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ABSTRACT

Since it is uncertain if ITER operation is compatible with type-l ELMs, the study of alternative
ELM regimesisan urgent issue. This paper reports on experimentson JET aiming to nd scenarios
with small EL Msand good confinement, such asthetype-11 ELMsin ASDEX Upgrade, the enhanced
D-alpha H-mode in Alcator C-mod or the grassy ELMs in JT-60U. The study includes shape
variations, especially the closeness to a double-null configuration, variations of gqs, density and
betapoloidal. H-mode pedestal s without type-I EL Mshave been observed only at thelowest currents
(£ 1.2MA), showing similarities to the observations in the devices mentioned above. These are
discussed in detail on the basis of edge fluctuation analysis. For higher currents, only the mixed
type-1/11 scenario isobserved. Although the increased inter-ELM transport reducesthetype-| ELM
frequency, a single type-l ELM is not significantly reduced in size. Obvioudly, these results do
guestion the accessibility of such small ELM scenarios on ITER, except perhaps the high beta-
poloidal scenario at higher ggs, which could not be tested at higher currentsat JET dueto limitations
in heating power.

1. INTRODUCTION

Estimates of the amplitude of Edge Localized Modes (ELMs) for the planed international test
reactor ITER indicate that the peak power flux due to the expected type-l ELMs could severely
limit the divertor lifetimefor the standard Q=10 (i.e. Py = 10xP, ) scenario at fg5 = 3. Thedivertor
lifetime could be aslow as afew hundred discharges, although this depends strongly on the physics
assumptions [1]. To be prepared for the worst case, techniques for ELM mitigation/control are
being developed. This contribution reports on effortsto establish in the world’s largest operational
tokamak JET regimes with smaller (or no) ELMs and sufficient particle exhaust but nevertheless
good H-mode energy confinement. The latter means that the ratio of the experimental energy
confinement time 1 to the scaled energy confinement time t¢ 4 according to the actual ITER
scaling 1PB98(y,2) [2] should be closeto unity. Thisratio isusually refered to as H-factor H98(y,2).
The experiments described in the following are based on strategies derived from successful
experiments on other devices, i.e. type-1l ELMs on ASDEX Upgrade [3,4], grassy ELMs on
JT-60U[5,6], and the “Enhanced D-Alpha’ (EDA) H-Mode on Alcator C-mod[7,8]. The
Quiescent H-mode (QH) on DI11-D and ASDEX Upgrade has also been attempted in JET and
IS reported in a separate contribution [9].

As a starting point for these small ELM studies, the JET mixed type-1/Il regime was chosen
[10]. In these H-modes, increased edge transport in between type-1 ELMs is observed in
hightriangularity (high-8) equilibriaat high density (>80% of the Greenwald density ng,), uptoa
plasma current of BMA, the latter limitted only by the avail able additional heating power [11]. Due
to some similaritiesin the divertor-D , traces and due to the observed increase of magnetic activity
and power-flux acrossthe separatrix between EL M sthese phaseswere called mixed type-1/11 phases,
in analogy to similar observations on other machines. Figure 1 illustrates the effect of the mixed



type-1/I1 ELMs on the power- flux across the separatrix due to ELMs and in between ELMs. The
slopes in the left part of the figure indicate that for these two discharges with ailmost identical
parameters, the inter-ELM transport in the mixed type-1/I1 phase is significantly higher than in the
pure type-1 phase (less transport |eads to faster energy rise). Theright part of the figure quantifies
this for several phases and varying shape (as will be discussed in the next section). It shows that
during these mixed type-1/I1 phases the inter-ELM power flux can double from 40% (as observed
in pure type-l ELM phases at dlightly lower density) to 80% of the time-averaged power crossing
the separatrix. But acomparison of the drops in the stored energy due to type-I ELMsin the upper
and lower curve of theleft part of the figure also showsthat the type-1 ELMsin the mixed type-1/11
phase which gject the remaining 20% of power are similar in size to those observed in the pure
type-l ELM phases at dightly lower densities. For these conditions we find AW = 150-200kJ and
AW/W = 3%. For amore detailed discussion of ELM sizesin mixed type-1/Il ELMy phase see[12].
It wasreported in [13] that the enhanced inter-EL M transport is related to an increase in strength of
broadband MHD modes moving in the direction of the electron diamagnetic drift with frequencies
between 10kHz and 40kHz, which are called at JET washboard-modes (WB) [14]. In the same
frequency range one finds enhanced density fluctuations close to the pedestal top with the far-
infrared-interferometer [12]. In contrast to the type-11 ELMs of ASDEX Upgrade, no high-frequent
irregular bursty eventsinthetype-11 phasesin between type-1 ELMswerefound at JET[10, 13, 12].
Only recently, at the lowest plasma currents, i.e. I, = LIMA, smaller burstsin between the bigger
ones have been found in magnetic and edge-density signals(Fig.2). Thisindicatesthat the burstyness
of the additional inter-ELM transport is not necessarily a good criterion to differentiate between
small ELM types, but does itself depend on the actual pedestal parameters.

As explained above, the main drawback of the mixed type-1/Il phase at JET are the remaining
type-l ELMs, which till are a potential danger for the divertor of a future reactor. Therefore,
additional efforts to further increase the inter-ELM transport on JET were undertaken and are
described in the following sections. As these were stimulated by successful scenarios on other
devices, this paper focuses on theinter-machine comparision of the results. Further detailed analysis
of the JET resultsisfound in[12, 15, 16]. Section 2 describes how the mixed I/Il regime reactsto
increasing edge safety factor qg5 and the closenessto adouble null configuration (DN), which have
been identified as helpful on other devices. Section 3 describes the attempts to match in JET the
EDA H-mode of Alcator C-mod and the type-Il ELMy H-mode of ASDEX Upgrade with
dimensionless identical plasmas to facilitate a scenario transfer. Section 4 reports on attempts to
obtain the high Bpol-scheme on JET and ASDEX Upgrade, which is the basis for the grassy ELM
operation in JT-60U.

2. EFFECT OF DN AND INCREASED Qg5 ON THE JET MIXED TYPE-I/Il ELM
REGIME

Theresults of the ASDEX Upgrade type-1l ELMs showed that aquasi-DN (QDN) configuration is

an essential ingredient for that regime[3]. Thereforea SN(Single-Null)- configuration of JET which



showsthe mixed type-1/11 regimewasmodified to be closeto DN and still compatiblewith operation
at 2.5MA plasma current. Theright part of Fig.1 showsthat the contribution of inter-ELM lossesin
the mixed type-1/11 phasesissimilar for the SN and QDN shapes. In fact the confinement was often
decreasing by up to 10% when approaching QDN, but it cannot be excluded that this is due to
insufficient conditioning of the upper divertor, which isonly rarely used.

Both for SN and QDN configurations, gg5 has been increased, following the experience from
other devices, inwhich increased inter-ELM losses are observed only above athreshold in ggs. For
EDA-H-mode on Alcator C-mod and pure type-Il ELMs on ASDEX Upgrade qg5 > 3.5 is found
and for JT-60U the threshold value of gy for pure grassy ELMs is between 4 and 6. In JET, an
increase of ggs from 3 to 4, or, in a different configuration, from 3.6 to 4.7 led to a significant
decrease (20%) of the pedestal density for the same level of gas puff, combined with an increased
ELM freguency. Starting from an anchor point at I, =2.5MA and B, =2.7T, similar results have
been obtained either by raising the magnetic field or by lowering the plasma current. With increased
gas puff the density can berecovered, but only at reduced energy confinement and very high frequent
ELMs; probably type-I1l. This means that a regime with H98(y,2) = 1 and gg5 > 4 has not been
achieved at JET withany ELM typeat plasmacurrentsabove 2MA.. There appearsto beasignificant
dependence of particle confinement on gy specifically between ELMs[12], but the reasonsfor this
are still unclear.

3. DIMENSIONLESSIDENTITY WITH SMALL ELM REGIMESONALCATOR C-MOD

AND ASDEX UPGRADE
A possible way to analyse the failure to obtain pure small ELM phasesin JET at plasma currents
above 2MA are dimensionless identity experiments at low plasma current matching the respective
plasmas in smaller machines. As shown by [17] the dimensionless parameters which govern the
dimensionless equationsfor thefully ionized plasmaare p*, v*, B, dgs, and of course the geometry,
I.e. e and the poloidal cross section (explicitely excluding effects on the scale of the Debye length,
which would require additional dimensionless parameters).

The constraint that p*, v*, B, ag5 have to be constant leads to a unique size scaling for the
dimensional parameters. As a consequence, the smaller machine has to operate at the upper bound
of its operational parameters whereas the larger machine (here: JET) has to operate at the lower
bound, well below its design values. Since B, - T¢ is an invariant of the scaling [18], al frequencies

described by the plasmaequations are expected to scale with theminor radius o asf o< 1/t o< B oc ot

using B < o 2> from [17]. For two machineswith minor radii o, o, it followsf,/f, = (oo -2,
This holds for example for dimensionless identical ion-cyclotron-resonance-heating (ICRH) and
the ratio of the frequencies of dimensionless identical MHD-modes. It should be noted that the
scalings can be violated if atomic physics or effects on the scale of the Debye length play an
important role. Since the H-mode pedestal region is most affected by ELMs, the above mentioned

dimensionless parameters should be matched in this region for comparison of the ELM behaviour.



A source of ambiguity is usually the additional heating since NBI heating clearly involves atomic
physics and scaled | CRH frequencies may not be available. Also fueling by wall recycling and gas
puff does not happen according to the scaling requirement (i.e. the radial width of the particle-
source profile does not scale with the major radius). Earlier pedestal dimensionless identity
experiments showed that for example the L/H threshold [19] in JET and ASDEX Upgrade can be
well scaled using the same val ue of p* , v , B, but not between ASDEX Upgrade and Alcator C-mod
[20] hindering similar EDA-dimensionless-identity experiments such as those reported below for
JET and Alcator C-mod.

3.1. PEDESTAL DIMENSIONLESS IDENTITY TO EDA-H-MODE

The EDA-H-mode in Alcator C-mod is found above certain thresholds in 3, ggs, and the pedestal
density MNoed and shows good H-mode confinement, close to the (non-steadystate) ELM-free H-mode
[8]. It is characterized by continuous MHD activity and density fluctuations between 60kHz and
120kHz of rather narrow band width, located in the steep gradient region. These fluctuations are
called the quasi-coherent mode (QCM). At higher pedestal temperatures T oed: a transition to a
grassy ELM regime is observed and the edge MHD frequency drops and becomes broadband (see
for example Fig.4 in [8], where the grassy ELM MHD is observed in the whole frequency range
between the origina QCM and zero). It should be noted that the term “grassy ELMS’ is used on
various machinesfor small ELMswhich are neither type-I nor type-I11. This does not mean that the
grassy ELMs on different machines are necessarily the “same thing”. For example, the grassy
ELMs on Alcator C-mod occur in a collisionality range close to the type-Il ELMs of ASDEX
Upgrade but significantly higher than the grassy ELMsin JT-60U, which are discussed in section 4.
Still, inthis paper we use the original names given to the specific small ELM regimesintheoriginal
publications. After someiterations, avery good shape match between JET and Alcator C-mod was
achieved (Fig.3). The reference Alcator C-mod discharge shows the usual EDA behaviour. The
experiments are described in detail in [15, 16]. The main difficulty in JET is the diagnosis of
the edge pedestal as the JET diagnostic set was not designed to operate in this operational
range (I, = 0.65MA, B = 0.9T). Therefore, an uncertainty on the pedestal pressure of about
50% remained, spanning the scaled value from Alcator C-mod, essentially due to uncertaintiesin
the pedestal temperature [16]. Nevertheless, in the steep gradient zone at the plasma edge, good
agreement of Vin,, VT with the scaled values of Alcator C-mod was observed. It remains uncertain
to what extent dimensionless identical plasmas have been achieved. The error bar of the pedestal
temperature in these low-current JET-plasmas even includes the scaled Tped-thr&ehold of Alcator
C-mod, which separates EDA and grassy-ELM behaviour. Additionally, the plasma behaviour
depends crucially on small variations of the lower triangularity and on the heating method, which
was either NBI or 2nd harmonic hydrogen minority heating with ICRH, in contrast to 1st harmonic
minority heating at Alcator C-mod (i.e. ICRH frequencies could not be matched according to
dimensionless scaling). No controlled EDA modes have been found at JET, but phases with a



steady pedestal were observed for several tg (up to 1s). Magnetic and density fluctuation patterns
observed with pick-up coils and a reflectometer are variable in terms of strength and bandwidth.
Often thefluctuations are enhanced in the 10kHz to 20kHz range. They rotate in the direction of the
electron diamagnetic drift as observed for the QCM in Alcator C-mod. The bandwith Af of these
enhanced fluctuationsin JET isoccasionally lower than 1kHz. In such cases at | east two harmonics
of abase frequency of 10to 15kHz are observed (higher onesarevery weak) [15, 16]. According to
the dimensionless identity scaling, this frequency does correspond to the frequency range of 60 to
90kHz at Alcator C-mod, which is within the frequency range of the quasi coherent mode.
Nevertheless, multiple harmonics are never observed with this shape at Alcator C-mod so that the
observations on both machines do not exactly match.

In JET these phases without ELMs and with constant nyeq, T,eq are observed with NBI as well
as with ICR heating. With ICRH, fluctuation patterns with a band-width comparable to the QCM
have been observed [15, 16]. A pure NBI-heated case is shown in Fig.4, which shows one of the
longest phases with steady pedestal conditions. Under these conditions edge density fluctuations
are strongest in the upper half of the steep gradient zone, whereasin Alcator C-mod they are found
in the lower half. With ICRH as well as with NBI, an increase of radiation leads to atransition to
type-111 ELMswith poorer confinement. The increase of radiation is observed simultaneously with
acentral peaking of the density profile. Thisrecalls observationsin DIII-D [21], ASDEX Upgrade
[22], Alcator C-mod [23], and JET [24], inwhich aslow central density peaking has been observed
for broad or off-axis peaked profiles of auxillary heating. Without further analysis it remains a
speculation that similar effects could play arolein this case: As mentioned above, we know that the
available auxillary heating schemes violate the dimensionless scaling approach. In H-modes, due
to the strong density pedestal, NBI heating (as used in JET) aways results in a much broader
heating profile than central 1st-harmonic ICR minority heating (as used in Alcator C-mod). Also
for the 2nd harmonic ICR minority heating in JET, one may speculate that poorer single pass
absorption and possibly additional impurity resonances at the plasma edge do broaden the heating
profile. It remains to be verified that these differences in the heating profiles are really the reason
for the observed differencesin the central density profile evolution.

3.2. DIMENSIONLESS IDENTITY APPROACH FOR TYPE-II ELMSASIN ASDEX
UPGRADE

In [3] three criteriawere introduced for the characterization of type-Il ELMsin ASDEX Upgrade:
good H-mode confinement, quasi continuous heat flux to divertor as measured by the infrared
cameras (IR) and broadband fluctuationsin density and magneticsin the steep gradient zone of the
edge pedestal ranging from 20kHz to 40kHz. Type-Il ELMs are observed in QDN configurations
with qgs > 3.5. .. 4.0inanarrow density band just below the transition to type-111 ELMs. Steady
state phases with pure type-I1 ELMs are only observed when g5 is above a threshold value which
varies between 3.5 and 4.0, depending on plasma shape and 3. As described in [3], a reduction of



Ogs below thethreshol dleadsto amixturewith type-| ELMsand thebandwidth of theinter-EL M fluctuations
is reduced. Under these conditions the fluctuation occur in quite regular burgs (= 0.5. . . 1kHz). Such a
phase hasbeen revisited for the comparisonsin this paper. Theresult isshownin Fig.5 (and aslower
curveintheright part of Fig.6, which showsthe peaksin the reflectometer spectrum more clearly).
The highly localised reflectometer measurement shows two bands around 13 and 25kHz during the
mixed /Il phase whereas the MHD is more broadband in between 10 and 30kHz. This MHD
structure is sharp enough to determine its mode number, yielding n < 4 and m > 12, again in the
direction of the electron diamagnetic drift. The MHD fluctuations between 150 and 200kHz had
been overlooked earlier, but they are present in all type-11 phases published in [3] and disappear at
transitions to type-Il1 ELMs. The mode numbers are in thiscase n=5. .. 7, m > 12, electron
direction. Morerecent type-11 experiments show that the MHD/reflectometer footprint are not found
at higher power and/or strong ICRH (> 3MW) although the other two criteria still hold. As an
example Fig.6 shows the magnetic spectrogram and the spectrum of edge-density-fluctuation for
animproved H-mode with high 3, and type-1l ELMsat gg5 = 3.5 asdescribed in [4]. This does not
necessarily mean that the modes are not present, they may be hidden by the significantly higher
amplitude of all frequencies in the analysed frequency range or the radial location of the density
fluctuation measurement may have changed slightly due to changesin the density pedestal-profile.

Due to differences in the sets of poloidal-field coils a close shape match of the high-6 ASDEX
Upgrade equilibria was impossible at JET, so that a QDN configuration with the same average 6
has been chosen asshown in Fig.7. To reduce the diagnostic problems at very low currents discussed
in the previous section, the plasma current in JET (I p=0.9MA, Bt =1.2T, gg5 = 4.1) was chosento
correspond toalMA ASDEX Upgrade discharge although only 0.8MA wererun at ASDEX Upgrade
with the high-6 shape used in[3]. Figure 8 showsthat indeed long phases without EL M s and steady
pedestal parameters have been achieved. As in the case of the EDA identity (Fig.4) the central
density slowly rises, terminated by the loss of sawteeth and a radiation collapse. In the previous
section we specul ated that thiswas due to the broader heat deposition pro lein JET as compared to
the central ICR heating in Alcator C-mod, in accordance with observations on several tokamaks.
This explanation does not hold for the density peaking in the JET discharges dimensionally similar
to ASDEX Upgrade, since the profile of the NBI heating power in ASDEX Upgrade isalmost at,
but in the dimensionless identical JET plasma the heating profile is peaked centrally with the
maximum around p = 0.2. Since the major mismatches in the dimensionless scaling are the heat-
flux profile and the shapesin the vicinity of the upper and lower x-points one may specul ate about
other possiblereasonsrelated to these quantities. The most striking difference of the NBI heatingin
both machinesis that in JET about 80% of the heating goes to the electrons, whereas in ASDEX
Upgradethisfraction is approximately 50%. It remains an open question if thisdifferencerelatesto
the different behaviour of the central density. In JET/ASDEX Upgrade case also the mismatch in
upper triangularity may be responsible for the behaviour, sinceit isfound on ASDEX Upgrade that
higher upper triangularity favours the occurrence of slow density peaking and the mismatch of the
shapes is indeed such that the JET plasma has a higher upper triangularity as compared to the



ASDEX Upgrade plasma. Also, the steady profilesin ASDEX Upgradeareonly obtained if ggz > 3.8,
below thisvaue also in ASDEX Upgrade the dow central density peaking is observed. Such acaseis
showninFig.5 (The pedestal density isconstant from 3.5st0 4.2s), indicating that small differences
in the discharge parameters can indeed trigger an unstable behaviour of the central density.

Inthefollowing, the uctuationsobserved in JET in theregion of the steady H-mode pedestal are
discussed. Figure 8 shows the spectrogram of an reflectometer channel in the steep gradient region
and the MHD mode number analysisfor JET Pulse No: 62430. Two sharp bands are observed with
the reflectometer at approximately 8 and 15kHz, rather close to what is expected from the
dimensionlessidentity scaling of the frequenciesfrom ASDEX Upgradeto JET as described in the
introduction to section 3 (see Fig.5, scaling factor (o /o JET)l'25 = 0.5, using (op /0t eT) =1.78
from Fig.7). Asin ASDEX Upgrade the MHD fluctuations are less sharp and again they movein
the direction of the electron drift. The n-number of the mode between 15 and 20kHz is close to 4,
the minimum m-number is estimated to be 7, alower limit depending on the present set of pick-up
coils. These numbers also relate well to the findingson ASDEX Upgrade (n=4, m>12). After 23.7s
the bandwidth of the modes measured with the reflectometer increases and the frequency dropsin
contrast to the MHD analysis. Due to the strong radial localisation of the reflectometer this could
be dueto the still dlightly increasing edge density, shifting the location of the measurement further
towards the separatrix and possibly away from the mode. In any case this example shows that
bandwidth and frequency of the observation are subject to asigni cant variation. We also note that
the upper frequency bands observed in ASDEX Upgrade (see Fig.5) should appear around 100kHz
in JET according to the scaling. Fig.9 shows a discharge where the small ELM phaseis shorter but
with magnetic dataat ahigher sampling frequency. Indeed, aweak band isobserved in the magnetics
at 110kHz, rotating in the expected electron drift direction, with n = 2 which is lower than in
ASDEX Upgrade. After having successfully established the scenario at JET using the dimensionless
identity approach, the intension was to increase plasma current and magnetic field. The plasma
current was increased from 0.9MA to 1.2MA and 1.5MA at fixed qgs. Fig 10 showsthat for 1.2MA
only mixed type-1/I1 phases were obtained with the type-11 phases lasting up to 0.3sec. At 1.5MA
only high frequent type-1 ELMy H-modeswere found (seefigurein [12]) resembling the behaviour
observed at gy5 = 4 at higher plasma currents as mentioned in section 2. Although the search at the
higher currentswasrather coarse dueto timelimitations, thefailureindicatesthat it ismore difficult
if not impossible to get the pure type-1l phases with increasing current, especially since the low
current scenario was obtained in three campaigns during 2003 in a quite straight forward manner,
using a coarse gas scan.

4. THEHIGH B,, GRASSY ELM SCHEME OF JT-60U APPLIED TO JET AND ASDEX
UPGRADE

Another small ELM regime with good confinement isthe grassy ELM regime observed in JT-60U.

Themaost recent publication is[6]. Asreported by JT-60U [5] ahigh value of de facilitates operation

with grassy ELMs most probably due to the stabilising effect of a strong Shafranov-shift [25, 26].



Theregimeisobserved as Bpo| exceedsavalueof 1.4. .. 2.0 depending on gg5 and 6. High values
of the latter two quantities favour the occurrence of the grassy ELM regime. Typical values are
Ppol = 1.6 and ggs ~ 6 for & = 0.5. Thegrassy ELM regime can be extended toward lower ojgs (Ogs <4),
by increasing the triangularity up to 6 = 0.6 [25]. Usually the regime is operated with an internal
transport barrier using early heating to avoid the occurrence of sawteeth. Figure 11 showsthetime-
traces of JT-60U Pulse No: 42857, which has been used to compare the magnetic uctuation signals
to those obtained at JET, as discussed below. The grassy ELM regime has significantly lower
collisionality v*ee ~ 0.1 as compared to the high density small ELM regimes discussed above
which have 2 > v*ee > 0.5. Thistriggered experiments to transfer it to JET and ASDEX Upgrade.
These experimentswere not meant to match the JT-60U plasmasin the strict sense of adimensionless
identity experiment, but the key ingredients high Bpol, high & and high qg5 have been used for
plasmas that showed already signs of mixed type-I/Il ELMs at lower values of gg5 and Bpol.

4.1. HIGH ﬂpol GRASSY ELM EXPERIMENTSAT JET

In JET, the shape developed for the identity experiment with ASDEX Upgrade was also used for
the high Bpol experiment, with somewhat increased plasma current (1.2 . . . 1.5MA), but strongly
increased magnetic field (2.7T) and plasma heating (17MW to 23MW, i.e. al power available on
the day). This also means that the configuration was close to DN. Above a Bpol - value of 1.8 only
very small ELMsareobserved [12]. Theenergy carried by themisso small that it cannot be quantified
(<5% of W) in contrast to thetype-1 ELMsaat lower B, which each carry 15% or more of W .
The magnetic spectrogram and the fast D, trace of such a JET-grassy-ELM phase are shown in
Fig.12. They are compared to a grassy ELM phase of JT-60U Pulse No: 42857 (Fig.11). The
spectrograms look similar. In particular there are no modes seen in the range of afew 10kHz or at
even higher frequencies. Such high values of Bpol could only be achieved at JET at l,=1.2MA due
to limitationsin heating power. There is no evidence that thisis a physics based limit. In parallel to
these experiments another set of high Bpol discharges has been run at JET to study the effect of the
high de on the core transport together with aflat g- profile and consequently lower I; and higher
edge currents, using Lower Hybrid pre-heating and early main heating. Further differences are that
the plasma shape was clearly alower SN shape and that the pedestal collisionality was about 50%
lower. Interestingly no grassy EL Mswere observed even at de =1.9[12]. Obvioudly the relative
importance of the above mentioned differences has to be separated by further experiments.

4.2.HIGH ﬁpol GRASSY ELM EXPERIMENTSAT ASDEX UPGRADE

The high Bpol strategy has also been tried recently on ASDEX Upgrade. Pure grassy ELMs were
found with aconfiguration closeto DN [27]. The plasmashapeis closeto the original type-11 shape
[3], with stronger heating (14MW) similar to the improved H-modes which can be integrated with
type-I1 ELMs[4]. In contrast to these earlier experiments ggs isincreased to = 7 to access the grassy
ELM regime according to the operational boundaries determined at JT-60U. This is done by
increasing B, to 3T keeping I,=0.8MA. Theresulting grassy ELM regime could indeed be accessed



at lower densities as compared to the original type-11 regime. v' ismorethan afactor 3 smaller than
in the original type-1l regime and similar to the value of 0.6 obtained in the above mentioned
improved H-modeswith small ELMs at lower ggs. The spectrogram of amagnetic pick-up probeis
showninthecentral part of Fig.13. Itissimilar to what has been found on JT-60U and JET (Fig.12),
although the affected frequency region extends up to 10kHz, perhaps due to the smaller machine
size. For avery similar SN configuration only mixed type-l/grassy phases were obtained. In this
case the magnetic fluctuations occur in the same frequency range, but are correlated in time with
the remaining type-I ELMs (vertical barsin upper part of Fig.13). Infrared divertor thermography
shows high bursty H -correlated heat ux on the outer plate only for the SN case whereas for the
DN casetheheat ux remains steady at theinter-ELM level of the SN case. Itisnot clear in how far
these high-qg5 grassy ELMs are different from the earlier type-1l ELMs, in as much as there are
differences in the MHD spectra. As already mentioned, type-1l ELMs are also found in improved
H-modes [4]. These plasmas have g5 = 3.5 lower than the earlier type-I1 plasmas but a Bpo| =~ 1.6
close to that of the grassy ELMs at high dgs. As shown in Fig.6, they do not show enhanced
fluctuations below 5kHz nor the modes at afew 10kHz. The edge density uctuation spectrafor the
high qg5-case grassy ELMs (Fig.13 bottom) and the low qg5-case so far identified astype-1l ELMs
(Fig.6right) arevery similar and it remainsto be verified if thereisacontinuoustransition between
both and at which value of ggs the magnetic fluctuations at afew kHz set in.

CONCLUSIONS

H-modes with an edge behaviour reminiscent of EDA, high density type-1l ELMs and high Bpo|
grassy ELMs have been developed at JET, of which only the latter was fully controlled, whereas
the otherswerelimited by radiation collapses dueto central density peaking. The operational regime
isrestricted to plasma currents below 1IMAfor the pure type-Il ELMs. The mixed type-1/11 phases
observed at JET earlier at 2.5MA, could also not be transferred to pure type-11 phases by using
quasi-DN configurations nor higher values of ggs. In dimensionless parameters, essentially p* and
v’ decreasewith increas ng current. Although the changein p* islarger, thechangein v isusua ly
favoured as an explanation for this current scaling, since it directly influences the edge bootstrap
current and therefore the stability of edge current driven peeling modes [28, 29]. The plasmas
which were meant to be dimensionlessly identical to either the EDA mode in Alcator C-mod or to
the type-Il ELMs of ASDEX Upgrade were very similar in terms of mode activity observed in the
magnetic and reflectometer signals in JET, indicating a close relation between both phenomena.
Nevertheless it must be noted that only part of this turbulence footprint matches the observations
onAlcator C-mod and ASDEX Upgrade. A striking difference between both sets of experimentsis
that the EDA experiments were done in the same SN configuration which shows the mixed type-1/
[l ELMs at higher current whereas the type-11 identity shots were done in a QDN configuration
which is a prerequisit for pure type-1l ELMs in ASDEX Upgrade. An explanation for these
contradictory findings could be that rather a quantity related to QDN, for example the magnetic
shear inthe steep gradient regionisacrucia parameter. Inthe specific JET SN configuration it may



be created by other moments of the shape. As mentioned above, also the high Bpol plasmasin JET
only showed pure grassy ELMs when close to DN, but other parameters, especially the current-
density at the plasma edge, were changed as well. These effects can only be separated in future
experiments.

In JET, for the high B,; scheme, the current was limited to 1.2MA, but thisis dueto alimit in
additional heating power. The high Bpol discharges on JET and ASDEX Upgrade showed similar
uctuations in the MHD spectrogram as observed in JT-60U. Nevertheless, they were at least a
factor 4 higher in v* than those observed in JT-60U (v' sreou = 0.1), whereas in JET the low |;
dischargeswith high Bpol reached approximately the JT-60U collisionality values but did not show
grassy ELMs. Thisisespecially striking since the JT-60U discharges are usually also operated with
early heating. An experimental separation of the relevance of v*, I;, 095 and closenessto DN for the
appearance of grassy ELMs at high de in JET is till outstanding.

Inview of afuture reactor plasma, our results suggest that only the high Bp0| scheme may be
extrapolatable, but means have to be found to run it at lower values of gg, as was possible on
JT-60U using very strong shaping (6 = 0.6) [25].

REFERENCES

[1]. Loarte A. et a., Phys. Plasmas 11 (2004) 2668.

[2]. ITER Physics Basis, Nucl. Fusion 39 (1999) 2137, for confinement scaling IPB98(y,2) see
page 2204.

[3]. Stober, J. et a., Nucl. Fusion 41 (2001) 1123.

[4]. Sips,A.C.C. et a., Plasma Phys. Controlled Fusion 44 (2002) A151.

[5]. Kamada, Y. et a., Plasma Phys. Controlled Fusion 42 (2000) A247.

[6]. Oyama, N. et a., Nucl. Fusion , submitted.

[7]. Greenwald, M. et al., Phys. Plasmas 6 (1999) 1943.

[8]. Mossessian, D.A. et a., Plasma Phys. 10 (2003) 1720.

[9]. Suttrop, W. et al., in Proc. of the 20th | AEA Conference Fusion Energy, Vilamoura, Portugal,
November 2004, volume IAEA-CSP-25/CD, pages CD-ROM le EX/1-4 and http://www-
naweb.iaea.org/napc/physi cs/fec/fec2004/datasets/index.html, Vienna, 2005, IAEA.

[10]. Saibene, G. et d., Plasma Phys. Controlled Fusion 44 (2002) 1769.

[11]. Sartori, R. et a., in Proc. of the 20th | AEA Conference Fusion Energy, Vilamoura, Portugal,
November 2004, volume IAEA-CSP-25/CD, pages CD-ROM le EX/6-3 and http://www-
naweb.iaea.org/napc/physi cs/fec/fec2004/datasets/index.html, Vienna, 2005, IAEA.

[12]. Saibene, G. et a., Nucl. Fusion 45 (2005) 297.

[13]. Perez, C.P. et a., Plasma Phys. Controlled Fusion 46 (2004) 61.

[14]. Smeulders, P. et a., Plasma Phys. Controlled Fusion 41 (1999) 1303.

[15]. Maddison, G.P. et a., EDA H-mode pedestal identity studies on JET and Alcator C-Mod, in
Europhysics Conference Abstracts (CD-ROM, Proc. of the 30th EPS Conference on Controlled

10



Fusion and Plasma Physics, S. Petersburg, 2003), edited by Koch, R. and LEBEDEYV, S,,
volume 27A, pages P-1.109, Geneva, 2003, EPS.

[16]. Mossessian, D.A. et al., H-mode pedestal physics studies in local dimensionless identity
experiments, in Europhysics Conference Abstracts (CD-ROM, Proc. of the 30th EPS
Conference on Controlled Fusion and Plasma Physics, S. Peter sburg, 2003), edited by Koch,
R. and Lebedev, S., volume 27A, pages P-3.182, Geneva, 2003, EPS.

[17]. Kadomtsev, B.B., Sov. J. Plasma Phys. 1 (1975) 295.

[18]. Connor, JW. and Taylor, J.B., Nucl. Fusion 17 (1977) 1047.

[19]. Suttrop, W. et a., Fusion Science and Technology 44 (2003) 636.

[20]. Suttrop W.A. et al., Parameter similarity studiesin JET, ASDEX Upgrade and ALCATOR C-
Mod, in Proc. of the 19th |AEA Conference Fusion Energy (CD-Rom), Lyon, France, October
2002, volume IAEA-CSP-19/CD, pages CD-ROM le EX/P5-07 and http://www.iaea.org/
programmes/ripc/physics/fec2002/html/fec2002.htm, Vienna, 2003, IAEA.

[21]. Mahdavi, M.A. et a., Nucl. Fusion 42 (2002) 52.

[22]. Stober, J. et a., Nucl. Fusion 43 (2003) 1265.

[23]. Rice, JE. et al., Nucl. Fusion 43 (2003) 781.

[24]. Valovic, M. et a., Plasma Phys. Controlled Fusion 44 (2002) 1911.

[25]. Kamada, Y. et al., Plasma Phys. Controlled Fusion 44 (2002) A279.

[26]. Saarelma, S. and GA UNTER, S., Plasma Phys. Controlled Fusion 46 (2004) 1259.

[27]. Horton, L.D. et al., Max-Planck-Institut f'ur Plasmaphysik, Garching, Germany, private
communication.

[28]. Saarelma, S. et al., Nucl. Fusion 43 (2003) 262.

[29]. Lonnroth, J.-S. et a., Plasma Phys. Controlled Fusion 46 (2004) 767.

11



W (MJ)

1.0

6.7 Pulse No:,57897 SN Type | Slope = 7TMW
i Jli
6.6 ,‘ ! l“l
| i“ ‘i‘ 0.8
6.5 I LA I
| [ i i g
‘ Il ‘ [
6.4 l“‘ )
&8 o6
637 1 1 1 g
6.7 Pulse No: 57889 $N Type I-II Slope = 3.2MW 8
Z 04-
u
o}
5
0.2
0 1 L 1 L 1
0.20 0 0.6 0.8 1.0
A Time (s) Time (s)

JG05.393-1¢c

Figure 1: Mixed type-I/Il H-modesin JET, I, = 2.5MA. Left: Time evolution of the stored energy
for two discharges with the most frequently used HT3-configuration (ggs = 3.5). The discharges
have similar control parameters except gas puff. Pure type-I ELMs are observed with moderate
gas puff (top, Nyeg/Nw = 0.6), mixed type-1/11 ELMs are observed with strong gas puff (bottom,
Noed/Now = 0.8). The difference of the slopes of the inter-ELM energy-rise indicates a change in
theinter-ELM energy con nement, i.e. increased inter-ELM losses during mixed type-1/I1 phases.
Right: Inter-ELM contribution to the average power ux across the separatrixX (Ppey - Prag, puikd)-
The blue curve sketches the behaviour for the HT3-configuration (dgs = 3.5, black squares), to
compare to the behaviour of other configurations (il TER-likel: green, QDN: red, both ggs = 3.0).
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Figure 2: JET Pulse No: 62717, high delta configuration (HT3) at 1.1IMA, 1.2T, g5 = 3.5. Bottom:
divertor H, showing small bursts between type-1 ELMs, which all show up in a magnetic signal
fromthe outer midplane (middl€). Top: line integrated edge density from a vertical interferometer
channel tangential just inside the H-mode pedestal at the outer midplane. About half of the small
bursts present in the lower time traces correlate with a drop of edge density.
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Figure 3: Scaled shapes used for the JET/Alcator C-mod pedestal identity experiments. The JET
shape is very close to the HT3 high delta shape, used for the experiments at higher current as
described in section 2.
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Figure 4: JET pulse 62663, I, =0.68MA, B, = 0.94T, ggs = 4.2, aimed to be dimensionless identical to
Alcator C-mod plasmas. The figures to the right show the toroidal mode number analysis (negative
numbers correspond to the electron diamagnetic drift direcrion) and density fluctuations measured in
the steep gradient region with the reflectometer (34GHz = 1.4 x 10 m™)
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Figure5: ASDEX Upgrade pulse 13472 0.8MA, 2.0T, qgs, (See also [ 3]), corresponding to a mixed type-
I/l phase. (AX, quantities the closeness to a DN configuration. It denotes the distance of the inner
separatrix with the lower x-point to the outer separatrix with the upper x-point measured at the outer
midplane.) Middle: density fluctuation as seen by a re ectometer channel in the steep gradient region
close to the pedestal top. Bottom: spectrogram of a magnetic signal together with an H,, trace fromthe
outer divertor.
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Figure 6: Fluctuation data for ASDEX Upgrade Pulse No: 14521 0.8MA, 1.7T, gg5 = 3.5, (seealso[4]). Compared to
Fig.5 the discharge has twice as much heating power, 20% less density, same H-factor and therefore significantly
higher temperatures and f,,(= 1.7) as well as significantly lower pedestal collisionality (v*ped =~ 0.6). The strong
MHD between 8kHz and 18kHz is due to central fishbone and (1,1)-activity. Apart from this frequency range, no
enhanced frequency band is observed. Also the reflectometer does not show any frequency bands with enhanced
fluctuations in contrast to Pulse No: 13472 from Fig.5. For better comparison also the spectrum of the edge density
fluctuations of Pulse No: 13472 is shown. The location of the reflectometer measurement is not exactly the same,
since Pulse No: 13472 hasa pedestal density whichisabout 20% higher than Pulse No: 14521. Still, both measurements
arelocated in the upper half of the steep gradient zone. For Pulse No: 14521 thelocationiscloser to the pedestal top.
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Figure 7: Scaled shapes used for the JET / ASDEX Upgrade type-I1 identity experiments. Some discrepancies could
not be avoided, especially in the outer lower region and the inner upper region. Aspect ratio, elongation and average
delta are well matched. The JET equilibriumis a prediction using the PROTEUS code, with the actual coil currents
and plasma beta. The ASDEX Upgrade equilibrium is reconstructed from the magnetic data using function
parameterisation.
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Figure 8: JET Pulse No: 62430, I, =0.86MA, B,=1.15T,
Ogs= 4.1, aimed to be dimensionlessly identical to ASDEX
Upgradetype-I1 H-modes. The gures at the bottom show
the toroidal mode number analysis (negative numbers
correspond to the electron diamagnetic drift direction)
and density uctuations measured in the steep gradient
region with the reflectometer (34GHz = 1.4 x 10* m™3)
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Figure9: JET Pulse No: 62429, I, = 0.86MA, B; =1.15T,
Qgs = 4.1, similar conditionsasFig.8, but faster magnetics
available. The gures to the right bottom show
spectrogramand toroidal mode number analysis (negative
numbers correspond to the electron diamagnetic drift
direction) of magnetic data.
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Figure 10: JET Pulse No: 62427, 1, =1.2MA, B, =1.6T,
0gs =4.1. The guresto theright bottom show spectrogram
and toroidal mode number analysis (negative numbers
correspond to the electron diamagnetic drift direction)
of magnetic data. In this discharge the gas puff constant
up to 23.5sand then ramped down linearly to zero (24.0s).

Figure 11: JT-60U pulse E42857, |, =1.0MA, B, = 3.6T,
Oos = 6.4, By = 2.0, haspure grassy ELM phase between
5.1and 5.4s.
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Figure 12: Magnetic spectrograms during grassy ELM phases. JT-60U pulse E42857: 1,=1.0MA,
By =3.6T, Ggs = 6.4, Py = 20MW, B,y = 2.0, JET Pulse No: 62413: 1, =1.2MA, B, =2.7T, (g5 =
6.9, Py = 23MW, S = 1.8.
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Figure 13: Magnetic spectrograms and H , traces for two ASDEX Upgrade pulses differing only by the closeness of
the second (upper) x-point to the separatrix, i.e. lower SN (Pulse No: 19244, top) and QDN (Pulse No: 19273,
middle): 1,=0.8MA, B, =3T, (g5 = 6.2, Py, = 18 MW, 3, = 1.8. At the bottom the spectrum of the density fluctuations
is shown for the QDN case, as obtained from reflectometer data from the upper half of the steep gradient zone.
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