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ABSTRACT. Results of experiments investigating the performance of the JET Mark IIA divertor

are reported and compared to the performance of its Mark I predecessor. The principal e�ect of

reducing the divertor width (increasing closure) was to increase pumping for both deuterium and

impurities while reducing upstream neutral pressure. Neither the orientation of the divertor target

relative to the divertor plasma nor the width of the divertor had a major in
uence on core plasma

performance in ELMy H-modes. Changing the core triangularity and thus the edge magnetic shear

modi�es the ELM frequency in ELMy H-mode plasmas thereby changing the peak divertor power

loading. The integrated performance of the core and divertor plasmas is reviewed with a view to

extrapolation to the requirements of ITER. The con�nement of JET ELMy H-modes with hot, medium

density edges is good and follows gyro-Bohm scaling. The impurity content of these discharges is low

and within the ITER requirements. When one attempts to raise the density with deuterium gas fuelling

the ELM frequency increases and the con�nement, especially in the edge, decreases. Good con�nement

can be achieved in JET either by producing a large edge pedestal, typically in discharges with neutral

beam heating or by centrally peaked heating with ICRH schemes. Large amplitude, Type I ELMs,

which are present in all discharges with a large edge pedestal, would result in unacceptable divertor

plate erosion when scaled to ITER. Since the power deposition pro�le due to � heating in ITER is

calculated to be intermediate between JET NB and RF heating pro�les, it is likely that operation

in ITER with small ELMs in order to reduce �rst wall loading will result in degraded con�nement

compared to present day scaling laws.

1. INTRODUCTION

The JET Mark IIA divertor was installed during a

shutdown which was completed in March 1996. Since

that time experiments have been performed to char-

acterise the performance of the more closed geome-

try of Mark IIA as compared to its Mark I prede-

cessor. The poloidal cross sections of the Mark I and

Mark IIA divertors are shown in Fig. 1. The magnetic


ux expansion in the divertor region can be varied

substantially on JET by using the innermost and out-

ermost divertor coils, whilst the X-point height can
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be adjusted using the lower divertor coil pair, mak-

ing operation on both horizontal and vertical targets

possible in both Mark I and Mark IIA.

For ELMy H-mode discharges on the horizontal

targets and standard 
ux expansion (no current in

the outboard coils), the vertical sides of the divertor

correspond typically to the 2 cm outer midplane 
ux

surface in Mark IIA, the 3 cm 
ux surface for the

inner divertor leg in Mark I, and the 6 cm 
ux surface

for the outer leg.

The Mark IIA divertor has been operated both

with signi�cant leakage paths for neutrals from the

divertor pumping plenum into the main chamber and

with these leaks reduced by a factor of three [1].

In this paper we will refer to experiments carried

out before the reduction of the leaks as being in

the MarkIIA divertor and those afterwards, in the

\plugged" version, as being in the Mark IIAP diver-

tor. Experiments whose results did not vary with the

NUCLEAR FUSION, Vol. ??, No. ? (1998) 1



2 DIRECT RESULTS OF IMPROVED DIVERTOR CLOSURE 2

Target plates

Cryopump

MarkII (1996)

JG
96.514/12c

(b)

(a)

FIG. 1. Poloidal cross sectional view of the JET Mark I

(top) and Mark IIA (bottom) divertors.

value of the leaks in the new divertor geometry will

be referred to as Mark II. The main goal of these

experiments has been to identify an integrated core

and divertor plasma operating scenario which meets

the needs of next step devices. Two main paths have

been followed: operation at high core density using

deuterium fuelling alone, while maintaining Type I

ELMs; and operation with seeding of an extrinsic

impurity to enhance radiation losses and to modify

the plasma edge so as to produce Type III ELMs.

Here we will report the results of our experiments

to investigate the �rst scenario. The results from the

impurity seeded discharges are reported in a compan-

ion paper [2].

The term divertor \closure" in this context refers

to the degree to which neutrals recycling from the

target plates escape from the divertor region. Closure

depends on the divertor plasma temperature, density

and magnetic geometry as well as on the geometry

of the divertor components. In general, a \geomet-

rically closed" divertor will have a larger e�ect on

closure in the low recycling and the detached plasma

limits, where the ionisation mean free path becomes

large relative to characteristic divertor plasma length

scales, as compared to the intermediate high recycling

regime.

The reasons for increasing closure are (a) to pro-

vide easier access to the regime of high volumetric

losses in the divertor, thus reducing target heat load-

ing, (b) to reduce the neutral density in the main

chamber, which reduces sputtering of impurities and

may improve main plasma con�nement quality, and

(c) to increase neutral pressure in the divertor cham-

ber, thus facilitating pumping. At the same time,

improved closure generally leads to reduced paral-

lel 
ow in the scrape-o� layer (SOL) which results

in poorer removal of impurities and ash from the

main chamber; this can be partly o�set by increased

pumping. In general choosing the correct geomet-

rical closure for a divertor is a compromise. One

wants to decrease the distance between plasma and

divertor structure so as to reduce escape paths for

neutrals recycled at the divertor target and while

still maintaining su�cient clearance to avoid strong

plasma interaction with the structure. In this sense,

operation with Type I ELMs is particularly di�cult

because of the great disparity in e�ective SOL width

between and during ELMs [3].

It is not su�cient to evaluate the performance of

di�erent divertor geometries solely on the basis of

parameters in the divertor (pumping speed, erosion

rates, etc.). The performance of the core plasmamust

simultaneously be maintained at the levels required

for a reactor. The ITER reference point requires a

core con�nement at the value obtained using the 1997

ELMy H-mode scaling law [4], a core density about

20% greater than the Greenwald value [5] and a core

Zeff value of approximately 1.6, excluding helium

ash. Considerable emphasis has been placed in the

JET divertor programme on studying the compatibil-

ity of the various reactor requirements and on map-

ping the available operating space which can simul-

taneously be achieved.

2. DIRECT RESULTS OF IMPROVED

DIVERTOR CLOSURE

2.1. Access to Detached Regimes

When operating at very low divertor plasma tem-

peratures, either due to high core densities or to large
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radiated power fractions, the 
ux of ions to the diver-

tor target plates is seen to be dramatically reduced

from what one would expect from a simple high recy-

cling divertor model where the ion 
ux increases

with the square of the upstream (separatrix) den-

sity. This phenomenon is commonly referred to as

divertor detachment. Operating in a detached regime

signi�cantly reduces peak heat loading and physical

sputtering of the divertor and is thus potentially an

important bene�t to a fusion reactor in which the life-

time of divertor components can have a strong impact

on the overall cost of electricity.

To allow the quantitative comparison of detach-

ment experiments, a new method of evaluating the

degree and operating window of detachment has been

introduced using the ion 
ux measurements at the

divertor target [6]. In this de�nition the degree of

detachment (DOD) is de�ned as the inverse ratio of

the measured ion 
ux to that which one would expect

in a high recycling divertor:

DOD =
Iscald

Imeasured
d

(1)

and

Iscald = C � n2e (2)

where ne is the core plasma line-averaged density and

the proportionality constant, C, is obtained experi-

mentally from the low density phase of the discharge

where the DOD is assumed to be one. In Fig. 2, the

degree of detachment is plotted as function of the

core density for L-mode discharges in Mark I and

Mark IIA. De�ning the onset of detachment as being

the density at which DOD = 2, one �nds that in the

Mark IIA divertor the onset of detachment is reduced

by approximately 30% relative to Mark I. Further-

more, the approach to the density limit following the

onset of detachment is much more abrupt in Mark

IIA, relative to Mark I.

During ELMy H-modes with D2 fuelling it is pos-

sible to obtain plasma detachment in between but

not during the ELM events. The degree of detach-

ment in ELMy H-mode discharges is di�cult to deter-

mine because of the perturbations introduced by the

ELMs, because the separatrix density is probably not

proportional to the line-averaged density (unlike L-

modes), and because of the narrow density range

accessible, especially in neutral beam-heated shots.

Nevertheless, the variation of the ion saturation cur-

rent during the density rise immediately after the H-

mode transition suggests that the degree of detach-

ment of our ELMy H-modes is only about two as
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FIG. 2. Degree of detachment of the inner divertor separa-

trix as a function of core plasma line-averaged density for

two vertical target L-mode discharges, one in the Mark I

and one in the Mark IIA divertor.
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FIG. 3. The degree of inner divertor separatrix detach-

ment as a function of edge plasma density for two series

of ELMy H-mode discharges, one from Mark IIA and one

from Mark IIAP. Discharges in each series are at 2.5 MA,

2.5 T with 12 MW of neutral beam heating and di�er by

the amount of deuterium gas fuelling provided in addition

to the neutral beam fuelling.

compared to an upper limit of close to one hundred

in L-mode discharges (Fig. 3). These measurements

of low divertor detachment in ELMy H-modes are

con�rmed by simulations using the EDGE2D/U edge

transport code [7].
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FIG. 4. Comparison of subdivertor pressures (and thus

of deuterium pumping speeds) for Ohmic pulses in the

Mark I and Mark IIA divertors.

2.2. Pumping

One of the most notable consequences of increas-

ing the divertor closure was to increase the pump-

ing both of deuterium and of recycling impurities. In

going from Mark I to Mark IIA the neutral pressure

next to the divertor cryopump (and thus the deu-

terium pumping speed) increased by a factor of two

to three in L-mode discharges (Fig. 4). This factor of

two to three increase in pumping speed was predicted

by EDGE2D/U modelling in which only the divertor

geometry was varied.

In contrast to Ohmic and L-mode discharges, in

ELMy H-mode discharges the pumping speed for a

given core line-averaged density did not increase with

divertor closure (Fig. 5). In steady state the exhaust

rate must be equal to the fuelling rate and the plasma

separatrix density, which is the density that controls

the divertor density and thus the exhaust rate, will

adjust in such a way so as to achieve this balance. In

ELMy H-modes, as opposed to L-mode discharges, it

is known that the ratio of the separatrix density to the

core density varies with gas fuelling rate (see Section

3.4). There being no direct comparisons of separatrix

densities between Mark I and Mark II in JET, it is

impossible to conclude whether or not pumping in

Mark II in ELMy H-modes has improved for a given

separatrix density.

When comparing Mark I with Mark II there are

two competing e�ects which will determine whether

the separatrix density must be higher or lower for a
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FIG. 5. The pressure measured next to the divertor cryop-

ump as a function of line-averaged core plasma density for

ELMy H-modes in the di�erent JET divertor geometries.

Only discharges with good con�nement (H97 > 0:9) and

similar triangularities (0:175 < � < 0:225) are included.

given fuelling rate. In the more closed geometry of

Mark II one would expect neutrals which are recy-

cled at the divertor target plates to be more e�-

ciently pumped as is seen in the L-mode data. Thus,

in steady state, the separatrix density must adjust

itself so as to provide particle balance. On the other

hand, in the more closed geometries a greater frac-

tion of the neutrals produced by ELMs is located on

the entrance ba�es above the divertor rather than on

the target plates. Since only neutrals which are recy-

cled inside the divertor are likely to be pumped, the

separatrix and divertor density must rise.

In order to study impurity exhaust, a series of

dedicated experiments was performed in L-mode dis-

charges using neon as a trace, recycling impurity. In

these experiments a small quantity of neon was pu�ed

into the SOL, introducing an initial neon concentra-

tion in the core plasma which then decayed with an

e-folding time, �Ne. In all three divertor geometries

this decay time was very long without the cryop-

ump activated, indicating that neon is a fully recy-

cling impurity. When the pump was used, �Ne varied

from 3-5 s in Mark I to around 1 s in Mark IIA and

IIAP (Fig. 6). In all three series of experiments �Ne

decreased by a factor of two with increasing plasma

density over the range accessible in L-mode plasmas.

The neon exhaust rates for Mark IIA and Mark IIAP

are indistinguishable when the decay time is plotted

as a function of divertor plenum pressure or, equiva-

lently, of deuterium exhaust rate. In this way it can

be seen that the neon exhaust rate is proportional to

the deuterium exhaust rate from the divertor, at least

for a given divertor geometry.
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FIG. 6. The decay time of neon emission after the neon

source is removed as a function of the pressure in the

subdivertor volume next to the divertor cryopump. Data

are plotted separately for Mark I (triangles), Mark IIA

(circles) and Mark IIAP (squares) divertors. Solid points

correspond to cases where the deuterium fuelling is from

the top of the main chamber and the open points to cases

where the deuterium fuelling was into the divertor. All

discharges were L-modes with an input power of 3 MW.

One of the aims of the series of neon experiments

was to investigate the in
uence of controlled convec-

tion on the retention of neon in the divertor. This

was done by changing the position of the deuterium

fuelling between the top of the machine and the diver-

tor. Once the in
uence of the deuterium exhaust rate

is recognised, it is possible to see the improved neon

exhaust resulting from top fuelling (Fig. 6). While an

indirect cause, such as changes in the SOL parame-

ters depending on the location of the fuelling cannot

be ruled out, this is strong evidence that convection

is improving the exhaust of impurities in JET.

2.3. Neutral Compression

Increasing the divertor closure has led to an

increase in the neutral compression in the subdiver-

tor volume (Fig. 7). This compression has been mea-

sured in two ways: (a) using the ratio of the subdiver-

tor pressure measured next to the divertor cryopump

to the D� signal measured along a horizontal chord

through the centre of the plasma; and (b) using the

ratio of the subdivertor pressure to the neutral pres-

sure measured at the outer midplane of the vacuum

vessel. The D� light is known by Zeeman splitting
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FIG. 7. Two methods of measuring the neutral compres-

sion into the subdivertor volume: (a) The ratio of the

subdivertor pressure measured next to the divertor cry-

opump to the D� light measured along a horizontal chord

through the centre of the plasma; and (b) the ratio of the

subdivertor pressure to the outer midplane pressure, both

plotted as a function of line-averaged core electron den-

sity.

measurements to come primarily from the inner edge

of the core plasma and the ratio is thus a measure of

the compression along the inner SOL. Unfortunately,

calibrated midplane pressure measurements are not

available for Mark I. Nevertheless, the trend towards

improved compression with divertor closure is clear.

2.4. Core Plasma Impurity Content

The impurity content, as measured by charge

exchange spectroscopy for carbon and by X-ray crys-

tal spectroscopy for nickel, of high density Mark IIA

and Mark IIAP ELMy H-mode discharges is similar

to that in Mark I (Fig. 8). This is despite the fact that

reduced neutral pressure in the main chamber should

lead to lower levels of sputtering in the region where

impurities most e�ciently contaminate the core. One

explanation is that ion impact on components form-

ing the narrow entrance of the closed Mark II diver-

tor, especially during ELMs, is the dominant source

of impurities at high density. A second possibility is

that the chemical sputtering in Mark IIA is higher

than in Mark I due to higher tile temperatures in

the non-wetted areas of the divertor, an e�ect which

is unrelated to closure. A third possible cause is the

cladding of the inner wall with carbon tiles which

took place at the time of the plugging of the bypass

leaks (MarkIIA ! IIAP).

The intrinsic impurity concentrations in the

plasma core and impurity in
uxes have been stud-
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FIG. 8. Concentrations of carbon and nickel in the core

plasma of ELMy H-mode discharges for the various JET

divertors as a function of volume-averaged density.

ied in detail as a function of divertor closure, both

for the di�erent divertor geometries and by varying

the magnetic geometry. The results of these studies

are reported in a companion paper [8].

3. STUDIES OF STEADY STATE ELMY

H-MODES

The ELMy H-mode is the preferred operating sce-

nario for ITER. Studying the compatibility of ELMy

H-modes with closed divertor con�gurations, espe-

cially in regimes of partial and complete detachment,

was one of the main goals of the JET Mark II diver-

tor programme. It can be shown that it is impossible

in existing experiments to simultaneously match the

dimensionless plasma parameters of ITER in the core

and the divertor plasmas [9]. This means that a true

similarity experiment cannot be done and that it is

necessary to obtain an understanding of how the local

transport is linked between the core and the divertor

in order to make predictions of performance of next

generation devices. It is for this reason that research

in the divertor �eld is movingmore and more towards

local analysis rather than simply using global param-

eters as �gures-of-merit.

3.1. In
uence of Magnetic Con�guration

In order to isolate the e�ects arising from con�g-

urational changes, a series of Mark IIA discharges
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FIG. 9. ELM frequency versus triangularity for Mark IIA

pulses with beam fuelling only. The designation of the

equilibria A/BBB/CC indicates target orientation (hori-

zontal or vertical), 
ux expansion (high or standard), and

triangularity (high or low), respectively. All of the pulses

were run at 2.5MA, 2.5T, and with 12MW of NB power.

was carried out with �xed plasma current, magnetic

�eld, and neutral beam power (2.5 MA, 2.5 T, and

12 MW, respectively), in which the target orienta-

tion (horizontal or vertical targets), 
ux expansion

(horizontal target only), and main plasma triangu-

larity were varied. It was found that these discharges

reached nearly steady state conditions within about

3 seconds of applying the beam power and that this

state was characterised by regularly spaced Type I

ELMs. In the absence of gas pu�ng, the ELM fre-

quency, fE , depends most strongly on triangularity,

without reproducible dependencies on target orienta-

tion or 
ux expansion, as shown in Fig. 9.

The con�nement of the discharges in these scans,

with and without gas fuelling in addition to beam

fuelling, is shown in Fig. 10. For a given input power,

plasma current, and toroidal �eld, the stored energy

in the plasma does not depend strongly on magnetic

con�guration (Fig. 10(a)). When normalised to the

1997 scaling law (H97), however, the low triangu-

larity pulses outperform those at high triangularity

(Fig. 10(b)), both at a given ELM frequency and at

the lowest ELM frequency which is accessible for a

given con�guration, i.e. with beam-fuelling only and

a well conditioned vacuum vessel. This is because

the JET data do not follow the density dependence

in the scaling law; when the con�nement is repre-
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FIG. 10. Dependence of con�nement on ELM frequency

for beam-heated pulses in Mark II at 2.5 MA and 2.5

T with 12 MW of heating power: (a) the plasma thermal

stored energy, (b) the energy con�nement time normalised

to the 1997 ELMy H-mode scaling law (H97), and (c) H97

with its density dependence removed.

sented by removing the density dependence fromH97

(Fig. 10(c)) there is little remaining dependence on

con�guration other than through ELM frequency. In

all the con�gurations tested the global con�nement

degrades with increasing ELM frequency.

The density of beam-fuelled only discharges

decreases with increasing ELM frequency. Zeff also

drops as fE increases, suggesting that either small

ELMs produce fewer impurities or that the more fre-

quent ELMs are more e�ective at purging the edge

plasma of impurities (see also [8]). The total radiated

power fraction in these discharges was quite low for

the high ELM frequency con�gurations, around 25%,

increasing at lower ELM frequencies to about 40%.

3.2. H-mode Density Limit and Degradation

of �E

To reach ignition, ITER needs to operate in a high

con�nement regime with low Zeff and at a plasma

density of about 1.2 times the Greenwald density

limit (GDL). Experiments were therefore carried out

in the JET Mark IIA and Mark IIAP campaigns

to determine the maximum density compatible with

H97 > 0:9 in steady state, partially detached dis-

charges.

In a similar series of discharges to those described

above, the deuterium fuelling rate was systematically

varied in strength and location [10]. The ELM fre-

quency was found to increase with the addition of

heavy gas fuelling. For moderate gas fuelling rates (<

2�1022atoms=s) there is a small rise in the core den-

sity (Fig. 11). With the increase in ELM frequency,

the electron pressure at top of the transport barrier

at the plasma edge, averaged over the ELM cycles,

decreases [11]. In some cases, especially when com-

paring beam-fuelled pulses with those with additional

gas fuelling, there is an increase in the core con�ne-

ment which compensates for the degradation at the

edge, leaving the total stored energy approximately

constant. Because of the density dependence in the

1997 ELMy H-mode scaling law,H97 decreases in this

range of fuelling, even when there is no decrease in the

stored energy. With increasing gas pu�ng the edge

particle and energy con�nement quality continue to

decline, so that there is a maximum density which

can be obtained before the con�nement degradation

outweighs the increased pu�ng and the fuelling e�-

ciency becomes e�ectively negative. At the levels of

gas fuelling where the density drops, the global con-

�nement, whether measured by the plasma stored

energy or relative to H97, is signi�cantly degraded

(Fig. 11). The highest densities were achieved in more

triangular plasmas but at the expense of reduced

ELM frequency, higher peak divertor load and higher

impurity content [8]. Little di�erence was found in

either con�nement or attainable density between hor-

izontal and vertical target discharges.

Experiments were also performed to raise the core

density using shallow pellet fuelling (v < 600m=s)

[12]. At the penetration available with the present

injector it is not possible to raise the density of an

ELMy H-mode; each pellet is followed immediately

by an ELM which expels the injected material. While

this is disappointing from the point of view of plasma

fuelling, it does provide a potential mechanism for

control of ELM frequency and thus of peak divertor

power loads.

The maximum density achieved in steady state

conditions with H97 > 0:9 is 0.8 GDL. We introduce

a �gure of merit:

H97 � ne

nGDL
=

ne � �E

nGDL � �ITER97
; (3)

which measures the con�nement-density product rel-

ative to that required by ITER. This is shown in
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FIG. 11. (a) Con�nement enhancement relative to the

1997 ELMy H-mode con�nement scaling law (H97) as a

function of deuterium gas fuelling in the various MarkIIA

con�gurations. (b) Plasma density achieved (as a fraction

of the Greenwald limit) against deuterium gas fuelling for

the discharges in (a).

Fig. 12 for Mark I and Mark II. The best perfor-

mance is at high triangularity (0:26 < � < 0:33). At

lower triangularity there is little di�erence between

Mark I and Mark II. As observed in other machines,

the maximum density is independent of input power

and scales slightly less than linearly with plasma cur-

rent, in approximate agreement with the Greenwald

formulation. There is no di�erence in the attainable

con�nement-density product between Mark IIA and

Mark IIAP.

3.3. Analysis of Con�nement Degradation

It is instructive to see where one of the ELMy H-

mode gas scans lies in the edge operating diagram

[13]. In JET, measurements of the electron tempera-

ture at the top of the edge pedestal are available from

the ECE heterodyne radiometer. The density at the

top of the pedestal is estimated by the line-averaged

density measured on a vertical chord at a major

radius of 3.75 m by the far-infrared interferometer.

Since the outer mid-plane separatrix is located at

about 3.8 m and the density pro�le is generally quite


at inside the pedestal, this density is thought to be

close to the density at the top of the edge pedestal.

The data for a gas scan in a series of discharges on the

vertical divertor target plates is shown in Fig. 13. As

gas is added to the discharge the peak edge density (at
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FIG. 12. The product of the core plasma con�nement, nor-

malised to the 1997 ELMy H-mode scaling law, and the

core density, normalised to the Greenwald limit, versus

the normalised density. The circles are Mark I discharges

which were all with low triangularity, the triangles are

Mark II low triangularity discharges, and the squares are

Mark II high triangularity shots.

the ELM) rises and the peak edge temperature falls

in such a way that the peak edge electron pressure

remains approximately constant [14]. In this range of

gas fuelling the pedestal density increases by a factor

of two while the core density increases by only 20%

(see Fig. 11). Because the edge pressure tends to rise

quickly after an ELM and then approach the pressure

limitmore slowly, the edge pressure averaged over the

ELM cycle decreases with increasing ELM frequency

[11]. The edge con�nement is thus a monotonically

decreasing function of ELM frequency. At very high

gas rates, where the global con�nement has become

signi�cantly degraded, the peak edge electron pres-

sure deviates signi�cantly from the curve of approxi-

mately constant pressure.

3.4. Dependence on Midplane Pressure and

Separatrix Density

Several divertor tokamaks have reported a corre-

lation between degraded H-mode con�nement and

increasing main chamber neutral pressure [15, 16],

and the ITER Team has postulated that the very

low main chamber neutral pressure they expect to

achieve as a result of their deeply ba�ed divertor

may improve con�nement, particularly as detached

divertor conditions are approached [17]. In a diverted

tokamak with good main chamber wall clearance,
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FIG. 13. Plot of edge electron temperature versus edge

electron density for a series of vertical target ELMy H-

modes with varying rates of gas fuelling. The temperature

and density values are representative of values at the top

of the edge pedestal taken just prior to an ELM. Typical

values for the global con�nement factor are also shown.

the primary source of main chamber neutrals is out-


ux of neutrals, either through the divertor throat or

through bypass leaks, which are created at the tar-

get plates (CX processes in the main chamber do not

create new neutrals). For given divertor/edge plasma

conditions and �xed geometry, there is thus a direct

correlation between main chamber neutral pressure

at the outer midplane (po;mc) and divertor neutral

pressure (po;div). Moreover, there is a direct corre-

spondence between miplane separatrix density (ns),

divertor plasma density (nd), and divertor neutral

pressure, so that the causality between con�nement

factor (H97) and the quantities ns, po;mc, and po;div
cannot be established in a single geometry experi-

ment.

If the divertor geometry is varied, however, holding

plasma conditions �xed, it is in principle possible to

prove or disprove causality between H97 and po;mc.

Such an experiment was carried out in JET when

the bypass leaks were reduced by about 75% when

going from Mark IIA to Mark IIAP. Identical ELMy

H-mode gas scans (2.5 T/2.5 MA/12 MW) were con-

ducted in �xed magnetic con�guration before and

after the reduction of the leaks. Figure 14 shows time

traces for a pair of pulses on the horizontal target

with standard 
ux expansion and high triangularity

2
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1

H97

ne

Ppump

Pmid

Dα (hor)

0

1

φD2

0

6

2
2

1

0
4

2

0
3
2
1
0

16 18 20 22 24 26

Time (s)

(a
.u

.)
(1

0–5
m

ba
r)

(1
0–3

m
ba

r)
(1

019
 m

–3
)

(1
022

)

JG
98

.1
45

/1
4c

FIG. 14. Time traces of two identical pulses, one before

(solid curves) and one after (dashed curves) the reduction

of the neutral leakage from the subdivertor volume into

the main plasma chamber. Data shown are the gas injec-

tion rate, the plasma con�nement (H97), the core plasma

line-averaged density, the subdivertor neutral pressure,

the outer midplane neutral pressure, and the D� emis-

sion from a chord which views the plasma horizontally

through its midplane.

(H/SFE/HT) and with identical gas fuelling. It can

be seen that the two pulses have virtually identical

con�nement, density and divertor pressure. However,

the main chamber neutral pressure (po;mc) for the

Mark IIAP pulse is about 35% less than the Mark

IIA pulse. Similar results are seen when the inner

wall D� signal is used to represent the main cham-

ber pressure.

In Fig. 15H97 is plotted versus subdivertor neutral

pressure, midplane pressure, horizontalD�, and mid-

plane separatrix electron density for ELMy H-modes

from Mark IIA and Mark IIAP. The con�nement is

strongly correlated to the divertor pressure and to the

separatrix density, independent of the divertor geom-

etry, re
ecting the fact that po;div and ns are strongly

correlated. On the other hand, there is a signi�cant

reduction of main chamber neutral pressure, for a

given core con�nement, in the Mark IIAP scans as

compared to Mark IIA. This suggests that it is sepa-

ratrix plasma density rather than the increased main

chamber neutral pressure which produces the con-

�nement degradation. Thus these experiments sug-

gest that an increase of con�nement quality in ITER
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resulting from reduced main chamber neutral pres-

sure, relative to today's experiments, is unlikely.

3.5. H-mode Threshold

The minimum power required in order to obtain

and maintain H-mode levels of con�nement is of cru-

cial interest to ITER. Present predictions [18{20] are

uncertain to the extent that ITER may or may not

operate with improved con�nement with � heating

alone and thus may or may not ignite.

The various divertor geometries in JET have

allowed us to study the in
uence of divertor closure

on the H-mode threshold. This is particularly inter-

esting given the large di�erence in H-mode threshold

found in ASDEX with and without large bypasses

connecting the main chamber and the divertor [21].

In contrast, the H-mode threshold in JET does not

appear to depend on divertor closure [22]. The thresh-

old for Mark IIA and for Mark IIAP appears to be

identical to that found in Mark I (Fig. 16). Similarly,

discharges with the divertor strike points on the ver-

tical target plates are predicted to be more closed

than those on the horizontal plates (where we have

the bulk of our data) but the di�erence between the
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FIG. 16. Threshold power necessary for producing an H-

mode in the di�erent JET divertors.

threshold in these two con�gurations is also small.

3.6. Power and Energy Load on First Wall

Components

From a technical standpoint, the \carbon bloom"

was completely eliminated in both Mark I and

Mark II by shadowing of tile edges and careful align-

ment [23]. The use of large area tiles in Mark II

allowed smaller angle of incidence, giving larger e�ec-

tive target area.

The present ITER design foresees the use of car-

bon �bre composite (CFC) materials for the divertor

strike point region. The predicted lifetime of these

components depends on the erosion due to sput-

tering in normal operation, due to disruptions and

due to slow, high power transients [24]. The nom-

inal peak power load to the divertor is 5MW=m
2

although operation up to 10MW=m
2
is also possible

with component lifetimes of several thousand pulses.

In addition to these limits, strong evaporation due

to frequent ELMs must be avoided. The ITER team

quote 1:2MJ=m
2
if the ELM duration is 1 ms and

0:45MJ=m
2
for 100�s duration as an upper limit for

energy deposition by an ELM [25].

The major di�culty with standard ELMy H-mode

operation produced by neutral beam injection is the

presence of large amplitude Type I ELMs which

deposit high power levels repetitively onto the diver-

tor components. Statistical analysis has been per-

formed for the step changes in the diamagnetic energy
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FIG. 17. Percentage of the plasma stored energy lost dur-

ing an ELM as a function of ELM frequency.

and core density which occur due to ELMs [26]. The

results indicate that the percentage change in energy

and density decreases approximately as the square

root of the ELM frequency (Fig. 17). How this trans-

lates into surface heating of the divertor tiles depends

on the duration of the heat pulse, the area of interac-

tion, and how much of the ELM energy is radiated.

The dynamics of surface power deposition by Type I

ELMs are crucial for extrapolation to ITER.

For the �rst time on JET, direct, high time reso-

lution (13�s) measurements of the power 
ux to the

divertor during an ELM have been obtained using

a fast 2D infrared camera, working in the 3 � 5�m

range [27]. The duration of the peak power deposi-

tion for typical Type I ELMs is about 120�20�s and

peak temperatures in excess of 1000� C are routinely

observed (Fig. 18). Fast interferometer measurements

show that particles are lost on a much longer time

scale of 3 to 4ms.

During a Type I ELM a fast displacement of the

plasma occurs, with the strike zones moving from

their initial positions with characteristic times of less

than 20�s. For typical Type I ELMs the peak power

deposition occurs at the inner divertor (Fig. 19). This

is where the largest motion of the strike points is

observed but the movement does not spread uni-

formly the heat load due to the relative timing of

the movement and the power deposition [28]. During

an ELM the peak power 
ux to the inner strike zone

is �rst shifted, typically by about 20 cm to a smaller

major radius. The strike zone then moves around this
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FIG. 18. Time history, in a neutral beam heated dis-

charge, of the divertor target temperature during an ELM

at the point of maximum power deposition.
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FIG. 19. Pro�les of divertor target surface temperature

before and during the ELM shown in Fig. 18.

new position inwards or outwards by about 5 cm dur-

ing the next 120�s, where the largest power deposi-

tion takes place. Data from fast, un�ltered soft X-ray

diodes, which act as bolometers, show that radiative

losses follow the time of peak power deposition and

hence do not signi�cantly reduce the erosion problem.

The temperature histories measured by the IR

camera during ELMs are believed to overestimate

the actual situation due to the presence of deposited
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layers on the tiles with di�erent (unknown) thermal

properties. It is thus more appropriate to use the time

history and footprint of the power deposition as mea-

sured with the IR camera and the plasma energy loss

from fast magnetic measurements in order to make

an estimate of the peak power and energy density

deposited during ELMs in JET. The estimate will,

of course, be an upper limit since the fraction of the

ELM power which is deposited outside the divertor

is not known. In fact, wide angle camera views of the

JET vacuum vessel show strong interaction around

the torus during ELMs, so a signi�cant fraction of the

ELM energy may well be deposited outside the diver-

tor. For a typical JET discharge at 2.5 MA and 2.5

T with 12 MW of NB heating one calculates a peak

energy 
ux of approximately 0:2MJ=m
2
, deposited

in about 100�s. If this energy was to scale with the

plasma stored energy, the energy loss per ELM in

ITER would be 35MJ=m2, enough to cause strong

evaporation of the divertor target.

The measured time dependence of the power and

particle deposition during an ELM is consistent with

that obtained by 1-D modelling of the SOL response

to an ELM [29]. Such 1-D modelling cannot treat the

problem of the ELM footprint and thus provides no

direct estimate of the peak target loads. New mod-

elling results show that the ELM duration should

have a very weak scaling with machine size.

The ELM behaviour of discharges heated with

ICRH rather than NB power is typically signi�cantly

di�erent (Fig. 20). ELMs in RF H-modes are smaller

in amplitude and more frequent. In both the RF and

NB-heated discharges the global con�nement is good

with H97 � 1. The pressure at the edge pedestal is

considerably smaller in the RF pulses, however. This

is compensated by higher central pressure due to the

more central power deposition by RF. Indeed, trans-

port analysis indicates that the core energy transport

is the same, independent of the heating method.

In some RF heated discharges large ELMs are

observed, either at very high input powers or fol-

lowing a sawtooth crash which temporarily provides

high power to the edge plasma. In these cases large,

well spaced ELMs are observed and the edge pres-

sure increases to the values typical of neutral beam

heated pulses. We thus conclude that one can only

obtain large edge pedestal pressures at the price of

large ELMs.
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FIG. 20. Example of comparable ELMy H-mode pulses

(11 MW, 2.5 MA, 2.5 T) produced by neutral beam heat-

ing (solid curves) and radio frequency heating (dashed

curves) illustrating the changed character of the ELMs

(\D�" signal).

3.7. High Performance Steady State Opera-

tion

The JET tokamak, due to its large size, single null

con�guration and available range of triangularities, is

in a position to produce plasmas which most closely

resemble those required for ITER. In JET, as is likely

to be the case in ITER, the maximum con�nement

and fusion performance is found at the highest acces-

sible currents (Ip�5MA). This is achieved at the

expense of operating at values of q95 less than three.

Above a value of approximately 2.4 we observe no

degradation of con�nement with q95. If this is found

to be true in ITER as well, operation at low q would

provide a signi�cantly increased ignition margin.

The highest stored energies and equivalent QDT

values are achieved at the highest plasma current

but with a con�nement somewhat lower than the

prediction of the 1997 ELMy H-mode con�nement

scaling [30]. In fact, whilst at 2.5MA H97�1:0, at

4MA H97�0:9 and above 4MA H97�0:85. In deu-

terium plasmas, steady state equivalent fusion power

of approximately 4MW has been achieved at 4.7MA

with 17MW of NB power and at 3.5MA with 24MW

of combined heating (16MW NB + 8MW of ICRH).

These results have recently been con�rmed in DT

plasmas and will be reported elsewhere.
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FIG. 21. Time traces of a high power 4.7MA discharge

where the fusion triple product reaches a value of 4 �

1020m�3s keV.

At IP > 3:5MA most discharges su�er from a

spontaneous H-L \back-transition" (Fig. 22). The

loss of con�nement (sometimes after several energy

con�nement times) is often followed by a nondis-

ruptive locked mode. In some cases the con�nement

recovers a few seconds after the loss; up to three cycles

have been observed in pulses with long duration addi-

tional heating. The H-L transition tends to occur at a

constant value of P=neBT , i.e. at a �xed relationship

to the L-H threshold. This is despite the fact that the

loss of con�nement occurs well above normal thresh-

old power for the initial L-H transition. There is vari-

ation of this value from day to day, suggesting that

vessel conditions may also be important. At 2.5MA,

where normally H-modes can be maintained for all of

the available heating length (up to 10 s), a similar H-

L transition is seen in shots with reduced NB heating

powers, in particular if the vacuum vessel is not very

well conditioned.

4. SUMMARY AND IMPLICATIONS FOR ITER

A central issue for ITER is the degree to which the

integrated performance of the plasma/edge/divertor

can be in
uenced by choice of divertor geometry. A

general summary of the changes seen in going from

Mark I to Mark IIA and then reducing the bypass

leaks (Mark IIAP) is as follows. Increasing closure has

produced three expected e�ects: the density for the

Pulse No: 40453

12

Time (s)

(a
.u

.)
(M

J)
(M

W
)

JG
98

.1
45

/6
c

0

2

4

0

5

10

0

10

20

13 14 15 16 17

Dα

PIN

PLH

WDIA

FIG. 22. Time traces of a 3.5MA discharge which under-

goes two large losses of con�nement from H-mode to L-

mode levels.

onset of detachment, for a given Psol, was reduced;

the pumping speed was increased (Mark I ! Mark

IIA); and the main chamber neutral pressure was

reduced (Mark IIA ! Mark IIAP). It had also been

expected that the intrinsic impurity level of the core

plasma would be reduced, which did not occur. The

explanation seems to lie in the fact that (a) there

is more direct ion impact on the divertor shoulders

of the narrower Mark II, (b)the higher tile operating

temperature of Mark II leads to increased chemical

sputtering, and (c) the carbon cladding of the inner

wall was increased. The pump-out time for injected

trace neon was reduced considerably in going from

Mark I to Mark IIA.

The in
uence of these observed changes on global

con�nement was generally small. The H-mode den-

sity limit appears to be unchanged, and to be close

to but slightly below the Greenwald value. The L!H

threshold appears to be independent of divertor clo-

sure or target orientation, but more investigation is

needed on this point.

For Type I ELMy H-mode operation, the ELM

frequency has a stronger e�ect on performance than

either target orientation or 
ux expansion, and the

ELM frequency is determined (at a given power and

density) primarily by triangularity and gas pu� rate.

In going from Mark IIA to Mark IIAP, it was pos-

sible to separate the e�ects of neutral pressure in the

divertor and the midplane. Experiments showed that
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the con�nement quality of ELMy H-modes was bet-

ter correlated with divertor neutral pressure and with

separatrix electron density than with midplane neu-

tral pressure. It is thus unlikely that improved core

con�nement, relative to present day machines, will

be obtained in ITER simply from reduced midplane

neutral pressure.

In order to operate successfully, ITER requires an

\integrated scenario" in which the density is at or

above the Greenwald value, the con�nement quality is

good enough (H97�1:0), the impurity content is low

enough (Zeff�1:8), and the helium exhaust is suf-

�cient to remove ash (�He�=�E�5). In addition, the

temperature of the divertor and �rst wall components

must remain below melting/ablation temperatures at

all times (even during transients such as ELMs) such

that the erosion rate is low enough to ensure reason-

able component lifetimes.

When ELMy H-modes are operated with hot,

medium density edges, the con�nement quality is

good and follows gyro-Bohm scaling. In addition, the

Zeff resulting from intrinsic impurities is quite low

and well within the ITER requirements. The Type

I ELMs which occur in the neutral beam heated

H-modes result in core energy losses in the range

�W=W � 3%�8% and characteristic energy deposi-

tion times of 100 �s. Such ELMs, when extrapolated

to ITER, would result in unacceptable heating and

erosion of the divertor target plates unless there were

a signi�cant increase of the power deposition area,

either on the divertor or by interaction with other

�rst wall components. This is the principal objection

to this mode of operation. It must be said, however,

that the basis for extrapolating ELM sizes and power

deposition footprints to ITER is poor and that more

work is needed on this subject.

The ELMs produced in comparable RF heated

ELMy H-modes are much smaller in amplitude and

higher in frequency than ELMs in NB heated dis-

charges, while the global con�nement remains very

good. The edge con�nement, as measured by the pres-

sure at the top of the edge pedestal, is signi�cantly

smaller in the presence of these small ELMs. This

leads us to conclude that large edge pedestals and

good edge con�nement are possible only in the pres-

ence of large, Type I ELMs. Since the good global

con�nement in RF shots is due to peaked power depo-

sition and since the � heating in ITER is calculated to

have a pro�le intermediate between JET RF and NB

heated pulses, it is likely that operation in ITER with

small ELMs in order to protect �rst wall components

will also lead to con�nement which is less than that

predicted based on current scaling laws. Whether or

not it is necessary to operate ITER with small ELMs

will depend on the scaling of the energy deposition

by large, Type I ELMs, and on the scaling of the

density limit, which can perhaps be ameliorated by

central fuelling. Both scalings have yet to be put on a

sound basis, something which is a priority for future

divertor experiments on JET.
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