidal field nutiegarded as reason for the unusual

Ohmic  O1lperp O1linclined X2 perp X2 inclined
Device |Emin  |Emin  Pecrr|Emin  Pecru @ngle |Emin - Pecru|Emin Pecru angle | frequency
AUG (052 |0.3 0.4 0.2 1.0 |0.2 1.6 20 |0O1:105,
X2:105,140
DIlI-D |0.25[2] 0.15[2] 0.8 0.21[6]1.2 |0.3[9] 0.6 23 | 01:60,
0.43[6] X2:60,110
FTU [1.3 041 0.8 [069 04 20 140
JT-60U| 1.5 0.26 04 20 118[7]
KSTAR| - 0.24 0.35 [0.24 0.35 15 |84]5]
029 0.24 20 |110
TS 0.3 0.15 0.25 |0.25 0.3 30 |05 05 |0.6 0.5 30 [118[3,11]
T-10 (0.44 0.28 045 21 |140[12]
QUEST] >3.0 0.06 8.2
INETEE - 0.08 |- 0.14 >30 |53.2

Table 1: optimized breakdown parameteksif V/m, Rcruin MW, angle in degree). Sindgs varies in
time during breakdowrEmj, corresponds to the minimum in a sequencé@f\/alues, which are them-
selves the maxima of time-traceskaf of the analysed breakdown experimentgcg, is the minimum
power successfully tested with the cited valuEgf. As discussed in the text below, these numbers are
not the result of a multi-dimensional minimisation proceguut rather singular points found in usually
one-dimensional scans. Especially the loop voltages dined angles in AUG, DIII-D and FTU were
not minimised. For a single device, the field null structuraymary between different entries (except
KSTAR (84GHz) and TJ-1I).
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behaviour. As already reported in 199 :
[1], a significant difference between 265 KW o
the O1- and X2-schemes is the time g,| |230 kW o
delay between the start of the ECRFE 190 kw o .

and a measurable plasma ionizatiog sol ﬂg tw .
(usually determined byH, emis- £ 75 kW o

sion). With O1 an increase of%
this emission can be measured in%
mediately after ECRH is switched® .
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. .. . om $ °
on, independent of injection angle. 20 R B
With X2 the increase is delayed by ,——~f)/*';i;:/:/:i
several ms (during which the full o 01 02 03 04 05 08 o7

ECRH power has to be absorbed by

in-vessel components). This dela?é_ . - e
is dependent on the inclination anti9ure 1. Effect of variation of the toroidal injection aregin

gle, as demonstrated in figure 1 fof -1l Shown is the delay of the Hise after turning on the
TJ-’II. As in DIII-D. AUG. and TS. ECRH as function of Nfor several ECRH powers (X2) with
the delay increasés With'the indir’]ac_onstant prefill (#23930-#23965). I+ 0.55 corresponds to a

tion angle. For KSTAR the situatiorforoidal injection angle> 30°.

is less clear. At least for the first ten

degrees the delay is slightly reduced in the case of 84 GHzT6Junderstand the difference
between fundamental and 2nd harmonic resonance, the mpisaimn process has to be de-
scribed in some more detail: As an ECR-beam is injected h@aeutral gas without a plasma,
it is reflected, diffused, de-polarised and damped on iselesomponents and an undefined
mixture of O-and X-mode polarisation will fill the whole vess The wave-field will still be
highest in the injected beams, but also in other fractiorte@essel volume the intensity may
be high depending on the injection angle, geometry of thé riafections, beam divergence
and wall material. The latter determines the absorbedifragter reflection (graphitex1/20,
W: ~1/500 [13]140 GHz). A free electron will be accelerated peuticular to the magnetic
field since it dominantly absorbs on the X-mode polarisati¢fhe reason to inject the fun-
damental wave as O-mode is an X-mode cut-off at the low field,sivhich develops at very
low densities, such that O-mode is necessary to assistirsustat of the breakdown through
the radiation barrier later in the discharge.) By non-iorgscollisions with the neutral gas the
electron gains parallel momentum and moves to other regibte plasma volume, where the
E field may be different. Since the magnetic field lines are mased, it will finally be lost
to the wall. The avalanche criterion basically is: do sloeefrelectrons have in average the
chance to accumulate so much ECRH power that they do creatieearinitially slow) electron
by ionisation of a neutral atom before they hit the wall? Tle&y time which was observed
corresponds in this picture to the time which is necessanctelerate the first slow electrons
to approximately 20 eV. For the fundamental resonance,rpbso is very efficient even at
low temperatures. Therefore acceleration is prompt. Irtresh X2 absorption vanishes for
zero temperature and the heating rate is proportional telderon perpendicular energy and
the electric field. This leads to an exponential growth ofithially small (0.03 eV) electron
energy in time and the electric field determines the expaalegitowth time. This model has
been quantitatively analysed for DIlI-D experiments ind8H good agreement with experiment
was found. Due to the exponential dependence on the ekddietd, electrons are accelerated
dominantly in regions of highest field. Results from T-10][d8 the effect of beam focusing
point in the same direction, i.e. the delay is significantigreased if the beam is defocused,
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strength. Stray-radiation detectioRigyre 2: Scan of toroidal launching angle in AUG for
in AUG supports this explanatiom4o GHz X2-pre-ionisation at;B=2.3 T including effect on

as shown in fig. 2 for a toroidalsiray radiation. No significant differences were observad d
angle scan of the ECR beam ithg current formation.

otherwise identical discharges. The

above mentioned delay of theyHise is clearly seen. The bottom trace shows the stray power
entering the ECE optics, which is 22legrees or 0.8 m toroidally separated from the next
ECRH launcher which directs its beam (diameter during fiesshp: 0.1 m) successively away
from the diode as the toroidal inclination is increased. diole signal at the onset of the
ECRH is saturated for normal inclination and decreases iwitfeasing inclination. As the
signal rises the stray radiation is reduced in all cases @urgcteased absorption on electrons
with several eV of energy created by the avalanche proceésslaBobservations are made with
sniffer probes in FTU. These results may suggest that dtiesfgelectrical field and the delay
time are anti-correlated. The much higher absorption of dthpgared to X2 also has the effect
that for X1 the field strength of the initial stray field is stgpenough to breakdown a plasma
along the whole resonance cylinder, whereas for X2 this ig the case in the vicinity of the
points where the initial beams cross the resonance cylingeically close to the midplane.
This can be nicely observed with fast visible cameras in re¢\@evices. For fundamental
resonance heating in TS fig. 3 shows that the resonance eyliigthts up within the timing
uncertainty, as the ECRH is switched on. In contrast fig. 4vshtbat with X2 a plasma forms

in the AUG midplane and extends upwards and downwards alegesonance with a vertical
speed of 50-100 m/s. WitB;/Be ~ 0.001, the speed along field lines is 50-100 km/s, of
the order of the generalised ion sound speed, which is 20fem1€ eV electrons and cold ions .
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Figure 3: O1 pre-ionisation in TS (TS-42249): Time trace&afrn, | p, Ne (2 lines) and two frames from
a CCD camera without filter, i.e. mostlyHemission from [3]. Uncertainty of ECRH timing: 1 ms.
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Figure 4: X2 pre-ionisation in AUG (#23177): 4 frames from & camera without filter, i.e. mostly
Hs emission (light blue) in front of visualised CAD-data (redmbers correspond to sectors) at 9.1 ms,
10.1 ms, 11.2 ms, 12.2 ms. Atotal of 1.6 MW of ECRH was switaiédithin 1 ms) at 0.0 ms, provided
by four mid-plane launchers. At 12 ms the maximum of theidission occurs. One launcher is visible
in sector 8 but the intersection with the resonance cylind@ut of view. Therefore the light is probably
emitted from a toroidal structure. The speed of its verteknsion is estimated to be 50-100 m/s.

The parameters shown in table 1 show significant inter-nmeckariation in terms of breakdown
field and required ECRH power indicating the influence of addal parameters. In fact also
the intra-machine variations are of similar relative siZ&vo major parameters are the prefil
pressure and the structure of the poloidal field null, whiehaaddressed in the next sections.

3. Prefil pressure

All devices find that ECRH assist allows to use significantiyhler prefil pressures than for
optimised low voltage breakdown. Systematic scans have pedormed in TS, JT-60U, FTU,
DIII-D (O1 and X2) and KSTAR. For O1 the possible range of predriation spans more than
a factor of 4. For X2 at least a factor of 3 is found in DIlI-D aK&TAR. Both experiments
find that the upper limit increases with ECRH power. For cansECRH power, the range for
successful breakdown with X2 varies with the injection @ngdlhis is the reason for the initially
negative results in DIII-D for X2-breakdown with large tatal launching angles as explained
in [9]. Following the discussion at the end of the previougise it is most likely that for X2 the
pressure-range narrows with increasing toroidal angléesallisionality condition has to be
met more accurately, if the local electric field is reducedaligroidal inclination of the beam.
For O1, FTU finds that 20degree inclined injection widens the usable pressure range

4. 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 experimeAlso DIII-D, TS, KSTAR
and AUG find strong effects, B=crn is close to the threshold. Ideally the poloidal field would
be zero in the whole vessel during pre-ionisation and thetreles would only drift vertically
with the (OB x B drift. In reality, a finite vertical field remains even in thlapma center such
that parallel velocities have a non-zero projection inieattdirection which usually exceeds the
(1B x B drift by about one order of magnitude. Additionally, norr&eadial field components
exist as well, such that the corresponding projection aian move the electron radially. The 2-
D patterns oBr andB, determine the poloidal field-null structure. It determittgsconnection
lengths to the wall, which should be large. As found in DIlJ-iDis also beneficial if the
projected field lines are vertical in the vicinity of the rasnce cylinder, i.eB, >> Br in this
region [14] as shown in figure 5. This makes fast electronslstager close to the resonance



()

ITR/P1-25

\

\\\\\ - y!’
LY P O S S R
TP — 3+
NiT g - RNARY
i), smm~y \

/
1

128867, -30ms
=330m

! f
128866, -30ms
connection = 820 M L

L ‘s -
1128865, -30ms
=500m L

-10 0
Time (ms) Lconnection connection

Figure 5: Pre-ionisation in DIII-D, scan of vertical field iy a slow ECRH power ramp and corre-
sponding poloidal flux surfaces. (From [14], figures 13 and#th permission of G.L. Jackson.)

such that the ECRH beam is absorbed more efficiently. In DJItonfigurations with the low-
estB; haveBgr ~ B;. It can be seen that in this case an additional vertical ntagfield of

~ 5 mT facilitates pre-ionisation although it reduces thenamtion length. The value of such
an additional field depends on the initial field-null struetuTS and KSTAR find optimum addi-
tional |B;| < 2 mT. For AUG, two field nulls have been used accidentally.08&a very large
null has been used witB,o <2mT, but nevertheless a perfectly vertical initial ECR pias
(fig. 4). In 2009 the area wheB,o < 2mT was much smaller and the initial ECR plasma was
bent away from the resonance cylinder. In the latter casédiadal B, helped. These AUG
results indicate that an additiorig} is not always necessary to align the initial plasma with the
resonance cylinder, but optimization of the field null mayim@ortant too. We note here that
also for the spherical tokamak QUEST ECRH assisted breakdsweported with non-zero
vertical field. Since the resonance is located in this casengiglly on the inner heat shield, it is
not clear that the process is directly comparable to therdiblkeamaks where the initial plasma
generation is well separated from the walls.

5. 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 forma location where it can grow until
it is strong enough to influence its position by FB-controlhathe poloidal field coils. In this
phase of FF-control the value Bf is also crucial. Sinc®; is limited, the values oB; during
pre-ionisation and during current formation are stronglymled and it is hard to say which
one determines the optimum. It is usually found that theesurdoes not form at the ECRH
resonance. On AUG with ECRH the current forms close to thbaard limiters but without
ECRH it forms close to the inner heat shield although poldietd currents are programmed
to be identical and the resonance is closer to the inboaed Sitie difference may be due to
different vessel currents, since the loop voltage is dffiéin both cases. These vessel currents
are hard to determine, which prevented so far an inter-maatomparison. In fact, in DIII-D
the current forms on the in-board side in both cases and itdvoe definitely interesting to
understand the differences between both devices. As nmeatiabove, during the ionisation of
light impurities too much power may be radiated that the kalean is not sustained. Obviously
this radiation is related to the impurity densities, sudt thachine condition plays an important
role for this phase. In AUG it has been found that the curramip-rate is significantly higher in
the boronised machine as compared to the unboronised Wetazchine. The effect is most
likely due to the remotely deposited Boron which acts as gegéidr light impurities. On AUG
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and DIII-D, ECRH has also been used successfully after obneiakdown to burn through this
radiation barrier (in AUG from 20ms until 70ms after starlhfop-ramp).

6. Minimum power and size scaling

Usually it is found that more ECRH power widens the operatioange for breakdown for
essentially all relevant parameters. Inversely, this rmé¢lat all parameters have to be adjusted
simultaneously to find the absolute minimum of ECRH powera@pecific loop voltage and
even when doing so, the result will depend severely on waltitimns. Some partial parameter
scans were done, but no machine has systematically triextitace the required ECRH power
to the bare minimum. Especially for the field null this is atidimensional minimisation
procedure. Still, it is noted that TS and JT-60U which diffeiactor of 2 in minor radius find
approximately the same values of required ERCH powef.4 MW) to obtain breakdown
with O1 for a toroidalE-field of 0.25 V/m. It is also noted that KSTAR, driven by limit
ECRH power in the early stage of the machine, found a paramaeige for X2 assisted plasma
breakdown, with ECRH power well below values found on DlllaBbd AUG, indicating some
margin in the results presented here. It is also noted tleatdchines using X2 assist in these
joint experiments are of similar size, such that no conolusion a size scaling can be drawn.

7. Consequences for ITER

In summary it is found that the toroidal inclination of theabes poses no principal problem
to ECRH assisted breakdown, but the required ECRH power radyidgher, especially with
X2. Unfortunately it is difficult to transfer the results oi€RH assist directly to ITER, since
in ITER the field null is only formed when a significant fragtiof the loop voltage is already
applied [15], because the vessel screening times are Isegefigure 6). This is in contrast to
the performed experiments for which the loop voltage wassialty zero (except FTU and TS,
see below), in order to separate the pre-ionisation phase tine current formation phase. In
the case of full magnetic field, (O1) ionisation by ECRH tajkexe along the whole resonance
cylinder, such that it is expected that in the presence ofaifszant loop voltage ECRH as-
sist may initiate the breakdown and will significantly redube necessary loop voltage. The
experiments in FTU, which use ECRH only after applicatiorthaf loop voltage point in this
direction, since a significant reduction of the loop voltaégachieved.
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Figure 6: Estimated wave forms for,BBr and Uyop during breakdown in ITER in the center of the
breakdown region for a scenario with full field, fully chadgeentral solenoid and initial current forma-
tion on low field side. From [15], figures 6-5, 6-6 and 6-13. &down occurs at 1.2 s.
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; Figure 7: Breakdown in
: FTU ohmic (blue) and
 with ECRH assist (red).
: Shown are plasma cur-

rent, central

1S

cen-

i tral line averaged density

and loop voltage. The
blue shaded area repre-

=3 sents the wave form of the

ECRH power (400 kW) in
case of ECRH assist.

good field null are applied before the ECRH. In that case (figh8 ECRH triggers plasma
breakdown and current rise. For half magnetic field (X2) tbedficial effect of ECRH assist
may be significantly smaller, since ionisation with ECRHuiegs that the electrons stay long
enough in regions with high ECRH field, from which they arextiaway by the non-zero loop
voltage. This needs to be addressed by dedicated futureieqres.
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