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ABSTRACT

Based on experiments carried out in JET in D:T mixtures varying from 100:0 to 5:95 and those
carried out in hydrogen plasmas, the isotopic mass dependence of ELM parameters and the
edge pedestal pressure in neutral beam (NBI) and ion cyclotron resonance (ICRF) heated H-
mode plasmas is presented. The ELM frequency is found to decrease with the atomic mass
number both in ICRH and NBI discharges. However, the frequency in the case of ICRH is about
8 - 10 times higher than in the NBI case. Assuming that ELMs occur at a critical edge pressure
gradient, limited by the ballooning instability, the scaling of the maximum edge pressure is most
consistent with the assumption that the width of the transport barrier scales as the ion poloidal
Larmor radius governed by the average energy of fast ions at the edge. The critical edge pressure
in NBI heated discharges increases with the isotopic mass which is consistent with the higher
deduced width of the edge transport barrier in tritium than in deuterium and hydrogen. The
critical edge pressure in ICRH discharges is smaller, presumably, due to the smaller fast-ion
contribution to the edge region. As a consequence of the edge pressure scaling with isotopic
mass, the edge operational space in tadndiagram increases with operation in tritium. If the
evidence that the edge pedestal width is governed by the average energy of fast ions in the edge
prevails, the pedestal in ITER would be controlled by the slowing down energy spectoum of

- particles in the edge.

1. INTRODUCTION

Edge localised modes (ELMSs) [1,2] in a tokamak plasma are MHD instabilities which occur
during H-modes [3] and produce bursts of energy and patrticles that are ejected through the
separatrix to the scrape-off layer and ultimately end up in the divertor or on the first wall. These
transient bursts can, in some cases, produce high peak heat loads [4-6] and severe erosion of the
divertor target plates. This is a major issue for power and particle control in a reactor and makes
the design of divertor target plates in ITER [7] a challenging task. ELMs are accompanied by
spikes in the [g-emission, the observation of which is now popularly considered as evidence of
the presence of an H-mode. During an ELM, there is a rapid loss of energy and particles from the
plasma and the stored energy is found to be reduced by a maximum of about 10% of its value
before the ELM. In steady state, the stored energy recovers in between the ELM events. Despite
these deleterious effects, it is desirable to operate ITER in an ELMy H-mode as this regime can
provide sufficiently high confinement and, more importantly, it is beneficial in preventing the
uncontrolled build up of density, impurities and helium ash. In order to optimize and off-set the
losses against the gains, an understanding of the behavior of ELMs and their control is of para-
mount importance in providing an experimental basis for the satisfactory operation of ITER.
The H-mode is characterised by the formation of an edge transport barrier together with
an improvement in the core confinement. The barrier creates a large pressure gradient close to
the edge of the plasma which provides a pedestal for the rest of the profile. The energy stored in



an H-mode plasma can be considered to be constituted of two parts (i) the pedestal energy and
(ii) the remainder which we term as the energy in the plasma ‘core’. The turbulence in the core
is found to scale as the gyro-radius similar to that expected from the gyro-Bohm transport model
[8]. The pedestal energy is a significant part of the total stored energy [9] in neutral beam injec-
tion (NBI) heated discharges especially in ELM-free H-modes. The height and width of the
pedestal can, in principle, be determined by the measurement of edge pressure profiles where a
‘knee’ in the profile is formed during H-modes. In this paper, we will investigate the scaling of
the pressure on the top of the pedestal and assume that the large edge pressurélgradient
which develops over a region of widihs limited by a MHD instability. We will show that the
pressure at the top of the pedestal scales as the ion poloidal Larmopyraaish is governed

by the energy and mass of ions in the edge. A good knowledge of the scaling of the width and the
height of the pedestal is important from the point of view of the prediction of the ITER edge
operational space and energy confinement.

The theoretical understanding of the MHD physics of ELMs is at present incomplete and
a number of models have been proposed to explain their occurrence. An excellent review of
these models can be found in [2]. For the purpose of this paper, we confine ourselves to the idea
that as a result of plasma heating leading up to the H-mode, the edge pressure gradient reaches a
critical vaIuerCrit dictated by the ballooning stability limit [10-14]. This edge pressure gradient
contributes significantly to the bootstrap current. Moreover, the increased edge temperature
also causes a significant Ohmic current due to the increased conductivity of the plasma edge. As
the growth rate of the low-toroidal mode number external kink mode (also the so-called peeling
modes) increases with the edge current [15,16], this mode becomes unstable [2]. However, at
high pressure gradients and at high edge currents, the ballooning and external kink instability
limits tend to merge and it is not clear which instability actually triggers the ELM. After the
ELM, the edge pressure gradient and the edge current are reduced, thus the plasma becomes
stable and the cycle repeats itself. The rate of recovery and the ELM period are controlled mainly
by plasma transport (see e.g. [17]).

The type of ELMs observed a discharge depends on the plasma shape, the edge tem-
perature and density, the proximity to the L-H transition, the edge pressure profile and MHD
stability limits at the edge. Based on the experience of NBI discharges, an excellent discussion
of the characteristics and classification of ELMs is given in [1]. It is believed that type | ELMs
[1] are triggered when the plasma reaches the ideal Ballooning instability limit or by a low-n
external kink mode. These ELMs feature a high pressure pedestal and the ELM frequency in-
creases with power. However, type Il ELMs [1] are believed to occur below the ideal instability
limit and resistive ballooning modes may be implicated [2, 18]. These ELMs are associated with
a low edge pedestal pressure, their frequency is higher and decreases with power ultimately
transforming to type | ELMs at higher power [19].



For the same power flux crossing the separatrix, the edge pedestal in ICRH discharges is
generally smaller but the energy confinement is similar to that with beams as the contribution of
the core is more dominant due to more peaked power deposition profiles. The existence of a low
pressure pedestal in ICRH discharges causes some of the ELM features to be markedly different
from those of the NBI. The ELMs produced by ICRH have higher frequency and lower ampli-
tude. The repetition rate and amplitude of ELMs is relatively less steady as compared to beams.
However, other physical characteristics of ELMs, such as their dominant power dumping on the
inner divertor leg, a sudden decrease in edge plasma parameters and a decrease in stored energy
that are associated with ELMs are found to occur in both cases. But, in the case of ICRH, the
perturbation of the above plasma parameters is typically 2-5 times smaller than with NBI [4].

Recently, JET has carried out experiments in DT plasmas [20,21] which were heated by
NBI and ICRH. In these experiments, the isotope scaling of the H-mode threshold power, the
energy confinement, ELM characteristics and the edge pedestal have been extensively studied
as they constitute some of the most important issues to be resolved for a more accurate predic-
tion of the ITER performance and the ignition margin. We note that the H-mode threshold power
[19] is found to be independent of the heating method but ELMs and the pedestal characteristics
do indeed depend on them. A detailed comparison of differences and similarities of ELMs and
the pedestal in NBI and ICRH discharges has been presented elsewhere [22]. In this paper, we
concentrate on the effects of isotopic mass on the parameters mentioned above. Experiments in
D:T mixtures varying from 100:0 to 10:95 and those carried out in hydrogen plasmas permit us
to study the effects of isotopic mass on the above parameters in a range extending from 1 to 3.

In section 2, we show JET experimental results on the pressure pedestal and on ELMs.
After a brief discussion of the plasma configuration, parameters and general characteristics of
ELMy H-mode discharges heated with NBI and ICRH, we present the isotopic mass depend-
ence of ELM frequency both for ICRH and NBI discharges. We then discuss the edge opera-
tional diagram together with the influence of isotopic mass on different limiting boundaries.
Subsequently we compare the experimental data with predictions of several different scaling
laws in which the pedestal width is presumed to be related to the poloidal ion Larmor radius
governed either by the thermal or the fast-ion energy in the edge. Experimental data on the edge
electron pressure and its drop at an ELM are then presented followed by data on the scale length
and the extent of electron temperature perturbations due to ELMs in H, D and T-plasmas. Fi-
nally, the plasma energy stored in the pedestal and its dependence on the isotopic mass are
presented. The discussion and conclusions of the paper are in Section 3.



2. EXPERIMENTAL RESULTS
2.1 Plasma Parameters and Configuration.

For the experimental results presented here, we have selected ELMy H-mode discharges in
hydrogen and deuterium-tritium D:T mixtures varying from 100:0 to 10:95. The main emphasis

in this selection is to find representative discharges in H and D-T mixtures that have similar
external parameters, plasma configuration and additional heating power. A detailed analysis of
these discharges is then presented. For discharges heated by ICRH, after an extensive wall con-
ditioning procedure, the working gas (H, D or T) or the required gas mixture is injected directly
into the torus by a gas valve. For NBI heated discharges, the plasma mixture, in addition, is
determined by the species used in the NB injectors. The injection energies for different species
are: H,120 keV; 0,140 keV or F,155 keV. Generally, the configuration used in these experi-
ments is JET divertor Mark IIAP [23], single-null X-point, low triangularid1j.2) plasma.

The discharges have been obtained at toroidal fields varying in a rangé{BT and plasma
currents  [11-3 MA. For ICRH discharges, a central minority heating scheme with hydrogen as
the minority species is applied. The 4-strap A2 ICRH antennae [24] are operated in diprle (O
phasing. Standard JET diagnostics for electron dengityelectron temperature T and ion
temperature (j) have been discussed elsewhere [25]. The tritium concentration is measured by
neutron emission analysis, Balmer emission spectroscopy, partial pressure measurements in the
sub-divertor volume and neutral particle analysis [26]. The electron temperature profile is meas-
ured by electron cyclotron emission and covers generally the outer half of the plasma minor
radius. The ion temperature profile and ion density profile are obtained from active charge-
exchange spectroscopy [27]. The number of interferometer channels meagsusngnited

and the only channel covering the outer edge region is located at R = 3.75 m whereas the JET
magnetic axis is at|?12.9 m and the horizontal minor radiugi®.9 m. The plasma separatrix

at midplane is generally located at around R = 3.81 - 3.86 m depending on the discharge se-
lected. Due to the absence of density measurements further out in the edge, the exact location
and form of the density pedestal, the edge pressure profile and the edge pressure gradient are
unknown. Moreover, even with edge density profiles recently available at JET, the absolute
spatial accuracy of the measured profile data would limit the evaluation of the pressure profile.
The latter combines four measured profiles, where three of them.(@nd T/n;) have inde-

pendent radial scales. The absolute spatial accuracy required for a reliable evaluation of the
pressure gradient would mm, or 0.08% of the major radius. In the absence of the required
accuracy of measurements, we restrict ourselves to an investigation of the edge pedestal pres-
sure at R = 3.75 m, though the pressure pedestal is presumed to be located at a somewhat larger
radius. Calculated quantities, like the poloidal Larmor radius, are related to the same location at
R = 3.75 m. In cases where the ion temperature data is not available, we discuss the results in
terms of electron pressureg gnly, implicitly assuming that; g p.. For NB heated discharges,

the radial profile of the average energy of the fast particles is obtained from the CHEAP code



[27]. This code uses electron, ion and impurity density and temperature profiles as input data
and then calculates the pressure and density profile of the fast particles by analytically treating
the beam-target plasma interaction. The presence and onset of ELMs is generally detected by
measuring ld/Dq/Tq-line emission along a vertical chord.

2.2 General Characteristics of ELMy Discharges heated with NBI and ICRH.

As an illustrationye show time traces of two discharges additionally heated by NBI and ICRH

in Figures 1 and 2 respectively, where the D:T plasma composition was 5:95. In the discharge
heated by NBI (T-beam power = 10 MW), the measured diamagnetic plasma stored energy
reached 7 MJ. Without subtracting the fast ion energy, the energy confinement time normalized
to the H-mode ITERH97-P [28] scaling was about 1.5 in the ELM-free phase for the first 2 s and
then remained &tl during the low frequency ELMs seen as spikes in thesipnal presented

in the 8" box from top in Fig. 1. Central and edge (R=3.75m) electron temperatures are shown in
box 3 where the sudden drops @f ihdicate the occurrence of sawteeth. The central and edge
(R=3.75m) line-averaged edge densities shown in box 4 indicate that in this H-mode tritium
shot, the gprofile is very flat (see also Fig. 3).
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FIG. 1. Time traces of a neutral beam heated ELMy H-IG. 2. Time traces of an ICRF heated ELMy H-mode
mode discharge in a 5:95 D:T mixture at a power levalischarge in a 5:95 D:T mixture at a power level (of

of [10 MW at B 2.7 T and }=2.6 MA. Here, W, 6.8 MW at B~ 2.6 T and |=2.6 MA. Here, Ry is the
represents the diamagnetic stored energy, ITERH97IERH input power at 42.5 MHz. For other symbols, see
is the confinement enhancement factor over the ITERe caption of Fig. 1. The NBI power blips were used for
H-mode scaling [28], & Tes N and nindicate the ion temperature (J diagnostic purposes.

central and edge electron temperatures and central and

edge electron densities respectivelyy /Mg represents

the Balmera emission from the edge of the plasma in-

dicating the presence of ELMs and ELM-free periods

and R, is the T-neutral beam input power.



The discharge shown in Fig. 2 is heated at a power level of 6.8 MW using the ICRH H-
minority heating scheme in tritium plasma at a frequency of 42.3 MHz. The diamagnetic stored
energy reached about 4.8 MJ and the ITERH97-P confinement factor without subtracting the
fast ion energy is about 1.5. In this discharge, the calculation of the fast-ion energy fraction
evaluated by the PION code [29] has large error bars and it is estimated to vary between 35-54%
and the thermal H97 confinement factor is estimated to be 0.69-1. The central electron tempera-
ture (see box 3) rose to 10 keV as the H-minority fast ions relax predominantly on the back-
ground plasma electrons.

The power crossing the separatrigpPis an important parameter influencing the ELM
behavior. Bo_ can be deduced by subtracting from the input powethé¢ power radiated from
the bulk Byx and, in the case of NBI, the power lost due to shine-through and charge-exchange.
The latter generally has large error bars. In calculating §peil the steady-state part of the
discharges shown in Figs. 1 and 2. we find that it is approximately equal in the two cases with
a valuell7 MW. But, the frequency of ELMs @@signal in box 5 in Fig. 2) is much higher with
ICRH as compared to that with NBI. This difference is further confirmed [21] in ICRH and NBI
discharges when the input power was equal, makiggd¥en smaller in the case of NBI.

On a detailed examination of ELMs with ICRH, it is found that not only the frequency is
higher but also the repetition rate and amplitude of ELMs is relatively less steady (see below). In
addition, the amplitude of ELMs @signal) with ICRH is generally smaller by a factor of
about 5-10 as observed in a single shot with successive NBI and ICRH heating [4]. A fast 2-D
infra-red camera has been used to measure the temperature evolution of divertor tiles [5] during
ELMs in deuterium discharges. lllustrative examples showing a comparison of tile temperature
evolution during ELMs with ICRH and NBI are given in [4]. Typically the peak tile temperature
exceeds 120@ with type | ELMs produced by NBI whereas with ICRH ELMs, it is less than
500°C.

The plasma density, temperature and pressure profiles of electrons measured by the LIDAR
diagnostic are illustrated in Fig. 3 for three NBI heated discharges in hydrogen, deuterium and
tritium (D:T=5:95) which have been used for isotopic comparison in this paper.,gHor
these discharges are 8.7, 9.5 and 7.3 MW respectively. The single null X-point plasma configu-
ration in the three discharges is very similar to each other and the toroidal fiph@Bplasma
current () values are 2.7T and 2.6MA respectively. The profiles in the case of hydrogen are
time-averaged over 1 s whereas those for deuterium and tritium are averaged over 2 s. We note
that the electron density profiles are rather flat in the main plasma especially those in deuterium
and tritium plasmas. But, the density in the hydrogen discharge is lower by a factor of about 0.6
(see below). The electron temperature profiles are roughly about the same in the three shots. The
corresponding electron pressurg) (profiles are shown in box 3 where it is seen that theg p
the highest in tritium plasma and the lowest in hydrogen throughout the profile.
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FIG. 3. Spatial profiles of electron density, temperatur&lG. 4. Spatial profiles of electron density, temperature
and pressure measured by the LIDAR diagnostic in threed pressure in three ICRH shots made in D:T mixtures
NBI shots made in hydrogen, deuterium and tritiurof 100:0, 45:55 and 5:95 atg¥ 2.6 T and |=2.6 MA.
plasmas at power levels indicated in the figure gt B All the three profiles have been averaged over 1 s. See
2.7 T and }=2.6 MA. The profiles have been averagealso the caption of Fig. 3.

over 1 s for H-plasma and 2 s for D and T-plasmas. The

plasma center is af2.96 m.

A set of three ICRH discharges, similar to the ones with NBI discussed above, has been
used for comparison in which theplnd |, are 2.6T and 2.6 MA respectively. For these dis-
charges, R-P,u,x=6.6 MW. Plasma profiles, averaged over 1 s, for these ICRH discharges in D:T
mixtures of 100:0, 45:55 and 5:95 are shown in Fig. 4. We note that none of the parameters show
a significant difference in the profiles of the three shots. However, the ELM frequency, though
different in the three shots (see below), is about ten times higher than in the NBI cases and the
electron pressure profile is more peaked due to the more peaked power deposition in the case of
ICRH.

2.3 ELM frequency dependence on isotopic mass.

We compare the behavior of ELMs produced in NB (H, D and T-plasmas) and ICRF (D, D-T
and T-plasmas) heated discharges as shown in Figs. 1 and 2 for studying the dependence of the
ELM frequency on the isotopic mass. Thg-Bignal is presented in Figs. 5 and 6 respectively

for NBIl and ICRH discharges having different isotope mixture. Power levels are as indicated in
the figures. We note that, in the case of NBI heated discharges in tritium, after a very short
period of transition ELMs at about 17 s (see box 3, Fig. 5), there is a long ELM-free period and
then giant ELMs are produced saturating tlg¢Dig-signal. The frequency of these ELMs is
relatively low. In the case of D-plasma (box 2), the initial ELM-free period is smaller than in the
tritium discharge and once again giant ELMs are produced but their frequency is higher than in



the case of tritium. The frequency of ELMs is not completely steady and each ELM is accompa-
nied by other associated ELMs making their occurrence a complex phenomenon. Note, how-
ever, that practically the same minimum level of thgdignal is achieved after each of these
complex ELMs. In the case of hydrogen plasma (box 1), the initial period is partially filled by
tiny ELMs and the subsequent ELMs have on average lower amplitude and significantly higher
frequency.
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FIG. 5. Time traces of D o /Tg-signal for NBl heated FIG. 6. Time traces of p/Tg-signal for ICRF heated
discharges at = 2.7 T and |=2.6 MA showing the discharges at g= 2.6 T and }=2.6 MA showing the
ELM behavior in hydrogen, deuterium and tritiumgELM behavior in D, DT and T-plasmas. The frequency
plasmas. The ELM amplitude is on average smaller iof ELMs decreases as one moves from D to T-plasmas.
hydrogen plasma. The frequency of ELMs decreasesMste that the time axis is 0.1 s whereas for ELMs in NBI
one moves from H to D and T-plasmas. discharges in Fig. 5, itis 7 s.

Turning to the ELMs produced in ICRH discharges (see Fig. 6), we note that the fre-
guency of ELMs is very high as seen by the scale of the time axis. The time behavior of ELMs
varies from one ELM to the other and the frequency of ELMs decreases as one moves from D to
T-plasmas. Note that during the time interval chosen for the displayg-sidhal in Fig. 6, the
electron density is equal in the 3 discharges. At other time slices, the ELM frequency varied
significantly but the frequency was on average smaller in tritium discharges than in deuterium.
However, over the full duration of the discharge, the spread in frequency at each isotopic mass
is large [21]. This is often caused by sawtooth crashes which lead to a heat wave that travels
from the centre to the plasma edge and by increasing the edge pressure transiently is affecting
the ELM frequency [4,22].

Based on the above measurements and those of other discharges, the ELM frequency is
plotted, in Fig. 7, as a function of the isotopic mass both for NBI and ICRH discharges. In all
cases considered, the input power was at least a factor of two higher than the H-mode power
threshold manifested by the appearance of the transition ELMs. Note that in NBI and ICRH



discharges, the ELM frequency decreases as the isotopic mass of the plasma mixture is in-
creased. However, the frequency of ELMs in the case of ICRH discharges (see right-hand scale)
is about a factor of 10 higher than in NBI discharges. As we will discuss below, this may be
related to the width of the edge pedestal and the level that the edge pressure can attain before an
ELM is triggered.
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FIG. 7. ELM frequency as a function of isotopic mass &1G. 8. ELM frequency as a function of discharge cur-

plasma species in ICRH and NBI heated discharge®nt in D and T-plasmas in NBI heated discharges. The

The right-hand scale corresponds to the ICRH data. NBI heating powers are as indicated. The lines repre-
sent a ;’2 dependence (normalised to a point) of ELM
frequency.

Based on neutral beam heated discharges, we also plot, in Fig. 8, the ELM frequency as a
function of plasma current in deuterium and tritium discharges. The power level is indicated in
the figure. The toroidal field is increased in the same proportion as the plasma current (e.g. 1T/
1MA, 2T/2MA and so on) to maintain the same safety factor g. We find that the ELM frequency
decreases as the plasma current is increased. This is for discharges in deuterium fairly consistent
with a theoretical model [30,31] where the ELM frequency is predicted to decrease as the square
of the plasma current (see also [2]), whereas for the tritium case the decrease of ELM frequency
with plasma current is much weaker.

2.4 Effect of isotopic mass on the edge operational space.

It is well known that the H-mode performance depends sensitively on the plasma edge param-
eters. The edge operational @R diagram [32-37] is a convenient way of characterizing the
different operational regimes and events associated with the an H-mode discharge. These re-
gimes have been identified as (i) L to H mode transition and transition ELMs, (ii) ELM-free H-
mode (iii) Type | ELMs, (iv) Type Ill ELMs and (v) MARFE events (see e.g. Ref. [33]). The
above diagram is constructed by plotting the measured edge electron tempetanckethe



edge electron density.yat a location in the 4
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In JET, the above two parameters are taken gt
R=3.75m, as described in Section 2.1. Sucha ELM-free
diagram for JET ICRH and NBI heated dis+ o reaen
charges is shown in Fig. 9. As the input power
is increased above the L-H threshold value, the
transition from L to H-mode takes place [19], | ELms
at relatively low Tsand nsvalues (see Fig. 9). e
This is accompanied by the occurrence of small -
ELMs the so-called transition ELMs. These

transition ELMs, according to the common % 1 2 3 z 5 6
classification scheme [1], are similar to type Mo AO7M)

FIG. 9. Edge operational diagram indh.splane show-

Il ELMs. However, they have specific features _ _
ing the JET experimental data of Type | ELMs in NBI

which distinguish them from type Ill ELMs heated D-plasmas at 12 MW of input power. The 8 MW

obtained in JET by strong gas puffing or impudata points in D-plasma (inverted open triangles) do

rity seeding. As the edge temperature and demt reach the type | ELM boundary whereas in 50:50

sity are increased further, the H-mode discharggd 10:90 DT mixtures, type | ELMs are obtained at

usually evolves into a non stationary ELM-fI’EéhiS power as shown. The operT .and §olid.circ.les/stars
show the location of L-H transitions in this diagram

phase followed by type | ELMs. At higher der]'under different conditions as indicated.

sities or with impurity seeding, the discharge

goes into the regime of type Ill ELMs. At very high gas puff rates, the edge temperature de-

creases below the value required for the L-H transition and the discharge ultimately falls back to

the L-mode and finally disrupts after reaching the MARFE [10,23,38] limit.

At high edge temperature, it is assumed that the edge pressure gradient is limited by the
ideal ballooning mode instability which, possibly on coupling to an external low-n kink mode,
triggers a type | ELM. In Fig. 9, we plot an experimentally fitted boundary for type | ELMs (the
solid line) for typical JET discharges apBp = 2.7T/2.6MA in D-plasma at a NBI power level
of 12 MW. The shaded area limited by the solid line is assumed to be inaccessible for the dis-
charge. In addition, a variety of experimental edge density and temperature data obtained at
2.6T/2.6MA in JET ELMy H-mode D-T discharges with ICRH and NBI heating at different
power levels are plotted in Fig. 9. Open diamond symbols represent the data obtained with type
| ELMs at 12 MW of NBI power in deuterium discharges. Bold plus and solid diamond symbols
show the corresponding data in 50:50 and 10:90 D:T discharges representing approximately the
isotopic mass of 2.5 and 3 respectively . These data lie beyond the ballooning stability boundary
for deuterium discharges, and encroach into the shaded area, indicating that a higher edge pres-

Pressure gradient
limit

JG98.237/1¢c

~
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sure can be reached in tritium discharges. The above observation of highértpum dis-

charges is consistent with the argument that type | ELMs occur at a[fpgé’Elprovided the

width of the edge pedestal increases with mass of the plasma ion species. The L-H mode thresh-
old points shown (in the lower left-hand corner) show no marked difference either between
ICRH and NBI data or D and T data [19]. The region of existence of type Ill ELMs is located
around the nearly horizontal broken line in Fig. 9 and there seems to be no significant difference
between deuterium and tritium discharges.

2.5 Scaling of the critical edge pedestal pressure

In the previous section we assumed that the edge pressure gradient is limited by its critical value
for the ideal ballooning instability. In general the calculation of this limit is complex [10,12] and
its determination in a real tokamak geometry requires quite involved numerical computations
[16]. But, in the case of a large aspect ratio tokamak with circular flux surfaces, these calcula-
tions are relatively straightforward. Commonly, the stability limit is presented o diagram

where the magnetic shear s in a tokamak geometry is defined as S @fga = - (aJoqul

B(pz) Operit iIs @ measure of the pressure gradient responsible for the ballooning instability. Fur-
ther,0g = dg/dr,0p = dp/dr, |4, is the vacuum permeability, g is the tokamak safety factor, R is
the major radius anddds the toroidal field. Based on numerical computations, it has been
found that in a significant range of the sstability diagram, the relationship is linear. Thus, a
very simple model can be analyzed in whech] s. However, for elongated and triangular
plasmas this linear relationship is not valid. Analytical calculations show thegiends stronger

than linear on s [39,40]. We will use the simple approximaxiﬁrsy, wherey > 1. Furthermore,

for reasons discussed in section 2.1, we approxima‘ﬂ% by pC”t/A. In this way, we define the
width A of the pressure pedestal or transport barrier. Using the definition of q and grouping the
geometrical factors in the constant of proportionality, we obtain

P o172 sl A (1)

By measuring the critical pressur&'mnd plotting it in the AT, diagram we can test
different models describing the dependence of the pedestal width on plasma edge parameters. A
common model assumes that a radial electric field develops in the edge region and suppresses,
due to sheared rotation, the fluctuation driven transport in the transport barrier. The width of this
region is related to the region of charge separation due to loss of ions, which is of the order of the
poloidal Larmor radiug, [41]. From there, the ansak’] (AT)”Z/IIO follows, where Ais the ion
mass number and T is either the ion temperatu@ The averaged energy of the fast ion
component Es. More refined models assume (ap. )" or A O a*%p, * [36,42]. Other ap-
proaches associate the charge separation to the penetration depth of neutrals into the edge plasma,
which givesA O T¢"4/n, [43] or simply assumA = constant.

In Fig. 10 we plot, for a series of NBI heated discharges in D plasma in which only the gas
feed was varied (0 to 3&0°* s*) and which remained mainly in the type | ELM regime, the

11
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iInann-Te
diagram together with curves derived from dif-
ferent assumptions ah discussed above. All
curves are normalised to the measur&d at

ne = 5.6x10" m*. The solid line connecting

Vo o \ measured values off = ™ Te

\
Neutrals
“

S

% r open circles represents the calculated values
I whenA is assumed to scale A p (Esasy-
1+ The best agreement between data points and
| = Experiment model curves is achieved for the castd]
oL pL(Eras) andA 0 py ()™
0 1 2 3 4 5 6

The scaling of the edge pedestal pressure
Is further evaluated for a number of NB heated

FIG. 10. Experimental ;[ ns data (squares) of type | disch ) hich th ¢ ‘ )
ELMs along the pressure gradient ballooning instabilgET Ischarges in which the saiety factor g is

ity limit at 12 MW in D-plasmas is compared with sevh€ld constant butgand | are varied in arange
eral models of the width of the edge pedestal. The peaf1.7-2.9 T and 1.7-2.9 MA respectively. Also,
estal width is assumed to be equal to a power of the igRe value of magnetic shear s at the edge is var-
Polmdal Larmor_radluspL) determlneq by the thermal ied between 2.9 to 4 and the ion mass number
ions or the fast-ion averaged energy in the eggg. . ]
Neutral refers to a pedestal width scaling governed b?/etween 1to 3. These discharges were obtained
the ionization length of neutrals. without external gas fueling. The total edge

pressure just before the occurrence of ELMs

Ny (10 m3)

is then compared against the total pressure calculated using Eq. (1) with different assumptions
onA as discussed above. For illustration, we show the two best fits out of six used for compari-
son, one withp tst and the other witp ermal IN Figs. 11 and 12 respectively. The squares in
these two figures refer to the data taken at the maximum pressure before selected ELMs and
triangles refer to an averaged pressure before all ELMs. For good agreement, the data should lie
on a straight line. Among these two, it is seen that the scaling based on the ion poloidal Larmor
radius determined by the fast ions in the e@ggs( gives the best fit. The average energy of the

fast ions kg at R = 3.75 m was calculated by using the CHEAP code (see section 2.1), which
delivers for the discharges used in Figs. 11 and 12 an energy range of 11.2 - 88.4 keV.

The same scaling with ¢.st has been obtained for hot-ion H-mode discharges [44]. How-
ever, two other scaling attempts which include in the data set gas fuelled discharges find a better
correlation with pmermal [45,46]. Whether this difference is caused by gas fuelling alone is
currently under investigation.

We determined the expongnh Eq. (1) by testing the quality of the fit fpr 1, 1.5, 2, 2.5
and 3. This test gave the best resultyfer2. However, the values fogssare calculated by the
equilibrium reconstruction code EFIT without taking the bootstrap current into account. There-
fore, a prudent approach gives 1 as the result of this fitting procedure. Using full MHD
calculations for a different set of JET discharges shows that indBesf with y>1[47].
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FIG. 11. Experimental data of total (electron and ion)FIG. 12. Experimental data of total (electron and ion)
edge pedestal pressure (symbols) is plotted against thdge pedestal pressure (symbols) is plotted against the
normalized expressiond (A<E>,)"” based on the normalized expressionsf (A<E>qma) "~ based on the
fast-ion averaged energy in the edge. The squares atitermal ion temperature in the edge. See the caption of
triangles refer respectively to peak and average valudsg. 11.

of several ELMs studied in a discharge.

2.6 Behavior of the edge electron pressure during an ELM.

As mentioned before, we have assumed that at the occurrence of an ELM, the critical edge
electron pressure gradiefp. " is limited by the ballooning instability. For a fixégpe"™, al
increasing with increasing isotopic mass implies that a higher edge pressure can be achieved in
tritium than in hydrogen discharges. Time Bo= 2,77, I = 2.6MA

traces of the edge electron pressure at R=3.75m -
are shown in Fig. 13 for three discharges heated
by NBI in hydrogen, deuterium and tritium _
plasmas. The sudden drop of pressure in D afd 5
T-discharges shown coincides with the occué
rence of ELMs as observed in the{3ignal
(see also Fig. 1). In the case of the hydrogeh
discharge, the frequency of ELMs is relativelyé
high and the drop in pressure per ELM is much 5- f
smaller. Note that the edge electron pressure is

quite low in the hydrogen plasma and it in- ‘ ‘ ‘ ‘
creases as we change to deuterium and then to o 18 19Time ©) “ .
tritium plasmas. A similar dependence can b®8G. 13. Time traces of edge electron pressure for three

inferred if we consider the drop of pressure &8B! heated discharges in hydrogen, deuterium and tri-
each ELM. tium plasmas at g= 2.7 T and |=2.6 MA showing the
pressure drop at the occurrence of ELMSs.

T (43003)

10—

on pres

ol i

H (43389)
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Figures 14 and 15 show the edge electron pressure before the start of an ELM and its drop
during an ELM, respectively, for several ELMs in the H, D and T- discharges shown in Fig. 13.
The broken lines represent the average for the number of ELMs considered. As mentioned above,
the edge electron pressure clearly increases with increasing isotopic mass. Additionally, Fig. 14
shows the averaged edge electron pressure for ICRH discharges in D, 50:50 DT and T-plasmas
without identifying specific ELMs.

The drop in edge electron pressure increases strongly with increasing isotopic mass in
NBI heated discharges. In ICRF discharges, these drops are found to be much smaller and usu-
ally within the measurement noise.

18 B0= 27, 1p = 2.6MA

9
16 :__>£__>_< ___________ T_ (_N_B_) _______________________ 8 X
X
14— * x L =
X ~
O _n_,DNB) 6L * o x T(NB)
/i R o~ g FTwmTTTTTT . X
< & s
£ 1oL x T 3 o o B _DWNB)
~ o D}NB o L TTTTTTTTTTTTTT T T Tttt TTTTTTTTTTT
o o H g %o o ° o °
8- --- Average 3l x T
UDTRA 1 ke o D} NB
6 A P o H
""""""""""""""""" . [ --- Average R
—o——0—/0-—-c>—,—o——0——o——°——-o———5——o——0-—9———§ 10 o H (NB) E
D (RF) H (NB) P PV < M o o._o_°__5
2 \ \ \ \ \ \ g o2 ° 1 o O | L ©° 9 \ g
0 2 4 6 8 10 12 14 2 4 6 8 10 12 14
ELM number ELM number

FIG. 14. Edge electron pressure (symbols) and meBIG. 15. Drop in edge electron pressure (symbols) and
value (broken line) for several ELMs in three NBI anachean value (broken line) for several ELMs in the three
three ICRF heated discharges in hydrogen, deuterild®| heated discharges in hydrogen, deuterium and tri-
and tritium plasmas at = 2.7 T and |=2.6 MA. tium plasmas of Fig. 14.

2.7 Isotopic mass scaling of the edge electron pressure during ELMs.

Edge electron pressures for the above series of shots heated by NBI and ICRH are presented in
Fig. 16 as a function of isotope mass for H, D, DT and T-plasmas. The data are normalised to the
case } = 1.8 MA using the relatiompcrit [ Ipz. From Fig. 16, we note that for NBI heated
discharges, §" increases with the isotope mass whereas in the ICRH case, the edge electron
pressure is not only significantly smaller but it is practically independent of the isotopic mass.

During NBI heating, beam neutrals that do not penetrate to the plasma core create a popu-
lation of energetic ions near the edge. If, as discussed in section 2.5, the transport barrier width
is determined by the poloidal ion Larmor radius of the energetic ions, then for a given pressure
gradient limit the edge electron pressure increases with increasing atomic mass of the injected
species (B" O VA).

In the case of ICRH there is no direct fast-ion deposition at the edge. The pedestal width is
expected to be smaller which results in a smaller edge electron pressure compared to NBI dis-
charges. Despite the lower edge pedestal with ICRH, the steady-state total stored energy in both
ICRH and NBI cases is the same. This is due to the fact that the power deposition profile with
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ICRH is more peaked than in the NBI case [22].

A TRANSP analysis carried out on two com- Lol O10MW,18WA, 17T, N .

parable ICRH and NBI discharges shows tha% E;;“&/WZZG;“QA;TQ‘:'L

the effective diffusivities Xerr ) are £ 4

similar. ° o -
With NBI heating, the fast particle spe-g 6~ ~Ao_g,,,—f""‘ o

cies changes when the beam species is chang;%d )

from hydrogen to deuterium or tritium. In the$ 4~ -~ o©

case of ICRH discharges, the heated specieswi’s il N ) )

hydrogen and it is independent of the back- | g

ground gas. Therefore, no dependence of the 00 . ! L

pe_" on the isotope mass of the background gas Isotope mass number = A

is expected. An increased edge pedestal is ai$G. 16. Maximum edge electron pressure (@ R=3.75m
found in ICRH discharges with -9(hasing in JET) is plotted as a function of isotopic mass in ex-

resulting from the significantly broader fastperiments carried out in different gas mixtures: hydro-
t(,?en, deuterium, 50:50 D:T and 10:90 DT both in ICRH
and NBI heated discharges. For comparison, the values

have been normalized to Ip=1.8 MA using™ (71,

ion pressure profile due to wave induced par
cle drift outwards [22, 48].

2.8 Isotopic mass dependence of the electron temperature perturbation during an ELM.

At the occurrence of an ELM, particles are ejected from the plasma and there is a drop in tem-
perature and density at the plasma edge. The perturbation in the electron temperature is gener-
ally found to be highest in the type | ELM re- ELMs in NBI discharges

gime. In Fig. 17, we present the ECE meas- |
ured electron temperature drop as a function
of major radius in a semi-log plot for NBI -
heated discharges in hydrogen, deuterium arﬁi’d |
tritium plasmas where the maximumddf,has ¢ 01
been taken in a time interval &f< 1 ms after .
an ELM. The ECE data further into the edge
are unreliable due to non blackbody radiation
and are not shown. We note that the scale lengtl, |

of the amplitude drop is smallest in hydrogen - 3'6R m) 7
plasma and increases as one goes from hydts 17. Relative drop in electron temperature at the
gen to deuterium and tritium plasmas. Assoaiecurrence of ELMs is plotted as a function of major
ating this scale length with the transport pafadius in a semi-log plot for NBI heated discharges in

rier width A shows its increase with iSOtopégydrogen, deute"rlum and tritium plasmas. The lines
shown are for guidance of the eye only. The slope shows

mass as expected from the assumed SC""“"agglitatively the scale lengths of the affected plasma
of A with the poloidal Larmor radius. region by an ELM.
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2.9 Pedestal stored energy dependence on isotopic mass..

The stored energy in H-mode discharges can be considered to be composed of two parts: (i) core
and (ii) the pedestal. We write

Wtot: Wcore + Wped

where W,.qis obtained by integrating the pedestal pressure from the centre to the edgg.and W

is obtained by subtracting A from the total stored energy. Detailed confinement analysis
based on JET discharges has been carried out in Ref. [9] and it has been found that the (a) the
core is governed by gyro-Bohm transpdﬁ(\(o'z) and (b) the pedestal energy in the ELMy H-

mode scales a8 %2 For the global energy confinement, the two mass dependencies nearly
cancel each other resulting in a very weak mass dependence. In Fig. 18, we show the kinetic

energy stored in the pedestal, for two sets of dischargeg(#) B 1.8T/1.8MA and (b) 2.7T/

2.6MAin H, D and T-plasmas where in the first  Pedestal
set, the NBI power input was 10 MW and in 1.8MA/LET

67
i - S 2.6MA2.
the second set it was 10.5 MW except in thg | K2emaz7T

case of hydrogen discharge for which it wa% A
9.5 MW. The pedestal energy is calculated by |

0.45
using the edge pressure obtained at R=3.75gn |- 0.42 035 0.52
and multiplying it with the plasma volume in-  1/'=2% 0.24 % § %
D T

BZIN
tegrated from the centre to that radius. In this o N
H

calculation, we make an error of about 5% as _ ,
FIG. 18. Plasma stored energy in the edge pedestal is

we have neglected the volume beyond R:3'7potted as a function of isotopic mass in NBI heated

m. We find that the pedestal energy increasggcharges at g= 2.7 T/ |;=2.6 MA and B 1.8 T/
with the isotopic mass and is qualitatively con;=1.8 MA. The values of f represent the fraction of

sistent with the scaling presented in Ref. [9].pedestal energy to the total energy.

3. DISCUSSION AND CONCLUSIONS

In this paper, we have presented experimental results on edge localized modes (ELMs) and on
the edge pedestal observed in H-mode discharges in JET. The experiments have been carried out
in single null X-point plasmas in hydrogen and in D:T mixtures varying from 100:0 to 5:95. The
main auxiliary heating methods used are NBI and ICRH. We have concentrated on the isotopic
mass dependence of ELM characteristics such as frequency, drop in edge pressure and the spa-
tial extent of the electron temperature perturbation at the occurrence of ELMs. Also, the mass
dependence of the critical edge plasma pressure has been investigated. A comparison of differ-
ences and similarities of ELMs and of the edge pedestal in ICRH and NBI heated plasmas is
discussed elsewhere [22].

A number of theoretical models have been proposed to explain the occurrence and charac-
teristics of ELMs [2]. Since ELMs are accompanied by bursts of MHD activity, ideal and resis-
tive ballooning modes, external kink modes and ‘peeling’ modes have been put forward as the
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underlying basis for the occurrence of ELMs. Also, limit cycle solutions of the transport equa-
tion governing the plasma edge region have been used which e.g. involve sheared rotational
stabilization. In other theories, elements of both of the above have been combined with MHD or
pressure driven fluctuation transport. For the purpose of this paper, we have confined ourselves
to the idea that in H-modes, the edge pressure gradient reaches a criticpclﬁldetermined

by the ballooning stability Iimi'r]pCrit O Ip2 & where b is the plasma current, s is the edge
magnetic shear and>1. An ELM is accompanied by a drop in the edge pressure gradient. The
edge plasma then becomes stable and the cycle repeats itself. The rate of rise of pressure (or the
recovery) and the period of the cycle depends mainly on the plasma transport.

Furthermore, we have assumed that the critical edge pressure gmﬁiiénan be sim-
plified by Op™ = ™A, where §" is the critical pressure at the top of the pedestalatie
pedestal width and that by analysing the scalindr?)f/\;e find the scaling of the pedestal width
A. In principle, one should be able to measure the edge pressure gradient and the width of the
pressure pedestal, but due a lack of spatial resolution and accuracy of edge diagnostics, no such
measurements are available at JET. The scaling found for the critical edge pressure is most
consistent with the assumption that the pedestal width is proportional to the ion Larmor radius
and the Larmor radius in turn is controlled by the fast ion population in the plasma edge. This
result was obtained for NB heated discharges without external gas fueling.

These findings seem to be consistent with the low edge pressure observed in ICRH dis-
charges with central plasma heating schemes in which there is no direct fast ion energy deposi-
tion in the edge. In fact, by deliberately depositing ICRH power at the edge by mixed central and
off-axis heating, it was possible to increase the critical edge pressure. The higher the critical
edge pressure, the larger is the drop in edge pressure at the occurrence of an ELM. The ELM
frequency also decreases as the critical edge pressure becomes higher since during the ELM
recovery cycle, more time elapses before the pressure reaches its critical value. This is consist-
ent with the experimental fact that the ELM frequency in routine ICRH discharges is a factor of
8-10 higher than in the NBI discharges. Similar behavior is also found in NBI discharges in
hydrogen where the edge pressure is low and the ELM frequency is higher.

In conclusion, the ELM frequency is found to decrease with isotope mass both in ICRH
and NBI discharges. But, the frequency in the case of ICRH is about 8-10 times higher than the
NBI case. This has a favorable consequence for ITER concerning the peak heat load on the
divertor plates which in JET is smaller by a factor of 2-5 in the case of ICRH as compared to
NBI. The pedestal width scaling presented here is different from that assumed in the ITER Final
Design Report [49]. If the evidence that the edge pedestal width is governed by the averaged
energy of fast ions in the edge prevails, the edge pedestal pressure during ignited regimes in
ITER would be dictated by the slowing down energy spectrumparticles. Further dedicated
experiments are planned to verify the reported scaling.
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