Survey of the H-mode power threshold and transition

physics studies in ASDEX Upgrade

F. Ryter!, S.K. Rathgebet, L. Barrera Orte 1, M. Bernert?!, G.D.
Conway!, R. Fischert, T. Happel!, B. Kurzan!, R.M. McDermott?!, A.
Scarabosid, W. Suttrop?!, E. Viezzert, M. Willensdorfer 2, E. Wolfrum 1
and the ASDEX Upgrade Teant

1 Max-Planck-Institut fur Plasmaphysik, EURATOM Assodiat, D-85748 Garching,
Germany
2 |nstitute of Applied Physics, Vienna University of Techogy, EURATOM-OAW, Vienna,

Austria

E-mail:r yt er @ pp. npg. de

Abstract. An overview of the H-mode threshold power in ASDEX Upgradéchitaddresses
the impact of the tungsten versus graphite wall, the depeeteupon plasma current and
density, as well as the influence of the plasma ion mass isgiResults on the H-L back
transition are also presented. Dedicated L-H transitiodiss with electron heating at low
density, which enable a complete separation of the eleenohion channels, reveal that the
ion heat flux is a key parameter in the L-H transition physiechanism through the main
ion pressure gradient which is itself the main contributiorthe radial electric field and the
induced flow shearing at the edge. The electron channel duoteglay any role. The 3D
magnetic field perturbations used to mitigate the ELMs atmdoto also influence the L-H
transition and to increase the power threshold. This effecaused by a flattening of the
edge pressure gradient in the presence of the 3D fields satththL-H transitions with and
without perturbations occur at the same value of the radiatic field well, but at different

heating powers.
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1. Introduction

The H-mode, which will be the base line scenario for ITER, lidatned above a certain
heating power threshold 4, at which the L-H transition occurs. The L-H transition and
its threshold have been investigated during the last decadenost fusion devices. The
multi-machine international threshold database, desdrib [1], is used to deduce scaling
expressions for the H-mode threshold power and the andipsis2008 yielded the latest and

widely used ITPA threshold scaling which for deuterium 4a]:
Pscal = 0.049n_eo~72|_3,T 0.800.94 o

whereri is the line-averaged density in 2, Bt the magnetic field in T, an®
the plasma surface area irPmThis scaling expression is used to predicty in future
devices and to normalize the experimental valudd of; for comparison between devices or
different discharges in a single machine. It should be Uzt that as th&t dependence is
well reproduced across the whole database, independéditbyice and plasma conditions, in
some of the analyses presented below we use it to compaladiss with differenBt values
over a restricted range. It should also be noted that thatiadilosses from the volume inside
the separatrix are not subtracted. Expression 1 has beewetbdrom discharges with low
threshold, generally labeled as “favorable” occurring @ugrium plasmas with a magnetic
configuration for which the iorB drift is directed toward the X-point. It is also known
for decades that for the hydrogen isotopes (H, D and{T)4 varies with the ion mass as
Mi‘l, [3], such that it is 2 times higher in hydrogen and 2/3 lowetritium as compared to
deuterium. In contrast, the case of heliuthl¢ throughout this paper) is less clear: in some
devices the threshold is reported to be up to 40% higher initnethan in deuterium but is
also found to be very close to the deuterium threshold, itiqudar as density is increased.
An overview of these results is provided by joint experinsecdrried out in the frame of the
ITPA Transport and Confinement Group and reported in [4]. iSbtope effect is important
for predictions of the non-nuclear phase of ITER which wel ¢arried out in hydrogen and

helium plasmas. Further dependences have also been kporteerning the position of the
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magnetic configuration with respect to the divertor geoyéir, 6, 7, 8], as well as the impact
of the toroidal rotation, [9]. None of these three effectgenbeen found in ASDEX Upgrade,
so far, and these topics are not further discussed here.

During the last decade, the graphite plasma facing compgsimeASDEX Upgrade have been
gradually replaced by tungsten-coated elements and theletereplacement of carbon by
tungsten was achieved in 2007, [10, 11, 12, 13]. This chaagétduced a reduction & 4

by 25%, [14, 15], and is described in more detail below. AISAET the recent change to a
full metallic wall resulted in a reduction ¢ _, [16].

The application of 3D magnetic field perturbations (MPs)asadays widely used to mitigate
the edge localized modes (ELMs). This also imp#&ctsy and, in most of the devices turning
on the MPs causes an increasd?ofy, as reported for MAST [17], DIII-D [6], NSTX [18]
and ASDEX Upgrade, [19]. In ITER, large ELMs must be avoidetlich implies that the
ELM mitigation system must be turned on before, or at thestatemediately after the L-H
transition. As the available heating power in ITER will netimuch higher than the presently
predictedP__y, it is important to assess quantitatively to what extentNts might affect
the threshold and under which conditions.

Not only the L-H transition is important for ITER, but alsceth-L “back-transition” which
has been studied much less, so far. The H-L transition hadaksn addressed in our studies.
It is particularly important to know whether, once in the Hae, the plasma can remain in
this regime with less power than predicted Ry,. This property is generally expressed by
the power hysteresis defined as the ratio of the power at whield-L transition occurs to
the L-H threshold poweRy_ /P _H.

It has been largely demonstrated that the physics mechasfiime L-H and H-L transitions
takes place at the very edge of the plasma. Over the yearsgrousimodels have been
proposed to explain the L-H transition, see e.g. review g a recently proposed model,
[21]. The latter requires the electron temperature at tharsérix and in the scrape-off-layer
and cannot be compared to experimental data, as such me&suseare not available at

ASDEX Upgrade with the required accuracy yet. More than twoadles ago it has been



Survey of the H-mode power threshold and transition phystiadies in ASDEX Upgrade4

suggested by theory, [22], and found in experiment, [23]t the shear of the plasma flow
driven by E x B at the plasma edge can explain turbulence and transporttredun a
developed H-mode. Nowadays this paradigm is largely aedephd indeed, in all toroidal
devices, see e.g. review [24], a strong negative well ofdldeat electric fieldE,, is measured
at the very edge of the H-mode plasmas. The flow shear drivenlyis assumed to
reduce the turbulence as observed during the H-mode. Tl& eddctric field at the edge
is mainly driven by the ion pressure gradient, in agreemeéttit the neoclassical theory, [25]
and references therein. It should be underlined that, tietipe fact thatJE; is expected to
be the actual quantity which impacts on the turbulence, tmenmum of the well,E; min, is
convenient to characterize the well, because it is morablimeasured in the experiment.
As the width of the well is observed to be rather constant imgle device, see e.g. [26, 27],
Er min is representative dflE, and therefore of the effect of tit& well on the turbulence level.
Despite its clear role in a developed H-mode, the contrilbutif theE, well in the physics
mechanism of the L-H transition itself has not been unamdugly demonstrated so far and
the possible need for an additional trigger is often invokkdthe last years, the reduction
of turbulence by the self-induced zonal flows (ZFs) and gsiadacoustic modes (GAMS)
has been proposed by theory [28] and suggested by seveeirental results as a trigger
mechanism, [29, 30, 31, 32, 33, 34]. Through this “predates” mechanism a train of
limit cycle oscillations, also named intermediate phasgh@se), is often observed prior to
the actual L-H transition. However, tiig-induced flow shearing prior to the L-H transition
should be sufficiently strong to further keep the turbuleatca low level after the action of
the trigger and when the ZFs and GAMS disappear because ofédiieed turbulence level.
Indeed, recent results from ASDEX Upgrade indicate thagGheell depth just prior to the
L-H transition exhibits a constant value over a wide rangeesfsities and temperatures, [35].
As the radial electric field is mainly driven by the main ioregsure gradient, this result is
coherent with the fact that a certain power threshold isireduor entering the I-phase and
triggering the L-H transition. Further investigationsepented below, reveal that the ion heat

channel indeed plays a crucial role in the L-H transition.
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An overview of the ASDEX Upgrade studies on H-mode physicgehaeen reported in
[36]. The present paper is focused on the L-H transition jgsyand presents new results.
It is organized as follows. In the next section the main ctigréstics of our experiments
are described, as well as the diagnostics which are esstartthe studies reported in this
paper. The results on the impact of the metallic wallfpny and the dependence on the
ion mass, as well as new results on the plasma current depemaé both the L-H and H-

L power thresholds, are presented in section 3. In sectiameddiscuss the L-H transition
physics mechanism and our results on the role of the ion @darfinally, based on new
experiments, the effect of the MPs Bn_y is described and discussed in section 5, followed

by a concluding section.

2. Experimental set-up and diagnostics

ASDEX Upgrade, a divertor tokamak of major radiRs- 1.65m and minor radiua = 0.5m,

is equipped in particular with NBI and ECRH heating systeinsthe discharges presented
here, the ECRH was deposited in the central part of the plagma< 0.3, corresponding
to a range for the absolute valueBf between 2.3T and 2.7T which is the window used in
the data presented here. Hepgy is the usual normalized toroidal flux radius. In this paper
we also use the poloidal flux radiusyol, to display profiles at the edge of the plasma. The
ECRH scheme was second harmonic X-mode which provides 108&gation in the electron
channel with a narrow deposition profile. The dischargesvadirrun in a standard ASDEX
Upgrade magnetic configuration with the ioiBt drift towards the X-point, i.e the magnetic
configuration for a loweP__y.

ASDEX Upgrade is equipped with all the standard diagnogiica present-day tokamak.
Detailed edge profiles are very important measurements viesiigate the L-H physics
mechanism and were available for a large part of the diselsanged for the present work.
The density profiles are provided by the Integrated Data ysisIDA) which combines
measurements from the lithium beam diagnostic at the eddjghannterferometer in the core,

[37]. In the following we also use time traces from the DCNelaveraged densities, one of
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them is labelled “core” as its corresponding line of siglgg®s close to the plasma axis, while
the other is labelled “edge” and represents a line of siglaseltangency radius is generally
close to thepior ~ 0.8 flux surface, the geometry details are provided in [38]. \&me
this quantitieme andne eqge respectively, in which the length taken into account to ager
the density is the distance along the line of sight betweentwo points where it crosses
the separatrix. The electron temperature is provided byltit@mson scattering diagnostic
and a 60 channel electron cyclotron emission (ECE) heterdsdiometer. For the latter,
a forward model within the IDA frame is applied to deduce aate electron temperature
profiles from the measured radiation temperature, [39]s @halysis is particularly important
in the edge region with strong gradients. The ion tempeeatgasurement yielded by charge
exchange recombination spectroscopy (CXRS) has been ignificantly improved since
2011 through an upgrade of the core system, [40], and thallasbn of two edge systems
with viewing cords in both the toroidal and poloidal directs, [41]. The upgrade of the core
system enables the measuremeni;afith a 4 ms time resolution on 25 radial core channels
while each edge system has 8 radial channels with 2 ms tirokites). In discharges without
NBI, e.g. heated by ECRH only; and rotation profiles can be measured with NBI blips of
about 10 ms duration, yielding excellent data with a minim#illence on the plasma, [40].

As mentioned above, the actual L-H transition is often pdedeby an intermediate phase,
labelled I-phase, in which the plasma oscillates betweatestof low and high transport
due to the interaction between turbulence and GAMs, [32].rimduthe I-phase the edge
temperatures and density increase little: the pedestala@wment is weak. In this paper,
however, we keep the label L-H for the transition from thénkpe to the actual H-mode after
which a significant reduction of the edge transport inducssidden increase of the edge
density and, to a lesser extent, of the temperatures. Indll@ving, the threshold power
values are yielded, as usual, by the loss poWgts = Pheat— dW/dt, wherePe4 includes

all the heating contributions, taking into account lossed absorption coefficients of the
different heating methods, aid is the plasma energy. Most of the data used in our analysis

of Py have been obtained in dedicated experiments in which thenggaower was ramped
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slowly, or increased in small steps, to reduce the largasteof experimental uncertainties
which is due todW/dt. However, some points were taken from other studies in wtiieh
dW/dt contribution might be larger. The uncertainties inducedi¥y/dt are reflected in the
error bars. As for the analysis which yielded the ITPA saglthe radiation losses inside the
separatrix are not subtracted. It should be underlinedghgpthat the?__ analysis is done
in L-mode or I-phase time windows of the discharges, whegartipurity concentrations are
low and the ratio of radiation power in the plasma core toihggbower is also rather low
and almost independent of the plasma conditions. This isrgdig not the case for the H-L

transition, as discussed in the next section.

3. Power threshold results

3.1. Transition from graphite to tungsten wall

The original graphite plasma facing components in ASDEX ftddg have been replaced
stepwise in time by tungsten-coated elements. This pracasstarted in 2003 and the change
was completed in 2007, as described in [10, 11, 12, 13]. Simsedate two experimental
campaigns (2007-2008) were carried out without bororozativhile boronization have been
applied regularly after this period. The ASDEX Upgrade $ined data contributed to the
ITPA database were, so far, taken from discharges perfoduadg the carbon wall period
and are in good agreement with the ITPA scaling, see [42, 2].

Dedicated L-H experiments were carried out in 2008 with thetfingsten wall to investigate
the density dependencel@f_y. They revealed that the threshold was about 25% lower than
previous data and therefore also below the scaling by the samount, [14]. This has been
confirmed during the following campaigns 2011-2013. Thoution is well documented
by the “H-mode standard shot” which is run as the first disghat the beginning of each
experimental day since 1999, [43]. As described in thisregfee, the H-mode standard shot
includes a power ramp to measie_H at a density of about.8 x 10°m~2 which was in

the validity domain of the scaling for ASDEX Upgrade. The Hbahe standard shot was
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originally developed &y, = 1 MA with |Bt| = 2T yieldingges ~ 3.3. As the tungsten surface
coverage increased, the plasmas were prone to tungstemaletion in the low power phase
following the L-H transition due to the development of an Eiffde phase. This was cured
by increasing the value @t to 2.5T, corresponding tqgs ~ 4.2. In parallel, the required
density at the L-H transition was increased te 501°m~3 since shot Nr. 19838. The value
|Bt| = 2.5 T has been used regularly since 2007, but some dischamex 15T with the
carbon wall in 2005-2006 provide a comparison at the sameataxfield between the carbon
and tungsten periods. This indicates that the differentmatgfield is not the reason for the
lower normalized power threshold. This large set of dat&dgian overview of the evolution
of By over the last 12 years which is shown in Fig. 1 where the nam@ébower threshold
PL_H /Pscal is plotted versus shot number. The normalized thresholestaito account the
slight density variations and the changesin mentioned above. The fraction of tungsten
plasma facing components surface is also indicated in thesfig

During the 2007, 2008 and 2009 campaigns the investigatiBn ¢, could not be carried
out regularly due to technical limitations caused by a daeddtywheel generator. The last
H-mode standard before this accident was shot Nr. 21388 nil 2p06. The regular H-
mode standard shots could only be restarted with shot NrO@%&6 November 2009. This
explains the lack of points in this period during which onfg@a data points could be gathered
in dedicated experiments. The averaged value of the naraththreshold is close to unity
until 2006 and clearly below, at about 0.75, with full coweriwith tungsten and after hand-
cleaning of all the surfaces during a vessel opening. Tlyetatata scatter with the carbon
wall (2001 - 2006) is attributed to the higher sensitivitygpphite to what happened in the
previous discharges. An analysis of the scatter with thbarawall has been presented in
[43] and a further discussion is out of the scope of this paple data points with 2T and
2.5T are displayed with different symbols indicating theg hormalized threshold is, indeed,
independent 0Bt in this range. It must be underlined that, similarly to theetvation made
in JET, [16], we verified that the lower power required to induhe L-H transition in the

metallic machine is reflected by proportionally lower edd¢gecteon temperatures. This is
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Figure 1. Power threshold normalized to the ITPA scaling as a functdrshot
number for the H-mode standard shots, giving an overviewhefevolution of the
L-H threshold power in ASDEX Upgrade for similar plasma dtinds over the last
decade. Relevant information of the years is also indicatezte was no campaign in
2010.

shown in figure 2 for H-mode standard shots runBat| = 2.5 T. In panel (a) the electron
temperature gbpo = 0.97 is plotted versuB. . As mentioned above, the density has been
increased fromme ~ 4.510°m™2 to ne ~ 5.010"°m3 during the carbon period, after shot
19838. This is reflected by a slight decreaselgppo = 0.97) for the cases with higher
density. Otherwise this plot shows that the edge temperdtilows roughly the heating
power at the L-H transition and that it is indeed lower witle tinetallic wall in agreement
with the low value off_ _y. To take the differences in density into account, we plotangd
(b) the productngedgex Te(Ppol = 0.97) whereneedge is deduced from the interferometry
channel as described in section 2. For this analysis wergregequantity, instead of the local
edge density, because it has a very high accuracy in suctiddedischarges which all have
the same plasma shape. This avoids further scatter whickdvedwr the plot. The quantity

NeedgeX Te(Ppol = 0.97), which we do not refer to as electron pressure because ylemsit
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temperature are not measured at exactly the same positioibjts a clear dependence upon
P _n and is lower for the low threshold values with the metallidiwahis indicates that the
lower threshold with the metallic wall is indeed a physideetf which is not due to different

radiation losses or changes in the heating power calilbrati@bsorption.
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Figure 2. Effect of the C and W walls on electron edge quantities, atadar
|Br| =25 T. Plot (a): electron edge temperature ppo = 0.97 versus P_y for
H-mode standard shots with the C and W walls. The change aodehsity during
the C-wall fromne ~ 4.5 x 10°m~3 to ne &~ 5.0 x 10°m 2 is indicated with different
symbols. Plot (b)Ngedgex Te(Ppol = 0.97) versus P_y for the same data point as in

plot (a).

One may speculate that this decrease of the threshold vatinétallic wall is caused by
the significant reduction of the carbon concentration. R&atay, it did not occur gradually
which can be attributed to the fact that the reduction of thdban concentration mainly
occurred after the cleaning of the inner wall. Indeed, dutheogradual change from the

carbon to the tungsten wall a high level of residual carbos fwand on the surfaces before
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the cleaning. After the wall cleaning, the carbon concéiatnavas strongly reduced such that
the dominant light impurities were carbon, boron and oxygenoncentrations estimated
to be well below 0.5 % in the H-mode standard shots prior tolthé transition. The
substantial concentration of carbon with the carbon wadjihiherefore have increased the L-
H threshold through dilution. In this respect, in additiorthie results from JET, the reduction
of B__y achieved in NSTX with lithium conditioning, which is a mdialcoating on carbon
plasma facing components, is worth noting, [44]. Finaltyshould be underlined that in
the lower power L-modes before the L-H transition, the taegsconcentration is below
the detection level of % 10, whereas it can be up to two orders of magnitude higher in
usual H-modes. Therefore, neither the core nor the edgesteimgoncentrations and the
corresponding radiation play any role in the L-H power thadd. This is confirmed by the
fact that boronizations have no impacti@n y in the tungsten wall.

As reported in [35] for ASDEX Upgrade, the edge ion pressuaglignt seems to play a key
role in the L-H transition physics through its contributitmthe radial electric field at the
plasma edge, which could be altered by a radially dependeraentration of light impurities
in the plasma edge. The diagnostic set available before @066 not allow the measurement
of the edge radial electric field and we cannot compare data this period with the carbon
wall to our recent results with sufficient accuracy. Howeuen recent attempt to mimic the
presence of carbon in standard H-modes performed in thatemgoated vessel, we injected
various amounts of nitrogen before the L-H transition. Tijedted nitrogen gas flux were,
in 10°1s71, 1, 2, 3, 4 and 6. These points, specifically marked in Fig.olnat significantly
deviate from the others in the tungsten-coated machine amdicly do not reach the power
level of the data measured in the carbon device. The coratemtrmeasurement of nitrogen
at the L-H transition is affected by large uncertainties, e estimate that the value reached
with a nitrogen flux of 4x 10?1s~1 was equivalent to that of carbon before the change to the
metallic wall. The maximum nitrogen flux of 6 10?'s~! produced a disruption before the
L-H transition. Obviously, this quantity induced a largencentration which was not realistic

to mimic the older carbon concentration for which we nevet Hesruptions in this phase
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of such discharges. Thus, we have no direct experimentdéege that the reduction of the
carbon concentration is the physics cause of the threskdidaction, but, from our point of
view, this seems to be the most probable cause. One may aiskeima reduction of the
residual hydrogen concentration associated with the featedll. However, considering that
the residual hydrogen concentration with the carbon wall atamost 5%, this hypothesis
seems unlikely to explain a 25% reductionRf . Finally, we found no evident indication
of changes in recycling which could explain this reductibilowever, it should be underlined
that the L-H transition depends critically on the ion pressgradient in the very edge of the
plasma, a quantity which might react to changes not visibthimwthe uncertainties of the
measurements, or be induced by effects occurring in thetdivend scrape-off-layer.

In summary, the reduction & _ with a metallic wall compared to a carbon environment is a
robust experimental finding, clearly evidenced by our rissmter several years and confirmed
by the recent experiments in JET. As demonstrated by thgsisalf the edge data, this effect
is directly linked with the transition physics and cannogltteibuted to lower radiation losses

from the plasma inside the separatrix.

3.2. L-H and H-L power thresholds

The density dependence of the H-mode power threshold has feeegnized to be non-
monotonic for about two decades, see e.g. [1] and refereheesin, and has been the subject
of recent studies [45, 14, 46]. The threshold exhibits a mimh atne min Which separates the
so-called low and high density branches. Only data from dtterd were used to derive the
ITPA power threshold scaling, Eq. 1, where the conditign> ne min depends on the device,
[2].

For ASDEX Upgrade with the W wall, we foun min ~ 4.5 x 10%m~2 for discharges at a
plasma current df, = 1 MA, [14]. TheseP _4 results have recently been extended with more
data at 1.0 MA and with data gained at lower currents of 0.8 M4 @.6 MA. The variation

of the plasma current presented here was motivated by thiketoesxtend the available low

density data for various current values. The results agdalied in Fig. 3.
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Figure 3. Power threshold versus density for the L-H transition nolizeal to|Br| =
2.35T by the B® dependence. The fits to the B data indicated here are also shown
in Fig. 4. The error bars include all the contributions tQ,®2 The larger error bars
are due to the dWdt term for discharges with a rather strong change of heagioger

before the occurrence of the L-H transition.

In these data sets, the low density points, below aboul@°m~3, were all obtained
with ECRH. As already mentioned above, to take into accdumtariations of th®&y values
(2.3T - 2.7T) aroundBt| = 2.35T which is the value for the main part of the dataset, we
normalized the power by thB%® dependence of the threshold scaling, taking as reference
|Bt| = 2.35T. This enables the inclusion of more data points in thdyaisa Note that the
highest density which can be reached for L-H transitionistuis limited by the density limit
which is proportional to the plasma current. This explalesdifferent upper boundaries of
the high density branch which could be explored at the thiaenpa current values. Figure 3
indicates a decrease of bathmin andP__y with decreasing plasma current. The dependence
on plasma current occurs only in the low density branch, edeall data converge towards
a common curve in the high density branchRf 4, in agreement with the fact that ng
dependence is found in the ITPA threshold database analWesvill show in the next sub-
section that this is attributed to the edge ion heat flux iatreh with the radial electric field.

We also investigated the threshold power of the H-L backsiteom,Py_ , plotted versus

density in Fig. 4 for the same thrggvalues. The fits to the respectiPe_ data sets of Fig. 3
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Figure 4. Power threshold versus density for the H-L transition, nalized to
Br = 2.35T by B}8. The fits to the Py data are plotted here for comparison between
the L-H and H-L thresholds. The error bars include all the ilutions to R,sswhere

those from dW/dt often dominate.

are also shown to enable the comparisoR@f_ with P__. Remarkably, th&, | data also
exhibit a non-monotonic behaviour which is very similartattof the L-H transition. This is
particularly clear for the 1 MA data set which comprises naighe dedicated experiments.
A large number of H-L points lie close to or even clearly ab&vey showing that the
hysteresis is not a general feature in this representatiorthe high density branch only,
several points exhibit a clear hysteresis, defineB.ag < PL_n. The lack of hysteresis for
the other data abovw& min is mainly due to the radiation losses which generally ingecia
the H-mode phase and are larger at the H-L transition as caudpa the corresponding L-H
points. It should be underlined that the increase of theatavdi power after the L-H transition
is particularly pronounced when the L-H transition occurghe high density branch. In
particular, the points encircled in Fig. 4 exhibit a very thigadiation which explains why
they lie clearly above the others. Indeed, the L-H transii®known to be linked to the
net power through a magnetic surface just inside the sepavahich would then require
the radiation losses inside this surface to be subtractedieMer, this quantity suffers from a

large scatter which induces correspondingly large scatt@uncertainties on the net threshold
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values, such that the final results indeed suggest the egestef an hysteresis, but with poor
significance. These results are therefore not shown herthdfpit should be underlined that,
in the low density branch, the hysteresis can be masked tspritveg decrease of the threshold
power with increasing density in this window of operation.

Summarizing, the L-H and H-L power thresholds exhibit vemikr dependences and the
hysteresis often does not appear clearly which is mainlgeaiy the rather large radiation
fraction which develops during the H-mode. This contribntis significantly higher with
the tungsten wall, the hysteresis was clearer in the carlaii4v]. The investigation of the
hysteresis at the H-L transition is not the only aspect aftipic which can be extended by the
study of the comparison betweéyss andPsc4 during the development of the H-mode after
the L-H transition. In fact, after the L-H transition the dég generally increases strongly,
causing an increase ¢%., O N2 which often leads to the situatidPoss < Psca if the
input power at the L-H transition was closeRg.5. However, this does not induce any H-L
transition which is a clear sign of hysteresis: the H-modelma sustained witRpss < Pscal-
This effect is essential in view of ITER where the L-H traiwitis foreseen to be triggered at

Ne ~ 5 x 10°m~3, while the actual operation density will be around%03.

3.3. Isotope dependence of the power threshold

As mentioned in the introduction, the L-H power thresholavedl-known to depend on the
ion mass with arMi‘l dependence for the hydrogen isotopes, which is in particafeected
by the fact that the threshold power in hydrogen is about tmes higher than in deuterium.
In ASDEX Upgrade with the carbon wall, the threshold in hygleo was about 1.8 times
higher than that in deuterium afl_y in helium was about 40% higher than in deuterium,
[14]. With the metallic wall, the thresholds of deuteriumdamelium are identical over the
whole density range, as reported in [14]. Recent investigatof P _y in hydrogen with
the tungsten wall and under the same experimental condiisrthose used for the results
obtained in D and He, have been conducted. Bhey results for hydrogen, deuterium and

helium with the metallic wall are plotted versus density ig.F.
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Figure 5. Power threshold versus density, normalized by t§€ Bependence, for
deuterium, helium and hydrogen with the tungsten wall. atihdrom 1MA discharges.

2 x Pycaris the ITPA prediction for hydrogen.

The three gases exhibit the same density dependence withienamn at about %4 x
10m~23. The threshold power in hydrogen with the metallic wall rémsalso higher than in
deuterium by a factor of 1.8, as with the carbon wall, but &tie is then 30% lower than with
the graphite wall. Consequently, in the high density bratfelthreshold power for hydrogen
with the tungsten wall is significantly lower than that prdd by the ITPA scaling, as clearly
indicated by the comparison with>2Ps.4 used for the extrapolation to ITER. This is quite
favorable for the non-nuclear phase.

The helium plasmas of the non-nuclear phase in ITER will @ontn certain amount of
hydrogen introduced by the hydrogen NBI and possibly pelieted for ELM mitigation.
It is therefore important to assess the dependendd of; in helium plasmas diluted by
hydrogen. Our isotope study yields the results shown in&ighere the normalized threshold
power is plotted versus the helium concentration. The heltoncentration, deduced in the
divertor region from the D | and He | emissions, is expecteflect the concentration in the
plasma edge, which is relevant for the L-H mechanism. Tha paints have been obtained
from L-H transitions induced by ECRH and hydrogen NBI in thghhdensity branch of

the power threshold. A significant increase of the threskekins to take place for helium
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concentrations below 0.8.
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Figure 6. Normalized power threshold versus helium concentratiora ihelium-
hydrogen plasma. A 3% concentration of helium has been asdion the “pure”

hydrogen plasmas.

Summarizing, these results are favorable for ITER as theggest that the threshold
power in helium-hydrogen plasmas might remain close to dfaleuterium for helium
concentrations above 0.8, while in the pure hydrogen plasima threshold is only about
1.4 times above the present ITPA prediction for D if the dffeicthe metallic wall can be

extrapolated to ITER.

4. L-H transition physics: Role of the ion channel

The L-H transition and the resulting transport barrier e@ithe very edge of the plasma, in
a radial radial range of about 2cm inside the separatrix fodischarges, which corresponds
to 0.95 < ppo < 1. The hypothesis that the shear of the plasma flow drivek kyB at the

plasma edge is responsible for the reduction of turbulenceti@nsport in a developed H-
mode is widely accepted. In the edge region, where the H-rtradsport barrier occurs, the
measured negative well of the radial electric fidig, is essentially due to the diamagnetic
contribution of the main ions, see e.g. [25] and referenberein, [48] for measurements in

ASDEX Upgrade. In the first approximation one may asséme Op;/(e n) wherep; is the
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ion pressuregthe elementary charge andthe ion density. The flow shearing is then directly
linked toJE, and thus to the ion pressure profile.

Therefore, important information in the search for the L#ygics mechanism can be gained
through the identification of the respective role of the &tat and ion channels. This is
possible if, at the time of the L-H transition, the two chalsrare sufficiently decoupled up
to the very edge, such that they can be indeed analyzed selpaiidnis can only be achieved
in the low density branch d® _y and with a heating method which heats dominantly the
electrons or the ions. Such a situation has been created DEXSJpgrade with ECRH,
which exclusively heats the electron channel, [35]. In gtigly, the minimum of th&, well
atthe plasma edgg; min, has been found to be constant at the L-H transition, indzgetty of

the electron density and temperature, at fixed magnetic #edduming a constant width of the
well, which is a realistic hypothesis, see e.g. [26, 27§ thplies thatlE,, or equivalently the
induced flow shearing is constant at the L-H transition. fanence [35] E; min has been used
because this is a more reliable experimental quantity ffgn In these experiments, rotation
was negligible at the edge such that Eewas mainly determined by the diamagnetic term
of the main ionsk; = Op;j/(e n). Therefore these results indicate that the ion heat channel
plays a key role in the L-H transition, while the electron mhal does not seem to play any
role. The following picture for the L-H transition physicsierges. In the usual experimental
approach, the L-H transition is induced by a gradual inaeddhe heating power in the L-
mode, with a corresponding increase of the edge ion heatdﬁ?)?ﬁ The latter induces a
steepening ofIT; which, in the edge, leads to an increaselg, an enhancement of thg
well and consequently of the flow shearing. Note that befoeelt-H transition the density
does not change, such that the changeéspnare only due to the ion temperature induced by
the heat flux. In addition, increasimﬁdgetends to enhance the turbulence level and transport
might increase, but this also excites zonal flows and/or ggicdacoustic modes, which can
transiently reduce turbulence and eventually trigger tHe transition, [32]. The minimum

E; well value before the L-H transition revealed by the worksemed in [35] is necessary

to sustain the turbulence suppression by Eheshearing once ZFs and GAMs disappear as
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turbulence is reduced after the L-H transition. In otherdggrthe turbulence suppression
triggered by the ZFs and/or GAMs needs a backgrdeandell to be maintained.

The key role of the ion heat flux also explains the particylantong increase d# _ towards
low density in ECRH-induced L-H transitions because theeeidg heat flux, for which the
only source is the electron-ion collisional energy excleapg (I nen; (Te—'l'i)/Tg/z, strongly
decreases towards low density under such conditions. Wecddtie edge ion heat flux from
the power balance analysis carried out with the ASTRA trartgmde [49]. As we investigate
here only plasmas with pure electron heating, Ohmic and EGR#Honly source in the ion
heat flux channel is provided by the collisional energy ergesflowing from the electron to
the ion channel, according {@;. This effect is calculated with sufficient accuracy as long
as the differencde — T; is larger than the experimental uncertainties. This iséddibe case
with ECRH and Ohmic heating whefig > T; is fulfilled at low collisionality, i.e. in the low
density branch. At higher densifly andT, are the same within the experimental uncertainties
over a substantial part of the radius in the outer part of thermpa and the electron and ion
heat fluxes cannot be separated with sufficient accuracy.

The dependence d¥ _y on |l in the low density branch illustrated by Fig. 3 is linked
to the ion heat flux as demonstrated in Fig. 7. The resultsHerlow density region,
where the analysis is valid, are shown in Fig. 7 where someeseptative points from
Fig. 3 for PR _y at |Bt| = 2.35T versus density are shown in panel (a) while in pangl (b
the corresponding ion edge heat flux values for the pointsvfach the required data are

available. We plot hergs which is integrated over the flux surfapg, = 0.9 and provides,

in MW, a direct comparison witR__y shown in panel (a). Note thqﬁ?oﬂeis much lower than
the corresponding heating power of panel (a). Panel (bylgldamonstrates that the values
of g for 1 MA and 0.6 MA at the L-H transition are consistent, wHe y at 0.6 MA

is lower by at least a factor of 2. This is due to thg term under these conditions where
mainly Te varies. Indeed, for a given ECRH power, we observe in thesghdrges that for
0.6 MA Te—T; is larger than for 1.0 MA, whereak itself is lower. These two effects both
lead to a stronger electron-ion energy transfer at 0.6 MAandrrespondingly highef o9
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Therefore, under these experimental conditions at lowitlgtise ECRH power for the 1 MA

cases must be higher than at 0.6 MA to provide the requiretiéan flux value.
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Figure 7. Panel (a): R_y versus density for a selection of points from Fig. 3 with
|Br| = 2.35T. The closed symbols are the points for which a calculatibthe edge
ion flux, q‘ff’oﬂe, can be performed and plotted in panel (b). For the open swnﬁﬁ)%e
cannot be calculated, but they are shown to better illustithie dependences. Panel

dge

(b) shows f};, at pror = 0.9, at the L-H transition, for the closed symbols of panel

(a). The dashed line in panel (b) is a linear fit to the data &ar¢hrough the origin.

It should also be noted in Fig. 7 thafg at the L-H transition increases with
density, whereaB__y decreases, which is explained by the density dependenbe ehergy
exchange term. The fluf 5 at the L-H transition increases about linearly with the dtgns
as indicated by the dashed line which is a linear least sditaoethe data forced through the
origin. A free fit yields almost the same line. Remarkablis ttependence is consistent with

that of B__y in the high density branch: extrapolatiqﬁﬂﬂeto higher density along the fit
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yields forqﬁﬁﬁea value of 0.6MW at 5 10°m~23, which is half ofA__y and seems plausible
under conditions of rather strong coupling between ion dect®n channels.

These results, based on a completely different approachttioge published in [35], clearly
confirm the key role of the ion heat flux in the L-H transitionehanism through the ion
diamagnetic contribution to thg, well.

Finally, as reported in [50], we found in ASDEX Upgrade thHa¢ £dge pressure profiles at
the H-L transition are very similar to those at the L-H traiosi indicating that thds, profile

at the back transition is close to that at the L-H transitalsp emphasizing the key role of

this quantity in the transition physics. The reader is ref@to [50, 36] for more details.

5. L-H transition in the presence of magnetic perturbations

One promising method to mitigate the power load releasetdizt Ms is offered by applying
non-axisymetric magnetic field perturbations, labelleceidPs, using adequate saddle coils.
This indeed enables H-modes with very small or even complstgpressed ELMs to be run,
[51, 52, 53, 17, 54]. Since 2011 ASDEX Upgrade is equippet siich saddle coils, named
B-coils, which can produce perturbations withk< 4, wheren is the toroidal mode number.
We used n=2 in the present work. A specific feature of the ELMgaiion with MPs in
ASDEX Upgrade is that it occurs at rather high plasma den&t}, above a value labelled
Nemitig: Which corresponds typically to 65% ogw, the Greenwald density. This effect does
not depend on whether the MP configuration is resonant oresorant.

As accessing the H-mode in ITER with the foreseen heatingepawill be crucial, it is
essential to investigate the effect of the magnetic peatioshs on the L-H transition and
PL_H. Results have been obtained in MAST [17], DIlI-D [6], NSTX8]1 using an n=3
setting for the MPs. These results all indicate an increa$g gy with the amplitude of the
applied perturbation, which can be as high as two times attw/f@__ value without MPs.
Similar experiments have been conducted in ASDEX Upgrati@]. [ Their goals were to
achieve transitions to H-mode without a single large ELB, full avoidance of type-l1 ELMSs,

and to assess the effect of the MPsRny. It turned out that the MPs do not affect the L-H
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transition forne < 0.45ngy While for ne > 0.65ngy no L-H transition could be achieved with
heating powers as high as two times the usyaly value. In the intermediate density range,
small ELMs were obtained right after the L-H transition vé#, _ was increased by only
20%, [19]. First results presented in this reference suggdedbat the increase 6f _ is due

to a flattening of the edge pressure profiles by the presentte diPs, but this remained to
be assessed. This preliminary statement has been confimmedant experiments in which
we could investigate more accurately the impact of the MPthemrdge profiles, as described

in the following.
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Figure 8. Comparison of the edge; profiles deduced from Doppler reflectometry and
Ope/(€ ).

As already mentioned, there are convincing experimentiitations that thes, well
must be sufficiently pronounced for the L-H transition to wc35]. As indicated in the
introduction, the relevant physics parameter for turbcgeneduction is the sheared flow which
is driven bylE;, but this gradient is generally not measured with sufficeatiuracy, whereas
the minimum of the wellE; min, is better determined and therefore used to charactereze th
edgeE; well. We also follow this approach in this section. The asayof theE; field
deduced from the CXRS data requires detailed profiles ateheadge of the plasma which,
with our present systems, can only be obtained if the plasme@anned radially by about 1cm

to increase the radial resolution. This movement requibesia200ms and is not adequate
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to study the L-H transitions under the conditions used héneleed more discharges than
available would have been needed to produce long enoughde ploases at a heating power
just belowP__y. As indicated in [35], at densities above«40°m~3 the T, andT; profiles
are very similar in the edge plasma, such that, in a first agym@&tion, Te can be used instead
of Ti which allows us to estimate, from Ope/(e ne) with a good time resolution. For this
purpose the ECE data were analyzed with the forward modettiathod to provide the best
possible accuracy @t in the edge, [39]. For this analysis the original tempeatunrd density
data, which are sampled with a frequency of several kHz \aeged over 1ms which is also
the time resolution of the resulting data and sufficient teestigate the effect of the MPs
on the L-H transition. The Doppler reflectometry in ASDEX Wade also provides edge
E; profiles, [55, 32]. A profile requires a frequency scan whigkes about 100ms, a time
resolution which is often not sufficient for the purpose o tiresent work. However we
could cross-check the results delivered by the Doppleratefiteetry and those deduced from
Ope/ (e ne) for a few cases. An example is shown in Fig. 8 for an L-mode tirterval shortly
before the L-H transition and during which the plasma patarsevaried little. The agreement
between the two measurements is good for the outer regjgn;> 0.97, and in particular for
the minimum which gives confidence in the estimat&ofleduced fronidpe/(e ne). Further
inside,ppol < 0.97, the contribution from toroidal rotation increases dreldiamagnetic term
does not represent well thg profile which explains the discrepancy between the Doppler
reflectometry and thelpe/(e n) data. More details on this comparison can be found in [56].
For the results presented here, we induced two L-H tramsifione without and one with MPs,
under otherwise identical conditions, either in the sarseldirge with two heating pulses, or
in two subsequent discharges. As already indicated abavesed the non-resonant n=2 MP
configuration, but we verified that the resonant n=2 configumayielded very similaiP__4
values.

An example is illustrated in Fig. 9 for two discharges in whibe L-H transition has
been induced in each of them by an identical ECRH pulse. Indiseharge the MPs were

not activated (28394) and in the other one (28395) the MPg wened on with the usual
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Figure 9. Time traces of two discharges without MPs (28394) and withsMP
(28395). Panel (a) heating powers, (b) and (c) core and eitgedveraged densities
respectively, (d) and (e) divertor currents as monitor feHLtransitions and ELMs,

without and with MPs respectively, (f) plasma energy.

maximum coil current of 1 kA. Several signals are plotted ig. P for each of these two
discharges in a time interval around the L-H transition. Bddips were used to also provide
information onT; to indeed verify thafle and T; are similar at the edge, [56]. The L-H
transitions, indicated by vertical dashed lines in the pkote well identified by the sudden
increase of the edge density, panel (c), and by the drop oflitregtor current, panels (d)

and (e). The powers plotted in panel (a) indicate that mor&E@ower and therefore
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somewhat higheP__y is required in the presence of the MPs. The differencBLiny is
about 15%, which is in agreement with our previous resulisiciering thahe =~ 0.52ngyy in
these discharges. As shown by Fig. 9 panel (d), for the catb®wiMPs a clear and rather
long (~ 150ms) ELM-free phase develops until the occurrence of thetfipe-1 ELM which

is clearly indicated by a large positive spike in the divedarrent. In the case with MPs, the
discharge exhibits several type-Ill ELMs after the L-H s#ion, which are followed by an
ELM-free phase which starts just after the last ECRH stepesal$ with the first type-I ELM
which occurs only slightly later in time than in the dischawithout MPs. Consequently, the
density at the onset of the first ELM is somewhat lower in tigsldarge. Note that at the end
of this initial time evolution the plasma energy, panel (gthe same for the two discharges
which therefore have the same confinement time.

TheTe, ne andOpe/ (€ ne) profiles for the discharges of Fig. 9 are plotted in Fig. 10 for
the relevant time points which are: the L-H transitions @& thvo discharges, as well as the
L-mode time point of the discharge with MPs at the time of thEl transition of the other
discharge, i.e. at the same heating power and density. Toesdrars indicated in the figure
represent the statistical noise of the data. They are dddfimeeach radial position, from
the standard deviatioro] of the data points calculated over a time interval of 10 nferee
each corresponding time point. The error bars in the plgieesent+o. Choosing a time
interval of 5 or 20 ms to calculatyields very similar uncertainties. These error bars do not
take systematic uncertainties into account which is jestifiy the fact that the data are gained
from identical discharges using the same diagnostic gstiind the same analysis. In pedestal
studies one cannot rely solely on the nominal position oftiqgaratrix and the radial position
of the different measurements, héfgand ns, must be sometimes slightly adjusted. The
procedure used at ASDEX Upgrade, described in details ip {Blies on the characteristics
of the separatrix. One assumés= 100+ 20 eV at the separatrix. For the density, the
maximum curvature of the density profile at the foot of thegsdl is assumed to be very
close to the separatrix, generally about 2 mm outside afiithé discharges discussed here no

radial adjustment was necessary between the 2 measuremsiite ECE and Lithium beam
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pressure gradient.
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diagnostics are in the same sector of the torus, the efféhed¥Ps is almost the same and no
relative shift between the two diagnostics was requiredth&gadial position corresponding
to Te = 100 eV was close to the nominal separatrix, no correctiondea® either due to the
presence of the MPs. ThR, ne and Ope/(e ne) profiles are shown in Fig. 10. In panel
(a), theTe profiles at the L-H transition without MPs and at the corregpog L-mode time
point with MPs exhibit differences which are outside of tkperimental uncertainties: the
Te profile with MPs is somewhat flatter inside the separatrixe Targe error bars outside of
the separatrix reflect the fact thatis very poorly determined in this region, see [56]. At the
L-H transition with MPs, which requires more heating povike T profile approaches that
of the L-H transition without MPs, in particulaiTe just inside the separatrix is the same. The
density profiles displayed in panel (b) are the same withénuhcertainties. The panel (c)
indicates the corresponditigpe/ (e ne) profiles, as estimate fd;. For the case without MPs
theE; well has a minimum at -12 kV/m which is very close to the valtiel® kV/m reported

in [35]. For the corresponding L-mode point with MPs, tewell is clearly less pronounced
and the difference with respect to the same time point in tbehdrge without MPs is larger
than the error bars. For the L-H transition with MPs Eieminimum reaches -10 kV/m and
the well depth is therefore somewhat less pronounced thémreicase without MPs but the
difference is just at the border of the error bars.

In summary, under the conditions of these experiments, tbgepce of the MPs seems to
mainly flatten the edge temperature profile such that a higbwer is required to restore the
pressure gradient necessary to induce the L-H transition.

This E; analysis has been applied to several discharges for bottaditeof the I-phase
and the L-H transition. The results are shown in Fig. 11. €hdega points could be partially
cross-checked by a comparison with the results from Doppfégctometry, [56]. The range
in heating power at the L-H transition, 1.1 to 1.9 MW, has bebtained by variations of
density and magnetic field. The values Bfmin for the L-H transitions range between -
8 kV/m and -12 kV/m. This is somewhat weaker than the -15 kVémorted in [35], but

not inconsistent with it considering the uncertaintiekdid with the different analyses and
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Figure 11. E; minimum versus heating power for several discharges. Tke \dare

taken at the transitions to the I-phase (L-I) and to the H-m{dH) with and without
MPs. The points for corresponding L-l and L-H transitiong &ncircled. The points
from discharges with and without MPs run under the same éxyartal conditions

are linked with a line segment and labeled with the corresiimgn shot number.

possible experimental differences between dischargegdavut under somewhat different
conditions in experimental campaigns separated by aboeagsyf time. At the onset of the
I-phases thd, well is somewhat less pronounced than for the following Lr&hsition but
the heating power is somewhat higher, as indicated by thiectedt pairs of points in figure
11. This is due to the fact that during the I-phase the weakvigiltle development of the
pedestal induces an increase of dW/dt which rediggsat the actual L-H transition. Note
that this reflects the hysteresis in power.

Summarizing, our study confirms that both the L-I and L-H sians in the presence of
the MPs occur at higher heating powers. This seems to be dadlabtening of the edge
ion temperature profile induced by the presence of the magpetturbation and reflected
in our study by a weakeT, gradient. In the presence of MPs, the transitions seem torocc
for a somewhat less negati®emin value, which might be compensated by a narrower well
width inducing a strongelllE;. This speculation cannot be confirmed with the present data
due to the large error bars atE, but should be the subject of future investigations. The L-I
transition points exhibit a somewhat less negafivgin than the associated L-H points which

is in agreement with the development of thewell during the I-phase, [32].
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6. Summary and conclusion

We have presented recent results obtained in ASDEX Upgnatieed_-H transition threshold
and physics. The H-mode power threshold has decreased by 2b% in the change from
the graphite to the tungsten wall. This happens for bothdyein and deuterium such that the
threshold in hydrogen remains 1.8 times higher than in dieunte as observed with the carbon
wall. The transition to the metallic wall might also be thagen for the fact that the threshold
in helium has been reduced to that of deuterium, but the elaties not allow a definitive
assessment of this assumption. Our study yields the impaeault that the non-monotonic
density dependence of the power threshold is the same fdhtbe gases. Furthermore, our
experiments in deuterium indicate that both the minimum grothireshold and the density
value at which it occurs decrease with plasma current. Tiesta mainly the low density
branch while at high density the dependence on plasma d¢utisappears. The power at the
H-L back transition exhibits the same non-monotonic dgrdgpendence and the plasma cur-
rent dependence as well. The physics analysis of the plasment dependence indicates that
it can be attributed to the key role played by the ion heat fluke plasma edge in the L-H
transition mechanism. Therefore, this confirms the redwdts our previous investigations,
[35], which revealed that the well of the radial electricdial the edge, which is mainly driven
by the ion diamagnetic contribution, must reach a suffiaiemith for the L-H transition to oc-
cur. As the width of thds, well exhibits weak variation, its minimum can be considessdh
convenient approximation for the poloidal flow shearingeén by[JE;, which is thought to be
the actual physics quantity causing the turbulence reoinicte have shown that the required
minimum of theE; well also determines the L-H transition when magnetic pbgdtions are
applied. At a given heating power, the presence of the magpetturbations flattens the
edge temperature profiles, leading to a wedkewell. The required condition for the L-H
transition can then be restored by increasing the heatingpdVhether the flattening of the
edge gradients is due to a transport change or other effeotd bf the scope of this paper.

Further dependences of the L-H threshold might be due togdsaim thekE, well but have
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not be confirmed so far. We have very preliminary indicatithrad the high power threshold
in hydrogen might be linked to the high ion heat transportcheads to a weaker edge gra-
dient of the ion temperature than in deuterium at a given éalg@ux, but this still requires
assessment. So far, we have not been able to answer theogquestwhether the different
L-H threshold powers with the carbon and tungsten wallsespond to differences in thg
profiles or not. The analysis of the electron kinetic datehatli-H transition demonstrates
that this cannot be attributed to the radiation losses. Aigoation of the experiments with
impurity seeding before the L-H transition accompanied byusate measurement &f is
envisaged.

Finally concluding for future devices, the lower thresholatained with the metallic wall,
also found for hydrogen, is favorable for ITER. In partioular the non-nuclear phase this
suggests thd® _y might be significantly lower than predicted by the presefAThreshold
scaling. Along the same line, if the reduction of the thrédlmhelium to the deuterium level
with metallic wall would be confirmed in JET, non-nucleardias in ITER could be envis-
aged with more confidence. Obviously, an analysis of the ahpicthe new ASDEX Upgrade
and JET threshold data in deuterium with the metallic watl$he ITPA scaling seems highly

desirable.
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