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ABSTRACT

This paper presents the results of experiments carried out in JET with the Mark II divertor to

study ELMy H modes at high density. In these experiments we varied the effective ion mass of

the plasma (pure H, D and T), the input power, plasma current and the edge magnetic shear. The

variation of density was achieved by gas fuelling.

The paper focuses on two main issues: the variation of the global energy confinement with

density and the scaling of the H mode pedestal. We find that the density dependence in the

ITER97-p(y) scaling is not confirmed by the experiment when one approaches the density limit.

For the high density regime in ELMy H-modes we propose a density independent scaling that

includes the plasma triangularity in the regression variables. The core energy content of the

plasma is correlated to the edge pedestal parameters, consistently with a mixed Bohm-gyroBohm

transport model for H mode plasmas.

It is found that with type I ELMs, the edge pedestal pressure increases with the ion mass of

the plasma, the input power and the edge magnetic shear. We have derived a scaling for the edge

pedestal width starting from the measured pressure at the top of the pedestal and assuming that

the critical pressure gradient in the pedestal is determined by ideal ballooning modes. We find

that the measured decrease of the edge pedestal pressure with density during Type I ELMs can

be described by a model where the reduction of the edge pedestal width is due to the decrease of

the ion temperature at the edge. In particular, the best fit to the data is obtained assuming that the

pedestal width scales with the poloidal Larmor radius of the ions.

1. INTRODUCTION

ELMy H-modes at high density are one of the possible scenarios for the operation of a future

fusion reactor [1] since they have the potential to combine quasi-steady state plasma conditions

with high fusion reactivity. In present-day tokamaks and in JET in particular, dedicated experi-

ments have been carried out to the study of the characteristics of ELMy H-modes, including

plasmas at the highest attainable densities [2-8].

In JET, the plasma density of an ELMy H-mode with neutral beam heating and without

additional fuelling is observed to maintain a ‘’natural’’ value [9], determined by confinement

and wall recycling, generally of about 50% of the Greenwald density limit [10] (GDL = Ip/(πa2),

1020 m-3 MA, m, a= plasma minor radius and Ip = plasma current).

In the Type I ELM regime (refer to [11] and [12] for reviews on ELMs and their classifi-

cation), the global energy confinement of the discharge is good (H97 ~1, [13]) and the density

and stored energy are in steady state. Unfortunately, for typical JET ELMy H-modes, the expul-

sion of energy associated with Type I ELMs is of the order of 3%-10% of the plasma stored

energy. The best case scenario for the extrapolation to a reactor translates to only marginally

acceptable power loads to the plasma facing components of the divertor [14].
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When external gas fuelling is applied to these discharges, the frequency of Type I ELMs

increases while the energy confinement of the plasma is somewhat reduced. Further increase of

the external fuelling source is associated with a transition from type I to type III ELMs [15], and

to a further reduction of the plasma energy content, compared to the Type I ELM phase. Al-

though the small and frequent type III ELMs associated with the high density phase of ELMy H-

modes have the advantage of a much reduced peak power load on plasma facing components,

the deterioration of the energy confinement makes this regime less favourable for the design of

future reactors. In extreme cases, for very high fuelling rates, the confinement for energy and

particles is reduced to a point where the average plasma density decreases and a back transition

from H to L-mode is observed [16-17].

The maximum density achieved in gas fuelled steady state ELMy H-modes in JET is

~95% of the GDL. A characteristic feature of ELMy H-modes at high density is the resilience of

the plasma to the externally applied particle source, resulting in an effective saturation of the

plasma density ne. The process leading to this saturation is not well understood, although results

from trace tritium injection experiments in high density ELMy H-modes indicate that the failure

to increase the density is not due to a fuelling limit [18]. Plasma densities above the GDL were

achieved in ASDEX-Upgrade [17] by means of deuterium pellet injection in ELMy H-modes,

but with a similar degradation of the energy confinement time as for the gas fuelled cases.

Experiments on high density ELMy H-modes have been carried out in JET since the in-

stallation of the internal pumped divertor. The effects of the divertor geometry have been inves-

tigated by installing a succession of more closed divertors (called Mark I, Mark II and the latest

Mark IIGB [8]). In this paper we present the results of experiments aimed at the study of the

global and local confinement of ELMy H-modes as a function of density, power, hydrogen

isotope and plasma shape, carried out in the JET Mark II campaign (MkII).

The details of the experiments are described in section 2.1. In particular, we focus on three

series of experiments. In the first, the main plasma parameters were maintained constant and the

composition of the plasma was in turn pure H, D and T. The other two series of experiments, in

D, were dedicated to the study of the effects of the plasma triangularity and power on density

and confinement. The general results of the experiments are described in section 3, and com-

pared to the large JET database of gas fuelled ELMy H-modes in deuterium. The experimental

results are compared with global confinement scaling laws in section 4. The variation of the

effective mass number of the plasma ions, shape and input power are explored in section 5,

where models for the scaling of the edge pedestal at the ballooning limit are compared to the

experimental data. Lastly, results from EDGE2D [19] simulations of H-modes with the three

isotopes are presented and discussed (section 5.4).
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2. EXPERIMENT

2.1. General description of the experimental parameters

Three series of experiments are presented in detail: an isotope mass scan, a triangularity scan

and a power scan.

In these experiments, we carried out pulse-to-pulse gas fuelling scans, keeping the gas

fuelling constant in each discharge. For all the experiments, the in-vessel divertor cryopump

was used, either at its full pumping capacity or half of it. As it will be shown in section 2.2, the

variation in pumping speed affects the level of recycling from the walls, but does not otherwise

influence the results presented.

The first series of experiments, investigated during the Deuterium Tritium Experiment 1

(DTE1) campaign in JET [20], was the study of the mass dependence of main plasma param-

eters of ELMy H-modes with increasing external fuelling. To maximise the mass effects and

obtain pure plasmas of each isotope, preparatory discharges were carried out to change the wall

recycling to ~100% pure H, D and T in turn (see section 2.2). The data in this series originate

from two sets of discharges. In the first set, the plasma current was Ip=2.6MA, the toroidal field

Bt=2.7T, (q95=3.4, where the suffix indicates that the safety factor is calculated at the magnetic

surface corresponding to 95% of the flux), and neutral beam heating power Pin ~12MW, for

deuterium and tritium plasmas. In the case of hydrogen plasmas, technical constraints of the

neutral beam heating systems limited the amount of injected power to ~10-11MW. In order to

obtain Type I ELMy discharges in hydrogen (see section 2.1.1), the second set of plasma dis-

charges was carried out at reduced plasma current and toroidal field (Ip=1.7-1.8MA, Bt=1.7-

1.8T, i.e. at the same q95 as in the first set) and at similar neutral beam power levels. In each case,

reference H-modes were obtained without external gas fuelling, and then the gas flow rate was

increased from pulse to pulse, to the level required to obtain Type III ELMs or the H→L back

transition. The maximum amount of external gas fuelling used in the gas scans is limited by

technical constraints. In particular, the gas injection causes an increase in the neutral pressure in

the NB system injection ducts, so that local power deposition due to beam ionisation exceeds the

maximum permissible amount.

The divertor plasma geometry selected for the experiment was a single null, with the

separatrix on the horizontal target plates and x-point to tile distance of about 8cm (in the poloidal

plane). The average plasma triangularity was fixed at δ=0.32 (δ =0.5(δupper +δlower)), calculated

at the separatrix.

The effects of triangularity are studied in the second series of experiments presented. Gas

scans were performed at 2.6MA/2.7T and constant neutral beam input power of ~12MW, where

the average triangularity was varied from ~0.14 to 0.38, corresponding to an increase of the

edge magnetic shear Sh95 from ~2.9 to 4.1 (Sh95 is the average shear calculated over a magnetic

surface corresponding to 95% of the flux).
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Finally, the third series of experiments studied the effects of gas fuelling at three different

levels of input power, 8, 12 and 14MW. The discharges were carried out in pure D at 2.6MA/

2.7T, at constant plasma shape (δ =0.23) and divertor configuration (strike points on the hori-

zontal plates).

The analysis of the energy confinement of high density ELMy H-modes (section 4) is

carried on an extended database. This database includes all the NB heated gas scans carried out

in JET in the MkII experimental campaign that reached steady state conditions. The dataset

includes a total of 145 plasma discharges, with plasma parameters spanning a large range (as

detailed in table I), although a large majority of pulses is in pure D, and about 2/3 of the pulses

have Ip ~2.5MA. The data from the three main experiments described at the beginning of this

paragraph are included in the database.

Table I: Range of parameters in the gas fuelled dataset of ELMy H-modes.
The parameters in the table are defined in the text

elbairaV muminiM mumixaM

Ip )AM( 5.1 7.3

Bt )T( 5.1 6.3

A ffe 1 3

ne 01( 91 m 3- ) 8.1 2.9

ne n/ RG,e )%( 53 89

P ssoL )WM( 7 71

δ 31.0 83.0

2.1.1. The Hydrogen experiment: accessibility of the Type I ELM regime

Experiments with different isotopes carried out at the same input power, density and toroidal

field are characterised by a varying amount of power above the H-mode power threshold. This is

due to the dependence of the H-mode threshold on the Hydrogenic isotope mass [21], Pth ∝
(Aeff)

-1 (where Pth = (PΩ + Pin – dW/dt), calculated at the L→H transition and Aeff is the effective

ion mass number of the plasma). In the case of the 2.6MA/2.7T series of pulses, Pnet in steady

state (defined as PΩ + Pin – Pth, with Pth calculated according to [21]) varied from 6.3-7.3MW

for pure T plasmas, to 4.3-5.5MW for D, down to 1.6-3.4MW for H plasmas. In each case, the

lower value of Pnet is calculated at the highest steady state density and the highest corresponds

to the lower value of the density, obtained with fuelling provided only by neutral beam injection.

With reference again to [21], it is also found that the power threshold for the transition

from type III ELMs (or transition ELMs) to type I ELMs, Pth,I, increases with mass, similarly to
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the L→H transition. Although the data available do not allow the formulation of a precise scal-

ing, it is found that Pth,I is ~30% higher than Pth.

If one applies these scalings to the two sets of experiments described above, it is found

that Pin > Pth,I for D and T plasmas both at  2.7 and 1.8T, while in the case of H plasmas at 2.7T

the amount of power available is sufficient to obtain the L→H transition, but not type I ELMs.

In contrast, in H at 1.8T and Pin ~10MW, Pnet~3.5-4.5MW, that is of the order of the net power

required for the transition to type I ELMs.

2.2. Particle Balance and Control of the Isotopic Composition of the Plasma

The control of the plasma isotopic content was achieved by changing the composition of the

recycling flux from the plasma-facing surfaces to be the same as the desired isotopic composi-

tion of the plasma. In the specific case of the D→T wall change over, this was achieved in

approximately 30 discharges fuelled with pure T2 gas, injecting ~1.5 1023 T atoms in the SOL,

leading to a plasma composition T/(H+D+T) ≥ 95%. During the actual experiment, the plasma

was fuelled with pure T2 gas. The neutral beam injection was predominantly of To, with a small

fraction (<30%) of the power being injected by Do beams in some cases, to top up to the required

power. For all the T pulses analysed, Aeff is ~2.9. Similar plasma purity was obtained for hydro-

gen and deuterium plasmas, with Aeff ~1.05 and ~2.0 respectively.

The magnitude of the total recycling flux in the divertor is comparable to the externally

applied gas fuelling rate in steady state. For example, in the case of D, 1.8MA/1.8T plasmas,

with the two divertor cryopumps at LHe temperature, the total ion flux to the divertor, measured

by Langmuir probes, is of the order of 4 1022s-1 without gas fuelling, to be compared to gas

injection rates 0≤ Φgas ≤ 3.5 1022s-1. For comparison, the neutral flux to the plasma with neutral

beam injection is typically ~1021s-1.

The contribution of the recycling flux to the particle balance of the plasma can be esti-

mated by comparing the change in the plasma particle content during the initial ELM free phase

of the H-mode to the beam fuelling rate, in the absence of additional gas fuelling. For the condi-

tions described above, we find that the plasma inventory increases at a rate that is of up to twice

the beam fuelling, demonstrating that the control of the isotopic composition of the wall recy-

cling is essential to control the plasma isotopic ratio.

The ‘’base level’’ of recycling is determined by the balance between the external fuelling,

the wall retention and active pumping during plasma and between discharges. During the DTE1

campaign, JET was operated for long periods with only one cryopump cooled to LHe tempera-

ture, to reduce the T2 gas consumption and for compatibility with previous experiments. For

comparison purposes, gas scans in D were also carried out with only one divertor cryopump

active. The reduction in pumping corresponds to an increase of the neutral flux from the walls

(both main chamber and divertor) as shown in figure 1 for the case of divertor fluxes. The largest

difference is observed in the absence of external gas fuelling, while the enhancement of recy-

cling due to external sources dominates for large gas rates.
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The increase in the base level of recycling changes the ‘’natural density’’ of the plasma

(steady state density without gas fuelling) and reduces the window of obtainable densities. As

can be seen in figure 2, the minimum density obtained without gas fuelling increases from ~45%

to 55% of the GDL (from ~4.5 1019m-3 to ~5.3 1019m-3). The relationship between confinement

and density is independent of the gas fuelling.
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Figure 1: Total ion flux to the divertor as a function of
the external fuelling rate, for two series of gas fuelled
ELMy H modes in D, 1.8MA/1.8T and ~11MW NBI, with
1 and 2 divertor cryopumps. The data are taken as aver-
age during the steady state phase of each discharge.
Some points are averages of more than one discharge.
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Figure 2: Variation of the confinement enhancement fac-
tor H97 as a function of the fraction of the Greenwald
limit for the two sets of plasma discharges with 1 and 2
divertor cryo-pumps on.

2.3. Diagnostics and data analysis tools

Most of the standard diagnostics of JET are tritium compatible and were available for the DTE1

experiments. Of particular interest for the analysis of ELMy H-modes are: electron density,

electron and ion temperature (bulk and edge), Hα-Dα-Tα emission in the plasma edge, divertor

target Langmuir probe data and plasma stored energy.

Density measurements are provided with a FIR interferometer [22] (with 0.5-1.5ms time

resolution, depending on the discharge), along several lines of sight. The measurements of the

outermost vertical channel (average over ~5cm at R ~3.75m) are used to estimate the pedestal

line averaged density. The edge electron temperature profile is measured with high time and

spatial resolution (1cm and 10µs respectively) by a heterodyne radiometer [23]. The edge Te

profiles are also used to identify the spatial location of the top of the pedestal, as shown in

figure 3, by linear interpolation of the data points.

Unfortunately, at low toroidal field (< 2.0T) the typical edge density achieved in these

experiments is higher than the cut-off density for the ECE emission from the edge. In this case,
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Figure 3: Electron temperature profile measured with
the ECE heterodyne radiometer. This profile is taken
during the steady state phase of an ELMy H mode
(#44012,14MW NBI), in between two Type I ELMs. The
open square indicates the extrapolated position of the
top of the edge pedestal.

the edge ne and Te are taken from LIDAR pro-

file measurements [24], at the fixed location

R=3.75m (i.e. at the same tangency point of

the FIR outer channel). The accuracy in the de-

termination of the pedestal electron density and

temperature is reduced, due to the low repeti-

tion rate of the measurement (250ms).

The edge Ti profiles are measured by ac-

tive charge-exchange spectroscopy [25]. Analy-

sis of typical high density ELMy H-modes [16]

has shown that at the pedestal, Ti~Te, within

the accuracy limits due to the reduced time

resolution of the Ti measurement (~400ms).

The approximation Ti~Te~Tped at the top of the

pedestal has been used in the analysis.

In the data analysis presented in sections

3 and 5 we use the following definitions:

• <pped> ≡ the time average over several ELMs of the total thermal plasma pressure calcu-

lated at the top of the pedestal; the time window is usually ~1s, during the steady state

phase of a discharge.

• pped,MAX ≡ the value of the pedestal pressure just before an ELM. When the contribution

of the fast ions is included in the calculations, this is stated explicitly.

The global confinement analysis is carried out using the latest ITER confinement scaling

law (ITER97-P(y)) in [13]. The correction to the plasma stored energy for fast ions is derived

from the calculated fast ion distribution in the plasma (in space and velocity), from the Fokker-

Plank routines in the PENCIL code [26]. For the type of plasmas in this analysis, the fast ion

contribution to the stored energy is relatively low, varying typically from ~15% down to <5% at

high density [7]. PENCIL results are also used to estimate the average energy and density (Tfast

and nfast) of the fast ions in the edge pedestal region. Further analysis of the data was carried out

with the transport code TRANSP [27], in particular to check for data consistency.

3. GENERAL RESULTS

The Greenwald density limit has not been exceeded in JET, in steady state ELMy H-modes, with

edge gas fuelling, but only transiently at low plasma current [28]. The increase of the density in

this plasma regime has some typical effects, which are independent of the specific details of the

experiment (power, plasma shape, isotope and divertor configuration).

In section 3.1 we describe the effects of the increased density on the bulk and edge param-

eters, in particular focusing on the change in the ELM frequency and type.
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In section 3.2 the energy confinement of the discharges is analysed in terms of the ITER97-

P(y) scaling for the three hydrogen isotopes. Finally, the effects of the plasma triangularity on

plasma density, stored energy and ELMs are described in section 3.3.

3.1. Effect of density

3.1.1. Type I and type III ELM regimes

In the absence or at low levels of external gas fuelling the discharge in steady state is character-

ised by Type I ELMs. As the density is raised (but still substantially below the GDL), we observe

a decrease of the central Ti and Te, accompanied by a strong reduction of the sawteeth period and

magnitude, and by some decrease of the plasma thermal stored energy (this is discussed later in

the paper).

At the plasma edge pedestal, the density increase is accompanied by a cooling of both ion

and electrons, and in general by some decrease of the total pedestal pressure pped (both peak and

average values). As the pedestal becomes denser and cooler, the Type I ELM frequency in-

creases, as shown in figure 4.

When the density is increased further, a transition from Type I to Type III ELMs occurs

(identified by the arrows in figure 4). We identify these ELMs as Type III, since their frequency

decreases with input power, following the standard classification of ELM types [11]. The transi-

tion is usually accompanied by an increase in the total radiated power, although the fraction of

power radiated by the plasma tends to remain low, typically <50% of Pin. Tomographic recon-
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struction of the radiation shows that the increase in the total radiated power is mainly due to

increased radiation in the divertor region, both from the x-point and the outer divertor leg.

MARFEs are not observed during the H-mode phase of the discharge. Both Type I and Type III

ELMy regimes can be sustained in steady state, as shown in figures 4 and 5.

The transition to Type III ELMs is characterised by enhanced edge cooling (compared to

the Type I ELMy phase) which is not compensated by the increasing density, and therefore by

further loss of pedestal pressure compared to the reference value obtained during unfuelled

discharges. The physical mechanism underlying the change in the ELM character is not fully

understood at present.

Experimental observations in JET show that the transition from Type I to Type III ELMs is

accompanied by an increase of the edge collisionality ν. A model that correlates high density

Type III ELMs to the onset of resistive ballooning instabilities at the plasma edge has been

proposed in [15]. This model, based on similarity of edge transport mechanisms, provides a

scaling of the critical density for the Type I to Type III transition, where it is assumed that Type

I ELMs are correlated to ideal ballooning instability and Type III ELMs to resistive ballooning

instabilities. The similarity parameter describing the onset of resistive mode is assumed to be the

edge collisionality, and the transition to occur when the edge collisionality exceeds a certain

critical value. The scaling expression in [15] for the transition from Type I to Type III ELMs

reproduces the JET data satisfactorily.

The detailed MHD analysis carried out on type III ELMs [29] and Type I ELMs [30] in

ASDEX-U shows that Type III ELMs are triggered at a critical edge pressure gradient much

lower than for Type I ELMs. This finding is in qualitative agreement with the hypothesis that

Type I ELMs occur near the ideal ballooning limit, while Type III may be by resistive instabili-

ties, therefore occurring at lower edge pressure gradients [31], [12].

Increasing the external fuelling even further may bring the pedestal temperature Tped down

near the critical temperature for the H→L transition. When this occurs, we observe first a clamp-

ing of Tped and a reduction of the edge density nped (i.e. a reduction in pped) and eventually the

H→L mode transition. The occurrence of the H→L transition is inconsistent with the expecta-

tions from the H-mode threshold power scaling, since the power input in the experiments de-

scribed is always above the calculated power required to maintain an H-mode (see section 2.1.1).

This result is similar to those reported by ASDEX-U [17] for high density ELMy H-modes, and

suggests that more work is needed to extend the predictions of the H-mode power threshold to

plasmas at densities near the GDL and to resolve the inconsistency between the global power

scaling of the H-mode threshold and the local temperature scalings.

3.1.2 A typical case of strong fuelling in D

A good illustration of the changes in both the bulk and the edge of an ELMy H-mode plasma

with strong fuelling is provided by pulse #44371. This is a 2.6MA/2.7T, 12MW Pin, strongly
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shaped (δ=0.38) plasma. A very high gas fuelling rate (Φgas~4 1022s-1) was applied from 20s in

the discharge.

As shown in figure 6, this particular discharge does not reach steady state, but transiently

goes through all the typical phases of a high density ELMy H-mode, as described above. In

particular, the plasma line average density keeps increasing after the transition from type I to

Type III ELMs (~20.8s), while the stored energy is constantly declining. A strong deterioration

of the particle confinement, corresponding to a net decrease of the plasma particle content (after

~22s, figure 6), occurs only near the H→L transition, identified by the step down of the pedestal

temperature at ~22.95s (figure 7). The global behaviour of the energy confinement and of the

bulk density is reflected in the time evolution of the plasma parameters at the edge pedestal.

This is shown in figure 7, where Te, ne, pped and ν at the position of the edge pedestal are

shown. The normalised collisionality ν is defined as ν=C1\Rne/(36e2πTe
2) and C1=3√2π5/2e4Zeff

lnΛe,i/εo
2.

In contrast to the bulk parameters, it appears that the plasma pedestal pressure reaches a

steady state during the Type I ELMy phase. Approximately 100ms before the onset of Type III

ELMs, ne starts to increase while Te decreases, resulting in an increase of ν at constant pped.
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 During the Type III ELMs, at constant gas fuelling, the temperature of the edge decreases

until it reaches ~300eV, i.e. near the critical Te,ped for the L→H transition, for this Bt and ne [32].

The transition back to L-mode occurs, at constant Pin, followed by a classic density limit disrup-

tion (not shown in the figure). The disruption occurs at a density lower than the maximum

density reached in the H-mode phase, indicating that transport determines the maximum density

of H-mode plasmas, in contrast to the conventional MARFE driven instability of L-modes. In

fact, the L-mode density limit in the MkII divertor is typically 50-60% of the GDL, while in the

example the H→L transition occurs at ~80% of the GDL. Further evidence for the different

physical processes governing the H and L mode density limit is given by the observation of the

decreased L mode density limit from MkI to MkII divertors [33], in contrast to the H-mode

density limit which did not change with the divertor configuration.

3.2 Isotope mass scan experiments

Gas fuelling scans in ELMy H-modes were

carried out in the three hydrogen isotopes, to

investigate the isotopic dependence of the H-

mode density limit. The results of this experi-

ment confirm the global picture that emerges

from the database of D discharges. At low den-

sity, the energy confinement enhancement is

~1, according to the predictions of the ITER97-

P(y) scaling. With gas fuelling (the external

fluxes are of the level of the average recycling

flux), the density rise tends to saturate as the

confinement enhancement factor of the dis-

charge decreases. This is illustrated in figure 8

for a selection of plasma discharges in pure H,

D and T.

Figure 8 includes data from the steady

state phase of the gas scan experiments de-
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Figure 8: Confinement enhancement factor H97 as a
function of the fraction of the Greenwald density limit.
Data taken in steady state separated by isotope. The data
set in the figure includes discharges with 1.7≤ Ip (MA),
Bt (T)≤ 3. All the discharges included have q95 ~3.3 and
NB input power of 10-12MW.

scribed in section 2.1, and also from other similar ELMy H-modes carried out with the two

cryopumps active, to provide comparison data at lower density. For all selected discharges,

Pin>Pth,I , and all pulses with external gas fuelling have the same average triangularity.

The degradation of confinement with density occurs in a very similar way for the three

isotopes, in particular for D and T. The H data seem to indicate that a significant loss of confine-

ment occurs at lower fraction of the Greenwald limit compared to D and T. However, at high

density (≥80% of the GDL, when all the discharges in the graph have Type III ELMs), the H97

is very similar for the three isotopes. This confirms and extends to the isotope mass number, the
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general result ([34], [7]) that the reduction of the confinement of high density plasmas (com-

pared to the expected scaling) is a general phenomenon, broadly independent of the specific

parameters of the discharge, such as the input power, plasma shape and divertor geometry.

The variation of the average mass of the plasma has a very strong effect on the ELMs. This

is shown in figure 9, for three steady state ELMy H-modes, with similar input powers and no gas

fuelling, in pure H, D and T. The case of H is discussed in more detail in the following section.

The reduction of the ELM frequency for T plasmas compared to D plasmas is associated

with an increase of the plasma stored energy at constant input power (6MJ for the T case, com-

pared to 5.4MJ for D). Similar effects are observed in JET when the plasma triangularity δ is

increased, as shown in figure 10. This is discussed in section 3.3.
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Figure 9: Balmer-α emission for three ELMy H modes
(#43392, 43154 and 43003) in pure H, D and T, at
2.6MA/2.7T, no additional gas fuelling. The NB input
power is 11-12MW. The different ELM frequency corre-
lates to the change in Aeff, although in the case of H,
proximity to the H mode threshold also plays a role. The
occurrence of composite ELMs for the D and T dis-
charges, is typical of high recycling conditions, when
only one cryopump is operational
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Figure 10: Divertor Balmer-α emission for three ELMy
H modes, at 2.6MA/2.7T, Pin ~11-12MW, no additional
gas fuelling. The variation in the ELM frequency is lin-
early correlated to the variation of the plasma δ (#44349-
#44028-#44356).

3.2.1 Hydrogen results at 2.6MA/2.7T

The experiments carried out in H at low power above the H-mode threshold (2.6MA/2.7T, 11MW

Pin) show some differences compared to the discharges in which the power is well above the H-

mode power threshold. The H discharges at 2.7T and 11MW of input power go into H-mode and

remain in the Type III ELMy regime. Even with no gas fuelling, the global energy confinement
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of these discharges is somewhat lower compared to similar discharges in D and T but more

importantly, the degradation of confinement with external fuelling is much more severe than for

the standard Type I ELMy H-mode. As the external gas fuelling is increased, we observe a

saturation of the density at very low values, <50% of the Greenwald limit, and early transition

back to L-mode. These results are not yet fully understood, but they highlight the potential

difficulty of operation at high density near the H-mode power threshold. More details on the

edge parameters of these discharges are contained in section 5.

3.3 Effects of triangularity

The variation of the plasma triangularity in ELMy H-modes is correlated to strong changes in

the ELM frequency (see figure 10), density and global energy confinement. To investigate this

phenomenon in detail, gas scans were carried out at constant NB input power of 12MW, in four

series of discharges in which the triangularity varied from δ ~0.14 to δ ~0.38 (δ=0.14-0.23-0.32

and 0.38, corresponding to Sh95 values of 2.9-3.2-3.8 and 4.1 respectively). The experiment was

aimed at achieving steady state conditions, so each value of triangularity was investigated in

separate gas scans.

The plasma energy content increases

with the edge shear of the discharge. The two

extreeme cases in Type I ELMs, the unfuelled

and the heavy fuelled plasma, (points labelled

‘’before I to III transition’’) are shown in fig-

ure 11.

At constant power and gas fuelling, the

ELM frequency decreases with δ. In the case

of unfuelled discharges, the ELM frequency

decreases linearly from 25Hz (δ=0.14) to 9Hz

(δ=0.38). As expected, less frequent ELMs are

associated with larger stored energy loss per

ELM. Figure 12 shows that, with no gas, the

percentage plasma energy loss is very high at

high shear, reaching about 9% for Sh95=3.8.

However, strong gas fuelling reduces the dif-

ferences between high and low shear plasmas,
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Figure 11: Plasma thermal stored energy Wth (MJ) as a
function of the edge magnetic shear Sh95, for the no gas
discharges, and before the transition from Type I to Type
III ELMs, with strong gas fuelling.

and near the Type I to Type III ELM transition, where ∆W/W is <3% for all configurations.

Shallow pellet injection has also been shown to be effective in increasing the ELM frequency

and reducing the peak power deposition per ELM [35], with modest degradation of confine-

ment.
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Another effect of increasing the triangularity in ELMy H-modes is that higher densities

are reached for the same energy confinement enhancement factor, as shown in figure 13 (from

[16]).
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the plasma density for three series of gas scans, at
2.6MA/2.7T, Pin~12MW, edge δ from 0.14 to 0.38.

The highest H97 for each δ in figure 13 is obtained in the discharges without additional

fuelling. Nonetheless the density achieved by the plasma with δ=0.14 is only ~40% of the GDL,

whilst the density reached about 75% of the GDL for δ=0.38. The H97 value for the three dis-

charges without gas is the same. Upon the application of gas, the confinement enhancement

factor decreases in all cases with increasing density.

Three main results are obtained from the triangularity scans:

1. The ITER97-p(y) scaling does not allow to discriminate between the increase in density

that occurs as a consequence of improved confinement and the increase of density by

fuelling. The n0.4 dependence for the predicted stored energy in the H97 calculation de-

scribes well the unfuelled discharges, because the increase in the triangularity is associ-

ated to an increase in the confinement (τE goes from ~350ms to ~530ms), corresponding

to an increase of both the thermal stored energy and the plasma density. In contrast, the

ITER97-p(y) scaling overpredicts the fuelled cases, showing that the improved energy

confinement leads to high density, but that the contrary is not true.

2. We observe a decrease of the thermal stored energy with gas fuelling. This is in contrast

with the results reported from JT60-U [36], where the deterioration of confinement with

density in ELMy H-modes is attributed to the reduction of the fast ion energy content, at

constant thermal energy.
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3. At constant triangularity, the decrease of H97 with density is too strong if compared with

the actual loss of plasma thermal energy. This is a further indication that the positive

density dependence of the predicted stored energy in the ITER97-p(y) does not describe

adequately the variation of confinement at high density.

Interestingly, JT60-U also reported an increase of the global energy confinement for high

triangularity plasmas [2], although in their case the improved confinement is attributed to the

formation of an internal transport barrier, not observed in JET.

4. GLOBAL CONFINEMENT

4.1 Discussion of the results of the ITER97-p(y) scaling

We have seen in the previous sections that the ITER97-p(y) scaling does not describe correctly

the variations in the thermal stored energy content of ELMy H-modes. In particular, at high

densities, the ITER97-p(y) scaling predicts higher stored energies than observed experimen-

tally.

Two further observations can be made.

Firstly, the degradation of the energy confine-

ment with density (see figure 8) cannot be as-

cribed to variations in the power deposition

profile. An example of the calculated power

deposition profiles for a gas scan in pure T is

given in figure 14. The deposition profiles are

time-averaged over 1s during the steady state

phase of the discharges. Some of the relevant

parameters of these discharges are given in ta-

ble II. The difference in beam penetration be-

tween To and Do beams is not significant due

to the very similar energy per mass unit in the

two cases (46 keV/amu for T and 40 keV/amu

for D). The power density profile is virtually

identical for all the pulses in the gas scan for
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Figure 14: Radial profile of the deposited power den-
sity by Neutral Beam injection calculated by PENCIL,
for the gas scan series of table 2. The profiles are aver-
aged over ~1s .

ρ>0.2, while the small differences in the power density at the very centre of the plasma are not

correlated with the variation of either confinement or stored energy.

Secondly, the variation of the plasma stored energy with triangularity is not predicted by

the scaling (see figure 13, where the confinement points for different δ lie on separate curves).

One of the possible reasons for the poor agreement between the measured and predicted

confinement enhancement for the high density ELMy H-modes is the composition of the dataset

used for the derivation of the ITER97-P(y) scaling. In the particular case of the JET data, the

discharges selected for the database are all without additional gas fuelling [37]. In that case, a
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strong correlation between global energy and particle confinement is found, which may justify

the positive dependence of the predicted plasma stored energy on the average density [38]. This,

as we have seen, is not the case for the high density ELMy H-modes.

Table II: Some details of the gas scan in pure tritium.

#esluP 30034 40034 50034 20034

Φ oD 01( 22 s 1- ) 0 7.0 1 4.1

ne n/ RG,e )%( 67 57 18 68

79H 9.0 58.0 38.0 86.0

P ni T( o )WM, 5.01 5.01 8 8

P ni D( o )WM, 0 0 3 3

epyTMLE I I III+I III

4.2 New scaling

To investigate further the variation of the global confinement of ELMy H-modes, including the

discharges with high density, we have analysed the database of all the steady state NB heated

gas scans described in section 2.1, that includes both Type I and Type III ELMy discharges.

Firstly, we carried out a log-linear regression on this data using the same variables of the

ITER97-P(y) scaling, imposing the ITER97-P(y) values of the exponent for the major radius R,

the elongation ε and the aspect ratio κ, since the variation of these parameters in our dataset is

too small for carrying out a meaningful fit. The resulting regression is quite different from the

ITER97-P(y) scaling, in particular we find no density dependence (ne
0.02±0.06 in contrast to

ne
0.4), and both a stronger Ip and Aeff dependence than in ITER97-P(y) (from (Aeff)

0.2 to (Aeff)
0.51

and (Ip)
0.90 to (Ip)

1.28). Although the statistical quality of the regression is quite good (RMSE of

10%), we have strong cross-correlation between ne and Ip, and Bt and Ip. Nonetheless, restrict-

ing the analysis to fixed Ip=2.5MA confirms the weak ne dependence of the stored energy.

The same set of data was analysed using a reduced set of variables, including δ, based on

the results described in section 3.3. We find that the expression that satisfies the high-β Kadomsev

constraint and best fits the results of the ELMy H-mode gas scans is:

Wth,fit=0.075Ip
1.34 R0.92 Bt 

-0.12 PLoss
0.32 Aeff 

0.51δ0.45 (1)

with RMSE of 11%. The experimental thermal stored energy is compared to the prediction of

H97 and of the fitting with equation (1) in figure 15. The ITER97-P(y) scaling overpredicts the

expected stored energy systematically for the pulses in the dataset, while the new fit represents

a better average of the experimental Wth. The scaling expression in equation (1), derived for the

restricted set of JET data summarised in table II, satisfies the stochastic (resistive MHD) trans-

port model constraints, in contrast to the Gyro-Bohm character of the ITER97-P(y) scaling.
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More work is needed to clarify this issue, in particular to determine in detail how the changes in

the edge of the plasma induced by ELMs affect the transport in the plasma core.

Finally, this density independent scaling should be verified in other tokamaks, to test the

triangularity dependence of the scaling, and to account for the effects of machine size in a reli-

able way.
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Figure 15: Thermal stored energy vs. predicted stored energy, calcu-
lated using the ITER97-P(y) scaling (A) and the scaling proposed in this
paper

5. LOCAL EDGE ANALYSIS

5.1 Pedestal energy

We have seen in the previous section that the global confinement in high density H-mode plasmas

is best described by a scaling law that, in addition to global parameters, also includes an edge

parameter, the edge triangularity. Moreover, the analysis of the variation of the confinement of

JET ELMy H-modes at high density or high radiation ([39] and [40]) has highlighted a correla-

tion between the reduction of the confinement and the increase in ELM frequency. In [39], the

reduction in the pedestal pressure associated with ELMs is incorporated in an empirical model

that describes the decrease of confinement with ELM frequency.

To relate the observed decrease in the global energy confinement to the changes in the

edge parameters, we can separate out the pedestal energy content from the total plasma energy

content, and analyse how the two components vary with increasing plasma density. A simple

way to do this is to assume that the total plasma stored energy Wth=Wped+Wprofile, where Wped is

the total energy content in the pedestal, defined as Wped=3/2<pped>Vp where Vp is the plasma

volume and <pped> is the time average plasma pressure, calculated at the top of the edge pedes-

tal. A schematic illustration of the two-term approximation to the total plasma stored energy is

shown in figure 16. The components of pped are the thermal ion and electron pressures

(pped,th=(pi,ped)th+(pe,ped) th). In this paper we use the approximation ne ~ni and Ti ~Te, pped,th ~2

(pe,ped)th.
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Figure 16: Schematic representation of the pedestal and
profile components of the total plasma stored energy.
The top of the pedestal, defining the height of the ‘’plinth’’
in the figure is identified by the break in the edge elec-
tron temperature profile, as measured with the hetero-
dyne radiometer.
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power (at fixed δ, in D), and finally changing

the Aeff of the plasma from 1 to 3. In each case,

we observe a very similar relationship between

the pedestal pressure and the global plasma en-

ergy content.

For low fuelling rates we find that the

decrease in the total plasma stored energy is

accounted for by the loss of pedestal energy. In

contrast, at the highest densities, in particular

after the transition to type III ELMs, the de-

crease in Wped is not sufficient to explain the

global energy confinement losses.

A typical example is given in figure 18

where, for the case of the triangularity scan ex-

periment, we see that the decrease of Wped at

high density accounts only for ~70% of the
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Figure 18: Variation of the total plasma stored energy
(∆Wth, MJ) vs. the corresponding variation of the ped-
estal energy (∆Wped, MJ), for increasing gas fuelling
and density, in the δ scan experiment. The values of Wth
and Wped for the zero gas case are taken as reference
for the calculation.

As expected, we find that the average Wth is correlated to Wped, with the higher global

stored energy corresponding to higher pedestal energy. This is shown for three sets of experi-

ments in figure 17.

As described in section 2.1, we carried out gas scans in ELMy H-modes at fixed Ip and Bt,

varying independently the plasma triangularity δ (at fixed input power, in D), then the input
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total plasma energy loss. Plasma density losses greater than the reduction of the pedestal energy

occur both during high density Type I ELMs and Type III ELMs. This shows that the degrada-

tion of energy confinement at high density is not limited to the pedestal region, but affects the

bulk of the plasma. Another experimental indication of the correlation between the pedestal

and the profile energy content is provided by the comparison of the Wped and Wprofile for in-

creasing triangularity. In the particular case of the unfuelled discharges, the increase of the edge

triangularity corresponds to an increase of the pedestal energy content as well as of the profile

contribution. The increase of Wped is ~50%, going from δ=0.14 to δ =0.38, whilst the corre-

sponding increase of Wprofile is ~20%.

The changes in the ‘’profile’’ contribution to the total stored energy for increasing density

are illustrated in figures 19 and 20, for the case of the pure T ELMy H-mode gas scan. As the

density and fuelling increase, an erosion of the plasma pressure profile occurs (figure 19) that is

associated with the decrease of the pedestal pressure. This confirms the indications from the

analysis of the global and local energy content variation that, at high density, the region of

enhanced transport extends somewhat into the plasma core (see also section 5.3). The changes

in the profiles would suggest that the region of enhanced transport is limited to R ≥3.5m (or to ρ/

a ≥ 0.6).

The degradation of the profile contribution (i.e. inside the edge transport barrier) is limited

for Type I ELMy H-modes, and in general the central pressure is not affected, both for electrons

and ions. A reduction of the central electron pressure occurs only with Type III ELMs, as shown

in figure 20.
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5.1.1 Wped in ‘’near threshold’’ conditions

As mentioned in section 3.1, the hydrogen discharges with Pin near the H-mode power threshold

are characterised by low global confinement and low density. The first observation is that pped

for the pulses at 2.6MA/2.7T is very low, comparable to similar pulses at 1.7MA/1.7T (well

above threshold), contrary to the expectations from the scaling that pped∝Ip (see section 5.2).

Moreover, the maximum edge density achieved in H in these conditions is only about 50% of

the density obtained in D and T, and the maximum edge pressure is reduced by approximately a

factor of 3 compared to D and T, at the same plasma current and similar total input power.

Considering that the global energy confinement of the unfuelled pulses is only ~20% (H97)

lower than the D and T cases, it appears that with ‘’near threshold’’ Type III ELMs, the local

edge pressure is reduced compared to standard Type I ELM pulses.

In summary, the reduction of the plasma thermal energy content with increasing density is

due to a reduction of both the pedestal and the profile energy content. The reduction in the

profile energy is more pronounced at very high density, and extends to the centre of the plasma

only with Type III ELMs. In the case of H-modes near the threshold, the reduced confinement

seems to be mainly due to reduced pedestal energy.

5.2 Edge pedestal scaling

Figure 17 shows that the average plasma pressure at the pedestal can be varied by changing

some global plasma parameters, such as the density, input power, the edge magnetic shear or

even the effective mass of the plasma, at constant plasma current and magnetic field. This is true

also if, instead of considering average values of pped, one analyses the variation of the maximum

edge pressure (calculated at the pedestal top, just before the ELM) for the same plasma dis-

charges. As already mentioned in section 3.1.1, when the gas fuelling in increased, the pedestal

density increases and the pedestal temperature decreases, in such a way that the maximum ped-

estal pressure decreases. This experimental observation is consistent with the hypothesis that, at

least in the case of Type I ELMs, the maximum pedestal pressure is determined by an ideal

ballooning limit ([30], [41] and [42]) that is, by a critical edge pressure gradient. Following the

simplified approach in [43], one can approximate (∇p)crit as pcrit ∆
-1, where ∆ is the edge ped-

estal width, and pcrit is identified with pped,MAX , that is with the pedestal pressure just before an

ELM (refer to section 2.3). The ballooning stability criterion can then be written as [43]:

pcrit ∝ Ip
2 f(sh) ∆ (2)

where f(sh) is a function of the edge magnetic shear. Using this approach, it is sufficient to

assume that the edge pedestal narrows as the edge is cooling (∆∝(Tped)
x), to explain the reduc-

tion of pped,MAX at constant (∇p)crit, and the corresponding increase of ELM frequency with

density. Theoretical models [41] propose that the critical scale-length for the stabilisation of
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turbulence in the plasma edge is determined by the poloidal Larmor radius of the locally trapped

particles (∆∝ ρL ∝ Ip
-1√mT, with m=1,2,3), and this approach is adopted in the analysis of the

experimental data.

In the following sections we analyse the variation of the maximum pedestal pressure in

ELMy H-modes, for the three main experiments described in section 2.1: power, mass and trian-

gularity scans with varying gas fuelling rates. The analysis shows that the variation of pped,MAX

measured experimentally in Type I ELMy discharges is well described by equation 2, if we

assume that the pedestal width ∆ scales proportional to the ion Larmor radius. In particular, the

set of data analysed in this paper favour the hypothesis that thermal ions are responsible for the

edge stabilisation mechanism. The hypothesis discussed by [41], [44] and [43], that ∆ is propor-

tional to the Larmor radius of the fast ions, does not to describe well our results.

5.2.1 Power scan experiments

The first set of experiments that we analyse is the power scan. For this experiment we observe

the familiar reduction of the edge pressure with density, but also that the maximum edge pres-

sure pped,MAX increases with increasing input power (see figure 17), all other parameters being

the same. According to equation 2, we expect that pped,MAX ∝ ∆ since all discharges in this series

have the same Ip and shear. Our analysis shows that we obtain a reasonable scaling of pped,MAx

if we assume that ∆ scales proportionally with √Tped,th, i.e. with the thermal Larmor radius, as

shown in figure 21. This result is in good agreement with recent analysis from JT60-U [45]

We find that the variation of pped,MAX with input power and gas is not well represented by a

scaling of the pedestal width with the Larmor radius of the fast ions, in contrast to the findings

reported in [43] and [44] (figure 22, where the contribution of the fast ions to the total pressure

is included).
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Figure 21: Maximum edge pedestal pressure plotted as
function of the Larmor radius for thermal ions (normal-
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to the average of all data)
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As an example, for the series of discharges at 14MW, the drop of the pped,MAX  with

fuelling in Type I ELMs is in excess of 50% of the unfuelled reference case. The corresponding

variation of the fast ion average energy is too small to account for this pressure drop, since it

goes from ~41keV to ~36keV, corresponding to a variation of the pedestal width of <10%. One

reason for the difference between the results of this paper and those reported in [43] and [44]

may be the different datasets used for the analysis. Whilst the dataset analysed in this paper

includes gas fuelled, high density ELMy H-modes, the results presented in [43] and [44] con-

tains unfuelled discharges only.

Figure 23 shows the variation of the fast

ion density in the pedestal region as function

of their energy, for the same discharges as in

figures 21 and 22. The fast ion concentration

ni(fast)/ne decreases as the density increases at

the pedestal. As argued in [41], a critical den-

sity of fast ions is required for the suppression

of the edge turbulence. One may speculate that

the increase in the pedestal density drives the

fast ion concentration below a critical value,

although the decrease of ni(fast)/ne is due more

to the density increase than to a reduction of

the absolute number of fast ions in the pedestal

region. The uncertainty in the theoretical de-

termination of the critical number or fraction

of fast ions required for the suppression of the
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Figure 23: Fast ion fraction as a function of the fast ion
average energy, for the power scan experiment described
in the text. The fast ion fraction is calculated using the
fast ion density profiles from the PENCIL code, divided
by the pedestal electron density (ne~ni).

turbulence, as well as the difficulties in the calculation of the fast ion density near the plasma

edge [46], make it difficult to make a definitive statement.

5.2.2 Isotope mass effects

The second set of experiments analysed is gas fuelled ELMy H-modes in pure H, D and T, at

fixed plasma shape and input power (10-12MW Pin). Figure 24 shows the variation of the ped-

estal ne and Te for increasing gas fuelling, for the three isotopes and two plasma currents. The

continuous lines in figure 24 are constant pressure curves, calculated as the average of pped,MAX

(Type I ELMs), for each series of discharges. The comparison of the experimental data with the

curves shows that the edge pressure is not constant for increasing plasma density. The points

that depart sharply from the constant pressure curve (particularly clear for the D and T at 2.6MA/

2.7T) are data during steady state Type III ELMs.

These data have been analysed in a similar way to the power scan experiments described

in 5.2.1, exploiting the variation of the mass of the plasma and of the plasma current. The data

are plotted in a ne-Te diagram, to highlight the plasma current dependence of pped.
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ring again to figure 25, we see that this model

describes very well the D and T data at 2.6MA/

2.7T as well as the H and D data at lower cur-

rent. The expected plasma current dependence

is also confirmed by the data, as is shown by

the dotted curve in the figure that is obtained

by scaling the average best fit to the low cur-

rent H and D data by the plasma current ratio

2.6/1.75.

Figure 25 also confirms that the edge ped-

estal pressure of the H discharges at 2.6MA/

2.7T is not described by this simple model,

since it should be the same as the D and T at

the same current, and instead it follows a very

similar trend to the low current pulses. Moreo-

ver, the model does not give a good fit to the
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Figure 26: Edge pedestal temperature plotted against
the edge pedestal density normalised to √mTfast; same
set of data as the previous figure.

Figure 25 shows the edge pedestal temperature plotted against the edge pedestal density

divided by √mTped,th. If equation 2 describes our set of data and ∆∝ρL,th, we expect the data to

be fitted by a hyperbole, and that the pedestal parameters from pulses at the same plasma current

be described by a common curve. Moreover, the comparison of the data at 2.7 and 1.7-1.8MA

should allow us to verify the expected plasma current dependence of pped,MAX (pcrit∝Ip). Refer-
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data during the high density Type III ELMs (not shown): during the Type III ELMs the decrease

of the edge pressure is faster with density than predicted.

For comparison, figure 26 shows the same set of data as figure 25, but this time the edge

density has been normalised to √mTfast. In common with the presently proposed model

(∆∝√mTped,th), this model does not describe either the high current H data (‘’transition’’ type III

ELMs) or the high density type III ELMs (the predicted edge pressure decay with density is

even slower that in the previous model). However, although the fit for each single gas scan is

acceptable, the fast ions Larmor radius model does not reproduce correctly the expected Ip de-

pendence of pped,MAX for the deuterium data at 2.6MA (the dotted line in the figure 26 is calcu-

lated by scaling the average of the best fit to the H-1.7MA and D-1.8MA data by 2.6/1.75, and is

consistent with the T data at 2.6MA).

Edge magnetic shear scaling

Theoretical calculations of the stability of the

plasma edge to ideal ballooning modes have

been carried out for the case of elongated

plasmas [47], and it is found that (∇p)crit∝Shx

, with x>1.

In the experiment, at fixed Ip, Bt, isotopic

mass and divertor geometry, the average plasma

triangularity δ was varied from 0.14 to 0.38,

corresponding to a variation of the edge mag-

netic shear from ~2.9 to ~4.1 (average values

over the steady state phase of the discharges).

Assuming that the pedestal width scales with

ρL,th, we find that the peak pressure increases

with the square of the edge magnetic shear (fig-

ure 27). This result is consistent with theoreti-

cal predictions, and with the analysis of experi-

mental data presented in 43.
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Figure 27: Peak edge pedestal pressure pped,MAX, nor-
malised to the edge magnetic shear Sh2, vs. the scaled
pedestal width ∆, for a triangularity scan experiment at
fixed Ip, Bt and isotopic mass of the plasma.

In summary, we find that the peak edge pedestal pressure in ELMy H-modes increases

with input power, plasma current, edge shear and isotopic mass of the plasma. The simple model

given in equation 2 adequately describes the variation of the pedestal pressure in these dis-

charges with the above-mentioned parameters and with density/gas fuelling for type I ELMy

discharges. The functional dependence for the shear and an expression for the pedestal width

have been derived experimentally, and equation 2 now reads:

pped,MAX ∝Ip Sh2 √mTped,th (3)
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5.3 Comparison with JETTO/EDGE2 modelling

The JETTO transport code is based on a mixed Bohm/gyro-Bohm model for the plasma trans-

port [48]. This model assumes that the transport inside the edge barrier is a combination of non-

local Bohm transport and Gyro-Bohm local transport. In the model, the Bohm part dominates in

the outer region of the plasma, whilst the central transport is gyro-Bohm dominated. The non-

locality of the Bohm term is included via a coefficient of the form (LTe,B)-1 ∝a∇Te/Te, a= plasma

minor radius).

This model, combined with the edge code EDGE2D/NIMBUS [19], was applied to the

study of ELMy H-modes in JET [49]. The transport between ELMs is modelled with mixed

Bohm/gyro-Bohm coefficients, and the transport in the barrier region is assumed to be neo-

classical. The ELMs are triggered when the ideal ballooning limit is reached anywhere in the

pedestal region. The ELMs are simulated by imposing an increase in the local edge transport

(χ≥30m2s-1) for 1ms. The transport barrier width was assumed to scale inversely to the edge

pedestal temperature.

The results of this modelling are in qualitative agreement with the experimental results

presented in this paper. In particular, the variation of the pedestal barrier width, which deter-

mines the pedestal top temperature and density, affects the global confinement of the plasma,

consistently with the non-locality of the Bohm part of the energy transport coefficient. In the

picture given by this model, the reduction of the pedestal temperature (due to increased neutral

fluxes, for instance) is associated to an increase in the transport, that in turn causes further

decrease of the temperature and the extension of the enhanced transport region.

The decrease of the pedestal width calculated by the code (due to the reduced local tem-

perature) is associated to the ELM frequency increase.

This picture is consistent with the observed increase of the ELM frequency at high densities and

also with the variation of the pedestal and profile components of the thermal stored energy with

triangularity or density (section 5.1).

5.4 Isotopic effects in the SOL

In this section we discuss some preliminary results of simulations of the particle dynamics of H-

modes in H, D and T carried out with the EDGE2D code, that provide interesting indications for

the interpretation of mass effects.

H-mode plasmas in the three isotopes were simulated by EDGE2D, assuming a power

flux to the SOL of 4.5MWs-1 and by imposing neoclassical transport in the outer 5cm of the

plasma, to simulate the edge transport barrier. The simulations were then carried out imposing a

plasma density ramp and including an external gas source. One interesting result of the simulations

is the decrease of the neutral flux across the separatrix with the isotope mass. In the code, at

fixed plasma particle content, we find that the net neutral flux to the plasma core varies approxi-

mately as the ion thermal velocity ratio of the isotopes ((Φion)
H:(Φion)

T~1.7), as one would
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expect from basic atomic physics In the experiment, we see that similar plasma density is indeed

achieved in H and D, for similar plasma parameters, but that the ELM frequency is much higher

for the lighter isotope. The simulations also show that, for a given edge ion density, the tempera-

ture goes up with the mass of the isotope, in agreement with the trends of the experimental data.

This can be interpreted qualitatively in terms of difference in the local power balance. At

constant input power, the increase of the neutral influx across the separatrix is associated to an

increase of the charge exchange losses, causing a reduction of the local temperature and pedestal

width ∆. In the code simulations, the charge exchange losses from inside the separatrix in H are

approximately 40% higher than in T. If we assume that the critical pressure gradient at which an

ELM is triggered is mass independent, the reduction in ∆ would cause the ELM frequency to

increase for decreasing isotope mass. In this sense, the reduction of the isotopic mass has the

same effect on the edge parameters as increasing the gas puff rate. The results of these simulations

imply that the effect of the mass on the edge pedestal stability is twofold: the edge pedestal

width decreases at lower isotope mass due to the √m dependence of the Larmor radius, but also

due to the reduction of the temperature caused by increased charge-exchange losses. The en-

hanced neutral flux across the separatrix could also be invoked to justify the mass dependence of

the H-mode threshold.

Work is in progress to improve the simulation to include explicitly ELMs, and to further

analyse the experimental data, in order to verify the indications emerged so far.

6. SUMMARY

The study of ELMy H-modes presented in this paper has benefited from the unique capabilities

of the JET tokamak. In fact, we have been able to carry out experiments varying independently

the plasma current, the input power, the plasma shape, and also to study the isotopic effects

including tritium. This flexibility has allowed us to investigate the characteristics of ELMy H-

modes in detail, and to gain some understanding on the physics that governs the confinement of

these type of discharges at high density.

Special technical preparation proceeded the experiments described. For the H-D-T com-

parison, high purity plasmas were obtained by carrying out full isotope change over of the walls

and of the neutral beam systems for each isotope. The studies of the effects of the plasma trian-

gularity were done making sure to maintain the same divertor geometry in all cases.

The maximum density achieved in steady state with gas fuelling in JET is ~95% of the

Greenwald density limit. In general, the increase of the plasma density is associated to a de-

crease of the plasma thermal stored energy. Near the GDL, we observe a severe loss of both

energy and particle confinement. This indicates that the H-mode density is limited by transport

phenomena.

The analysis of the global energy confinement data confirms the result that the reduction

of the confinement of high density plasmas (compared to the expected scaling) is a general
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phenomenon, broadly independent of the specific parameters of the discharge, such as the input

power, plasma shape, divertor geometry, isotope, etc. This is in contrast with the ITER97-P(y)

scaling, that predicts better confinement at high density, as the stored energy is expected to scale

as n0.4. The effects of the plasma triangularity are particularly important; we find that the highest

density and stored energy are obtained at the same time in steady state for plasma with high edge

triangularity.

This result has prompted us to produce a new global energy confinement scaling to de-

scribe the high density ELMy H-modes (restricted for the time being to a subset of JET data).

We find that a better fit to the data is provided by a scaling where the predicted thermal stored

energy is independent of density and has a positive dependence on the plasma edge triangularity.

The extension of the analysis to a larger database, including data from other tokamaks is re-

quired to produce an expression that can be used with confidence to extrapolate to a reactor.

The increase of the plasma density also causes changes in the plasma edge, most notably

in the ELM frequency and type. At medium density, ELMy H-modes are characterised by Type

I ELMs, that become more and more frequent as the density is increased, until we observe a

transition to Type III ELMs. A decrease of the pressure at the top of the edge pedestal is ob-

served as the ELM frequency increases. We have compared the pedestal energy content Wped

with the total plasma energy content Wth, as a function of the plasma density. At low and me-

dium densities, the loss of thermal energy of the plasma is due to the decrease of the pedestal

energy. At higher densities, the degradation of confinement extends within the edge transport

barrier. Finally, in the Type III ELM regime at the highest densities, the whole pressure profile is

lower than in equivalent unfuelled cases.

The last part of the paper studies the variation of the pedestal parameters with the input

power, the plasma current, the edge triangularity and the isotopic mass of the plasma. In the

analysis, we assume that the maximum edge pressure gradient in the pedestal region is limited

by an ideal ballooning instability, and that we can approximate the edge pressure gradient as

pcrit/∆. We find that this simple model describes well the variation of the pedestal pressure, with

the pedestal width scaling as √mTped,th. This result indicates that the Larmor radius of the ther-

mal ions is related to the critical scale-length for the suppression of the turbulence in the edge

pedestal region. A model, proposed by [41], where the stabilisation mechanism for the pedestal

is provided by the fast ions, provides a good explanation for the differences in ELM type ob-

served in ICRH and NB heated H-modes ([43] and [44]). However, the reduction in the pedestal

pressure with increasing density is not well reproduced by the fast ion model. The dependence

pped∝Ip Sh2 is common to the two models. The quadratic dependence of pped on the magnetic

shear is obtained with a fit to the experimental data. Neither model describes the edge pedestal

parameters of ELMy H-modes that are not in the Type I ELM regime. In particular, the low edge

pressure of H-modes at low power (Type III ELMs of the transition) and of the high density

Type III ELMy H-modes are not well represented by either scaling.
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We have shown that changes in the pedestal parameters may influence the core energy of

the plasma. This effect is experimentally observed, provided that the pedestal temperature is

sufficiently varied (section 5.1). This result supports the mixed Bohm-gyro-Bohm model, where

the region of enhanced transport may extend into the plasma core depending on the variations of

the temperature at the top of the transport barrier.

Finally, EDGE2D/NIMBUS simulations give some insight into the isotopic effect ob-

served in ELMy H-modes. The calculations show that the neutral influx across the separatrix

increases inversely with isotopic mass. Higher influxes increase charge exchange losses, there-

fore the simulations predict lower edge temperatures for the lighter isotope, as observed experi-

mentally. This result is consistent with the observed reduction of the edge pedestal pressure and

increase in ELM frequency changing the isotope from T→D→H, all other conditions being

equal.
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