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ABSTRACT

An overview of JET experimental results in DT plasmas directly relevant to ITER modes of
operation are presented. Experiments in D:T mixtures varying from 100:0 to 10:90 and those
carried out in hydrogen plasmas, show that the H-mode threshold power has approximately an
inverse isotopic mass dependence. Matching some of the key dimensionless parameters to the
ITER values, the ITER-similarity experiments with ITER shape and safety factor (q) show that
the global energy confinement time is practically independent of isotopic m%%ﬁ'(”%

where A is the atomic mass of the hydrogenic species. Subtracting the edge pedestal energy
(which scales a8A%*™ %3 from the total stored energy leads @™ dependence of
confinement in the plasma core, very similar to that expected from the gyro-Bohm transport
(DA’O'Z) model. The observed scaling of the edge pedestal energy is consistent with a model in
which the edge pressure gradient saturates at the ballooning limit over a region of width that
scales as the ion poloidal Larmor radius governed by the average energy of the fast-ions in the
edge. The steady state total stored energy for a given input power in both ion cyclotron reso-
nance heated (ICRH) and NBI discharges is the same despite the lower edge pedestal in the
ICRH case which is compensated by a more peaked power deposition profiles in ICRH. ELM
frequency is smaller with NBI; it decreases with isotopic mass both in NBI and ICRH dis-
charges. A steady-state, type | ELMy H-mode discharge with ITER shape and g at 3.8 T/3.8 MA
with an input power of 22 MW, produced a&@?18 for 3.5 s and extrapolates well to ignition

with ITER parameters. Here, Q is the ratio of fusion output power to input power. The thermal
ELMy H-mode confinement both in deuterium and tritium gas fueled plasmas decreases signifi-
cantly when the plasma density exceeds 0.75 of the Greenwgiliimit and the maximum

density achieved is 0.88%. In L-mode, the density limit decreases with increasing isotopic
mass roughly in accordance with code predictions. ITER reference ICRH scenarios have been
evaluated. Second harmonic heating of tritium at densities available in JET produces strong tails
and heats electrons predominantly as expected. He3-minority in 50:50 D:T and tritium domi-
nated plasmas showed strong bulk ion heating leading to ion temperatures up to 13 keV with
ICRH alone. Deuterium minority ion cyclotron heating in tritium plasmas at a power level of 6
MW produced a steady-state record values=0.@2 for more than 2.5s.

1. INTRODUCTION

The present campaign of JET which extends to the end of 1999 has two main physics objectives:
() to contribute to the realization of a mature divertor concept for ITER [1] and (ii) to provide
the physics support for ITER. The most significant contributions to the second objective have
been made with the full fledged operation (DTE1 experiments) of JET in DT plasmas. The
experiments in DTEL [2] can be divided into two areas: (i) ITER modes of operation and (ii)
high fusion performance. Results obtained in the second area are discussed in a companion



paper [3]. Here, we concentrate on the results obtained in the first area which is crucial for a
more accurate prediction of ITER performance and ignition margin. Experiments performed in
this area are (a) the isotope scaling of H-mode threshold power, energy confinement, edge local-
ized modes (ELMs) and edge pedestal together with an insight into core and edge transport
physics, (b) steady-state ELMy H-mode experiments providing a sustained high fusion power
output and data on confinement at high density including the density limits in L and H-mode and
(c) ion cyclotron resonance heating (ICRH) experiments including the demonstration of ITER
reference scenarios of second harmonic heating, D-minority heating in tritium plasmas and
benchmarking of ICRH codes for ITER applications. The main constraint limiting the extent of
experiments in the area of ITER modes of operation was the neutron budget which was set at
8.5x10"neutrons.

JET has considerable flexibility that allows exploration of the proposed ITER modes of
operation. It can match ITER geometry, safety factor g and most of the key physics dimensionless
parameters such 8sandv*. The largest deviation is in the normalized Larmor ragiushich
is a factor of 3 to 5 higher in JET than in ITER. The paranggtés a key parameter in the
prediction of ITER performance and it has been varied systematically in these experiments in
order to provide the basis for extrapolation to ITER. Hetd = pj/a), v* (= vea/vy,) andp (=
2u0<p>/B¢2) wherep; is the ion Larmor radius, a is the minor radius in the mid-plagis,the
electron-ion collision frequency,\s the ion thermal velocity, <p> is the average plasma pres-
sure and § is the toroidal field.

In view of the limited neutron budget during the DTE1 campaign, automatic feedback
real-time control systems have been implemented so that if the desired performance or a desired
plasma parameter is not achieved at the expected time during a discharge, the plasma shot is
terminated with a soft landing. Also, various combinations of plasma parameters can be main-
tained at a programmed level by a system controlling, in real time, a number of auxiliaries such
as neutral beam injection (NBI), ICRH and lower hybrid current drive (LHCD) power thus
improving reliability of discharges. Using digital real-time control techniques, ICRH and/or
NBI power delivered to the plasma can be controlled with precision.

The 20 g of tritium available on-site permitted a significant number of D/T shots during a
period typically lasting 3-4 days. The exhaust gases were collected and reprocessed (usually in
3-4 days) by the on-site closed-circuit Active Gas Handling System (AGHS) [4] for subsequent
experiments. The tritium usage during DTE1 experiments at JET is illustrated in Fig. 1 where
integrated values of tritium supplied by the AGHS plant for JET DT experiments is plotted as a
function of time starting 19 May to 17 November 1997. The tritium gas was either injected
directly to the torus via a gas valve or supplied to the NB box which then injected a small
fraction of it to the torus via the neutral energetic tritium beams. The remaining gas was trapped
by the NB cryo-pumps which was retrieved by regeneration and then reprocessed by the AGHS
plant for reuse. It can be seen that in all, about 100 g of tritium was injected and reused out of
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The experiments began on 19 May and ended on @ptained with about ten 100% tritium gas fueled

November 1997. The gas supplied to the tritium NB bogdischarges. With significant supplementary

to the torus directly and that injected by the NB box ha‘ﬁ‘eating (>10MW), additional tritium loading

been identified. discharges were required to maintain a high

tritium concentration. During the DTE1 campaign, a total of 220 dischargesWitpimy)>0.4

were made. After this campaign, tritium cleaning experiments removed 5.3 g of tritium but a

significant amount (6.2 g) remained trapped in the plasma facing components and in the divertor

structure. Most of the trapped tritium is expected to be retrieved from carbon tiles and carbon

flakes during the divertor tile exchange being carried for the next phase of the JET experimental

programme.

In section 2, we briefly outline the experimental set-up used in the DTE1 experiments.
Sections 3 and 4 deal with the isotope scaling of H-mode power threshold and energy confine-
ment, respectively. The steady-state ELMy H-modes are discussed in section 5 whereas ELMs
and the edge pedestal are dealt with in section 6. In section 7, we consider the trace tritium
particle transport and the L and H-mode density limit issues are addressed in section 8. Experi-
mental results of ITER reference ICRH scenarios are presented in section 9 and finally, the
discussion and conclusions of the paper are contained in section 10.
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2. EXPERIMENTAL SET-UP

A poloidal cross section of JET [5,6] showing the four divertor coils, carbon fibre composite
(CFC) target plates held by a water cooled structure, cryopump, ICRH antenna and poloidal
limiter inside the vacuum vessel is given in Fig. 2 (a). JET has a single null (bottom X-point)
divertor configuration similar to ITER. The DTE1 experiments were carried out with the so-
called MkllaP divertor [7] as shown. Plasma equilibrium code reconstructed flux surfaces to-
gether with the separatrix for a 3.4 T/4.5 MA discharge are as illustrated. The JET ICRH [8]
system couples up to 16 MW of power via four antennas distributed around the torus (see
Fig. 2(b)). The ICRH antennas are equipped with Faraday shields made out of beryllium. Each
antenna has four straps which can be phased independently. The system has been operated at
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FIG. 2 (a). A poloidal cross section of the D-shaped JET showing the
four divertor coils, MkllaP divertor target plates, cryopump, ICRH an-
tenna, poloidal limiter and saddle coils inside the vacuum vaessel. Plasma
flux surfaces together with the separatrix of a 4.5 MA discharge are also
illustrated.
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FIG. 2 (b). A plan view of the JET tokamak identifying the locations of
tritium and deuterium neutral beam injection boxes. Also the distribu-
tion of ICRH antennae and the LHCD launcher have been marked.



various frequencies (23-56 MHz) over the full bandwidth of the system. A number of poloidal
limiters in CFC protect each antenna unit from the two sides. The NBI system [9] consists of
two beam boxes (see Fig. 2(b)). One of them has been used to deliver up to 100% tritium beams
injecting about 11 MW of tritium beam power at 155 kV for up to 5 s. The other box is used for
deuterium beam injection delivering up to 12 MW at 140 kV. The average beam power delivered
by the 16 sources is varied continuously using the feedback control pulse-width modulation
technique. The LHCD system [10] which includes a cryopump is capable of delivering up to
7MW of power. Glow discharge is used for wall conditioning after a vent and beryllium evapo-
ration is carried out when needed for gettering purposes (less than once a day). The tokamak
operation is carried out with vessel walls at 300

The standard JET diagnostics for electron densiydtectron temperature {Tion tem-
perature (7), effective charge (#) have been discussed elsewhere [12]. For tritium compatibil-
ity and safety, certain modifications were made to the installed diagnostics. These include dou-
ble containment vacuum feed-throughs with 500 mBar neon gas in the interspaces, exhaust from
diagnostics vacuum systems sent to AGHS plant when necessary, extra neutron shielding, radia-
tion hardened video cameras and heated optical fibres to recover from radiation damage. The
most notable new diagnostics in DTE1 were the 14 MeV neutron tomography and the measure-
ments of the tritium concentration in the core and edge of the plasma as well as in gaseous
exhaust after a discharge using residual gas analysis (RGA) and ion chamber measurements.
The tritium concentration in the core was estimated from neutron emission rates and active
Balmer@a charge exchange measurements. In the plasma region 20-40cm inside the separatrix,
the tritium concentration was derived from neutral particle analysis (NPA) by electrostatic de-
flection and time of flight techniques. Near the separatrix, Balmer emission spectroscopy was
used. Below divertor tiles, Balmer emission from Penning discharge gauges was implemented
[13].

3. H-MODE POWER THRESHOLD

The design of ITER relies on operating in the H-mode confinement regime to achieve ignition.
Experimental data indicate that the H-mode operation requires a threshold power. Although a
plausible conceptual picture of H-mode suppression of edge turbulence due to velocity shear
layers exists [14], a theoretical scaling of the threshold power is not available. Consequently, an
empirical approach is generally used. It is assumed that the power threshold is determined by the
total heat flux crossing through the separatrix. Using dimensional analysis, the following form
of the H-mode threshold power

Pn=0.45""° By R® 1)



can be deduced where power coefficients of the engineering parameters in the above equation
are constrained to make the relation dimensionally correct [15]. This equation fits with the data
from a number of tokamaks world-wide [16] albeit with a significant scatter. HgrepResents
the threshold power (see below) for a transition from L to a dithering H mgaethe line-
averaged electron density (inzim'3), B¢ is the toroidal magnetic field on-axis and R is the
tokamak major radius. The above expression gives explicit dependencégrand R but the
threshold power is also found to depend on the direction of tHeBadlrift, vessel wall condi-
tioning, plasma-limiter distance, edge current density and on the isotopic mass. Here, with the
JET data available in deuterium-tritium mixtures, we emphasize the isotope mass scaling of the
threshold power for a more accurate assessment of the power required in ITER to access the H-
mode in DT plasmas. In order to extend the mass range, experiments were also performed in
hydrogen plasmas. Dedicated experiments have been carried out in JET with ICRH and NBI
heating using slow ramps in power to determine the threshold power accurately. Plasma dis-
charges with ITER shape and g at magnetic
fields ranging between 1 and 3.8 T and densi- 2[-
ties in the range of 2 to 5 x 1dm*have been
used.

For a set of parametersgB2.6T and }
= 2.6 MA), in Fig.3, we show time traces ofg 1
Ha /Do /Taand ICRH/NBI power in four shots o
with different gases: (i) H-plasma heated with. ’
H-NBI, (i-(iv) in three different D/T gas mix- él
tures of 100:0, 50:50 and 10:90 respectively $
and heated with ICRH in H-minority schemeg
As indicated in the figure, H-mode occurs (apg’
pearance of threshold or type Il ELMs [17] in % 20 2ol 2 24 26

H - . T
the Dy-signal) at the highest power in H- ime ()
FIG. 3. D,-signal and input power plotted as a function

lasmas and at the lowest power in T-plasmas.. . L )
P N P . P o% time in four shots with different gas mixtures: hydro-
As the transition to H-mode is underStooGen, deuterium, 50:50 D:T and 10:90 DT. Same input

to be essentially an edge phenomenon, théwer (6.7 MW) with a slow ramp was used to identify
power flowing outwards from the center andhe onset of H-mode at the first appearance of ELMs as
crossing the separatrix is believed to be of inip_dicated. Threshold power decreases with increasing
portance. Therefore, we takg 1 be the power 'sotopic mass.

crossing the separatrix:

6.7MW NBI
Pulse No. 43464

(a.u.)

6.7MW ICRH
Pulse No. 41522

6.7MW ICRH
Pulse No. 41677

6.7MW ICRH
Pulse No. 41740
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Psgp= Py - dW/dt - I:EQADbu'k

where R is the total input power, W is the stored energy in plasma @;Jaﬂutbis the radiated
power from the bulk of the plasma. A regression analysis has been carried out on the above



defined loss power ¢2p at H-mode threshold for the JET data which includes a range of plasma
current and magnetic fields in hydrogen and in DT mixtures ranging form 100:0 to 10:90. In this
analysis, in addition to using the same scaling paramete@samd R as in Eq. 1, we have also
included the isotopic mass (A) dependence. But, no regression was done on R as in the JET data,
the value of R does not change significantly. The power exponent of R has been adjusted such
that Eq. 2 satisfies the constraint [15] to make the expression dimensionally correct. The result
of this regression is shown in Fig. 4 and the power threshold scaling expression found is given
by:
Py (scaling) = 0.97 47 B> " R** AT ()

The threshold power data shows roughly an inverse mass dependence. This predicts a
significant reduction in the power needed for accessing the H-mode in ITER and increases the
operational flexibility of ITER
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FIG. 4. The power crossing the separatrixfB representing the L-H
threshold power of JET discharges in hydrogen, deuterium, 50:50 D:T
and 10:90 D:T mixtures is plotted against a scaling obtained by a re-
gression analysis in which thé'Anass dependence has been added to
the ITER scaling [15]. This regression of JET data indicates an approxi-
mate inverse mass dependence of the threshold power. No regression
has been done on R. Here, W is the plasma stored energ)ﬁ,aéti‘dkB

the radiated power from the plasma bulk.

4. ENERGY CONFINEMENT

With a view to predicting the energy confinement time in ITER more accurately, JET has carried
out dedicated experiments, the so-cafiedcaling experiments, in which carefully constructed
ITER similarity pulses are used to assess ITER relevant ELMy H-mode energy confinement
[19]. Key physics dimensionless parameters sudh a$sand q are fixed at their ITER value
save the dimensionless Larmor radufé=p/a) The JET machine is the one closest to ITER
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match the density and power in a number gtl.r and |= IMA with D° D and T D:T (10:90%)

cases and one such example is shown in FigyRqual stored energy @), volume averaged density
at Bp=1T and }=1MA where } refers to the (<n.>) and NBI heating power (&). D, and T:-sig-

discharge current. Here, two discharges omals show that in the D- D discharge, the frequency of
with D%beam in D-plasma and the other witfyPe | ELMs is higher by a factor of 1.75.
T%-beamin T-plasma are shown for illustration.
We note that the stored energies measured by a diamagnetic loop are quite similar both in D and
T-discharges when the input power and the densities are the same indicating no isotopic mass
dependence on confinement. However, note that the frequency of type | ELMs is lower (a factor
of about 0.6) in tritium as compared to deuterium plasma (see also Fig. 11).

A comparison of JET ELM-free H-mode confinement data in DT plasmas with ITERH93-
P scaling [20] shows that itsO'Adependence is clearly too strong and does not fit the JET DT
data. It is however not far from fitting the gyro-Bohm physics form [21] where the mass depend-
ence is A?as shown in Ref. [22]. Turning to the steady-state ELMy H-modes, a data set with
matched power and density in H, D, DT and T-plasmas has been assembled. A regression analy-
sis which is presented in Fig. 6 shows that, in fact, the mass dependence is close to zero
(DA% Further analysis reveals that in neutral beam injection (NBI) heated discharges,
subtracting the edge pedestal energy (which scales &% 0'2) from the total stored energy
leads to @A%™ dependence of confinement in the plasma core, very similar to that ex-
pected from the gyro-Bohm transport model. Note that the observed scaling of the edge pedestal
energy is consistent with a model in which the edge pressure gradient saturates at the ballooning
limit over a region of width that scales as the ion poloidal Larmor radius (see section 6). Thus
the net effect of the isotopic mass is negligible in the global energy confinement time [23] as the
two effects roughly cancel each other.



FIG. 6. Thermal energy confinement time data of JET ELMy H-mode NBI and ICRH discharges in hydrogen,
deuterium, 50:50 D:T and 10:90 D:T mixtures are plotted against a fit where all power coefficients are the same as
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FIG. 7 (a). Thermal energy confinement time data oFIG. 7 (b). Thermal energy confinement time data of
JET L-mode discharges in hydrogen, deuterium, antET L-mode discharges in hydrogen, deuterium, and
D/T mixtures are plotted against the ITER L-mode scab/T mixtures are plotted against the ITER L-mode
iNg Temerios~ I BRI RYB (R/a) 2 né P A2 scaling as in Fig. 7 (a) except the mass dependence
[24]. i.e. Te, mr = C Te*. A’ wherete *= TeireriosA > and C

is a constant.

We have also studied the L-mode confinement in similar JET divertor discharges in H, D
and DT mixtures. The L-mode data has been plotted against the ITERL96-P scaling [24] which
has an B{zdependence on the isotope mass. We present plots of thermal energy confinement
time against the above L-mode scaling with and without the mass dependence in Fig. 7 (a) and



(b) respectively. The fit of JET experimental data shows that it does not depend on the isotopic
mass. This is in contrast to the TFTR L-mode DT shots which shoW&tdependence [25].

The reason for this difference is not clear. However, we point out that to remain in L-mode in X-
point discharges, the data in Fig. 7 have very low auxiliary heating power especially in the
tritium dominated discharges as compared to TFTR limiter L-mode discharges. Thus JET data is
close to the Ohmic regime which in the case of TFTR also showed w&4} @ependence on
isotope mass.

5. STEADY STATE OPERATION IN ELMY H-MODES

The best fusion performance in JET DT plasmas has been obtained in enhanced confinement
ELM-free hot-ion H-modes though only transiently [3]. In addition, high performance in nearly
steady-state ELMy H-mode discharges has been obtained under ITER-like conditions with the
key physics dimensionless parameters sufhasand g being fixed close to their ITER value.
Furthermore, central electron and ion temperatures were roughly equal. However, due to the
lack of input power, in some dischargBsyalues can fall short of the one required in ITER.

The time evolution of a 3.8 T/ 3.8 MA
high performance steady-state ELMy H-mode Pul;e No: 42982
discharge in a 50:50 DT plasma with a total 20t "
input power of 22 MW (predominantly NBI-% 12
power) is illustrated in Fig. 8. The discharge 1o} WoiMJ)
has type | ELMs throughout and the stored en- °........ / -""“'ﬁ";i?&?"&?—'%i""“
ergy is practically stationary for 3.5 s which is
about 8 energy confinement times. The duriv:
tion of the discharge is only limited by the neu-
tron economy or the NBI duration. Fusioé
power output which reached a steady-stafé
value of more than 4MW is also shown. Using g I
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power, its value is 0.18 over 3.5 s of the dis=IG. 8. Time traces of a near steady-state high perform-
charge. Integrated over the entire pulse, tlagce JET discharge at 3.8T/3.8MA in 50:50 D:T mix-
fusion energy reached a value of 22 MJ whidHre with an input power (B of 24 MW. Diamagnetic

. . sjored ener reached 10.5 MJ, fusion power
is a world record. The central line averagec} oy (4 P

o f& 3 ) ¥ output (Ryg) and total Q &P dP;,) are 4.1 MW 0.18
density is about 7x10m™ which droops a lit- respectively. Other signals are:, [0 ,-emission show-

tle towards the end of the high performanc@g ELMs, central line averaged plasma density, (n
phase of the discharge. At such a high densiggntral electron (Iy and ion (T,) temperatures.

due to the short electron-ion equilibration time,

the electron and ion temperatures are roughly

10



equal at about 8.5 keV. Another ELMy H-mode ~ Pulse No: 43015 JET
steady-state discharge [26] at a lower value %f
Qo= 2.8 (3.8 T/4.5 MA) was found to have no=
degradation in confinement with respect t%iio—
ITERH-97P-scaling. These results at lower @0-5:
in DT-plasmas, which are of significant inter-,>\
est for ITER, are further supported by the ITERE
similarity experiments in deuterium plasmas
[26].
A high performance steady state dis-
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ing in a tritium plasma (9:91 D:T mixture). Time (&)

Despite the .DT mixture being far away frorr]:IG. 9. Time traces of a near steady-state JET discharge
50:50, a fusion power output of 1.6 MW was; 3 g1/3.8MA in 9:91 D:T mixture heated by ICRH in

obtained with an input ICRH (fg§=28 MHZz) D-minority in tritium with an input power of 6 MW.

power of 6 MW only as shown in Fig. 9. InFusion power outputis 1.6 MW making a record Q=0.22
nﬁ?_r a duration of more than 2.5 s. Here, H97 represents

L ) the ITERH97-Py H-mode confinement factor which is
nority ion concentration was such that the av-

above the value required by ITER.

erage deuterium tail energy was about 120 keV

(close to the peak of DT fusion cross section). In this discharge, the neutrons thus produced are
predominantly of non-thermal origin. The steady-state (for about 2.7 s) Q value is about 0.22 (a
record value in steady-state conditions) whereas the bulk ion and electron temperatures are both
at 7 keV. The neutron yield could be well reproduced by the PION code and confirms the non-
thermal origin of these neutrons [28]. The PION code uses a sawtooth redistribution model but

otherwise has no free parameters.

this discharge, the plasma density and the

6. ELMS AND EDGE PEDESTAL

Edge localised modes (ELMs) are MHD instabilities which occur during H-modes and produce
bursts of energy and particles that are ejected through the separatrix to the scrape-off layer and
ultimately end up predominantly in the divertor. For steady-state, it is desirable to operate ITER
in ELMy H-mode as this regime can provide sufficiently high confinement quality factor and
may prevent the uncontrolled build up of density, impurity and helium ash. The H-mode behav-
iour is initiated at the plasma edge where a confinement barrier is formed. The reduced transport
then propagates to the plasma core. The edge pedestal energy contributes significantly to the
stored energy.

Assuming that the critical edge electron pressipeg ", just before the crash of an ELM is
limited by the ballooning instability, we obtain the scaling expresﬂqnac.rit O Ip2 S [29] where

rit
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lpis the plasma current and S is the magnetic shear at the edge. Approxifpgtiiyy p™ /A,
we can write

p™ 01,7 SA Op O (AE)? (3)

where E is the averaged energy of the ions in the edga snithe width of the edge transport
barrier which is assumed to be governed by the ion Larmor radius

We have attempted to apply these guiding prin-
ciples to the understanding of the behaviour of 19| gigm ;:m ;I EE: o
ELMy H-mode discharges heated by NBI and_. ATMW, 2.6MA, 2.7T, ICRH

ICRHin H, D, and DT plasmas. Edge electron’; 8- B
pressures for a series of shots heated by N@ cr
and ICRH are presented in Fig. 10 as a funcé 6 ~/§}’f~"/
tion of isotope mass. Note that for practicals '
reasons, the edge pressure is computed atea ! )
major radius of 3.75m (normalized minor ra-3 , A
dius of(0.9) at the location of a density meas- ,
uring interferometer chord. The broken line 0"' | | |

. . ) 0 1 2 3
(DAY in Fig. 10 has been drawn normalized Isotope mass number = A

to an NBI deuterium point for comparison. The . 10. Maximum edge electron pressure (@ R=3.75m
NBI experimental data increases somewhatJET) is plotted as a function of isotopic mass of JET
more strongly than KZ whereas the electronPlasma in experiments carried out in different gas mix-

pressure for the ICRH data is much smaller ar%[esf hydrogen, deuterium, 59:50 D:T and 10:90 D_T
both in ICRH and NBI heated discharges. For compari-

Is practically independent of the isotopic mas§0n, the values have been normalized by the parameters
Clearly the scaling derived from Eq. 3 does N@fiven in Eq. 3. The broken line, representing tfi& A
represent adequately the observations. Atapendence, is drawn for comparison and has been nor-

analysis presented in Ref. 29, suggests that fR@ized to an NBI point in deuterium.

transport barrier width is not determined by the average ion energy but by the energy of the
fast-ions residing in the edge. In NBI heating, a certain fraction of the neutral beam energy is
carried in the 1/2 and 1/3 components which deposit fast ions at the edge. The operating voltages
(or energy of the beams) increases as we change ffdan® and T-beams which contributes

to an additional increase in pedestal width with the isotopic mass.

In the case of ICRH, there is little direct fast-ion deposition in the edge but due to large
orbits, minority species fast ion tails may indirectly contribute to the edge energy. However, this
contribution to the edge energy is much smaller than in the case of NBI. Despite the lower edge
pedestal in the ICRH, the steady-state total stored energy in both ICRH and NBI cases is the
same. This is due to the fact that the power deposition profile in the ICRH is more peaked than
in the NBI case [29]. A TRANSP analysis carried out on two comparable ICRH and NBI
discharges confirms the above finding. For the three ICRH shots presented in Fig. 10, the same

O

ectl
I
o

JG98.152/22¢
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minority species hydrogen was heated in D, DT and T-plasmas. If the energy of fast ions in the
edge determines the edge pedestal, no marked mass dependence is expected even though the
majority gas was changed from deuterium to DT and tritium. Increased edge pedestal is found in
ICRH discharges with -90phasing resulting from the significantly broader fast-ion pressure
profile due to the wave induced patrticle drift outwards [30].

In Fig. 3 and 4, we have assumed thatoooo.

the transition to H-mode occurs when type Ill | i z‘_P(J)("lPém)
or transition ELMs appear suddenly as the in- ¢ Poo 23:5((32//32))
put power is ramped up. At this time the en- 1000-

ergy confinement makes a break from the L- g : o

mode and reaches the H-mode value and ELMs R o

I

transform to Type | ELMs. As shown in Ref.i> 100 .
[17], the frequency of Type Il ELMs decrease§z

o
whereas for type | ELMs increases with powef? ) e’ -
As an illustration of this dependence, in Fig§ 10? ) .

11, we plot the ELM frequency as a function : A

of power for NBI heated discharges at plasma 1;

currents and fields indicated in the figure for : A

plasmas in hydrogen and, 100:0 and 10:90 D:T
mixtures. We also note that the frequency of | 1 1 1
type | ELMs is lower with increasing isotope ° ° NBI po\}v?gr MW) o
mass. In the case of hydrogen plasmas, th&. 11. ELM frequency is plotted as a function of NBI
available power at this field was not sufficientlyower in JET discharges with three different hydrogenic
high for the establishment of type | ELMsSPecies: H—H, D°~D and "~ DT (10:90%). Initial
Nevertheless, trends in the frequency of ELI\AjSecrease in_ frequency with power is indicative of type
Il ELMs which then transform to type | ELMs when the
with isotope mass is maintained. Note that Cleﬁléquency increases with power, In the hydrogen case,

type | ELMs in hydrogen plasmas have beeailable power was not high enough (beyond the thresh-
obtained in JET at the lower field of 1T. old value) to show clear type | ELMs.

O JGos.152/6¢

N

A comparison of ELMs with ICRH and NBI has been done previously [31]. It is found
that ELMs produced by ICRH have higher frequency and lower amplitude. At a given power
input, the repetition rate and amplitude of ELMs is relatively less steady as compared to NBI but
the energy confinement is about the same in the two cases. It is also found that power deposited
on divertor tiles per ELM is smaller by a factor 2-5 as compared to beams. Here, we present
results of ELM behaviour on the isotope mass (see Fig. 12). In both NBI and ICRH cases, the
ELM frequency decreases with isotope mass and as mentioned above the ELM frequency is
higher in the ICRH case by a factor of about 10-12 as shown.

As mentioned, the ELM frequency in the case of ICRH is not steady (estimated at an
interval of every 100 ms) during the entire discharge and the variation is shown by the shaded

13



area in Fig. 12. This variation is in part due to the variation of parameters such as plasma
density. The marked symbols in the three comparison shots represent the frequency measured
when the density was equal.

600

O
500~
ICRH
A Data
J 400(
ES
>
[S]
g
> 300 O
o
o
=
-
W 2001
100~ NBI Data .
o
o ® \ 2 | | I
1.0 15 2.0 2.5 3.0

Isotope effective mass

FIG. 12. ELM frequency is plotted as a function of isotopic mass of JET plasma in experiments carried out in
different gas mixtures: hydrogen, deuterium, 50:50 D:T and 10:90 DT both in ICRH and NBI heated discharges.
ELM frequency was not steady in ICRH discharges and the variation is represented by the shaded area.

7. TRACE TRITIUM PARTICLE TRANSPORT.

A knowledge of particle transport properties of a confined plasma is important in the design of
ITER for the fueling requirements as well as for the plasma density control and the control of
fusion power. While the electron transport or electron density profiles are easily measured in
tokamaks, hydrogenic ion density profiles are difficult to measure directly except possibly via
charge exchange enhanced atomic spectroscopy [32] of impurity ions. However, from trace
tritium experiments in which 1-2% of tritium is puffed into ITER-relevant (see above) steady-
state ELMy H-mode deuterium discharges, information on tritium transport can be inferred by
the time evolution of the radial profile of 14 MeV DT neutrons [33-35]. Trace tritium experi-
ments have also been carried out in discharges close to the Greenwald density limit where the
particle confinement time is poorer [36].

The neutron profile monitor has been absolutely calibrated to provide line integral neutron
yield. A1 _-D transport model [36] with diffusive and convective terms as well as a dynamic
recycling model which describes the response of the wall to changes in the isotopic composition
is used. The beam-thermal and thermal-thermal reactivities are also modeled. A least-square fit
of parameters of the model to chordal neutron data together with a knowledge of the error bars
on the signal permits the derivation of the transport coefficients.
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Using the above procedure, in Fig. 13, we show profiles of tritium diffusion coefficient
(D) in L-mode and H-mode discharges. Tritium was puffed in these deuterium discharges which
were similar to th@*-scaling discharges discussed above having ITER shapemgv*. The
discharges used in L-mode were g/IB of 2T/2MA and 3T/3MA heated with 2 and 3MW of
NBI power respectively whereas in H-mode, 1T/1IMA, 2T/2MA and 3T/3MA discharges heated
by 5.8, 9.5 and 14 MW of NBI power respectively were used. Bohm and gyro-Bohm scalings of
D are proportional to;iBgand 1?3’2/8@2 respectively where;s the ion temperature. The meas-
ured values of D in L-mode discharges is close t/% both for 2 and 3T discharges. Normal-
izing to the 2T discharge, the expected band of values of D of the 3T discharge based on Bohm
and gyro-Bohm scalings are shown in Fig. 13 (a). The uncertaintynmredsurements is re-
flected in the shaded areas shown. The data in L-mode is slightly closer to the Bohm value, but
the uncertainties in the measurement oddd D do not allow us to rule out one or the other.
However, in H-mode discharges, the observed strong variation of D wir /a<0.75 indi-
cates a marked gyro-Bohm character in the core region. In this case, normalizing to the 1T
discharge, the expected band of values of D of the 2 and 3T discharges are as shown in Fig. 13
(b). For the edge region (0.75 < r/a < 0.95), D does not depeng,canB points to Bohm
scaling but again with a large uncertainty. Thus we note that in H-mode, both the energy and
particle diffusivities have a gyro-Bohm character in the core whereas in the edge-region, no
definite conclusions can be reached due to large uncertainties in the measurements.

Trace-Tritium Experiment L-Mode Trace-Tritium Experiment H-mode
15— 251 & 3MA/3T/LAMW (1 = 0.49s)
i € 2MA/2T/9.5MW (1 = 0.42s)
Normalised at 2T # IMA/LT/5.8MW (1z = 0.225)
TFTR [EEEE [ EEEEE : 2.0 R
__%__?/__+_i—— — :
N H '
el NI 0 S e ) ; | 5 IMA/LT :
Q ) S o 15—, -®--ooe-Bonns
2 - ] 2]
& % e 2
£ Bohm scaling kS
o }31— 0 10k gyro Bohm scaling
0.5 gyro Bohm scaling r

€ 3MA/3T/3MW (1 = 0.55s) N

N\
W &
g@ g 2manT

0 1 1 1 1 3MA/3T 1

1 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
rla rla

FIG. 13 (a). Profile of particle diffusivity (D) derived FIG. 13 (b). Profile of particle diffusivity (D) derived
from JET trace tritium ITER similarity L-mode plasmagrom JET trace tritium ITER similarity H-mode plasmas
in deuterium at 2T/2MA and 3T/3MA. Normalised to 2Tn deuterium at 1T/IMA, 2T/2MA and 3T/3MA. Normal-
data, the expected band of values for Bohm and gyrized to 1T, the expected band of values for gyro-Bohm
Bohm scalings for 3T are also shown. The shaded bansisaling for 2 and 3T are also shown. The shaded bands
represent the uncertainty in Measurements. represent the uncertainty in Measurements.

JG98.152/15ac
JG98.152/15bc

# 2MA/2T/2MW (1 = 0.485)
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8. H-MODE AND L-MODE DENSITY LIMITS

The density limit in tokamaks fueled with gas puffing and auxiliary heating is often represented
by the empirical Greenwald limit [37}351,(1020m'3) = I,(MA)/ T[az(mz). For achieving the rated
fusion power in ITER (1.5 GW), it has to be operated abgygimignited regimes or at about

New in the driven mode. Thus it is important to understand the underlying physics of density
limits in tokamaks and find ways to increase the central density without degrading the
confinement.

A routine observation in JET is that at a

10F Qe Ke given input power, increasing the plasma den-
Oy L :

- Qo sity in ELMy H-modes by increased gas fuel-

09 ’o\\ ling leads to a degradation in global particle

i * 9 confinement. At some point, this loss outweighs

\ the additional gas fuelled particle source and
an effective density satuaration is reached [38]
Oi® without undergoing a disruption. As the den-
| sity limit is approached, the thermal energy
50 60 70 80 9 ELMy H-mode confinement time also degrades
Densing refsive 1o imit as compared to the ITERH97y value. This is
FIG. 14. Thermal energy confinement time normalized tiyustrated in Fig. 14, which shows data on a
ITERH-93P scaling is plotted against plasma density noeomparison of deuterium and tritium gas puffed
malized to Greenwald density limitgg) [36] in JET dis- discharges heated with 11-12 of NBI power at
charges made in 100:0 and 10:90 D:T gas mixtures. 2 gT/2.6MA. We note that the ELMy H-mode
thermal energy confinement time both in deuterium and tritium plasmas decreases significantly
when the plasma density exceeds 0.75 of the Greenwglg lfmit. Both in deuterium and
tritium discharges, the maximum density achieved is @g5hhe degradation in energy con-
finement with additional gas fuelling is most probably related to the lowering of the edge pres-
sure pedestal. As the gas fuelling is made more strong, the region of confinement degradation
starts to expand from the edge to the core [38]. Such a degradation could be avoided by deep
fuelling by pellet injection.
The ultimate density limit in L-mode discharges is due to a thermal instability originating
in the divertor region which terminates in a disruption. The 2-D EDGE2D/NIMBUS code [39]
simulations predict this limit to decrease with increasing hydrogenic isotope mass due to a smaller
penetration range of hydrogen neutrals. L-mode experiments have been conducted in hydrogen,
deuterium and tritium without additional heating to benchmark the code in this respect. The
density limit is indeed found to decrease with increasing isotope mass as shown in Fig. 15. In
this figure, the degree of detachment (DoD), as defined in Ref. 40, of the inner divertor leg is

Confinement relative to scaling
ITERH-97
o
o]
\

o
~
I
¢ O
- o

O JG98.275/7¢c
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plotted as a function of the central line aver- Pulse No: 42823, 43191, 43380 s698.152123

aged density. In all three pulses, the discharges
disrupts when the DoD value reaches about
100. The vertical broken lines drawn are the

code predictions [39] which have been norma@

ized to the deuterium case for comparison % 3
the code produced output of upstreansg
separatrix density is not experimentally measz
ured [41]. Similar results are obtained on thé
outer divertor leg [41] with detachment occur-

ring at about the same density. With respect to 12 :
this mass dependence, it is believed that at !

p/| -

rge

2

. \\ \\

| | il | |
1.8 2.0 2.2 2.4 2.6 2.8 3.0

constant energy, the reduced ionization length Line averaged density (10%° m-2)

with heavier mass leads to more recycling armG. 15. The inner target degree of detachment (DoD)
effectively to a more closed divertor. This irfeading up to the L-mode density limit is plotted as a
turn leads to a higher degree of detachmentfHTCtion of line averaged plasma density in three dis-

charges made in hydrogen, deuterium and tritium. The

a given upstream (or core) density and thus 1 ., ., i\ are EDGE2DINIMBUS code predictions

a lower ultimate achievable density beforgsg) normalized to deuterium for the L-mode density
disruption with heavier isotope mass. limits in these discharges.

9. ICRH EXPERIMENTS IN D/T PLASMAS

For ITER, second harmonic heating of tritiunng?) and deuterium minority heating at funda-
mental cyclotron frequencytp) are the two Fast-wave reference heating scenarios. Subse-
guent to the ICRH DT experiments performed@¢2in circular limiter plasmas in TFTR [42],

JET has carried out ICRH experiments in the ITER-relevant DT scenarios and in ITER-like
configuration [43] with @0r-phasing of the 4-strap ICRH antennae. The reference ITER an-
tenna design also uses 4-strap antenna arrays. ICRH experiments in DT plasmas in JET have
demonstrated strong bulk ion heating in thig2scheme by the addition of He3-minority ions.
Also, strong single-pass damping (more than 90%) experiments in JET with hydrogen minority
in tritium [44] plasmas are akin to those that will prevail in ITER. Results of D-minority heating
in tritium with the achievement of steady-state0Q@2 with ICRH alone have already been
presented in Section 5.

Second harmonic heating of tritiumaufgr) experiments were carried out using freshly
reprocessed tritium to minimize the content of kethe plasmalue to radio-active decay of
tritium so that He3 minority ion absorption is avoided. Time traces @faReated discharge at
8 MW power level are shown in Fig. 16. Since this heating scheme utilizes a finite Larmor
radius effect, the heated population absorbs the power predominantly producing a large tail.
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This was decreased by operating at high plasma
1o ulse No: 42753 density (5x16°m) but the tail could not be

L - " lowered enough to achieve dominant ion heat-
ok 3 ing. Nevertheless, the performance of the dis-

10- Ne“”(’”(Lagf)DT charge was in line with expectations. The cen-
5 . .
AL 2wcr tral electron and ion temperatures obtained are

(keV)
(6]

(1057

_ 4%\ 8 and 6 keV respectively. Due to weaker sin-
s 2 Weast gle pass damping, the power deposition pro-
18“:;”“”’““/”% file is broader resulting in a lower ITERH97
05 factor of 0.7. ELMs appear to be more like

0L Dg+Ty grassy or type Ill ELMs and their frequency is

g j: M " high. In this discharge, the fast ion energy

= N | N Prer | n | (WEeasT) is about 20% of the diamagnetic stored
14 16 18 energy (Wa). The full potential of the @t

Time (s)

FIG. 16. Time traces of a second harmonia{?) ICRF )
heating of tritium in a 43:57 D:T plasma at 3.7T/3.3|TER where the plasma density would be

MA. Here, Wysrrefers to the fast ion energy content ohigher (1x16°m®) resulting in lower tails and

the plasma. The neutron yield (note the logrithmic scalgominant bulk ion heating. Nevertheless, if 5-

is much smaller compared to the He3-minority heatingnos of He3 is injected into the abovexa-

\::Vizl_clhs_pmduced stronger fon heating as shown II’F]eating JET discharge, (see below) a strong ion
heating is observed and the neutron yield is im-
proved significantly.

heating scheme is expected to be achieved in

Puffing a small amount (>2%) of I§|(ain addition to the I—Fepresent due to radio-active
decay) improves significantly the wave absorption and the energy confinement [44]. In such a
case, minority (H% ion absorption dominates (as in (H)-D plasma) and a significzf‘rtaiHis
produced. By adding Heo a level of 5-10 %, Hetail can be sufficiently lowered to produce
strong ion heating. Time traces of such a discharge are shown in Fig. 17 (a) y#¥3&aV is
achieved by ICRH alone. ﬁminority heats ions efficiently as the averaged energy of tfe He
tail is smaller and the critical energy for equal power transfer to electrons and iRy €3
times higher than that of H. Central electron and ion temperatures in this discharge are roughly
equal. Also, the ITERH97 factor is higher, nearly unity in this case. Expansion oftkigal
(box 3) shows that in this case discrete ELMs occur and their frequency is lower than that in the
2wt case shown in Fig. 17. This is consistent with the higher energy density of fast ions in the
edge found by the PION [28] code calculations in the case of He3 minority heating. Electron and
ion temperature profiles given in Fig. 17(b) show that therdfile is more peaked than that of
Te. This is consistent with lower energy of the® il (smaller fast-ion orbits) power transfer to
background species in a narrow region combined with the effect of broader direct electron
absorption by electron transit time magnetic pumping (e-TTMP).
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Pulse No: 42755 (He®)-DT

Pulse No: 42755

t=17.2s
Te, T, — Profiles

JG98.152/19¢
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FIG. 17 (a). Time traces of a He3-minority ICRF heatFIG. 17 (b). Electron and ion temperature profiles in
ing of a 45:55 D:T plasma with about 10% of He3 addethe He3-minority ICRF heating DT discharge presented
Other parameters are83.7T, ,=3.3MA, f=37.2MHz, in Fig. 18 (a). Tis measured by electron cyclotron emis-
and n=3.2x10°m". Central electron and ion tempera-sion (ECE) and Thy charge exchange recombination
tures are 12 and 13 keV respectively. The ITERH97-Bpectroscopy (CX)

factor is close to unity.
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10. EXTRAPOLATION TO ITER ITER
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The energy confinement in ITER DT plasmas

can be predicted by using the JET data obtain@ 101
in [60:50 DT plasmas thereby avoiding the ung
certainties of the isotope mass scaling. The ex
perimentally obtained thermal energy confine-;t
ment time in such plasmas is plotted versus thé 10
ITERH97-P scaling formula, in Fig. 18, in :
dimensionless form with an isotope mass value

of 2.5. This data is then compared with the

ITER requirement for ignition at appropriate Vi Mll?k e
parameters in ITER simulations. We note that o .

E ITERH-97Py
IG. 18. Thermal energy confinement time data of DT
the JET data extends over more than one ororer _gy , _ ,
shots extracted from Fig. 7 is plotted in normalized form

of magnitude in normalized confinement tlrneagainst the normalized ITERH-97Py scaling together
and that a similar gap exists between the top @fih the value expected for ITER. Here, B is the toroidal
the JET data and ITER. However, the extrapdield which is proportional to cyclotron frequency and
lated confinement time is in line with the ITERUsed for normalization purposes without taking account

. . L of charge and mass. The ITER expected value of con-
expectation of 6s required for ignition. There

] ) ) finementin DT plasmas is in line with that extrapolated
is of course a large uncertainty in extrapolat: | =1 o7 data
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ing the confinement time using the JET data alone since the high current data does not quite
have the3 required for ITER due to a lack of input power in these shots.

Table 1: Extrapolated ITER values from JET data based on scaled stored energy

Parameter s Units JET Pulses ITER
42756 | 42982 | 42983 | Basic operation

Major radius, R m 291 | 290 | 2.89 8.14
Minor radius, a m 093 | 094 | 096 2.80
Toroidal magnetic field, B T 1.95 3.9 3.46 5.68
Plasma current, Ip MA | 1.97 3.8 4.46 21 (24)
Safety factor at r/a=0.95, q 495 34 3.5 2.76 ~3.2(2.8)
Stored energy, W, MJ 52 10.3 | 13.8 1100
Normalized pressure, 3, 2.4 1.3 1.7 2.2
Averaged density, <n> (10%) m3 5.0 6.5 8.0 9.8
Power input, P MW | 173 | 246 | 24.4 182
Extrapolated ITER values
Scaled energy, W [0 B? & MJ | 1204 | 586 922
Scaled Fusion power, P_ . (see text) MW | 1797 | 426 | 1053
Alpha power, P, MW | 359 85 211
Scaled <n> [ B3 a® (10%) m3 144 7.4 10.7
Bremsstalung power, P, (see text) MW | 219 57 123
P, - Py MW | 140 28 88
Power to support stored energy
(a) Gyro-Bohm scaling P, 00 B &* MW 87 62 69
(b) Bohm scaling P, 00 B> & MW | 447 197 | 232
Fusion power Amplification
(@ Q (Gyro-Bohm scaling) 00 13 00
(b) Q (Bohm scaling) m 5.8 2.5 7.3

We have carried out a performance extrapolation to ITER based on specific JET D-T
discharges in which the toroid@land the collisionalitw* is maintained in ITER. In the ex-
trapolation, the horizontal minor radius is taken as the length scaling parameter since the aspect
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ratio and plasma elongation in JET and ITER are only slightly different. A comparison of the
parameters of three (2T/2MA, 3.5T/4.5MA and 3.9T/3.8MA) high performance JET steady-
state DT discharges with those used for basic operation of ITER is given in the upper half of
Table 1. The value @\=2.4 for the 2MA discharge is slightly higher than the ITER vaBye (

=2.2) whereas for the other two discharges it is lower than that for ITER. Extrapolated ITER
values based on these discharges are listed in the lower half of the table. Dimensionless scaling
constraints permit to extrapolate, for example, the stored energy foBfs@ales as

WO B? & (4)

where Bis the toroidal field and a is the plasma minor radius. Scaled stored energy values thus
obtained are shown in Table 1. Noting that the fusion power is proportional to the square of
stored energy near the optimum ion temperature, we deduce the scaled fusion power output in
ITER corresponding to each of the above JET discharge knowing from ITER calculations, 1100
MJ of stored energy would produce a fusion power output of 1500 MW. The power lost by
Bremstrahlung is taken to be 118 MW from the ITER Final Design Report [45] and is scaled as
Parems 0 e Te Y2 0 ne2? WS for these extrapolations. The input power needed to sustain the
above stored energy is calculated based on gyro-Bohm and Bohm scaling of energy confine-
ment time which scales as indicated in Table 1. At the end of the table, the predicted Q values are
given for both the above gyro-Bohm and Bohm scalings. By looking at the parameters of the
third discharge (42983), we note that ignition ¢Q)<an be achieved with relatively If§=1.7

and low qpos, though at a somewhat reduced power output of 1274 MW. Extrapolation based on
this particular shot shows that reasonable value [@f €an be obtained even with the very
pessimistic assumption of Bohm transport throughout the plasma. Note that, in principle, one
should subtract the power radiated from the core (Bremsstrahlung + impurity) from the power
input in the JET pulses to calculate the extrapolated values of Q for ITER. This has not been
done here so the calculations presented in Table 1 are conservative (lower by 20%) estimates of

Q.
11. DISCUSSION AND CONCLUSIONS

We have presented, in this paper, an overview of JET results of ITER physics experiments
carried out in D/T plasmas in which the D:T mixture was varied from 0:100 to 10:90. Emphasis
was placed to bring out the dependence of isotope mass on important quantities such as H-mode
threshold power, energy confinement, ELMs, edge pedestal and density limits in tokamak plasmas.
To extend the mass range, results of dedicated experiments carried out in hydrogen after the
DTE1 campaign have also been included. Experiments were carried out in plasmas with ITER
geometry and g and special effort was made to match the key physics dimensionless parameters
such ag andv* to their ITER value. The other important paramgtewas varied to determine
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the p*-scaling of confinement and then extrapolate to ITER. The electron and ion temperatures

were very close to each other as expected in ITER. Results of experiments conducted to validate
the ICRH reference scenarios in ITER have also been presented.

()

(ii)

(iii)

(iv)

22

These results have the following important implications for ITER:

From experiments in H, D and T-plasmas, a clear reduction in H-mode threshold power
is seen as isotope mass is increased. A regression analysis of JET data is consistent with an
inverse mass dependence of threshold power. This result has a favourable consequence of
a reduction of about 25% the power requirement in ITER (as compared to the earlier
projections) to reach the high confinement regime and considerably widens the ITER
route to ignition. However, the uncertainties in power exponents in Eq. 1 and 2, especially
that of density, are still significant and points towards additional physics not included in
the present scaling formulation. Note also, that the above results of power threshold are
independent of heating method.

JET results show that the global energy confinement is practically independent of isotopic
mass. The confinement in H-mode plasmas is considered to be composed of two parts: (a)
the core which is governed by the physics form of gyro-Bohm transﬂbﬂzy and (b)

the ELMy edge in which the pedestal energy scal&ngg™ 02
that the net effect of isotope mass on global energy confinement is negligible. This differ-

This leads to the result

ence in mass scaling of the core and the edge emphasizes the importance of JET which is
less dominated by plasma edge effects than smaller machines. In the final analysis, the
unfavorable mass dependence, as compared to the earlier ITER projections, is compen-
sated by the stronger density dependence found in the JET data. This is confirmed in Fig.
18 where the ITER confinement time required for ignition is in line with the JET DT data
albeit following different power coefficients of density and isotope mass than the earlier
scaling. Note that this assumes that ITER could be operated near the Greenwald density
limit without a significant degradation of confinement (see below).

In both deuterium and tritium gas fueled ELMy H-mode plasmas, the thermal energy
confinement decreases towards L-mode as the Greenwald empirical density limit is ap-
proached. The maximum density achieved in JET with a given plasma geometry is about
0.85mw both in deuterium and tritium. It will be essential to check, in future experiments
with deep fueling injection, if this trend can be avoided. The L-mode density limit is found

to decrease with increasing isotope mass in agreement with the 2-D code predictions.
High current, high power near steady-state discharges with ITER g and geometry in 50:50
DT plasmas achieved high performance with fusion power output of 4.1 MW an@.E8Q

in which type | ELMs are maintained throughout the discharge for more than 3.5 s. This
lends strong support to the ITER mode of steady-state operation with type | ELMs assum-
ing that the problem of target erosion during type | ELMs can be resolved satisfactorily by
appropriate divertor design. Discharges heated with ICRF alone in D-minority scheme



(v)

(vi)

produce a steady-state@22 at an input power of 6MW where the neutrons were of non-
thermal origin. Note that with ICRH both small ELMs and good confinement could be
maintained simultaneously (see below).

The observed scaling of the edge pedestal en@ﬁg‘ﬂﬁi 0'2) is consistent with a model in
which the edge pressure gradient saturates at the ballooning limit over a region of width
that scales as the ion poloidal Larmor radius governed by the average fast-ion tail energy
in the edge. This pedestal width scaling is different from the size scaling assumed in the
ITER Final Design Report [46]. This would have important consequences for the edge
pedestal temperature in ITER and based on our results it should be calculated with the
slowing down energy spectra @fparticles at the edge. The steady-state total stored en-
ergy for a given input power both in ICRH and NBI heated discharges is found to be the
same. However, the edge electron pressure pededtaditfpICRH is smaller by a factor

of about 4 than in the NBI case. This is due to the fact that ICRH power deposition profiles
are much more peaked than those of NBI as the latter leaves a substantial foot-print result-
ing in a broader power deposition profile, particularly as the H-mode develops and the
density increases.

The ELM frequency is found to decrease with isotope mass both in ICRH and NBI dis-
charges. However, the frequency in the case of ICRH is about 8-10 times higher than the
NBI case. This has a favourable consequence for ITER concerning the peak heat load on
the divertor plates which is smaller by a factor of 2-5 in the case of ICRH [31] where the
edge pressure remains low.

(vii) The tritium transport experiments in H-mode indicate that for r/a < 0.75, the particle diffu-

sivity exhibit gyro-Bohm scaling whereas for 0.75 < r/a < 0.95, it points to the Bohm
scaling with a large uncertainity.

(viii) ITER reference scenarios (tritium second harmonic and deuterium-minority heating) in

(ix)

DT plasmas have been successfully tested. A small concentration of He3 added in the
former scheme produced strong bulk ion heating~T3 keV) due to improved power
localization and lower He3 tail energies. A good agreement is found between PION code
predictions and experimental results. The present ICRH results obtained on JET consti-
tute a firm experimental basis for the application of ICRH on ITER. In particular, the
significant bulk ion heating will facilitate an easier access to the H-mode regime and
could also provide higher Q in the driven mode of ITER.

An extrapolation of the performance of steady-state JET DT discharges to ITER has been
made based on stored energy achieved and assuming gyro-Bohm or Bohm scaling of the
energy confinement. Using the former scaling and under assumptions listed in Section 9,
ignition (Q=x) in ITER with a fusion power output of 1.05 GW is predicted based on the
JET discharge 42983 featuring3g =1.7 only. For the same discharge, a Q=7.3 can be
achieved when the pessimistic Bohm scaling is used.
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In conclusion, a combination of JET features such as large-scale plasma, flexible heating
and current-drive systems, ITER-like divertor configuration with C and Be for plasma-facing
components and operation in DT plasmas have made JET a unique device for making the most
relevant contributions to the ITER modes of operation. This is clearly borne out from the results
presented in the paper which have provided a new and more firm experimental base to consoli-
date the physics basis of ITER. Overall, the JET results obtained in DT plasmas are a welcome
news for ITER.

Nevertheless, significant work remains to be done for ITER which will guide the future
programme of JET culminating in a further campaign of DT experiments. Besiogicle
heating experiments, the most relevant future work in the ITER modes of operation includes:
(@) A confinement database to be constructed with data near or above the Greenwald density

limit, at lower g (R.7) and at the ITER values Bf. This will require systematic use of

deep fuelling methods.

(b) Aclearer understanding of the physics of accessing the H-mode and, in particular, reduc-
ing the uncertainties in the power exponents of plasma parameters appearing in the H-
mode threshold scaling (see Eq. 2) and developing a more physics based model.

(c) A madification of the scaling laws of energy confinement based on the recognition of the
fact that the dominant physics of the plasma core and edge are different.

(d) An extension of the operation of th@z-heating scheme to ITER-like densities together
with the issues such as the effect of antenna phasing on the heating efficiency and ELM-
resistant antenna-plasma matching techniques for maintaining good coupling during strong
ELM activity.
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