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ABSTRACT

Models for the suppression of turbulence in the L to H transition, suggest that the width of the H-
mode edge barrier is either proportional or is of the order of the ion poloidal Larmor radius. This
would require that the width of the edge barrier should depend on the plasma current. This
dependence has been clearly verified at JET in experiments designed to control the edge MHD
stability of ELM-free hot-ion H-mode plasmas. The effects of isotopic mass and the applicability

of several edge barrier models to the hot-ion H-mode plasmas were analysed in [1] using a large
database containing both Deuterium-only (DD) and Deuterium-Tritium (DT) plasmas. This
database has now been enlarged to include discharges from a plasma shape scan, allowing to
study the dependence of the pedestal height on the edge shear. In addition the range of plasma
currents was extended up to 6 MA. It is shown that the edge data is best described by a model
where the edge barrier width is determined by the fast ions weighted towards the components
with largest poloidal Larmor radii. However, it is not possible to eliminate conclusively the
thermal ion model.

INTRODUCTION

Hot-ion H-mode plasmas are characterised by an ELM-free period, lasting up to a few seconds,
when the total plasma stored energy, as well as the edge pedestal pressure, rise until limited by a
MHD event. The plasma current, Was found to be a key parameter on the control of both
Outer Modes (OMs) and the onset of the first giant ELM. The effect of changing the plasma
current on the edge and global pressures, as well as on the duration of the ELM-free period has
been studied in two types of experiments [2]: current ramp-down experiments to suppress the
OM and plasma current scans to control the ELM-free period. Edge stability calculations lead to
the conclusion that the giant ELM occurs at the ballooning limit. Measurements of the edge
pressure at the top of the H-mode pedesal, & the other hand indicated that the ELM occurs
when a critical R.{1, value is reached. This is only compatible with the ballooning limit [3] if

the width of the edge barriABa,Dlp'l, as predicted in the models whég,is determined by the

ion poloidal Larmor radiup, [4], be that related to either the local thermal ions [5] or the fast
ions [1,6].

In [1] the effects of isotopic mass and the applicability of several edge barrier models to
the hot-ion H-mode plasmas were analysed using a large database containing both Deuterium-
only (DD) and Deuterium-Tritium (DT) plasmas. It was shown that the edge data was best
described by a model whefg,, is determined by the fast ions with the largest poloidal Larmor
radii. However, it was not possible to eliminate conclusively the thermal ion model. This database
has now been enlarged to include discharges from a plasma shape scan [7], allowing to study the
dependence d,,, on the edge shear. In addition the range of plasma currents was extended up
to 6 MA.



In this paper the main results of [1] and [2] with respect to ELMs and edge pressure
observations are summarised. Thg scaling study is revised using the enlarged database.

EDGE OBSERVATIONS

The large pressure gradients and large associated bootstrap currents that develop at the edge of
a hot-ion H-mode plasma may lead both External Kinks and Ballooning modes unstable [2]. The
OM is observed first, near the external kink marginal stability, then as the edge pressure increases
and the ballooning limit is approached, the first giant ELM is observed (fig.1).

The technique of current ramp-down
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described in [2] was found to be very effective
to delay the OM. The flat-top Value is reduced
with a rate dj/dt~0.3-0.5 during the heating
phase. The lowegjgeincreases stability to kink

modes. This either delays the OM or decreases
its amplitude (fig.2), with a substantial
improvement in neutron yield.

In discharges, as in fig.1, were the OM

has been delayed, the maximum core and edge
pressures achieved depend solely on the timing
3.6L ‘ ‘ ‘ ‘ of the £'giant ELM (Provided the discharge is
me e (53'0 Be also sawtooth-free.). However, reducing the
Fig.1: Record fusion DT discharge (with 50%T)plasma current has the adverse effect of
g?;?g:rii:;;yl?geritgennfzgsg:Zr?ﬁgggszti'eoga;:@wering the threshold for the onset of the giant
pressure (defined in this figure ag3.75m)=n(Ts+T) ELM (fig.2). Modelling indicates that the
) rise until limited by a giant ELM. earlier appearance of the giant ELM is
consistent with the ballooning limit being
reached earlier.

Occasionally, smaller amplitude type | ELMs are also observed following large amplitude
OM (figs.2-3). These earlier ELMs do not affect performance. These are not includedjg the
scaling studies. (A justification is given below.)

In DT, OMs occur earlier and the ELM-free period is typically shorter than in DD, however
the differences are within the variability found for similar deuterium discharges The most
noticeable isotopic effect, discussed in detail in [1], is that the pedestal pressure rises more
quickly in DT (fig.1).
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EDGE MEASUREMENTS

The direct measurement of the edge pressure gradient needed to determine the width of the edge
transport barrier is not available at JET. In order to estithgtethe assumption is made that
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Fig.2: Comparison of discharges with Ip flat and IpFig.3: A hot-ion H-mode plasma limited by a large OM.
ramp-down. With Ip decreased the outer mode is delay@tie OM clamps;Tat R=3.75 m where Ryis normally
by 500 ms, allowing an improvement in the neutron rat@easured. The OM triggers a small type | ELM.

of 45% [2]. However, the first giant ELM, which ends

the high performance phase, occurs 300 ms earlier.
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DNya=Poed Up, Where Boyis the pressure at the Ot=12.405
Xt= .(3S
top of the edge pedestal. At the time of onset B 1s 13408

of the first giant ELM, it is assumed that s
Op=0p™™ is specified by the ballooning limit.

For the majority of discharges, the outer mos%~6
radius where all the measurements needed fo
calculate both electron and ion pressure are
available is R=3.75m, inside the steep gradient
region (fig.4). For the electron pressurgja
given by a line average determined from the 2
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edge channel of the interferometer, whilgst 3.2 34 3.6 38 4.0
R (m)

a local measurement obtained from the electron
Fig.4: Electron temperature profiles measured during

§1e ELM-free period in a DD discharge developed as
measured by the charge exchange diagnostie®rence for the high performance DTE1 campaign. The

taking into account impurity dilution. The ©d9e pedestal height and grad increase in time.
in this paper is calculated at R-3.75m.

cyclotron emission. The ion pressure i

experimental uncertainty in,gis +10%.

The pressure at R=3.75m is oalguitable measurement of the pedestal height before an
ELM, provided the ELM is not immediately preceded by a large amplitude long lived OM. The
OM decreases the pressure of the bulk plasraa,/m. Thus the low pressure at R=3.75m
observed at the onset of the early ELM that follows an OM (fig.2), appears to contradict the



hypothesis that the ELM occurs at the ballooning limit. In fact, in discharges where T
measurements are available for R>3.75m, the edgeciieases during the OM (fig.3). This
indicatedIpincreases further out and may get to a value cIo@@T& at a radius wherg,Rjis
not measured.

In the edge barrier scaling analysis discussed below, jhaneludes dilution, i.e.
Poed3.75m)=RT+ngT;. Only the maximum pressure attained just before the first giant ELM is
considered.

SCALING OF THE EDGE BARRIER

The linear dependence of the plasma pressure withrhost clearly obtained in the plasma
current scans discussed in [2]. These experiments carried out at similar toroidal fields and
triangularity show that the maximum plasma stored energy as well as thgqatiaihed at the

time of the first giant ELM are linearly proportional tp ile. Wy [Ol," andPyed I, , in both

cases witlo=1 In discharges where the OM has been delayed, the time of occurrence of the first
giant ELM is also found to be proportional to the plasma current. For the same plasma
configuration the maximum plasma stored energy increases with the level of input power, whilst
the maximum value of £4is independent of power.

Similar conclusions can be made from the more general database discussed in [1] which
includes both DD and DT pulses, in a large range of input powers and types of heating. The
database now includes discharges from a plasma shape scan at coastagt (the shear at
the 95% flux surface) in the range 3 to 5 [7] and for completeness, the plasma current scan was
extended to include plasmas with BMA. These higher,Iplasmas are not available in the hot-
ion H-mode regime. We have taken tiityipe | ELM observed in ELMy-H-mode discharges
from a high plasma current experiment during the JET MKI divertor. (This is different from the
analysis for ELMy H-modes discussed in [5] and [8] whesg B averaged over several
subsequent ELMs.)

The whole database now contains the following plasma types. In DD: high performance
discharges [7], plasma current scan [2], power step-down [9] and shape scan [7]. In DT: high
performance with 50%T [10], alpha-heating experiments with 0-100%T [11] and discharges
with DT injected into DD and DD injected into DT. Details of the auxiliary heating are given in
[1], however within the experimental uncertainty thg;Bcaling given below are found to be
independent of power level and the type of heating (either NBI only or a combination of NBI
plus ICRH).

The scaling of Rqwith I, shear ang, for both the thermal and fast ion models is shown
in figures 5-8. The data show as a general trend @i, (fig.5), however B4 1,*sg5 gives
a better representation of the shape scan discharges (fig.6). The straight lines in figs. 5-6 are
linear fittings constrained through the origin for the following datasets: a) searn and b) the
high performance DT discharges with 50%T.
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The larger B;yobserved for the DT- discharges suggest that fast particles may éggtrol
Figs.7-8 show a comparison of the measurgdniodel predictions wher&y,,[p, . If Ay, is
determined by thermal ions we expeglP 1,* Sos*(<myp*T i)1’2(fig.7). For the fast ion models
the best fitting is obtained (as in [4]) for the components with the largest Larmor radius (Fig.8),
where I:|3edD Ip* 395*(Max (mfast*EfasI)) 1/2-
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The table shows the regression analysis with dependent variaheng independent
variable the thermal and fast models with and without shear. Slope is definggFblppe*model,
the intercept is constrained to zero. The standard error is the corrected mean square residual and
represents the scatter of individual measurements about the model. The a(ﬁlistbd Ratio
of the sum of squares of the model to the sum of squares of residuals, adjusted for degrees of
freedom for error. For a perfect fitRL. Further explanation is given in [1].

Mode! Obs Slope Sg‘g?rd Ade‘j?ted
Ip(MAY* (mg* T (kev)) V2 96 4173 749 | 08784
Ip(MAY* (MAX (Mfast* Era(kev))) 2 95 07455 | 625 | 09153
|p(MA)* Sos* (M Ty (kev)) Y2 9% 1.140 887 | 08310
Ip(MA)* Sos* (MAX (Mrast* Eraet(kev))) V2 95 02057 | 708 | 08940

Note that, whether or no§:gs included, the fast particle model gives a somewhat better fit than
the thermal model, as indicated by lower standard error and higHeoRever the difference is
not large enough to allow us to exclude the thermal model.

SUMMARY

In JET ELM-free discharges the edge pressure is clearly limited by edge MHD phenomena. In
discharges were the OM is delayed the maximum core and edge pressures achieved depend on
the time of onset of the*giant ELM.

At the time of onset of the first giant ELM, the following parameters were found to vary
linearly with |: P,eq (Mmeasured at R=3.75m), Wand the time of onset of thé giant ELM.

Poeq Varies linearly with shear (unlike the ELMy regime where a quadratic dependence with
shear has been reported [5,8]).

In the current ramp-down experiments the earlier onset of the first giant ELM indicates
that the ELM occurs at the ballooning limit. However, an appropriated model for the edge pedestal
is required where the width of the edge barrier depends on the plasma current.

The Regscaling with } is consistent with models where the edggis determined by the
poloidal ion Larmor radius. Both the thermal and fast ion models where assessed. ThgJlarger P
observed in DT discharges suggest that fast particles may chptrdihe best fitting is found
for the fast ions weighted towards the ions with larger Larmor radius. However, the thermal ion
model cannot be unambiguously excluded.
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