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Abstract. The L-H transition and the H-mode behaviour in the presefic®@w-axisymetric
n=2 magnetic perturbations have been investigated. At lensily no effect on the L-H
transition is observed. Within a rather narrow density windaround 50% of the Greenwald
density limit, a transition to H-mode with small ELMs only cdaigood confinement can be
achieved. However, a strong density dependence of the Lréshiold power in the presence
of magnetic perturbations forces the plasmas to remainnmode when the density is above
60% of the Greenwald value. The H-mode confinement time isafietted by the presence
of the magnetic perturbations. All these H-modes, with aitlaut ELM mitigation, exhibit

a common confinement degradation with increasing recycling

1. Introduction

As the power load released by large ELMs to the divertor wilt be acceptable in ITER,
during the recent years mitigation techniques have beessiigated in several tokamaks.
One promising method is offered by applying non-axisyneatragnetic field perturbations,
labelled here MPs, using adequate saddle coils. This ineet$ to plasmas in which the
H-mode can be kept with very small or even completely sugee£LMs, [1, 2, 3, 4, 5].
The ASDEX Upgrade tokamak has recently been equipped with saddle coils, labelled
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B-coils and described in [6]. In particular, they can praglam n=2 perturbation, where n
is the toroidal mode number. Applying this configurationuegls the amplitude of the ELM
crashes, as well as the power load to the divertor, by at teesbrder of magnitude [7]. A
specific feature of the ELM mitigation in ASDEX Upgrade is thiaoccurs at rather high
plasma density, above a value labellgghitig, which corresponds typically to 70% ogw,

the Greenwald density limit [8]. The value d mitig indeed increases with plasma current as
ngw. The mitigation does not depend on whether the perturbaimsonant or not. The high
density condition for mitigation is also reflected in theeets on the L-H transition as shown
in the present paper.

As accessing the H-mode with the foreseen heating powerbsiltrucial in ITER, it is
essential to investigate the effect of the magnetic peatioshs on the L-H transition and
its power thresholdR,. The recent results on this topic, published for differetaimaks,
MAST [5], DIII-D, [9], NSTX, [10], can be summarised as folie. These studies have all
been carried out with an n=3 setting for the MPs, whereas toliess have been carried out
with n = 2. They all indicate an increaseRf,. with the amplitude of the applied perturbation,
which can reach up to a factor of 2 above the value without NBesow a certain amplitude of
the perturbation field, the L-H transition is unaffected.e$é experiments have been carried
out at medium density comparedrgw and no density dependence is explicitly mentioned,
in contrast to our results, as will be shown below.

The goals of the ASDEX Upgrade experiments presented here toeachieve transitions
to H-mode without a single large ELM, i.e. full avoidance yb¢-1 ELMs, and to assess the
effect of the MPs on the power threshold. The paper is stradtas follows. The experimental
procedure is described in section 2. The effect of the MPsercharacteristics of the L-H
transition and ELMs are described in section 3. Power tlmlesénd confinement properties

are presented in section 4 and finally the results are disdusection 5.
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2. Experimental approach

As ELM mitigation in ASDEX Upgrade occurs above a threshadslty, one may anticipate
that a transition to H-mode followed by small ELMs only in theesence of MPs will also
require a minimum density. Indeed, we find that at low dertbigyMPs have no effect on the
L-H transition, whereas at higher density L-H transitiookdwed by type-11l ELMs only are
achieved. Increasing density further prevents the plasoma fransitioning into H-mode, the
plasma remains in L-mode up to high heating power. Therefeeedesigned the discharges
such that the L-H transition would occur at a density which ba varied. This, however, is

constrained by two limits in the density-power diagram:

¢ the L-mode density limit and associated disruption whiclstine avoided;

¢ the H-mode power threshold which should be crossed at thieedegensity value and

not below.

In practice, density and heating power must be increasedltsineously, remaining between
these two boundaries, as sketched in figure 1. The densiitydan be increased, to a certain
extent, by applying some heating power which, however, kshoat be too high to avoid
inducing an L-H transition at a density lower than the desir@ue.

In our experiments the MPs were turned on well before inangalseating power and
density. This pre-emptive approach, which is not necdgsiue best choice for ITER, was
the only practicable way for our experiments. The optionalthivould consist in applying
the MPs just after the L-H transition, thus mitigating theNE_but not influencing the L-H
threshold, will be discussed in the last section.

The experiments presented here were carried out in the psuaineter ranges of ASDEX
Upgrade, also used in [7]: plasma current of 1 MA, magnetild fimlue of B = 2.5T
corresponding tajgs =~ 4.5, in our standard divertor plasma shape with low triangiylar
The ionBy drift was directed toward the X-point, ensuring the usual fiower threshold
conditions. These deuterium plasmas were heated mainly MBI and the power ramp

was achieved through power modulation with varying dutyleya standard procedure in
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Figure 1. Operation diagram of heating power versus line averagedsiign The
reference L-H power threshold is a fit to experimental resdtbom [11]. The
density limit is schematically indicated, as well as theuieed discharge trajectories

according to the requirements discussed in the text.

ASDEX Upgrade and other tokamaks to investigate the L-Hsiteom. The net heating power
is defined as usual in L-H transition studiesRag T = Pheat— dW/dt whereW is the plasma
energy anthea includes Ohmic and auxiliary heating powers for which polgsiosses are
taken into account. As reference for the threshold power seethe ITER scaling [12]
multiplied by 0.75 because this fits best the ASDEX Upgradestiold data since 2008, [11].
This is only valid above the density minimum but applicalbléte experiments of the present
work which were all carried out above it. In the following wabkl this reference scaling for
ASDEX UpgradePnrauc. Before 2008, the power threshold was in good agreementtiagth
ITER scaling and the recent threshold reduction might betdubke tungsten wall, but we
have no direct proof for this, except the correlation in time

The experimental operational diagrafg T versus line-averaged density is shown in figure 2
where H-mode power threshold and L-mode density limit fergarameters of the discharges
used in the present work are indicated. For the density lbases, the data are taken just
before the MARFE onset because the density measuremeattioytar, is strongly perturbed

by the MARFE. Two discharge trajectories are also drawn Wwhepresent two different cases,
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Figure 2. Net heating power versus line averaged density. The synspelsified in
the legend correspond to the H-mode power threshgld d@hd the L-mode density
limits (DL) when MPs are turned off, as well as DL points wheRd\are turned on.
Trajectories of two discharges for MPs turned on are alsattphb and labelled as

described in the text.

both with MPs turned on:

e One discharge with L-H transition to type-lll ELMs (shot Z8§. The transition from
L to type-lll H-mode is indicated in the figure. The densitgri@ase at constant power

after the L-H transition is characteristic of the H-mode;

e One discharge which was forced to remain in L-mode by thegms of the MPs (shot

26362) and eventually reached the L-mode density limit (BLhigh heating power.

For the reasons indicated above, the discharge trajestonist remain between tig,,
and DL limits up to the desired density, where the L-H traasishould occur. This is nicely
illustrated in this figure which also shows how narrow thigidor is. It should be underlined
that, under our experimental conditions at least, the tehsiit was reduced by about 10%
by the presence of the MPs, which further reduces the opeadtimargins. Note that the
L-mode discharge 26362 was obviously very close to the tiehsiit in the region around
Ne ~ 6.5 x 10°m~2 andPyeT ~ 2 MW. If the plasma remains in L-mode when the MPs are

turned on, such discharges also end with a density limitgtt power and shown by the two
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diamonds in the upper right corner. In contrast, the diggsmwhich make it into the type-lII
ELMy H-mode can easily be ramped to higher density withositugiting, because the density
limit is higher in H-mode than in L-mode. For example, theh@gt density of the trajectory
of discharge 26654 plotted in figure 2, representative &f thse, corresponds to the density

during its steady-state phase and does not lead to a disnupti

3. L-H transition and ELM behaviour

Following the procedure described in the previous sectwwr, could induce the L-H
transitions at different densities. As already indicatgdather low densitiesie < 0.45ngw,
applying the MPs has no effect the on power threshold. Thitustrated in figure 3 where
two discharges are compared with and without MPs, right aftglot respectively.

We show here in panel (a) the heating powers, in partid&lgsrr, in box (b) the line
integrated densities from the core and edge interferoncbamnels, whose geometry is given
in [13]. In panel (c), the usudd, signal in the divertor allows identifying the L-H transitio
and the ELMs. Panel (d) displays the instantaneous ELM &eBqu which is the inverse of
the time interval between two consecutive ELMs. In panelwe)plot the energy loss for
each ELM deduced from the change in plasma energy, as wdiegaddasma energy divided
by 10. Therefore, the ELM loss points which coincide with Wgnp /10 curve correspond
to 10% energy loss per ELM. Finally, panel (f) provides théaldtor, H98(y,2), with respect
to the widely used ITER confinement scaling, [14], and thee@Gwald fractionfgy. In
these two cases the L-H transition occursf@aly ~ 0.4, at the same value ¢\get which
also corresponds to the value yielded By auc, as revealed by the upper panel in each
plot. Clearly, in this density range, the MPs have no inflgeon the L-H transition and its
threshold. After the L-H transition the two discharges depean ELM-free phase which
induces a strong density increase. Consequently, for @iges 26154 in which the MPs
are turned on, the density reaches a value which is closggig and a few large ELMs
occur before full mitigation which takes place at about 2Rach of these few ELMs is not

mitigated, their energy loss is large and would not be aed#gtin ITER. We point out that
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Figure 3. Time evolution of some representative quantities (indiddh the panels)
comparing two discharges without MPs (left plot) and with $MFight plot). These
are low density cases where the MPs have no effect on the bridition, but affect

the ELM behaviour as density increases after the L-H tréomsit

the occurrence of a few low frequency type-I ELMs during ttamsition to full mitigation,
just belowne mitig, is a typical behaviour, [7]. Also worth noticing is that nge-Ill ELMs
appear and that the fully mitigated H-mode is not a clas&ttal-free phase, which would
induce a strong density increase and end with a giant ELMsiplysnducing a transition back
to L-mode. In contrast, the discharge without MPs exhihjifset! ELMs whose frequency
increases with heating power and density, while the lossEh&i somewhat decreases but
remains on average at a level around 5% of the plasma energy.

We conducted experiments at higher density. Before prgggtitem, it is worth noticing
that at higher density the plasmas may exhibit some degrdetathment. This is reflected
by a high level of thé signal in divertor which decreases as heating power is asa@ and

has two consequences:
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Figure 4. Time evolution of some representative quantities (indiddh the panels)
comparing two discharges without MPs (left plot) and with $MRght plot). Due to
the somewhat higher density than in figure 3, the dischargie MPs on went into a

type-Ill H-mode.

e at the L-H transition, in contrast to its familiar decreates Dy signal might increase

due to the transiently reduced heat flux in the divertor;

e if the plasma is partially detached during the H-mode, thegydoad released in the
divertor by each ELM reduces the detachment and inducesiBghsignal a negative

spike instead of the usual positive one. This is often naniéd BBurn through”.

The discharges at higher density yielded the following ItesuAt a density corresponding
to few ~ 0.5, the L-H transition is followed immediately by small ELM$ type-11l when

MPs are applied, as depicted in figure 4 right plot. In thisregwe also compare cases
with and without MPs, right and left plots respectively. T discharges transition into
H-mode at very similar densities, as required, but with sehs different heating powers.

The value ofPyeT agrees withPn au for the case MPs off, whereas it is 20% higher when
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the MPs are turned on. The evolution after the L-H transit®mery different in the two
cases. If the MPs are turned off, the plasma, as for the cakasex density, develops a usual
ELM-free phase during which density increases stronglyouhé first type-I ELM. Note the
high Dy level and the ELM burn through mentioned above. The ELMs rawequency
of about 50 Hz and induce energy losses which reach 8% of #sra energy content. In
contrast, when the MPs are turned on, the L-H transitionlieie@d immediately by type-Ili
ELMs with fg m =~ 400Hz and which induce small energy losses. The few spikes oDthe
signal labelled L-H-L which occur before the L-H transitimlicated by the vertical dashed
line correspond to short H-mode phases which fall back intadde after less than 10 ms.
The spikes are positive due to the heat flux reduction caugezhth L-H transition which
transiently induces detachment, as explained above. JEhdls with low energy losses
occur in the middle of these first short H-modes.

In these two cases with and without MPs, the confinement tirsleyH98(y, 2) ~ 0.8 and
is comparable to that of the discharges reported in [7] withrhitigation. The confinement
properties will be discussed in more detail in section 5.

The density window at which L-H transitions followed by tyPEELMs occur is rather
narrow but the effect is reproducible. This is illustratgdemother example in figure 5 which
exhibits features very similar to discharge 26654. Here,adew L-H-L phases occur before
the final L-H transition, as indicated in the plot. The freqag of the following ELMs is
somewhat higher than in the above case and the energy lossals@asmall.

As we attempted to increase the density, the L-H transitiasprevented by applying the
MPs and the plasma remained in L-mode up to valud¥ef two times higher thafn auc.
This is illustrated in figure 6 for shot 26652 which is comhi@ the above discharge 26654
which transitioned to type-IIl ELMs. At the time of the L-Hamsition of 26654, the density of
26652 is somewhat higher while heating powers and plasnrgyaee almost identical. After
the L-H transition time of 26654, the two discharges evolegdifferently: 26652 remains
clearly in the L-mode as indicated by the lower confinemenetiDensity is increased by gas

puffing and, due to the lack of a temperature pedestal, thinggaower is somewhat higher
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Figure 5. Time evolution of a discharge with transition into a typeH-mode for

comparison with 26654 of figure 4 right plot.
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Figure 7. Net heating power versus line averaged density for therdiffecases
indicated in the legend.

Cases without MPs: By et from reference L-H transition studies 2008 to 2011,
mainly data from [11], R squares correspond to the 2011 series discussed in the
present work. All are transitions to type-1 ELMy H-modes.

Cases with MPs: Py, transition to type-1 ELM H-modes, Py, for transition to type-

Il ELMs, B _modeSOmMe points of the discharges forced in L-mode by the MPs.

through the Ohmic contribution and the lowB#//dt term. Even at the highest heating power
of about 5 MW, the discharge does not transition into the Hieand an L-mode density limit
occurs at about 2.5 s, preceded by a MARFE which developsat 235s, as can be seen on
the density signals. In summary, this comparison indicuits due to its threshold behaviour,

the occurrence of the L-H transition is very sensitive togilgrin the presence of MPs.

4. Power threshold and confinement

The observations described above can be summarised in@pitesenting heating power for
the different cases versus density, figure 7.

The points for?,, when MPs were turned off or on are plotted. Those without Mgs a
provided mainly by our reference L-H threshold studies],[ldbelled in the ploB et and

by the 2011 discharges dedicated to the work presented ieedransitions to type-Ill ELMs
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are specified. Some points of the discharge trajectoriegdoin the L-mode by the MPs are
also indicated. This plot indicates clearly the absencdfeteon the L-H transition at low
density, as well as the slight increaseRyf; for the transition to type-lll ELMs if density
is somewhat higher and the high power cases without tranditi H-mode at high density.
The L-mode points provide the lower boundary of the heatioggy required to induce an
H-mode at this density in the presence of MPs. The actual pmeggired to achieve an L-H
transition, which is then higher than this boundary, willdree subject of the investigations
foreseen for the 2012 campaign on this topic.

As the edge pressure profiles and the radial electric field arel widely recognised as
important ingredients in the L-H transition physics, weeatpted to relate them with the
above results. For the ion data, provided by edge chargeaagehspectroscopy, a reliable
analysis of the edge gradient requires in ASDEX Upgrade maastthe plasma radial position
(= 2cm within 200ms) which could not be meaningfully perfornrethese discharges which
evolve quickly in time. Doppler reflectometry data are alebavailable such that we have no
reliable information on the edge radial electric field. Téfere, in this article, we are limited
to data at the position of the pedestal top which we can coenipasome of our cases with
and without MPs. Overall, they indicate a very small influen€the MPs just before the L-H
transition. This is in line with the analysis made in mitigdtand non-mitigated H-modes
[15, 16]. In our cases, the ion pressure seems to be somewtett in the presence of MPs
while the electron data vary little. This suggests that ttkal electric field well is somewhat
weaker in the presence of MPs, but this really requires aoafion in next experiments.
For the L-mode discharges with MPs on, following the heapogver and density ramps,
the pedestal pressures increase above the values measthred_eH transition in the other
discharges, but the gradient and therefore the electritvitell might remain below the value
at the L-H transition. This also requires confirmation irufat investigations. Furthermore,
it should be pointed out that the L-H transition being a thadd phenomenon, very small
variations, maybe not measurable, are sufficient to indupeavent it.

Finally the confinement of these discharges is compared wsitlal type-1 ELMy H-modes
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Figure 8. H-mode factor versus line averaged density for the differgres of plasmas

indicated in the legend. The “type-l MPs off” points are usblamodes from the 2011

campaign.

without MPs from the 2011 campaign and with the dischargéls fuil mitigated ELMs of
the type described in [15]. Due to the relationmafnitig with plasma current, we consider
discharges at 1 MA only. The results are summarised in figusba&e H98(y,2) is plotted
versus density. The discharges with the type-lll ELMs aregasd as those with fully
mitigated type-I ELMy and both are within the range of the moitigated type-I H-modes.
The L-mode points are, as expected, lower. However, thisdigyhibits a rather large scatter
of the H-mode points suggesting that the ITER98(y,2) sgadioes not include, at least, one
significant dependence.

Indeed, similarly to the results from older studies in ASDE)grade, [17, 18, 19],
recycling, reflected here by a measurement of the neutraleyasty in the divertor region, has
a significant influence, as demonstrated in figure 9. All theétie points are well ordered by
this quantity and exhibit a clear decrease of H98(y,2). Rerlt-mode points the dependence

is much weaker.
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5. Discussion

We have shown that n=2 magnetic perturbations do not infeiéime L-H transitions below
a certain density. However, as density increases, the plasakes a transition into a H-
mode with small ELMs of type-1ll which might be acceptable FBER. When this happens,
the changes of the plasma parameters induced by the L-Htioenare smoother than in the
usual cases which is also favourable from the plasma capiot of view. Increasing density
further in the presence of MPs completely inhibits the H-eobhe density window in which
the transition to type-Ill ELMs occurs is quite narrow whidquires a reliable scenario to
achieve it. Further experiments might indicate ways toaahthis in a wider density range.
Our experiments were carried out using the MPs in pre-emptigde: they were turned on
well before the L-H transition. One may think that turningtton just after the L-H transition
could mitigate the following ELMs without affecting the L-tfansition itself. In the present
situation in ASDEX Upgrade where the mitigation occurs ghhdensity this would require to
trigger the L-H transition at least B§ = ne mitig Which is higher than what we could achieve so

far in our experiments. The risk of density limit disruptimould be very high, if this density
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can at all be reached. In addition, the time delay for the MP®é&ch their full amplitude
might also be a limiting factor.
In the 2012 campaign, ASDEX Upgrade will be equipped with 8ar®-coils, allowing us to
apply MPs with toroidal mode numbers up to 4. The mitigatiesuits with n=3 achieved in
the other tokamaks, [5, 9, 10], suggest that the densityrdkgee might be quite different,
which we intend to investigate. We will also make efforts igprove the edge data which
might provide more physics insight of the observed phen@ndime Doppler reflectometer
is also expected to contribute data on the edge radial eldietid, as well as on the influence
of the MPs on turbulence and its inter-action with the GAMS.
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