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ABSTRACT

During its 1990 operation, 2 large RF systems were available on JET. The Ion Cyclotron Resonance Heating
(ICRH) system was equipped with new Beryllium screens and with feedback matching systems. Specificimpurities
generated by ICRH were reduced tonegligible levels even in the most stringent H-mode conditions. A record power
of 22 MW was coupled to the plasma. High quality H-modes (tg 2 2.5 tgG) were achieved using dipole phasing.
A new high confinement mode was discovered. It combines the properties of the H-mode regime to the low central
diffusivities obtained by pellet injection. A valueof ngTg T;=7.8 x 1020 m3 skeV was obtained in this mode with
Te~Tj~11keV. In the L-mode regime, a record (140 kW) D-3He fusion power was generated with 10 - 14 MW
of ICRH at the 3He cyclotron frequency.

Experiments were performed with the prototype launcher of the Lower Hybrid Current Drive (LHCD) systems with
coupled power up to 1.6 MW with current drive efficiencies up to 0.4 x 1020 m2 A/W. Fast electrons are driven
by LHCD totail temperatures of 100 ke V with ahollow radial profile. Paradoxically, LHCD inducescentral heating
particularly in combination with ICRH. Finally we present the first observations of the synergistic acceleration of
fast electrons by Transit Time Magnetic Pumping (TTMP) (from ICRH) and Electron Landau Damping (ELD)
(from LHCD). The synergism generates TTMP current drive even without phasing the ICRH antennae.

1. NEW HARDWARE, UNDERLYING PHYSICS AND OUTLINE

The subject of this article is a review of the results obtained with the new Radio Frequency and microwave high
power equipments which were made available when JET started its 1990 experimental campaign.

1.1 New Hardware. A prototype Lower Hybrid Current Drive Launcher (Gormezano et al, 1991) was operated
for the first time in JET. The system was fed by 8 klystrons at 3.7 GHz and could couple 1.6 MW to the plasma
with 128 waveguides in the form of a travelling wave with an adjustable wave index 1.6 < nj < 2.3. The system
is still in a conditioning phase and the power was limited by arcing or cross-talking in the waveguides. The launcher
could be moved during the shot using hydraulic actuators so that the reflected power could be minimized.
Significantnon-inductive current drive could be generated (> 1 MA). The initial experiments give new information
on the creation of fast electrons and on the current drive efficiency in reactor size plasmas at high electron
temperature.

The Ion Cyclotron Resonance Heating (ICRH) system was upgraded to a total generator power of 32 MW and the
screens of the 8 antennae previously made of nickel bars were replaced by screens equipped with Beryllium bars.
The screen design was optimized in order to eliminate impurity release from self-sputtering of the screen by ions
accelerated in the electric field produced by RF field rectification in the Bohm sheath (Bures et al, 1990, D’Ippolito
etal, 1991, Chodura et al, 1990). Further description of the screens is given in the sections “H-modes” and “Edge
Effects”.

1 For list of authors, see JET Team presented by M Keilhacker, these proceedings.



Table 1: The JET RF System

ICRH LHCD
Prototype Full System
Frequency 23 t0 57 MHz 3.7 GHz 3.7 GHz
Power (MW) 16 amplifiers 8 klystrons 24 Klystrons
* Generator 32 5 15 MW in total
« Coupled 223 1.6 to be installed
(1990) in 1992
8 modules 128 384 waveguides
Beryllium screens
Antennae Dipole or monopole multijunction type
phasing 1l6<n<23
o Wall mounted located in one horizontal port
3 feedback loops: launcher moveable
Matching frequency, stub, plasma during the pulse
position

Three feedback control systems could be operated simultaneously. They act on the impedance transformation
(frequency and stub length) as well as on the radial plasma position so that the generators no longer experience large
changes of loadimpedance during a pulse. The system was particularly useful during H-mode studies. The upgrades
of the antenna screen and the feedback systems allowed a new higher power to be coupled to plasmas (22.3 MW
in L-mode, 14 MW in H-mode). The specific impurities produced by ICRH were negligible in all conditions.

Fig. 1: One of the 8 ICRH antenna equipped with tilted beryllium screen bars can be seen on the
left. The LHCD launcher is on the right (2 modules of 64 waveguides each). The Beryllium
tiles of the belt limiters are visible on the top and bottom parts of the picture.



Table 1 summarizes the main aspects of the LHCD and ICRH systems. Other aspects of these systems can be found
elsewhere (Pain et al, 1989, Jacquinot et al, 1988).

Figure 1 shows the LHCD launcher and one of the 8 ICRH antennae side by side. The LHCD launcher occupies
amain horizontal port; the ICRH antenna are mounted on the vessel wall and each antenna uses 2 small cylindrical
penetrations (¢ = 14 cm) for the co-axial feeding lines.

1.2. Underlying Physics.
The 2 RF systems have been conceived on the following different underlying physics mechanisms.

The Lower Hybrid waves are slow waves. The wave propagates at a small angle with the magnetic field line and
the wave length in the plasma is quite small (~ 2x10-3 m). The wave electric field is nearly parallel to the magnetic
field and the wave is damped by Electron Landau (EL) damping giving parallel energy to plasma electrons moving
with the speed corresponding to the wave phase velocity. The wave cannot penetrate (due to accessibility and
damping conditions) further than a critical density ne ¢rjg. In JET, ne ¢ is about 2 x 1019m3,

The ICRH system launches fast waves. The wave propagates nearly along the density gradient and focuses near
the magnetic axis; the wave length is much larger (0.1 to 0.2 m). The wave electric field is nearly perpendicular
to the magnetic field and the principal wave damping mechanism is by cyclotron acceleration giving perpendicular
energy to a chosen minority ion species (He or H in this work). In most cases the cyclotron resonance is adjusted
to be on the magnetic axis and the power deposition in centrally peaked. There is no limit to the density that the
wave can penetrate. Recently another weaker damping mechanism, the Transit Time Magnetic Pumping (TTMP)
has been demonstrated in JET (Start et al, 1990). It can only be significant in large plasmas with a high electron
temperature, or as in this work, when fast electrons are present. TTMP damping communicates parallel energy to
the electrons similar to EL damping of Lower Hybrid Waves; however, in this case, the force acting on the electrons
ispuv, B, 1 = electron magnetic moment, B = RF magnetic field (and not cfi,, E =RF electric field) as with lower
hybrid waves. In both cases electron current drive is predicted. Figure 2 sketches the basic physics interactions.
Note that both systems create fast particles. Fast electrons in the case of EL or TTMP damping and fast minority
ions in the case of ICRH.
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Fig 2: Energy flow diagram for the slow wave used by LHCD and the fast wave used by ICRH.
The damping mechanisms are: EL = Electron Landau damping; TTMP Transit Time Magnetic
Pumping; the cyclotron resonance of a minority H or 3He and mode conversion. The usual

route for ICRH is represented by the dotted line. Synergism can link EL from LHCD and
TTMP from ICRH



1.3. Outline.
This paper is organized in the following way:

The results on current drive and electron heating using Lower Hybrid waves are first presented. The empbhasis is
placed on the localisation of the Lower Hybrid waves taking advantage of the large dimensions of the JET plasma
and of a camera detecting bremsstrahlung radiation emitted by the fast electrons. The current drive efficiency is
measured in plasmas preheated by ICRH at various power levels. Lack of space prevents usdiscussing other aspects
of LHCD such as antenna coupling and the fast electron dynamics. The interested reader is referred to other
contributions on these subjects presented at this conference (Gormezano et al, 1991; Moreau et al, 1991; Froissard
et al, 1991).

The following section is devoted to the synergistic interaction between LHCD and ICRH which appears on nearly
all observable quantities. It is the first observation of this kind. The interaction was expected as the TTMP from
the fast wave can effectively be coupled to the fast electrons created by the Lower Hybrid waves. The mechanism
opens new routes to enhance the current drive and to higher central electron heating capability of JET.

In the succeeding section, we focus our attention on the confinement regimes achieved with ICRH. The L-mode
regime has been explored at higher power and has given rise to record performance in the D-3He advanced fuel
scenario. Long H-modes have been produced both with monopole and dipole phasing; the highest performance
being obtained when the H-mode regime is combined with deep pellet fuelling.

We finally review the ICRH edge effect observed with beryllium screens. Although beryllium has removed all
deleterious impurity effects, we argue that the basic sheath RF rectification mechanism is still at work when the
monopole phasing is used and that a convective cell is generated.

2. LOWER HYBRID WAVES IN LARGE JET PLASMAS, LOCALISATION OF FAST
ELECTRONS AND THE CURRENT DRIVE EFFICIENCY

The penetration of lower hybrid waves in tokamak plasmas and the mechanism for fast electron production is a
complex subject. The antenna launches a beam with a well-defined parallel spectrum. In JET, the ny spectrumis
formed by the phasing of 16 waveguides side by side in the toroidal direction; consequently the ny is quite peaked;
typically nj = 1.8 +0.2. Landau damping, the dominant damping process for LH waves, implies o = kyVyor Vy =
¢/ny;, meaning that the wave is resonant with 100 keV electrons. There is therefore a considerable “gap” between
thermal electrons and resonant electrons, and a simple linear theory would predict no absorption at all. Recent
theories based on the broadening of the launched spectrum due to toroidal effects on waves undergoing multiple
reflections (Bonoli and Englade, 1986; Moreau et al, 1989) have had some success in modelling the bridge of the
gap which is observed experimentally. Forinstance, Fig. 3 gives the results of calculations (Brusati et al, 1989) of
the Lower Hybrid driven curmrent showing that the wave damping is excluded from the plasma centre when
Neo > 2.5 x 1019 m3. When neg reaches 5 x 1019 m3 the wave interacts only with the periphery.

This predicted behaviour is qualitatively observed with a camera detecting the bremsstrahlung radiation emitted
by fast electrons (Froissard et al, 1991). The local emissivity is quite hollow and the hollowness increases with
density (Fig. 4). The Fast Electron Bremstrahlung (FEB) camera can also resolve the energy of the received
photons. It detects a “temperature” of photons of about 100 keV. A similar high energy tail is observed from the
hard X-ray energy spectrum obtained by X-ray pulse height analysis using a Germanium detector.

The current drive efficiency is corrected downwards to take account of the effect of the remaining electric field.
The efficiency is defined as'y = < ne > RIcp/Pcp where Pcp = PLH + ICD Vioop and ne is the line average density.
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Fig 3: Calculated current drive profile (Bonoli code) expected from LHCD. The central density
for each case is indicated.
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Fig 4: Line integral emissivity for photon energy in the 150-200 keV range versus the radial
position. The distribution of the fast electrons is hollow. The hollowness increases with energy
and electron density.

The efficiency Yincreases sharply when the plasma is preheated by ICRH (Fig. 5). Non-inductive currents up to
1.2 MA are driven when < T_>= 1.9 keV (P,,, .4 MW) and g reaches _0.45x 10 m? A/W. A linear increase
of ywith T_ has already been reported by JT-60 (Ushigusa et al, 1990) and is derived from models where the power
spent to fill the spectral gap is reduced when the electron temperature increases. In our experiments, the increase
with T_ is even faster than linear and there is no sign of saturation when the maximum theoretical efficiency is
reached. The achieved g values are the highest ever achieved in current drive experiments. In the next paragraph,
we point out that the real efficiency may have tobe reduced somewhatin ordertotake into account some spontaneous
gift from TTMP current drive from ICRH.
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Fig 5: Normalised current drive efficiency Y= Icp < n. > RIPcp. Solid points are with Pcp =
Py + Icp Vigop. Open circles with Pcp = Pry + Prrup + 1cp Vieop.

3. THE SYNERGY BETWEEN LHCD AND TTMP (FROM ICRH)

The n) spectrum of the fast waves launched by the ICRH system in the monopole phasing mode broadly extends
from ny = -4 to +4. Therefore the wave phase velocity overlaps the entire energy spectrum of the fast electrons
created by LHCD and some of the wave energy which should have been damped by cyclotron resonance on minority
ions may now be damped by TTMP on the unidirectional fast electrons, reinforcing the non-inductive current
without having to phase the ICRH antennae.
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Fig 6: Photon distribution versus photon energy measured perpendicularly to the toroidal field.
The lines of sight cross the equatorial plane either on-axis or 0.4 m off-axis. The LHCD power
is 1.2 MW and the ICRH power is either 0 (solid points) or 4.5 MW (open circles). The
synergistic effect is most pronounced in the densest region of fast electrons.



Synergism on the fast electron production is quite apparent on all 8 viewing lines of the FEB camera. The “photon
temperature” is raised from 100 keV to 200 keV on most channels (Fig. 6). The highest rise of the “photon
temperature is observed where the density of the fastelectrons is the highest. This increase appears slowly and takes
about(.5 stodevelopat 300 ke V. The radial profile of the fast electrons remains hollow but tends tofill in the centre

(Fig. 4).

Synegistic effects can also be observed on the central electron temperature which is, for a given total power, higher
and more peaked with the combination of LHCD and ICRH (Fig. 7) and on the central heating rate (Fig. 8) measured
from modulation of the Lower Hybrid power at fixed ICRH power levels.
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Fig.7: Central electron temperature from Thomson scattering versus the total input power
showing the synergistic effect on the cental electron temperature
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Fig 8: Direct electron heating rate deduced from measurements of dT/dt during modulation of
the LH power. Integrating these curves, we find that about 10 % of the ICRH power has been
diverted from the usual minority resonance absorption to direct electron heating from TTMP.



Neglecting theeffects of transport in the modulation experiments of Fig. 8, we find that the synergistic TTMP current
drive power is of the order of 400 kW, eg about 10 % of the ICRH gower Logically, our estimate of ¥ given in the
last section should be reduced from 0.45 x 1020 1o 0.35 x 1020 when Pcp now includes the TTMP power
Pcp =PLH + PrTMP + IcDVioop. The amount of current driven by TTMP is estimated to be about 250 kA.

The modelling with a 3D Fokker Planck code of this synergistic process is in progress (O’Brien and Cox, 1991).
Initial results show that the level of interaction found is plausible. We finally suggest that the interaction (and
therefore the TTMP current drive) could be enhanced by removing the cyclotron resonance from the plasma centre
using for instance the following parameters: 32 MHz, 3.1 T and no 3He minority in the plasma.

4. CENTRAL ELECTRON HEATING WITH ICRH

Several experiments have been directed at raising the electron temperature to a high value by maximising the total
input power per particle (P/n). The maximum temperature Te, reached 13 keV (Fig. 9) in long sawtooth-free
discharges (7 s at I = 3.5 MA) with significant 3He minority concentration (0.05 - 0.1). In other experiments, Teo
saturates when P/n exceeds 4 10-19 MW/m3 (Fig. 10). Cordey et al, 1991 have expressed the electron heating rate
due to the collisional slowing down of the minority ions in terms of Peff 0 Weag/t5(0) where Wiag is the energy
stored in the fast ions and t5(0) is the central fast ion slowing down time. It was noticed that the central electron
temperature correlates well with Pegr. The conclusion of the study is that the central ion and electron confinement
properties in L-mode are similar. However, the central electron heating using minority ion heating with ICRH may
be limited by 2 broadening effects.
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Fig 9: Electron temperature profile during ICRH heating (Picry = 11.4 MW) in an experiment
with the highest central electron temperatures.

a)  Broadeningfromfinite Larmor radius (FLR) of the trapped minority ions with a guiding centre describing
fat bananas (Cottrell and Start, 1991; Eriksson et al, 1991; Kovanen and Core, 1990). This effect will be
significant when the width of the banana becomes comparable to the width of the ICRH power deposition
(WRp):
eg: (r/a)mp0 ~WRF 1)

where pgis the Larmorradius in the poloidal field. Since the energy of the fast ion tail depends on the minority
concentration, this effect can be made small at high minority concentration. Using the expression for the Stix



tail (Stix, 1975), we find that the minimum concentration should be:
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For instance, take WRF=0.35m, Te = 10 keV, ne =2 x 1019 m'3, then Eq.(2) is satisfied for i > 0.04.
b)

Anomalous Broadening. There are other physical effects that can give rise to the broadening of the fast ion
radial profile: sawteeth, fishbones, Alfvén or drift wave turbulence driven by the pressure anisotropy or by
large ion pressure gradients.
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Fig 10: Central electron temperature versus Prp/ndo). The measured power deposited within
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In JET, there is clear evidence that both sawteeth and fishbones can expel fast ions from the central region.
Indischarges with the largest Teg, these effects are not always observed, but the broadening due toFLR effects
can be significant. Figure 11 shows that the observed evolution of Wy differs from code calculations
without FLR effects. Similar estimates of FLR broadening has been obtained by different approaches (see
figure caption of Fig. 11).

It is important to note that to obtain Te(0) = 20 keV in JET with the same L-mode confinement requires a fast ion
energy content in excess of 12 MJ equivalent to a central toroidal Brag ~ 24 %. It is likely that instabilities will
prevent such a state from being reached.

Excessive pressure build-up in fast ions constitutes a fundamental limitation for central electron heating in low
magnetic field tokamaks at high power. Itis possible to remove this limitation by using direct electron heating with
TTMP from ICRH or EL from LHCD. However, even with these methods, a fast electron minority ion damping
in discharges with the highest Teg. For instance, for the conditions of Fig. 9 with Teg = 13 keV, TTMP damping
amounts to ~ 15 % of the total wave damping. :

5. D-3He FUSION EXPERIMENTS

Progress has been made in the optimisation of the D-3He fusion yield during a new series of experiments using the
ICRF heating system with frequency adjusted to the 3He ion cyclotron resonance near the magnetic axis (Sadler
et al, 1991; Jacquinot and Sadler, 1991). Best results were obtained with 3.5 MA discharges in the double null
configuration with the wall power loading being shared between X-point dump plates, the belt limiter and antenna
13)rotection tiles. The discharge is maintained in L-mode in order to control the central density to about 2.5 1019 mr

and reach large values of Te, (the temperature profile of Fig, 9 was obtained during this series, see also Fig. 12).
The concentration of the minority 3He ions was controlled either by gas puffing and/or using central 3He deposition
by the NBI system. The concentration n3y./n, was varied between 0.03 and 0.15. The best results were obtained
without the 3He NBI injection presumably because the optimum concentration was rapidly exceeded with NBL

The generated 3He-D fusion power increased to 140 kW (corresponding to a reaction rate of 4.6x1016 reactions/
s) using 14 MW of ICRH power. The fusion multiplication factor Qrr = Prys/PrE reached 1.25 %. The highest
values of Qrg were obtained with PRk in the range of 10 to 12 MW.
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Fig 12: Evolution of the 14 MeV y count, ICRH power, central electron temperature and energy
stored in the fast particles during a D-3He fusion experiment
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A clear correlation between the generated fusion power and energy stored in the fast 3He ions is observed (Figs.
12 and 13): The maximum yield (Pfyg)Max scales linearly with Weyg,.
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Fig 13: D-3He fusion yield versus the perpendicular energy of the fast >He ions determined from
magnetic measurements (Weuq = 4(Waia - Waypp)/3). Comparison to calculations: curve (a) T,,
= 8 keV, P (power to 3He) = 7.5 MW, curve (b} T, = 10 keV, P = 10 MW. The curves are
obtained by varying the 3He concentration and the maximum of curve (a) corresponds 1o n3yJ/n,
= 0.05.

A theoretical model has been developed (Jacquinot and Sadler, 1991). Based on the Stix anisotropic distribution
function, the model takes into account the various profiles of the RF power deposition and of the plasma parameters
(Te, ne, Zefp)- It is possible to express the results of the calculation in the following way:

(PrusIMAX = 0 F(ng,ne) Wiag 3)

where (Pr9)MA X is the fusion yield obtained for the optimum 3He concentration and atis a coefficient which varies

only weakly with the other plasma parameters (including profiles) a ~ 0.1 10 0.2 5. The optimum concentration

invariably corresponds to a “tail temperature’ of the minority whichis close to 1 MeV in order to match the optimum

fusion cross-section. It is clear from Fig. 13 that the maximum yield observed in JET is close to the maximum

gossible yield for the observed values of Wiy and of ng/ne. It is therefore possible to conclude that the optimum
He concentration corresponding to a 1 MeV tail was reached during these experiments.

6. CONFINEMENT REGIMES WITH ICRH

The elimination of specific ICRH impurities and the system upgrades in power and control have opened the
exploration of new confinement regimes and the extension of the power level in the regimes previously obtained.

6.1.L-mode Regime. We have already discussed some results obtained in this regime under ‘Central Electron
Heating’ and ‘D-3He Fusion Experiments’, we now concentrate on results concerning global energy confinement.

The power scan using ICRH only has been extended to a total loss power of 23 MW. The results summarized on
Fig. 14 shows the results of a scan where the plasma current was 3 MA, B¢ =2.8 T and the volume averaged density
was in the range of 2 to 5 1019 m3. The plasma was resting on the beryllium belt limiters. Zegf was in the range
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1.5t02.5 and Ppag/Pyot ~ 0.1 to 0.3. Hydrogen minority and dipole phasing were used. Energy stored in the fast
ions in these discharges is small (< 10 %) due to operation at higher density especially at higher power level. Itcan
be seen that the performance is somewhat better than the value given by the Goldston (Goldston, 1984) regression
fit T =1.3 1gG. We should stress that in these experiments, the power deposition was always close to the axis
(resonance in the centre) and the sawtooth duration was larger or comparable to the energy confinement time.

6.2. H-mode Regime. The first H-modes with ICRH alone on JET were obtained (Jacquinot et al, 1990; Tubbing
etal, 1990; Startetal, 1990; Bhatnagaret al, 1991) using dipole phasing and beryllium evaporation on nickel screens
(“opaque design”). Generally the performance was similar to H-mode generated by NBI although nickel radiation
was still a significant fraction of the total radiated power.

No H-mode had been generated using monopole phasing and Nickel screens. All the experiments reported here
use the new Beryllium screens. The design is based on simple solid Beryllium bars cooled at the 2 ends by
conduction. The screen is open with a transparency of 25 %. The screen bars are tilted by 15° and are shaped
toroidally in a shallow “V”. The choice of beryllium, the 15° tilt and the “V”’ shape are based on the physics of
specific ICRH impurity generation (D’Ippolitoet al, 1990) which gives guidelines to minimize the sheath potential -
due to RF field rectification. This geometry is chosen to cancel all RF sheath effects in dipole phasing. In monopole
phasing, the cancellation can never be perfect due to some remaining misalignment with the magnetic field lines.
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Fig 14: MHD and diamagnetic stored energy versus loss power during ICRF heating of L-mode
plasmas up to 23 MW,

The 3 feedback loops (frequency, stubs and plasma position) which constitute the plasma-antenna matching system
are particularly useful to handle the large changes in the scrape-off plasma during H-mode transitions or during
ELMs. The frequency and plasma position feedback system have a time response of 1 ms and 30 ms respectively.
These reaction times are sufficiently short to smooth out variations of the antenna loading due not only to H-mode
transitions but also to sawteeth. Figure 15 shows the adjustments of plasma radial position and RF frequency
necessary to maintain the antenna loading constant. It can be seen in Fig. 15 that the time constant imposed by H-
mode transitions is typically 20 ms. Since the antennaloading isa complex number, it is essential to react on 2 quasi-
independent variables. The plasma position feedback loop maintains constant the real part of the antenna impedance
(the error signal is constructed from measurements of the antenna loading resistance). During the H-mode
transition, the plasmais moved towards the antenna by 1 to2 cm. Itisremarkable, that H-modes of the highest quality
could be maintained with adistance between the separatrix and the antenna side protection as low as 1 cm. However,
to obtain the H-mode, one needs to start in L-mode with a separation of about 2.5 cm (Fig. 15).
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are under feedback control to maintain the real and imaginary parts of the loading resistance
constant.

6.3. H-mode with Dipole or Monopole Phasing. H-modes produced by ICRH alone with monopole or dipole
phasing present the usual typical characteristics (Bhatnagar et al, 1991): the D, emission drops by a factor 10, the
density increases, the total radiation firstdecreases then increases steadily. More importantly, the stored energyrises
above its L-mode value. The D-D reaction rate

_ 8 #22993
2% /}N\
/D—\\“Jk\

|
P
M Carbon bloom sets in
|

(MW)
%)
T
,'U
T
3
2
3

No

(a.u.)
T

—

L (MW
(== ]

(keV)

(x10"%g") (x10'*m3)

2O N =N WO

e
-
[N
-
w
-
&
-
w
o

Time (s}

Fig 16: Time traces of a high performance ICRH H-mode with dipole phasing. g ~ 2.8 Tgg
(including fast particles).
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(Rpp) rises in the best dipole H-modes to about 5 to 10 times the L-mode value at the same current and for the same
power. Figure 16illustrates the characteristic signals in a dipole H-mode where the diamagnetic stored energy rises
toa value corresponding to 2.8 Tg; where Tgg is the value derived from the Goldston (Aachen) scaling. The H-mode
transition occurs in one or several steps. The return to the L-mode is normally (as in Fig. 16) caused by a carbon
“bloom” caused by excessive loading of the carbon target plates located in the X-point region.
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Fig 17: Diamagnetic stored energy versus loss power with dipole and monopole phasing. The
energy stored in the fast particles amount to about 1 MJ for the points with the highest W4;,.
Comparison to Goldston scaling (Wg).
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Fig 18: Time traces of an H-mode with dipole phasing and gas injection in the X-point region; at
13.5 s a ransition to a low particle confinement phase (LPC) occurs with reduction of Z g and
Pyaq at the expense of some loss of stored energy.
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H-modes produced with monopole phasing have similar evolution of the D_ emission but have clearly an inferior
performance: the diamagnetic stored energy rises to only 1.7 T, the D-D reaction rate is only about half the value
obtained in dipole phasing and finally the H-mode threshold value which is 5 to 7 MW in dipole needs to be 9 to
10 MW in monopole. A possible cause for the different behaviour is presented in the section “ICRH edge effects”.

In Fig. 17, we summarize the global energy confinement obtained during H-modes with Beryllium screens. The
energy stored in the fast particles 4(W - W, /3 has been estimated. Typically, W, was 0.7 to 1.5 MJ or about
12 to 25 % of the total energy. )

6.4. H-mode with Dipole Phasing and Gas Injection in the X-point Region. I1 is possible to delay the carbon
bloom and to lengthen the duration of the H-mode by gas puffing in the X-point region. The gas puffing lastsduring
the entire duration of the experiment presented on Fig. 18. During the H-mode a secondary transition to a “Low
Particle Confinement” Phase (LPC) takes place. The density starts decreasing at the LPC transition despite constant
gas puffing. The radiated power and Zfy also decrease during the LPC phase. The LPC allows the H-mode to last
during the entire duration of the high power RF phase (2.8 s) at the expense of a 20 % reduction in energy
confinement time but the particle confinement time was reduced by a much larger factorof about 3. The LPC phase
corresponds to a higher level of the Dy emission with possibly *“ mini-elm” activity. This regime has a very similar
performance to NBI H modes with gas puffing (Stork et al, 1991). However, this case does not show any of the
giant elm activity present in the NBI case. This difference of behaviour may well be related to the short distance
between the separatrix and the out-board limiters in the RF case. The LPC regime is a promising candidate for DC
H-modes in a reactor where the particle and impurity confinement has to be kept low.

6.5. Deep Pellet Fuelling Combined with H-modes. Previous work (Jacquinot et al, 1988; Schmidt et al, 1989;
Bhatnagar et al, 1989) has described the enhanced performance phase resulting from pellet injection penetrating
up to the magnetic axis in non-sawtoothing plasmas (qo ~ 1.2 to 1.5). The subsequent re-heating phase exhibits a
strongly increased D-D neutron production rate and improved central confinement. These modes were called PEP
(Pellet Enhanced Phase). During the 1990 experimental campaign, it was possible to design discharges combining
the confinement properties of the PEP to the H-mode (Tubbinget al, 1991; Kupschus et al, 1991). This new regime
gives the highest thermo-nuclear yield.

* Typical L-mode
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Fig 19: D-D neutron rate versus plasma energy for the various JET operating regimes.
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Experiments are carried out in a double-null X-point configuration, with plasma currents between 3 and 3.6 MA
and toroidal field between 2.8 and 3.2 T. A 4 mm pellet is injected at a velocity of 2.5 kms™! at the beginning of
the current plateau well before the onset of sawteeth. The pellet createsa peaked density profile with acentral density
of 1.5x1020 m3. The injection is followed (either immediately or with a delay of up to 1.5 s) by ICRH (Dipole
phasing, 10 - 15 % H minority, resonance near the axis) and 2.5 MW of 80 kV neutral beam for diagnostic purposes.
This leads, in less than 1 s, to equal central electron and ion temperatures of about 11 keV, a central density of about
7.101% m'3 and a central electron pressure up to 1.2 bar at the time of the maximum D-D neutron rate of up to 1016
s'1. 80 % of the neutron rate is of thermal origin. The maximum value of the fusion product np(0).7g. T;(0) = 7.8
x 1020 m3 s keV is obtained which is one of the highest seen on JET. After about 0.5 s, an L to H transition takes
place and the total energy reaches up to 8 MJ. This PEP-H mode lasts about 0.5 s and reverts to an ordinary H-mode
after a series of MHD events (Smeulders et al, 1991; Hugon et al, 1991). In Fig. 19, the peak neutron production
rate of L- and H-mode plasma with and without PEP mode is plotted versus plasma energy demonstrating that the
new PEP H-modes give typically 5 times more thermal yield than ordinary H-modes. They extend the previous
PEP results by a factor 2. In Fig. 20, the normalised plasma energy content is plotted against the loss power. The
figure shows that the global energy confinement of the best PEP H-modes is comparable or slightly better than that
of ordinary H-modes.

¥ Typical L-mode 4 H-PEP at W,

diamax
+ Typical H-mode * H-PEP at RDD_,,
¢ L-PEP (Limiter) 4 H-PEP — to H-mode
3

Normalized stored energy (MJ/MA)
N
T

0 1 2

1 1
0 5. 10 15 20
Loss Power (MW)

Fig 20: Normalized stored energy Wi /lp during various ICRF heated plasmas and, in
particular, with deep pellet injection.

During the overlapping period of PEP and H-mode, local transport calculations using the FALCON and TRANSP
codes have shown central values (r<0.4 a) of the electron diffusion coefficient D = 0.1 m?s~! and the effective heat
conduction coefficient Yefr = 0.5 m2 5”1, Outside this region Y values are found characteristic for H-modes with
Yeff=1-2m2s),

It should be stressed that the PEP H-mode experiment were conducted with a better ion heating efficiency from
ICRH than previous experiments. This is due to operation at higher minority concentration, 10 - 15 % instead of
5 % with about 50 % ion heating (instead of 30 %). In some cases, this resulted in T, being higher than Te,. Figure
21 illustrates such a case and the highest ion temperature recorded with ICRH only Tj, ~ 14 keV.

Detailed analysis suggests that the g profile is hollow during the PEP phase (Smeulders et al, 1991; Hugon et al,

1991). This conclusion comes from several concurrent indications: (i) MHD modes showing a 3/2 mode nested
inside a 2/2 mode, (ii) calculation of the contribution of the bootstrap current, and (iii) position of the magnetic axis
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forthe observed pressure profiles. The initial onset of shearinversion may result from the hollow temperature profile
created by the central pellet deposition. It is then maintained and amplified by the bootstrap current.
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Fig 21: lon and electron temperature profile during a PEP + H discharge at high H minority
concentration giving T; > T,.

Itis therefore possible that the enhanced confinement is associated with the reversal of the shear. Simulation using
the Rebut-Lallia critical temperature gradient model outside the negative shear and neoclassical transport inside it
shows qualitative agreement with the experiment before MHD activity sets in. Accepting this interpretation, one
can propose that the mode could be sustained continuously with a precise radial profile of non-inductive current
drive. This would imply driving mostof the plasmacurrent. A combinationof TTMP (by ICRH) and EL (by LHCD)
current drive would appear appropriate for this aim.

7. ICRH EDGE EFFECTS - CONVECTIVE CELLS

Ithas been known for some time that impurities are released from the screens of powered ICRF antennae. The flux
depends on antenna voltage, plasma density near the screen, the angle of the screen bars to the magnetic field, the
phasing and the material of the plasma facing components, in particular the screen bars (Bures, 1990). By replacing
the nickel screens with beryllium, it was expected to reduce the impurity influx by virtue of the low sputtering
coefficient of Be at the high energy (_ 0.2 t0 0.6 kV) corresponding to the acceleration of the impurity ions (Be, O,
C) in the sheath potential enhanced by RF field rectification.

Particularly significant are the sputtering coefficients of Be, C and O on Be which are well below unity even for
the high RF sheath potential preventing the impurity avalanche process to occur (D’Ippolito et al, 1990). These
favourable properties are also obtained from Boron or Carbon. Beryllium however is the best screen material since
it has lower sputtering coefficients and offers, in addition, excellent electrical and mechanical properties which
considerably ease the design of the screen. The release of the screen material during shows typical traces during
such anexperiment. The RF power is modulated in order to separate the emission from the screen (prompt signals)
from the background which has a slow time response. With dipole phasing, the signals are much below any
detectable levels (Fig. 22). With monopole phasing, the prompt modulated response of Bel and Bell increases with
edge density and antenna voltage in agreement with the predictions of the RF sheath rectification model. The flux
of Beryllium released by the screens depends on the other materials used in the immediate environment. Figure
23 shows that the Beryllium emission from nickel screens covered by a thin layer of Beryllium and used in
combination with Carbon limiters give a larger Berylliumrelease than the same screens used with Berylliumlimiters
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suggesting that the sputtering of Carbon and Oxygen on the screen material can play an important role as expected
in the theory.
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Fig 22: Intensity of the Beryllium line Bel emitted by the screens during modulated ICRH
power. The prompt response identifies the specific ICRH impurity production.
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In all cases, the absolute flux released by Beryllium screens is quite low. Itcan be expressed in terms of the related
increase of Z_,. We find that the specific ICRH impurity release corresponds to:

AZ . =0.005 P, (MW) for monopole, and
AZ, _Ofordipole

Therefore specific ICRH impurity release can be entirely neglected in all conditions even at the highest
power. This is also true with reverse toroidal magnetic field when the angle between the magnetic field and the
screen bar is large (= 25°). However, in this case violent and intermittent arcing is observed on the screen with
monopole phasing, presumably due to very high voltages appearing on the RF sheath. This arcing was never
observed with dipole phasing.have been eliminated in all conditions. The RF sheath rectification model suggests
that, edge effects should be fully eliminated only with dipole phasing or with the direction of the screen bars
matching the direction of the magnetic field within+1". In fact, we have seen that H-modes with monopole phasing
have a higher power threshold and give alower energy confinement time. The steepening of the edge density profile
during H-mode is also reduced (L de Kock et al, 1991). None of these effects, can be associated with a different
impurity influx or a significant radiated power. We therefore conclude, that monopole phasing produces some
modification of the plasma edge which is specific to ICRH.

The logical consequence of the RF sheath rectification theory is that this edge perturbation should take the form of
aconvective cell. The mechanismis sketched in Fig. 24. Each line of force linking 2 sides of the antenna is charged
by the sheath rectification process to a DC potential. The potential is maximum for the line of force which crosses
the largest RF flux; in JET, this line is nearly tangent to the antenna side protections. An electric field is therefore
generated creating an ExB drift. As the electric potential returns to low values in the plasma, the drifts take the form
of a convective cell. The convective cell has the size of the screen and is folded on itself over a thickness of some
4 cm. The penetration of the cell in the plasma is about 2 cm (D’Ippolito et al, 1991).

The theoretical analysis of the convective cell is still at an early stage but it is plausible that its perturbation of the
edge is responsible for the inferior performance of the monopole H-mode. The convective cell is eliminated by the
use of the dipole phasing. Its elimination in monopole phasing requires a precise alignment of the screen bars with
the magnetic field.

Convective cell

| Antenna R
| Screen

| Plasma
\\ /'-

JGO1 43671

Protections
Central

conductors

b) Poloidal section a) Antenna cross-section

Fig 24: (a) Sketch of the potential charging the lines of force linking 2 sides of the antenna; (b)
sketch of the resulting convective cell driven by E x B drifts.

8. CONCLUSIONS

In this article, we have summarized the results obtained during the 1990 experimental campaign of JET with the
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2 RF systems. These 2 systems are in different stages of their development: the LHCD system has just started
operation while the [CRH system is in a mature state having exceeded its initial design performance (22.3 MW
coupled instead of 15 MW in the reference design) and having solved its specific impurity problem by proper
antenna design.

The current drive results are quite encouraging: the localisation of the fast particles created by LHCD appears to
follow expectations and the current drive efficiency is good even when some help given by TTMP is properly taken
into account. This result confirms and extends the current drive efficiency reported by JT-60.

The first observation of the synergistic acceleration of the LHCD fast electrons by TTMP damping of the fast wave
fromthe ICRH systemis most interesting; in the short term, it provides JET with additional current drive capabilities
for profile control (in particular to create shear reversal in steady state); in the long term, the synergistic LHCD and
TTMP interaction or TTMP alone may well provide the ideal route for efficient current drive using electrons in the
MeV range. This requires a parallel refractive index close to unity which can be generated using the fast wave
monopole antenna. '

Further current drive studies will include the increase of the LHCD power to 3 MW in 1991, 10 MW in 1993 and
the development of an advanced launcher in 1994-95. The synergism of LHCD and ICRH will be increased by
removing the main cyclotron resonance in the plasma enhancing the available TTMP power.

The new ICRH antenna design and in particular the choice of Beryllium as the screen material have fully met the
expectations by removing the specific impurity generated by ICRH in all conditions. In addition, new feedback
matching systems have allowed tomaintain power coupling even during the large changes of the edge plasmaduring
H-mode transitions. As a result of these upgrades, a new operating domain has been opened to studies using ICRH
and taking advantage of its narrow and well-defined power deposition:

i) H-modes combined with “monster” sawteeth are routinely obtained with Te 2 2.5 Tgg. A new mode with
low particle confinement has been found.

ii) In L-modes, a 3He-D fusion power of 140kW has been generated in agreement with theoretical modelling.
These experiments constitute a coherent benchmark of the (D)T scenario proposed for NET/ITER which
minimizes the power required to reach ignition.

iii) The use of ICRH, led to the discovery of the PEP-H regime combining for the first time the good central
confinement after deep pellet fuelling in the PEP mode to the confinement enhancement provided by the
H mode.

A record thermal value of the triple fusion prodiict ng T T; of 7.8 x 1020 keV s m3 was obtained in this way. Shear
reversal was observed in this mode and, assuming that it is the cause for the enhanced confinement, continuous
operation can be contemplated using current drive.

A new set of ICRH antenna is under construction. They will match the plasma geometry of JET in its pumped
divertor configuration and provide a good directivity for TTMP current drive.
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