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ABSTRACT

In this paper we investigate differences of the ELM behaviour between RF and NB heated H-
mode discharges in JET. The main result of this investigation is that the edge pedestal pressure
with NB heating is higher than with RF heating for equal power fluxes crossing the separatrix.
This can be explained by a higher population of fast ions in the edge region in the case of NB
heating. Using data from NB heated steady-state H-modes we derive a scaling law for the width
of the transport barrier. We find that the barrier width is proportional to the poloidal Larmor
radius, which in turn is controlled by the ion population with the highest energy in the plasma
edge.

1. INTRODUCTION

The quality of tokamak H-mode discharges depends sensitively on parameters of the edge plasma.
This led recently to a representation of tokamak discharges as an edge density - edge
temperature plot, which is called the edge operational diagram [1 - 6]. The edge diagram shows
boundaries which limit the achievable performance of the main plasma in terms of confine-
ment, density and ELM behaviour and define the operational space for a specific device.

An important and rigid limit in the edge diagram is given by the maximum edge pressure
gradient. It is well known that in an H-mode discharge a transport barrier with a/wacttbts
inside the separatrix which causes a region of steep pressure gradient, the edge pedestal, to form.
Assuming the pedestal widthto be constant, the edge pressure gradient limit appears in the
edge diagram as a hyperbolic curve. Each time the discharge trajectory reaches this limit an
ELM is triggered which reduces the pressure. Subsequently, the pressure recovers and after a
timet = 1/fz v , where £ is the ELM frequency, the limit is reached again. In this way an H-
mode discharge evolves into a quasistationary state characterised by the magnitude of the edge
pressure limit, by the amount of pressure drop during an ELM and by the frequency of ELM
occurrence. The extrapolation of this limit and of the associated ELM parameters to future next
step devices such as ITER is essential and requires an understanding of the physics involved.

Therefore a series of experiments was carried out in JET to characterise the pressure
gradient limit and the ELM phenomenon. The experiments and their results will be discussed in
this paper.

The paper begins with a comparison between neutral beam (NB) and radio-frequency
(RF) heated H-modes, shows results obtained for the isotope scaling of the edge pedestal width
and describes specific experiments performed to clarify the physical mechanisms which control
the transport barrier.
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2. THE EDGE PRESSURE GRADIENT LIMIT

The edge pressure gradient limit is generally assumed to be caused by the ballooning instability
[7]. However, there is experimental and theoretical evidence that the outer kink mode is in-
volved, if not controlling the limit and therefore the occurrence of the ELM. Plasma cugyent (I
ramp-up and ramp-down experiments were used during steady-state H-modes to investigate the
influence of an induced edge current on the ELM behaviour [8]. Ramping the current up, i.e.
increasing the edge current density, drives the discharge to a state of small ELMs and into
L-mode, ramping the current down triggers an immediate transition into an ELM-free phase.
Even the smallest practically feasible ramp ratggdidIB0 kA/s) have this effect. MHD stabil-
ity calculations for typical JET discharges show that in most cases the kink limit is reached
before the ballooning limit [9], but the ELM is triggered after the discharge trajectory moves
further into the direction of the ballooning limit.

We assume in the following that the ballooning instability is responsible for the edge
pressure gradient limit —Cﬁ and use the simple relation

Op™™t 013 8 (1)

where S is the magnetic shear [10]. The exponent y has been introduced to allow for the fact that
expression (1) with y = 1 is valid for circular magnetic surfaces and large aspect-ratio only.
Equation (1) is simplified further by replacifgp™ with p™"/A:

pt 013 m )

This simplification is necessary to allow a comparison with experimental data since the
pressure gradient itself or the pedestal wixlte experimentally not accessible at JET. Instead,
either the electron pressurggr both the electron and ion pressurg fpp-+ p) are measured
at the top of the pedestal at R = 3.750111(0.9), using an interferometer fog, @n electron
cyclotron radiometer forJand charge-exchange spectroscopy famnt nmeasurements. The
assumption p= p is made if only pdata are available. SometimesAothe electron tempera-
ture pedestal widtht. , obtained from ECE measurements, is used. However, there is no basis
to assume an equality betweeandAt.. On the contrary, data analysis in JET shows a different
behaviour of Are andA+; with increasing Tand T [11], and values fof\,. andA,; on whichA
also depends are not available for JET.

Equation (2) is used in this paper to investigate the scaliigppfassuming that different
mechanisms are responsible for the formation of the transport barrier.

3. COMPARISON BETWEEN NB AND RF HEATED H-MODE DISCHARGES

Generally, RF heated H-modes in JET show, in comparison to NB heated ones, benign small
high frequency ELM$12]. In Fig. 1 two typical discharges are compared for which all param-
eters are held constant and only the heating method is different. The heating scenario for the RF
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Fig. 2 Details of the same discharges as in Fig. 1.

transition both discharges evolve initially in the same way. The ELM frequency is high (transi-
tion ELMs) and decreases continuously. Simultaneously, the ELM size increases together with
p. and the total stored energy. From measurements on ASDEX it is known that during this phase
the width of the density pedestal increases [7]. This increase continues until the first type | ELM
appears after the ELM free period. Furthermore, the time evolution of the electric field in the
pedestal region, obtained by analysing the fast neutral losses in ASDEX Upgrade, supports the
assumption of an increasing width during this initial period of an H-mode discharge [14]. Addi-
tional support comes from modelling results obtained with the JETTO code [6]. These results
show that a decreasing ELM frequency simultaneously with increasing ELM amplitude and
stored energy can under the assumption of a pressure gradient limited MHD instability be ob-
tained only by increasing the width of the transport barrier. In Fig. 1 the NB heated discharge
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enters at ~15.4 s the ELM free phase, and at ~15.7 s the steady state type | ELM phase. From
previous analysis of JET discharges we know that D varies weakly during the type | ELM phase
[2].

The RF heated discharge deviates significantly from the NB heated onélfrbtn s
onwards: pstays throughout the discharge below the one for the NB case, despite the fact that
the power which crosses the separatrix is the same for both cases. Assuming that the pressure
gradient limit is the same, we have to conclude that the width of the transport barrier for the RF
case remains smaller. One of the consequences is the higher frequency and smaller amplitude of
ELMs in RF heated H-modes.

Figurel shows for the RF heated discharge a few short ELM free phases accompanied by
larger ELMs. In Fig. 2 one of these phases is shown in more detail. It is obvious that they are
correlated with the occurrence of sawteeth. Sawteeth eject energy from the plasma centre and a
heat wave travels to the plasma edge. It is seen in Fig. 2 as a transient incredmssvedgn
16.45 s and 16.55 s. Interestingly, the value.at pvhich the ELM free phase starts is approxi-
mately the same for both heating methods. The occurrence of an ELM free phase together with
an increase of the edge pressure can only be explained by a simultaneous and faster increase of
A, so that the pressure gradient drops below its critical \Eﬂﬁ'&. There are two possible
explanations for this increasenAssuming a dependencefobn the poloidal Larmor radius
as shown in [2] the pedestal width may simply increase due to an increaseuinng the
sawtooth generated heat pulse. However, the dependedcerof; is weaker than the depend-
ence of the edge pressure s that the ratio should increase. Another explanation is based on
the well established fact that during a sawtooth fast particles are ejected from the plasma centre
and deposited in the outer plasma region [15]. Assuming that the relevant Larmor radius respon-
sible for the width of the transport barrier is determined by the fastest component of the ion
population, the observed occurrence of an ELM free phase after a sawtooth can easily be under-
stood. The importance of the fast ion concentration is discussed later.

The value to whichdincreases after the sawtooth is still well below the value for the NB
case as can be seen in Fig. 2. The criticat prhich the NB heated discharge triggers ELMs is
much higher, and the size of the ELM in terms adiop per ELM §p) remains a factor of 4-6
smaller than during NB heating.

Following the argument that the RF heated discharge has frequent and small ELMs due to
a narrower pedestal width, we should expect the stored energy to be smaller compared to the NB
case. However, as Fig. 1 shows, the confinement for both heating scenarios is approximately
the same. The reason is the more peaked central pressure profile obtained with RF heating.
Figure 3 shows the main plasma electron density, temperature and pressure profiles obtained
from LIDAR [16] measurements for the same discharges as those used in Figs.1 and 2. The
density profiles for both discharges are very similar with the exception of a slightly stronger
peaking with NB heating due to central particle fuelling. The electron temperature and pressure
profiles are however, more peaked for the RF case. Figure 4 shows the calculated power
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Fig. 3 Core plasma profiles of electron density, temperarig. 4 Power deposition profiles for the same two
ture and pressure for the same two discharges as in Figdischarges as in Fig. 1. The profiles were calculated
The profiles are averaged over the steady-state ELMysing the CHEAP [17] and PION [18] code.
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For the RF case two different assumptions
were made about the existence of a pressure
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pedestal: the same pressure pedestal as the NB case and no pressure pedestal. The result shows
that indeed the peaked power deposition profile improves the confinement and that in order to
reproduce the NB confinement a small pressure pedestal is required for the RF case.

4. SCALING OF THE EDGE PEDESTAL WIDTH

In [2] the edge pedestal width scaling for NB heated discharges was investigated by varying n
and T, and by trying to fit the resulting trajectory in the-iT, diagram assuming different
physical mechanisms controllinfy The conclusion was that the experimental data are best
fitted by A O p* wherep is the poloidal Larmor radius and x is between 1/2 and 2/3. All experi-
ments were performed using deuterium. In the 1997 campaign tritium and hydrogen were also
available, so that the scalifdg] p” could be further tested for NB heated discharges by investi-
gating the dependencefbn the isotope mass A. We used Eq. (2) and tésted six different
expressions of the form

VAT
AO (|—)X 3)
p
with x = 1, 1/2, 2/3 and T ={fhemaiOr T = i

<E> where <Ex; is the average energy of
fast particles at R = 3.75 m obtained from the
CHEAP code [17]. <Eg was in the range of
11.5 keV to 88.4 keV. Additionally, all other
parameters in Egs. (2) and (3) were varied a
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No gas puffing was used in these discharges. Normalised scaling expression

Here we show the main result in Fig. 6. ThEig. 6 Total pedestal plasma pressureHp) as a func-
best fit is obtained assuming the fast particld@" ©f the normalised scaling parameter
determinep, a proportionality betweef and 'p [5° Q/AK E >rg . x - data are maximum values, 1 -
p (x = 1) and a quadratic dependence gfop 92t@ are averaged values.

S (y = 2). The standard deviation of the data from the regression line shown in Big189.

All other cases tested havea 10% and the variation a¥ with S shows a minimum around
S=2.

The above result has a major deficiency. Obviously, a single fast particle will not change
the transport barrier. This means that in the investigated scaling |&xEor. 3) a parameter is
missing which is controlled by the concentration of the fast particles. The reason for this defi-
ciency is the lack of a suitable theoretical model which contains all relevant parameters. Work

for developing such a model is under way. Here we restrict ourselves to the qualitative statement
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thatA is controlled by the ion population with the highest energy, provided their density is larger
than some unknown threshold.

The assumption that fast ions control the pedestal width in the case of NB heating explains
in a straightforward manner the difference between RF and NB H-modes in JET. With NB
heating fast ions are produced right in the edge whereas with RF heating the source of fast ions
is located at the resonance position in the plasma centre. For RF heated plasmas, calculation of
the fast ion distribution at the edge results in very large error bars, due probably the inadequate
consideration of fast ion transport and badly known input parameters for the PION code [18].
Therefore we performed specific experiments to investigate the role of fast particles in RF heated
discharges, which are described in Section 5.

Another observation which supports the relevance of the fast particle population is the
mass dependence of the critical edge pressure. Whereas the NB heated plasmas show a clear
increase of ‘i5“ with the mass of the beam ions, RF discharges sﬂBWmﬂne independent of A.

In the RF experiments analysed hydrogen was always used as the heated minority, independent
of the background gas which was varied from 100% D to 95% T: that means the mass of the fast
particle component has not changed.

5. EDGE HEATING EXPERIMENTS WITH RF

Three types of edge RF heating experiments were performed (see Table I):

. the frequency of 3 of the 4 RF generators was changed in such a way to shift the location
of the resonance for 75% of the power towards the high field edge (H minority),

. the phasing of the antennae was changed to widen the deposition profile of the fast parti-
cles (H minority),

. the magnetic field was slightly changed to create rémnance near the low field edge.

All three cases have reference discharges with central heating only as shown in Table I.
The RF specific details of the phasing experiment are described elsewhere [19]. As an example
the corresponding fast pressure profiles are shown in Fig. 7. The existence of fast particles at the
edge during discharges with edge heating is experimentally established using data obtained with
the neutral particle analyser. Figure 8 compares two energy spectra of the efflux of neutrals for
the last pair of discharges in Table I. Clearly, the particle flux for energies largebdeV
increases if edge heating is applied.

For each pair of discharges in Table | three ELM parameters are compared; ELM fre-
guency, edge electron pressure and particle loss per ELM. The last parameter, obtained by a
divertor interferometer, is used as a qualitative measure of the ELM strength since more conven-
tional measures such as the stored energy or edge pressure drop are too small to be reliably
measured.
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eatng No. | Maj. | Min | Phasrg | R_(m) f(glhg E’igidgg 5'\('1'3;)'\"
Central 41514 | D H/1 +90° 281 2150-2200 | 4.3 1.3
Central: 25% |[41519 |D H/1 +90° 2.81 470-540 5.8 4.2
Edge. 75% 2.50
Centra 41514 | D H/1 +90° 2.81 2150-2200 | 4.3 13
Centra 41515 | D H/1 -90° 2.81 517-575 6.2 4.1
Centra 42772 | T D/1 180° 3.02 1250-1650 | 5.6 0.6
Central: 30% | 41754 | T D/1 180° 281 90-250 7.1 2.0
D minority He? 3.75
Edge: 70%

He®* minority

Table 1 ICRH experiments (Maj. - majority ions, Min. - heated minority ions)

+ ® A=3 3
Centre: 1st harmonic D |§
104 Edge : 2nd harmonic He® |~
T — +
1401 L i + A=3
E Centre: 1st harmonic D
1201+ 3 +
& 10°[ \
1001 =S
g soft +90° 2 \
o H H X
= 2 10%1
o 60 = L
=
(]
z
H 10t Detection \\\
g s limit e
§ N
0 0.2 0.4 0.6 0.8 1.0 ~+ f
rla 100 \

! !
0 50 100 150 200
Energy (10°eV)

Fig.7 Calculated fast ion pressure profiles for two RFFig.8 Energy spectra of neutral Eior two discharges,
heated H-modes with +3@&nd -9C phasing (see Table one with central heating only, the other with additional
1), #41514, #41515. edge heating (see Table 1), #42772, #41754.

All three pairs of discharges show the same behaviour. Putting more fast particles into the
edge reduces the ELM frequency, increases hich ELMs are triggered and increases the
strength of the ELM. However, none of the edge heated discharges show a type | ELMy phase
with an ELM frequency around 10 ss found in NB heated discharges in deuterium or tritium.
This fact again supports the fast particle concept. In the first two pairs of RF heated discharges
(Table 1) fast hydrogen ions are created. Therefore they have to be compared to NB cases with
hydrogen injection which due to the low mass of hydrogen stay mostly in the transition ELM
regime. In the third pair Héons are heated at the edge which have a Larmor radius near to that
of Hions.
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6. SUMMARY AND CONCLUSIONS

In this paper we assume that a unique MHD instability controls the maximum achievable edge
pressure gradieﬂiﬂpcrit throughout the H-mode phase. Then the evolution of the ELM param-
eters in terms of frequency and strength and of the total stored energy of the plasma can be
understood qualitatively as a variation of the wifltbf the transport barrier. Since, on JEY,
IS not directly measured, all statements and conclusions relatearéobased on studies of its
scaling with measurable parameters.

Starting with the L-H transitioA increases during the transition ELM and the ELM free
phase. With the onset of the steady-state ELMy phase (type | ELMS3)early constant and
depends only weakly on the pedestal plasma parameters. For this phase the experimentally de-

termined scaling of the critical pedestal total pressure in the case of NB heated H-modes is
P 01, (B2 /ALK E >pg

where <Ex; is the average energy of fast ions in the pedestal region. The scaling implies a
proportionality betweeA and the poloidal Larmor radius which in turn is controlled by the
energy of the fastest ion population. This result needs further confirmation and dedicated ex-
periments are planned for the next JET campaign. Its implications for future tokamak experi-
ments are the possibility to contbby shallow NB injection, and an influence of thgarticle
population o\ in the case of an ignited plasma.

RF heated H-modes in JET (H minority heating in the plasma centre) exhibit a smaller
edge pedestal pressure compared to similar NB heated ones, leading to smaller, more frequent
ELMs. They stay in the transition ELM regime, because the concentration of fast particles at the
edge is small. Despite a smaller edge pedestal the resulting total confinement of RF heated
discharges equals NB heated equivalent discharges. This is consistent with the more peaked
power deposition profile in the case of RF heating.
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