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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 mass (~A°03i0‘08)
where A is the atomic mass of the hydrogenic species. Subtracting the edge pedestal energy

0.57% 0.17%0.1

(which scales as ~A %%y from the total stored energy leads to a ~A’

dependence of
confinement in the plasma core, very similar to that expected from the gyro-Bohm transport
(~A™?%) 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 q at 3.8 T/3.8 MA
with an input power of 22 MW, produced a Q=0.18 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 Greenwald (ngw) limit and the maximum
density achieved is 0.85ngw. 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 of Q=0.22 for more than 2.5s.

1. INTRODUCTION

The present campaign of JET which extends to the end of 1999 has two main physics objectives:
(1) 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 DTEI [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 q and most of the key physics dimensionless
parameters such as B and v*. The largest deviation is in the normalized Larmor radius p* which
is a factor of 3 to 5 higher in JET than in ITER. The parameter p* is 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. Here, p* (= pi/a). v* (= v.a/v,,) and B (=
2p0<p>/B(p2) where p; is the ion Larmor radius, a is the minor radius in the mid-plane, ve is the
electron-ion collision frequency, vy, is the ion thermal velocity, <p> is the average plasma pres-
sure and B 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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FIG. 1. Integrated values of tritium gas supplied and

used in the JET DTE! experiments as a function of time. tium concentration in Ohmic plasmas could be
The experiments began on 19 May and ended on 17 obtained with about ten 100% tritium gas fueled
November 1997. The gas supplied to the tritium NB box, discharges. With significant supplementary
to the torus directly and that injected by the NB box have heating (>10MW), additional tritium loading
been identified discharges were required to maintain a high
tritium concentration. During the DTE | campaign, a total of 220 discharges with n/(np+n1)>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.

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 DTEI experiments were carried out with the so-
called MkIIaP 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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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°C.

The standard JET diagnostics for electron density (n.), electron temperature (T,), ion tem-
perature (T;), effective charge (Z.¢) 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-o 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

Py =0.45n."" BoR’ (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. Here, P, represents
the threshold power (see below) for a transition from L to a dithering H mode, n, is the line-
averaged electron density (in 10 m?), By is the toroidal magnetic field on-axis and R is the
tokamak major radius. The above expression gives explicit dependence on n., Bg and R but the
threshold power is also found to depend on the direction of the ion VB drift, 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 q at magnetic

fields ranging between | and 3.8 T and densi- 2f- 6. 7MW NBI
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FIG. 3. D,-signal and input power plotted as a function

lasmas and at the lowest power in T-plasmas.
P P P of time in four shots with different gas mixtures: hyvdro-

As the transition to H-mode is understood
to be essentially an edge phenomenon, the
power flowing outwards from the center and
crossing the separatrix is believed to be of im-
portance. Therefore, we take Py, to be the power

crossing the separatrix:

gen, deuterium, 50:50 D:T and 10:90 DT. Same input
power (6.7 MW} with a slow ramp was used to identifv
the onset of H-mode at the first appearance of ELMs as
indicated. Threshold power decreases with increasing

isotopic mass.

‘PSEP = P[N - dW/dt - PRADbu“(

where P,y is the total input power, W is the stored energy in plasma and PRADb

ul

“is the radiated

power from the bulk of the plasma. A regression analysis has been carried out on the above



defined loss power (Pggp) 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 parameters n,, B;and 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 n,"'" B> R* ¥ A% (2)
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 separatrix (Psgp) 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 the A mass 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 energv and PR,\Dh""‘ is

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-called p*-scaling experiments, in which carefully constructed
ITER similarity pulses are used to assess ITER relevant ELMy H-mode energy confinement
[19]. Key physics dimensionless parameters such as B, v* and q are fixed at their ITER value

save the dimensionless Larmor radius p*(=p/a) The JET machine is the one closest to ITER



with the smallest p*-values within a factor of
5 from that of ITER. This parameter is varied
in JET to determine the p*-scaling of confine-
ment and then extrapolated to ITER. Data from
other machines has also been used to extend
the range of p* [19]. Here, with the availabil-
ity of JET data in DT plasmas, we emphasize
the effect of the isotopic mass on confinement
scaling.

Due to the influence of isotope mass on
H-mode threshold power and ELM behaviour,
it is not always possible to obtain the same den-
sity for the same input power in all conditions
of operation. Nevertheless, it was possible to
match the density and power in a number of
cases and one such example is shown in Fig. 5
at B¢=1T and I,=IMA where I, refers to the
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FIG. 5. A comparison of nvo similar discharges at B,
=1T and I,= IMA with D°—=D and T°—D:T (10:90%)
at equal stored energv (Wp,,), volume averaged densiry

(<n,>) and NBI heating povwer (Pyg). D, and T ,-sig-

nals show that in the D°—D discharge, the frequency of
npe l ELMs is higher by a factor of 1.73.

discharge current. Here, two discharges one
with D%-beam in D-plasma and the other with
T -beam in 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 its A** dependence 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

(=A%) Further analysis reveals that in neutral beam injection (NBI) heated discharges,
. . s7+
subtracting the edge pedestal energy (which scales as ~A%%92) from the total stored energy
-0.17%0.1

leads to a ~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.
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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 AO‘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

—
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(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 showed A%*°” dependence [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 weak (A*?) dependence 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 such as 3, v* and q 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 discharges, B-values 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 Pulse No: 42082

discharge in a 50:50 DT plasma with a total __ 20 o

input power of 22 MW (predominantly NBI- % 12»

power) is illustrated in Fig. 8. The discharge 10+

has type [ ELMs throughout and the stored en- St

ergy is practically stationary for 3.5 s which is _ 12:

about 8 energy confinement times. The dura- E 5t

tion of the discharge is only limited by the neu- )

tron economy or the NBI duration. Fusion g i
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power, its value is 0.18 over 3.5 s of the dis-
charge. Integrated over the entire pulse, the
fusion energy reached a value of 22 MJ which
1s a world record. The central line averaged
density is about 7x10" m™ which droops a lit-
tle towards the end of the high performance
phase of the discharge. At such a high density,
due to the short electron-ion equilibration time,

the electron and ion temperatures are roughly
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FIG. 8. Time traces of a near steady-state high perform-
ance JET discharge ar 3.87/3.8MA in 50:50 D:T mix-
ture with an input power (P, ) of 24 MW. Diamagnetic
stored energy (Wp,,} reached 10.5 MJ, fusion power
output (Pgys) and total Q (=Pr o/P,,) are 4.1 MW 0.18
respectively. Other signals are: D /T -emission show-
ing ELMs, central line averaged plasma density (n,),

central electron (T ,y) and ion (T,;) temperatures.
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equal at about 8.5 keV. Another ELMy H-mode
steady-state discharge [26] at a lower value of
qos= 2.8 (3.8 T/4.5 MA) was found to have no

degradation in confinement with respect to
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ITERH-97P-scaling. These results at lower q

in DT-plasmas, which are of significant inter-
est for ITER, are further supported by the ITER
similarity experiments in deuterium plasmas
[26].
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A high performance steady state dis-
charge (3.7 T/3.7 MA) was also obtained by
ICRF heating alone [27] with D-minority heat-
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ing in a tritium plasma (9:91 D:T mixture). Time (s)

. . . O
Despite the DT mixture being far away from FIG. 9. Time traces of a near steady-state JET discharge

50:50, a fusion power output of 1.6 MW was at 3.8T/3.8MA in 9:91 D:T mixture heated by ICRH in

obtained with an input ICRH (f=f-p=28 MHz)
power of 6 MW only as shown in Fig. 9. In

this discharge, the plasma density and the mi-

D-minoriry in tritium with an input power of 6 MW,
Fusion power output is .6 MW making a record 0=0.22

Sfor a duration of more than 2.5 s. Here. H97 represents

the ITERH97-Py H-mode confinement factor which is

_ onw i
nority ton 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.

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-
lour 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 pressure Vp,™, just before the crash of an ELM is

limited by the ballooning instability, we obtain the scaling expression: Vpccm oc Ip2 S [29] where
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I, is the plasma current and S is the magnetic shear at the edge. Approximating VL by pe™/ A,

we can write

pecrit oc IPZSA oc pj o< (AE)IIZ (3)

where E is the averaged energy of the ions in the edge and A is the width of the edge transport

barrier which is assumed to be governed by the ion Larmor radius p;.

We have attempted to apply these guiding prin-

ciples to the understanding of the behaviour of 1ol O 1OMW.1.8MA, 17T NBI o
O12MW, 2.5MA, 2.77, NBI
ELMy H-mode discharges heated by NBl and ATMW, 2.6MA, 2.7T, ICRH
a
ICRH in H, D, and DT plasmas. Edge electron 2 8 D
pressures for a series of shots heated by NBI 2 e
[72
. . L =]
and ICRH are presented in Fig. 10 as a func- § s ~A%S..
tion of isotope mass. Note that for practical  § )
. & 4r- o
reasons, the edge pressure is computed ata o
@
major radius of 3.75m (normalized minor ra- s » a N
. a
dius of ~0.9) at the location of a density meas-
uring interferometer chord. The broken line ol ) ! , : . |
0 1 2 3

VAN . .
(~A"7) in Fig. 10 has been drawn normalized Isotope mass number = A

to an NBI deuterium point for comparison. The
NBI experimental data increases somewhat
more strongly than A" whereas the electron
pressure for the ICRH data is much smaller and
is practically independent of the isotopic mass.
Clearly the scaling derived from Eq. 3 does not
represent adequately the observations. An
analysis presented in Ref. 29, suggests that the

FIG. 10. Maximum edge electron pressure (@ R=3.75m
in JET} is plotted as a function of isotopic mass of JET
plasma in experiments carried our in different gas mix-
tures: hvdrogen, deuterium, 50:50 D:T and 10:90 DT
both in ICRH and NBI heated discharges. For compari-
son, the values have been normalized by the parameters
given in Eq. 3. The broken line, representing the A%
dependence, is drawn for comparison and has been nor-

malized to an NBI point in deuterium.

transport barrier width A 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 from H® to D° 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

JGYB 152/22¢



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 -90° phasing resulting from the significantly broader fast-ion pressure
profile due to the wave induced particle drift outwards [30].

In Fig. 3 and 4, we have assumed that 10000

Bo(TVIp(MA)
0 H-H (1.8/1.8)
® D-D (2/2)

& T-T (3/3)

the transition to H-mode occurs when type III

T T

or transition ELMs appear suddenly as the in-

o

*
0
a

1000

T

put power is ramped up. At this time the en-

oo

ergy confinement makes a break from the L-

T TTTT

be

mode and reaches the H-mode value and ELMs

transform to Type I ELMs. As shown in Ref, 100

[17], the frequency of Type III ELMs decreases

T

whereas for type | ELMs increases with power.
As an illustration of this dependence, in Fig.

ELM Frequency (Hz)

11, we plot the ELM frequency as a function

LSRR AL

of power for NBI heated discharges at plasma
currents and fields indicated in the figure for
plasmas in hydrogen and, 100:0 and 10:90 D:T
mixtures. We also note that the frequency of

T T

t

0.1

1
10
NBI power (MW)

. . o 15
type I ELMs is lower with increasing isotope

FIG. II
power in JET discharges with three different hvdrogenic
species: H°—H, D°—D and T°—D:T(10:90%). Initial

decrease in frequency with power is indicative of tvpe

mass. In the case of hydrogen plasmas, the . ELM frequency is plotted as a function of NBI
available power at this field was not sufficiently

high for the establishment of type I ELMs.

Nevertheless, trends in the frequency of ELMs
with isotope mass is maintained. Note that clear

type I ELMs in hydrogen plasmas have been

Il ELMs which then transform to rvpe [ ELMs when the
frequency increases with power. In the hyvdrogen case.

available powerwas not high enough (bevond the thresh-

obtained in JET at the lower field of 1T.
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

old value) to show clear rvpe | ELMs.

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
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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
Q ‘
500 A 4
. ICRH
: A Data
~ 400- : 3
T : :
> H
13 =
£
3 300 a
9_) i
-— ]
= %
= it
w 200+ ’
100+~ NBI Data
L
4] 1. ! ‘ 1 §
1.0 1.5 2.0 25 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. A 1 _-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 the p*-scaling discharges discussed above having ITER shape, q, B and v*. The
discharges used in L-mode were at Bg/Ip of 2T/2MA and 3T/3MA heated with 2 and 3MW of
NBI power respectively whereas in H-mode, 1T/IMA, 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 Ti/B¢ and Tim/Bq)2 respectively where T;is the ion temperature. The meas-

ured values of D in L-mode discharges is close to 1 m*/s 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 uncertainty in T; measurements 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 of T, and D do not allow us to rule out one or the other.

However, in H-mode discharges, the observed strong variation of D with B¢ for r/a<0.75 indi-

cates a marked gyro-Bohm character in the core region. In this case, normalizing to the IT

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 depend on B¢, and 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.
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FIG. 13 (a). Profile of particle diffusiviry (D) derived
SromJET trace tritium ITER similarity L-mode plasmas
in deuterium at 2T/2MA and 3T/3MA. Normalised to 2T
data. the expected band of values for Bohm and gyro-
Bohm scalings for 3T are also shown. The shaded bands

represent the uncertainty in T, measurements.
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FIG. 13 (b). Profile of particle diffusivity (D) derived
Sfrom JET rrace tritium ITER similarity H-mode plasmas
indeuterium at IT/IMA, 2T72MA and 3T/3MA. Normal-
ized to IT, the expected band of values for gvro-Bohm
scaling for 2 and 3T are also shown. The shaded bands

represent the uncertainty in T, measurements.
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Confinement relative to scaling

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] nGw(lOZOm'3) = Ip(MA)/naz(ml). For achieving the rated
fusion power in ITER (1.5 GW), it has to be operated above ngy in ignited regimes or at about
ngw 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
10~ "O-mee o given input power, increasing the plasma den-
- O\OS\D sity in ELMy H-modes by increased gas fuel-
0.9 .o\‘\ ling leads to a degradation in global particle
5 [ ¢ C‘D, confinement. At some point. this loss outweighs
E 08K \ the additional gas fuelled particle source and
ol o\\. an effective density satuaration is reached [38]
07r 3 : o‘\'o : without undergoing a disruption. As the den-
o8 L é sity limit is approached. the thermal energy
50 60 70 80 %0 100 EL. My H-mode confinement time also degrades
DensintyE/r:(I;e‘xAtli\Ezozo limit as compared to the ITERH97y value. This is

FIG. 14. Thermal energv confinement time normalized to
ITERH-93P scaling is plotted against plasma densiny nor-
malized to Greemwald densiny limit (ngy) [36] in JET dis-

illustrated in Fig. 14, which shows data on a
comparison of deuterium and tritium gas puffed

discharges heated with 11-12 of NBI power at

charges made in 100:0 and 10:90 D.T gas mixtures. 2.6T/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 Greenwald (ngw) limit. Both in deuterium and
tritium discharges, the maximum density achieved is 0.85ncw. The 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
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plotted as a function of the central line aver-
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 normal-
ized to the deuterium case for comparison as
the code produced output of upstream
separatrix density is not experimentally meas-
ured [41]. Similar results are obtained on the
outer divertor leg [41] with detachment occur-
ring at about the same density. With respect to
this mass dependence, it is believed that at
constant energy, the reduced ionization length
with heavier mass leads to more recycling and
effectively to a more closed divertor. This in
turn leads to a higher degree of detachment at
a given upstream (or core) density and thus to
a lower ultimate achievable density before

disruption with heavier isotope mass.

Pulse No: 42823, 43191, 43380
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FIG. 15. The inner target degree of detachment (DoD)
leading up to the L-mode densiry limit is plotted as a
function of line averaged plasma density in three dis-
charges made in hvdrogen, deuterium and tritium. The
vertical lines are EDGE2D/NIMBUS code predictions
[39] normalized to deuterium for the L-mode density

limits in these discharges.

9. ICRH EXPERIMENTS IN D/T PLASMAS

For ITER, second harmonic heating of tritium (2w¢r) and deuterium minority heating at funda-
mental cyclotron frequency (®cp) are the two Fast-wave reference heating scenarios. Subse-
quént to the ICRH DT experiments performed at 2®¢r in 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 OnOn-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 the 2wcr scheme 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 trittum with the achievement of steady-state Q=0.22 with ICRH alone have already been
presented in Section 5.

Second harmonic heating of tritium (2mc7) experiments were carried out using freshly
reprocessed tritium to minimize the content of He® in the plasma due to radio-active decay of
tritium so that He3 minority ion absorption is avoided. Time traces of a 2wct-heated 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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Pulse No: 42753
107

This was decreased by operating at high plasma
density (5x10"°’m™) but the tail could not be

$ s e - o lowered enough to achieve dominant ion heat-
T oob ing. Nevertheless, the performance of the dis-
1: 10 Neutron rate charge was in line with expectations. The cen-
2 i tral electron and ion temperatures obtained are
4 Wi 8 and 6 keV respectively. Due to weaker sin-
2 2—_,/‘V;;~\ gle pass damping, the power deposition pro-
18::;?"“’/M file is broader resulting in a lower ITERH97
0.5_://_: liﬂli " : factor of 0.7. ELMs appear to be more like
0L Du+Tq grassy or type III ELMs and their frequency is

%‘ j; M ¢ high. In this discharge, the fast ion energy
e o N Prai 1 " é (WeasT) is about 20% of the diamagnetic stored
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FIG. 16. Time traces of a second harmonic (2wc7) ICRF
heating of tritium in a 43:57 D:T plasma at 3.77/3.3

MA. Here, Wyt refers to the fast ion energv content of

14 18

energy (Wpja). The full potential of the 2w¢r
heating scheme is expected to be achieved in
ITER where the plasma density would be
higher (1x10°m™) resulting in lower tails and

the plasma. The neutron yvield (note the logrithmic scale)  dominant bulk ion heating. Nevertheless, if 5-

is much smaller compared to the He3-minority heating 10% of He3 is injected into the above 2wcr-

which produced stronger ion heating as shown in

Fig. 18 heating JET discharge, (see below) a strong ion
2. .

heating is observed and the neutron yield is im-
proved significantly.

Puffing a small amount (>2%) of He’ (in addition to the He’ present due to radio-active
decay) improves significantly the wave absorption and the energy confinement [44]. In such a
case, minority (He’) ion absorption dominates (as in (H)-D plasma) and a significant He' tail is
produced. By adding He’ to a level of 5-10 %, He -tail can be sufficiently lowered to produce
strong ton heating. Time traces of such a discharge are shown in Fig. 17 (a) where T;p=13 keV is
achieved by ICRH alone. He3-min0rity heats ions efficiently as the averaged energy of the He’-
tail is smaller and the critical energy for equal power transfer to electrons and ions (P.=P;) is 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 of the Dg-signal
(box 3) shows that in this case discrete ELMs occur and their frequency is lower than that in the
2mct 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 the T;-profile is more peaked than that of
T.. This is consistent with lower energy of the He-tail (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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FIG. 17 (a). Time traces of a He3-minoriry ICRF heat-
ing ofa 45:55 D:T plasma with about 10% of He3 added.
Other parameters are B,=3.7T, Ip=3.3MA, f=37.2MH:,
and n,=3.2x10"°m"”. Central electron and ion tempera-
tures are 12 and 13 keV respectively. The ITERH97-Py

factor is close to unity.

10. EXTRAPOLATION TO ITER

The energy confinement in ITER DT plasmas
can be predicted by using the JET data obtained
in ~50:50 DT plasmas thereby avoiding the un-
certainties of the isotope mass scaling. The ex-
perimentally obtained thermal energy confine-
ment time in such plasmas is plotted versus the
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
parameters in ITER simulations. We note that
the JET data extends over more than one order
of magnitude in normalized confinement time
and that a similar gap exists between the top of
the JET data and ITER. However, the extrapo-
lated confinement time is in line with the ITER
expectation of 6s required for ignition. There

is of course a large uncertainty in extrapolat-
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FIG. 17 (b). Electron and ion temperature profiles in
the He3-minority ICRF heating DT discharge presented
in Fig. 18(a). T,is measured by electron cyclotron emis-
sion (ECE)} and T, by charge exchange recombination

spectroscopy (CX)
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FIG. 18. Thermal energy confinement time data of DT
shots extracted from Fig. 7 is plotted in normalized form
against the normalized ITERH-97Py scaling together
with the value expected for ITER. Here, B is the toroidal
field which is proportional to cyclotron frequency and
used for normalization purposes without taking account
of charge and mass. The ITER expected value of con-
finement in DT plasmas is in line with that extrapolared
from JET DT data.
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ing the confinement time using the JET data alone since the high current data does not quite
have the J 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

Parameters 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 39 3.46 5.68
P.lasma current, IP MA 1.97 38 4.46 21 (24)
Safety factor at 1/a=0.95, 9,05 34 3.5 2.76 ~3.2(2.8)
Stored energy, W, MJ 5.2 10.3 13.8 1100
Normalized pressure, 3 24 1.3 1.7 2.2
Averaged density, <n > (10") m* 5.0 6.5 8.0 9.8
Power input, P_ MW 173 | 246 | 244 182
Extrapolated ITER values
Scaled energy, W_x B* a’ M]J 1204 | 586 922
Scaled Fusion power, P . (see text) MW 1797 426 1053
Alpha power, P_ MW | 359 85 211
Scaled <n > x B** a'"* (10"%) m? 14.4 7.4 10.7
Bremsstalung power, P, (see text) MW 219 57 123
P -P, MW 140 28 88
Power to support stored energy
(a) Gyro-Bohm scaling P, , < B a'? MW 87 62 69
(b) Bohm scaling P, = B} a*? MW 447 197 232
Fusion power Amplification
(a) Q (Gyro-Bohm scaling) o 13 %
(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 toroidal 8 and the collisionality v* 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 of Bn=2.4 for the 2MA discharge is slightly higher than the ITER value (By
=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 for fixed B scales as
W, < B* a’ (4)

where B is 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

2 Rl 9 B . .
2 o n, W, for these extrapolations. The input power needed to sustain the

Parems o< 1" T,
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=c<) can be achieved with relatively low By=1.7
and low qyygs, though at a somewhat reduced power output of 1274 MW. Extrapolation based on
this particular shot shows that reasonable value of Q~7 can 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
DTE! campaign have also been included. Experiments were carried out in plasmas with ITER
geometry and q and special effort was made to match the key physics dimensionless parameters

such as 3 and v* to their ITER value. The other important parameter p* was varied to determine



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.

(1)

(i1)

(111)

(iv)
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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 transport (=A%) and (b)
the ELMy edge in which the pedestal energy scales as ~A0‘57i %2 This leads to the result
that the net effect of isotope mass on global energy confinement is negligible. This differ-
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
0.85ngw 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 dischzirges with ITER q and geometry in 50:50
DT plasmas achieved high performance with fusion power output of 4.1 MW and a Q=0.18
in which type I 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 I ELMs assum-
ing that the problem of target erosion during type I ELMs can be resolved satisfactorily by

appropriate divertor design. Discharges heated with ICRF alone in D-minority scheme



(v)

(vi)

(vii)

produce a steady-state Q=0.22 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 energy (—-AO‘57i %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 of a-particles 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 pedestal (p.) with ICRH 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.

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 (T;; =13 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=co) in ITER with a fusion power output of 1.05 GW is predicted based on the
JET discharge 42983 featuring a By =1.7 only. For the same discharge, a Q=7.3 can be |

achieved when the pessimistic Bohm scaling is used.



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. Besides a-particle
heating experiments, the most relevant future work in the ITER modes of operation includes:
(a) A confinement database to be constructed with data near or above the Greenwald density

limit, at lower q (~2.7) and at the ITER values of By. 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.

(¢) A modification 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) Anextension of the operation of the 2m¢7-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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