Plasma Physics and Controlled
Fusion

Heating, current drive and confinement regimes
with the JET ICRH and LHCD systems

To cite this article: J Jacquinot 1991 Plasma Phys. Control. Fusion 33 1657

View the article online for updates and enhancements.

You may also like

- Self-consistent modelling of heating

synergy between NBI and ICRH in JET

deuterium plasmas
J Joly, J Garcia, F Imbeaux et al.

- lon cyclotron resonance heating with

shifted separatrix
Ya.l. Kolesnichenko, H. Patten, V.V.

Lutsenko et al.

- Sawtooth control with modulated ICRH in

JET-ILW H-mode plasmas
E. Lerche, M. Lennholm, |.S. Carvalho et
al.

This content was downloaded from IP address 18.119.118.99 on 04/05/2024 at 06:38


https://doi.org/10.1088/0741-3335/33/13/012
/article/10.1088/1361-6587/ab1f54
/article/10.1088/1361-6587/ab1f54
/article/10.1088/1361-6587/ab1f54
/article/10.1088/1741-4326/abdfdc
/article/10.1088/1741-4326/abdfdc
/article/10.1088/1741-4326/abb424
/article/10.1088/1741-4326/abb424

Plusma Physics and Controlled Fusion. Vol. 33, No. 13, pp. 16571675, 1991, B7-H-333591 $3.00 + (0

Printed in Great Britain, TOP Publishing Ltd. and Pergamon Press ple.

HEATING, CURRENT DRIVE AND CONFINEMENT REGIMES
WITE TEE JET ICRH AND LHCD SYSTEMS

The JET Team! presented by J Jacquinot

JET Joint Undertaking, Abingdon, Oxzon, 0X14 3EA, UK

ABSTRACT

During its 1990 operaticn, 2 large RF systems were available ¢n JET. The Ion
Cyclotron Resonance Heating {(ICRH) system was equipped with new beryllium screens
and with feedback matching systems. Specific impurities generated by ICRH were

reduced te negligible levels even in the most stringent H-mode conditions. A
maximum power of 22 MW was coupled to L-mode plasmas, High quality H-modes (Tg 2
2.5 Tpg) 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 value of ng TE Ty =~ 7.8 x 10?7 v s
keV was obtained in this mode with T ~ T: ~ 11 keV. In the L-mode regime, a record
{140 kW) D-JHe 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) aystems with coupled power up to 1.6 MW with c¢urrent drive
efficiencies up to < ne > R Igp/P = 0.4 x 102° m2 a/W. Fast electrons are driven by
LHCD to tail temperatures of 100 kev with a hollow radial preofile. Paradoxically,
LHCD induces central heating particularly in combination with ICRH. Finally we
present the first cbservations 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 antenhae.

1. NEW HEARDWARE, UNDERLYING PHYSICS AND OQUTLINE

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 (Gormezanc
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 < n|| < 2.3. The
system is atill 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. Significant
non-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 previcusly 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

1 For 1list of authors., see JE
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ICRH o LHCD

Prototype | Full System
Frequency | 23 to 57 MHz 3.7 GHz ! 3.7 GHz [
Power (MW) 16 amplifiers 8 klystrons ] 24 klystrons
+ Generator 32 5 | 15 MW in total
« Coupled | 22.3 1.6 to be installed
€1990) - ] in 1992

8 modules 128 384 waveguides
| Beryllium screens
Antennae Dipole or monopole multijunction type

phasing 1.6 < nj; < 2.3
[ Wall mounted located in one horizontal port |
| 3 feedback loops launcher moveable
| Matching fregquency, 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
lcad impedance 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.
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Table 1 summarizes the main
aspects of the LHCD and ICRH
systems. Other aspects of
these systems can be found
elsewhere (Pain gt al, 1989,
Jacquinot et al, 1988).

W .“‘i\\‘

Figure 1 shows the LHCD
launcher and one of the 8 ICRH

antennae side by side. The
LRCD launcher occupies a main
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.

Fig. l: One of the 8§ ICRH antenna equipped with
tilted beryllium screen bars can be seen on the
left. The LHCD launcher 1is 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.
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1.2. Underlying Physics. The 2 RF gystems 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 {~ 2 1072
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 f{(due to accessibility and damping conditions) further than a
critical density ng ¢rit. In JET, Ng gri¢ is about 2 x 10%% m™3,

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 cyclotren acceleration giving
perpendicular energy to a chosen minority ion apecies (e or H in this work). In
most cases the "yclctruu 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 Trangit Time
Magnetic Pumping (TTMP} has been demonstrated in JET (Start et_al, 19%0). 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 is p V|| B, p = electron magnetic

moment, B = RF magnetic field) and not e E|| (E = RF electric field) as with lower
hybrid wavesa. In both cases electron currvent drive is predicted. Figure 2
sketches the basic physica 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 ©f 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
pime Magnetic Pumping; the cyclotron resonance of a minority H or 3He and mode

conversicn. The usual route for ICRH is represented by the dotted line. Synargism

can link EL from LHCD and TTMP from ICRH.
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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 emphasis 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 us discussing other aspects of LHCD such as antenna ¢oupling
and the fast electron dynamicgs. 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 gquantities. It is the first
opservation 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 heen produced both with menopole 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 effects observed with beryllium screens. Although
beryllium has removed all deleteriocus impurity effects, we argue that the basic
sheath RF rectification mechanism is still at work when the monopele phasing is
used and that a convective cell is generated.

2 .LOWER HYBRID WAVES IN LARGE JET PLASMAS,
LOCALISATICON 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 n|; spectrum is formed by the phasing of 16
waveguides side by side in the toroidal direction:; consequently the n;| is quite
peaked; typically n|; = 1.8 + 0.2, Landau damping, the dominant damping process for
LH waves, implies @ = k| |V|, or V|| = ¢/n|), meaning that the wave is resonant with
100 keV electrons. There is
therefore a considerable "gap"
between thermal electrons and
'\ Bo=3_47T resonant electrons, and a
1 =3.5MA simple linear theory would
» predict no absorption at all,
T, =%%keV Recent theories based on the
broadening of the launched
spectrum due to toroidal
310 effects on waves undergoing
multiple reflections (Bonoli
and Englade, 1986; Moreau gt
al, 1989%) have had some
success in modelling the

r510‘9

LHCD calculations

nm=2 10%m-?

J (KA cry?)

0051 bridge of the gap which is
observed experimentally. For

instance, Fig., 3 gives the

R results of calculations
’\ é {(Brusati et _al, 198%) of the
L 6 Lower Hybrid driven current
showing that the wave damping
is excluded from the plasma
centre when Ngg > 2.5 x 1019 m™
Fig 2: Calculated current drive profile (Bonoli 3, wWhen ng, reaches 5 x 1017
code) expected from LHCD. The central density m~3 the wave interacts only
for each case 13 indicated. with the plasma periphery.




nA =57 10" m=2

Heating, current drive and confinement

nf=610"m?2

P, =14 MW P =16MW
Picre =0 Picrr = 4.5 MW
#22816 150-200KeV #22844 150-200KeV
! T
T ,.1,' :| oL 1| _ —-
E :,-:50 $ -1 ,/ I
a5 s i ? i
L5 30 i i
o --=simulation : --- simulaticn :
2510 data i data -
- O Ll 1 1 1 i) L 1 i i1
350 : . :
SN L N ]
8- 1o Fsmulaﬁron\',_/ | simulation
- @ oL L il I 1 1 I 1 113 I I
% -80 40 v} 40 -80 ~40 0 40
(cm) (cm)
Fig 4: Line integral emissivity for photon energy
in the 150-200 keV range versus the vradial
position. The distribution of the fast electrons
is hollpw. The hollowness increases with energy

and electron density.
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Fig 5: Normalised current drive efficiency Y =
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This predicted behaviour is
gualitatively observed with a
camera detecting the
bremsstrahlung radiation
emitted by fast electrons
{Froissaxd et al, 199%1). The
local emissivity is guite
hellow and the holleowness
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
cbtained by X-ray pulse height

analysis using a Germanium
detector.
The current drive efficiency

has been deduced from the time
behaviour of the surface loop

voltage. The time wvariation
of inductance Li, the
effective charge Loff and

plasma resistivity are taken

into account. Finally, the
efficiencgy is carrected
downwards in order to take

into ac¢count the effect of the
remaining electric field. The
efficiency is defined as
Y= < ng > RIgp/Pcp where
Pep = Py + ICDVloop and ng is
the line average density.

The efficiency Y increases
sharply when the plasma is
preneated by ICRH {Fig. §).
Non—-inductive currenta up to
1.2 MA are driven when
< Tg > = 1.9 keV (Prcryg ~ 4 MW)
and Y reaches -~ 0,45 x 1020 m~
2 A/W. 1 linear increase of ¥
with T, has already been
reported by JT-60 (Ushigusa gt
al, 1990) and is derived from
models where the power spent
te fill the apectral gap is
reduced when the electron
temperature increases. In cur
experiments, the increase with
Te i3 even faster than linear
and there is no sign of
saturaticn when the maximum
theoretical efficiency is
reached. The achieved Yvalues
are the highesat ever achieved
in current drive experiments.
In the next paragraph, we
poeint out that the real
efficiency may have to be
reduced somewhat in order to
take into account some
spontaneous gift £from TTMP
current drive from ICRH.
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3.THE SYNERGY BETWEEN LECD AND TTMP (FROM ICRH)

The n|| spectrum of the fast waves launched by the ICRH system in the monopole
phaging mode broadly extends from n|; = -4 to +4, Therefore the wave phase velocity
overlaps the entire energy spectrum of the faat 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 TTME on the unidirectional fast electrons, reinforcing
the non-inductive current without having to phase the ICRH antennae,

145 - 14 |
v
14 200 ke 135 channel 16
= l_ = (~ on- axis)
s L
o %]
g E? 191 keV
- e
- 155 keV L
135 Channel 14 13
(~0.4 m off axis)
110 keV s
B
15| O#22844 P =45 MW 125l 8
® 422816 Poo=0 s
L i 1 L
100 200 300 100 200 300
E (kev) E (keV)

Fig 6: Photon distribution versus photon energy measured perpendicularly to tke
torpidal field. The lines of sight cross the equatcrial plane either on-axis or
0.4 m off-axis. The LHCD power is 1.2 MW and the ICRH power is either ¢ (solid
points) or 4.5 MW fopen circles). The synergistic effect is most pronounced in
the densest region of fast electrons.

Synergism on the fast electron
H production is quite apparent
H H , on all 8 viewing lines of the

+
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T
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FEB camera. The "photon
temperature™ is raised £from
100 kev to 200 keV on most
channels (Fig. 6). The
highesat rise of the "photon
temperature is observed where
the density of the fast
electrons is the highest.
This increase appears slowly
and takes about 0.5 s to
develop at 300 kev. The
radial profile of the fast
electrons remains hollow but
tends t

o £i1l1 in the centre (Fig. 4).
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electron temperature which is,
for a given total power,
5 ed higher and more peaked with
{Pon + Piear + Pl MNeg MW/10'® m the combination of LHCD and
ICRH (Fig. 7) and on the

, central heati rat ig,
Fig 7: Central electron temperature from Thomson measired fr:;tg moduelag:ilogn z)f
scattering versus the total input power showing

the synergistic effect on the central electren the DLower Hybrid power at
tempe:.:atur.e fixed ICRH power levels,
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Neglecting the effects 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, &g
about 10 % of the JICRH power. Logically, our estimate of ¥ given in the last
section should be reduced from 0.45 x 102° to 0.35 x 102° when Pcp now includes the
TTMP power Pep = Pry + Prrmp + IcpVicop. The amount of current driven by TIMP i3
estimated to be about 250 KA.

O#22793 P, =12 MW
Pere =0
nf= 5.8 109 m~2
T O#22838 P, = 1.1 MW

Picre = 3.3 MW
60 |- nf=5.2 1019 m2

A#22844 P, = 1.6 MW
P ore = 4.5 MW

- ml_ 0 AN19 m-2
eL— v 1 i

Lo

P, kW/m?

JG91.307/8

0.2 0.4 0.6 0.8
a(m)

Fig 8: Direct electron heating rate deduced from measurements of dTe/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,

The modelling with a 3D Fokker Planck code of this synergistic process is in
progress (O'Brien and Cox, 19%891). 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 cycleotron
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
Famemearariire M voaarhad 13 kaV {Fic Y in lono sawranth-fraa dischargas (7 a at
temperature T, reached 13 kev (Fig. 9} in long sawtooth~free discharges {7 g at
Ip = 3.5 MA) with signifigant 34e minority concentration (0.05 - 0.1). In other
experiments, Te, saturates when P/n exceeds 4 10°1? Mw/m~3 (Fig. 10). Cordey et al,

1991 have expressed the electron heating rate due to the collisicnal slowing down
of the minority ions in terms of Pesr @ Wrast/Ts(o) where Wrast 18 the energy stored
in the fast ions and T;{c) is the central fast ion slowing deown time. It was
noticed that the central electron temperature correlates well with Pegs. The
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Fig &: Electron temperature profile

during ICRH heating (Prepy = 11.4 MW} in
an experiment with the highest central
electron temperatures.

a) Broadening from £finite Larmor radius
with a guiding centre describing fat bananas
Kovanen and Core,

Eriksson et_.al, 1991;

2 TET Team

T.(0) keV

Freing ()

Fig 10: Central electron temperature
versus Ppp/ng (o). The measured power
deposited within the half-width of the
temperature profile is within 30 % of
the applied power for the solid points
and outsgide this range for the open
points. The contcours refer to the fast
ion energy content required to provide
the required T., at normalized central
heating power P/nfo).

(FLR) of the trapped minority ions
{Cottrell and Start, 10891;

1990). This effect will be significant

when the width of the banana becomes comparable to the width of the ICRH power

deposition (Wgp):

where P, is the Larmor radius in the poloidal field.
fast ion tail depends on the minority concentration,
small at high minority concentration.

1/2
r
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Since the energy of the
this effect can be made
Using the expressicen for the Stix tail

(stix, 1975), we find that the minimum concentraticn should be:
Ninig ? 3.95 x 1013 A _ 3/2
11=z:i°>"A_,. ,nx. . 5 Telev) (2)
Lig 4 8 Ine™ 4erit o=
. L __=® L B 4
with Terie 2RAm (Wpr 2 q)

For instance, take Wgp = 0.35 m, Te = 10 keV, ne = 2 x 10¥ m

{2) is satisfied for m > 0.04.
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or drift wave turbulence driven by the pressure

pressure gradients.

-3, then equation

effects that can give riae
sawteeth, fishbones, Alfvén
anisotrupy or by large ion

In JET, there is clear evidence that both sawteeth and fishbones can expel fast

ions from the central region.

In discharges with the largest T,

these

effects are not always observed, but the broadening due to FLR effects can be
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gsignificant. Figure 11 shows that the observed evolution of Weyg 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 ncte that
to obtain Te(o) = 20 kxeV in
JET with the same L-mode
confinement requires a fast

3+ ion energy content in excess
: Pionto of 12 MJ egquivalent to a
P central toroidal fgaee ~ 24 %.
’ Y . .
T Py ) It is likely that
[J LF\A J'M".'\ A ‘F‘\H \ instabilities will prevent
2 ;,f\"f' i i such a state from being
i L

1
1

A

e Measured ) ,

WAV Excessive pressure bnild-up in
o fast ions constitutes a
1~ fundamental limitation for
central electron heating in
low magnetic field tokamaks at
high power. It is possible to

reached,

A

'
Wiasl

. __.:7'% remove this limitation by
0 I 3 using direct electron heating
3 4 5 6 7 8 with TTMP from ICRH or EL from

LHCD . However, even with
these methods, a fast electron
population will build up and a
limitation will appear above a
Fig 11: Fast ion energy versus time and comparison critical energy of the fast

Time (s)

to simulation codes. Pjigyr describes the fast ions electrons. In JET, JITMP
with a zero banana width Fokker Planck solver. damping increases quickly with
ProNTe includes an approximate orbit model. Teo and tends te¢ replace

minority ien damping in

discharges with the highest
Tao- For instance, for theconditions of Fig. 9 withTe, = 13 keV, TTMP damping
amounts tec ~ 15 % of the total wave damping.

5.D-3He FUSIOR EXPERIMENTS

Progress has been made in the optimisation of the D-J3He fusion yield during a new
series of experiments using the ICRF heating system with frequency adjusted to the
He ion cyclotron resonance near the magnetic axis (Sadler et al, 19%1; Jacquinoct
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 protection tiles. The discharge is maintained
in L-mode in order to control the central density to about 2.5 10!? m? and reach
large values of Tgo (the temperature profile of Fig. 9 was obtained during this

series, see also Fig. 12). The concentration of the minority JHe ions was
controlled either by gas puffing and/or using central JHe deposition by the NBI
system. The concentration niu./ne was varied between 0.03 and 0,15, The best

results were obtained without the 3He NBI injection because the optimum
concent.ration was rapidly exceeded with NBI,

The generated 3He-D fusion power increased to 140 kW (corresponding to a reaction
rate of 4.6 10l¢ reactions/s) using 14 MW of ICRH power. The fusion multiplicatica
factor Orr = Ppys/Prrp reached 1.25 %. The highest walues of Qur were obtained with
Prr in the range of 10 to 12 MW,

A clear correlation between the generated fusion power and energy stored in the
fast JHe ions is observed (Figs. 12 and 13): The maximum yield (Pfus}Max scales
linearly with We,gr.
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A theoretical model has been developed (Jacquinot and Sadler, 19%1). 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 {Tg, Ng, Zgrg). It
is possible to express the results of the calculation in the following way:

Ng
{Prushuax = @ = Wrase (3}
8
where {Ps..lwurv 13 the fusion vield obtalned for the ontimum dHe cancantrarism and o
e {Pgysluax the on yield obtained for the optimum “He concentratien and @&
is a coefficient which wvaries only weakly with the other plasma parametera

(including profiles) @ ~ 0.1 to 0.2 s71. The optimum concentration invariably
corresponds to a "tail temperature" of the minority which iz 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 possible yield for the
observed values of Wryg and of ng/ng. It is therefore possible te ¢onclude that

the optimum He concentration corresponding tc a 1 MeV tail was reached during these
experiments.
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Fig 12: Evolution of the 14 MeV y count, Fig 13: D-JHe fusiorn yield versus the

ICRH power, central electron temperature perpendicular energy of the fast Jge

and energy stored in the fast particles ions determined From magnetic

during a D-%He fusion experiment. measurements {(wrasr = d(wgra — Wumgpl/3).
Comparison to calculations: curve (a)
Teo = 8 keV, P (power to ?He} = 7.5 MW;
curve {(b) T, = 10 keV, P = 10 MW. The
curves are obtained by varying the JHe
concentration and the maximum of curve
fa) corresponds to niz./ne = 0.05.

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-’He 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, By = 2.8 T and the volume averaged density was in the range of 2
to 5 10'% m™3, The plasma was resting on the beryllium belt limiters. Zgfr was in
the range 1.5 to 2.5 and Ppaa/Pror ~ 0.1 te 0.3. Hydrogen minority and dipole
phasing were used. Energy stored in the fast ions in these discharges is small
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(= 1¢ %) due to operation at higher density especially at higher power lewvel. It
can pe seen that the performance is somewhat better than the walue given by the
Goldston (Goldston, 1984) regression fit. 1Tz = 1.3 Tgz. 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 =t al, 1890; Tubbing et al, 19%0; Start et al, 199%0; Bhatnagar et al,
1991) using dipeole phasing and beryllium evaporation on nickel screens ("opaque
design")}. Generally the performance was similar toc H-mode generated by NBI
although nickel radiation was s8till a significant fraction of the total radiated
power.

. . No H-mede had been generated
IF=3MA’ICRH’2'8T using monopcle phasging and
12 Nickel screens, All the
XWMHD experiments reported here use
the new Beryllium screens.

10k oW 1./1.=2 The deaign is based on simple

EG/ s0lid Beryllium bars cocled at
the 2 ends by conduction, The
/ screen is open with a
8+ transparency of 25 %. The
/ y screen bars are tilted by 15°

/. and are shaped torecidally in a

./“. shallow "V", The choice of
XX bl beryllium, the 15° tilt and the

x x % 1 Wy
/y/ L V" shape are based on the

— physics of specifie¢ ICRH
4k x impurity generation
é x T (D' Ippolito et al, 1990} which
/ﬁ‘/./ gives guidelines to minimize
[ ] the sheath potential due to RF
/{. field reg¢tification, This
geometry is chosen to cancel
£ all RF sgheath effects in
. . . Jg dipole phasing. In monopele
5 10 15 350 25 30 rhasing, the cancellation can
dw never be perfect due to some
(Ptot"‘d—() (MW) remaining misalignment with

the magnetic field lines.

MHD and Diamagnetic stored energy (MJ}
(221
1

Fig 14: MHD and diamagnetic stored energy versus
loss power during ICRF heating of L-mode plasmas
up to 23 Mi.

The 3 feedback locops (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 transitiens or during EIMs. The frequency
and plasma position feedback aystem have a time response of 1 ms and 30 ms
reaspectively, 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
antenna loading is a complex number, it is essential to react on 2 guasi-
independent variables. The plasma positien feedback loop maintains constant the
real part of the antenna impedance (the err¢r signal is constructed from
measurements ¢f the antenna lecading resistance). During the H-mode transition, the
plasma is moved towards the antenna by 1 te 2 cm, It is remarkable, that H-modes
of the highest quality could be maintained with a distance 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).

6.3.E-mode with Dipole or Monopole Phasing. H-modes produced by ICRH
alone with monopole or dipole phasing present the usual typical characteristics
(Bhatnagar gt al, 1991): the Dy emisszion drops by a factor 10, the dansity
increases, the total radiation first decreases then increases steadily, More
impertantly, the stored energy rises above its L-mode value. The D-D reaction rate
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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 16 illustrates the characteristic
signals in a dipole H-mode where the diamagnetic stored energy rises to a value
corresponding to 2.8 Tgg where Tpg 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. 1&) caused by a carbeon "bloom" caused by excessive
loading of the carbon target plates logated in the X~point region.
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(dap) between separatrix and antenna
gide protectionsg during an ICRH H-mode.
Both the fregquency and dsp are under
feedback contrel to maintain the real
and imaginary parts of the loading
regsistance constant.

Fig 16: Time traces of a high
performance ICRH H-mode with dipole
phasing. tg ~ 2.8 g (inciuding Ffast
particles).

H-modes produced with monopole phasing have similar evolution of the Dy emission
but have clearly an inferior performance: the diamagnetic stored energy rises to
only 1.7 1gg, the D-D reaction rate is only about half the value obtained in dipole
phasing and Ffinally the H-mode threshcld walue which i3 5 to 7 MW in dipole needs
to be 8 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(W4i, — Wuup)/3 has been
estimated. Typically, Wgaer was 0.7 to 1.5 MJ or about 12 to 25 % of the total
energy.

6.4 .H-mode with Dipcle Phasing and Gas Injection in the X-
point Raegion, It 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 lasts
during 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 Zefsr 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 s5) at the expense of a 20 % reduction in energy confinement time but the
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particle confinement time was reduced by a much larger factor of about 3. The LPC
phase corresponds to a higher level of the D, 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 sheow any of the giant elm
activity present in the NBI case. Thia 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.
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Fig 17: Diamagnetic stored energy versus Fig 1§: Time traces of an H-mode with

loss power with dipole and monopole dipole phasing and gas injection in the

phasing. The energy stored in the fast X-point region; at 13,5 s a transition

particles amount to about 1 MJ for the to a low particle confinement phase

points with the highest Wgi,. Comparison (LPC) occurs with reduction of Zgrr and

to Goldston scaling (wg). Prag at the expense of some loss of
stored energy.

6.5.Daep Pellet Fuelling Combined with H-modes. Previous work
(Jacquinot gt al, 1988; Schmidt et al, 1989; Bhatnagar et al, 198%) has described
the enhanced performance phase resulting from pellet injection penetrating up to
the magnetic axis in nen-sawtoothing plasmas (g, ~ 1.2 to 1.5). The subsequent re-
heating phase exhibits a strongly increased D-D neutron production rate and
improved c¢entral confinement. These modes were called PEP (Pellet Enhanced Phase).
puring the 1990 experimental campaign, it was possible to design discharges
combining the confinement properties of the PEP to the H-mode (Tubbing et al, 1981;
Kupschus gt al, 1991) ., This new regime gives the highest thermc-nuclear yield.

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™l at the beginning of the current
plateau well before the onset of sawteeth. The pellet creates a peaked density
profile with a central density of 1.5 1020 m~?., The injection is followed (either
immediately or with a delay of up to 1.5 8) 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 8, to equal central electron and ion
temperatures of about 11 keV, a central density of about 7.10'% 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 871, B0 % of the neutron rate is of thermal origin. The maximum value of
the fusien product np{o) .T5.Tyl{o) = 7.8 x 1029 m=3 5 keV is obtained which is one of
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the highest seen on JET. After about 0.5 3, 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 B-mode after a series of MHD events (Smeuiders et al, 19%1; Hugon et
al, 1991). In Fig. 19, the peak neutron production rate of - and H-mode plasma
with and without PEP mode is plotted wversus plasma energy démonstrating 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 ©f ordinary H-modes.
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energy for the various JET operating during various ICRF heated plasmas and,

regimes. 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? 5”1 and the effective heat conduction coefficient
Yorr = 0.5 m? s-1, oQutside this region Ye¢r values are found characteristic for H-

modes with Yerr =~ 1 ~ 2 m? 571,

It should be streased that the PEP K-mode experiment were conducted with a better
ien heating efficiency from ICRH than previous experiments. This is due to
operation at higher minority concentration, 10 - 15 % inastead of 5 % with about 50
% ion heating (instead of 30 %). In some cases, this resulted in Ty, being higher
than Tee-. 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 gt al, 19%%1l; Hugon et al, 1991). This c¢onclusicn comes from several
concurrent indications: 1) MHD modes showing a 3/2 mode nested inside a 2/2 mode,
if} calculation of the contribution of the bootstrap current, iii) position of the
magnetic axis for the observed pressure profiles. The initial onset of shear
inversion may result from the hollow temperature profile created by the central
pellet deposition. It is then maintained and amplified by the bootstrap current.



Heating, current drive and confinement

#22598 Charge exchange
14l Nickel temperature
Ti

12+

ink '

1w ’ L -

AN
< 8F Te/ \
2 / \
F sk / \
d \
/
4 / -
_,/
2r /f
r i
1 1 | | | §
2.4 28 3.2 3.6 4.0
R(m)
Fig 21: Ion and electron temperature profile

during a PEP + H discharge at high H minority
concentration giving T; > T,.

7.ICRE EDGE EFFECTS -

1671

It is 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 necclassical
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 most of
the plasma current. A
combination of TTMP (by ICRH)
and EL (by LHCD) current drive
would appear appropriate for
this aim.

CONVECTIVE CELLS

It has 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 cowponents,
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1950; ., By replacing the
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of Be at the high energy (-
0.2 tc 0.6 kV}) correaponding
to the acceleration o¢f the
impurity ions (Be, Q, C} in
the sheath potential enhanced
by RF field rectification,

Particularly significant are
the sputtering coefficients of
Be, C and ©C on Be which are
well below 1 even for the high
RF sheath potential preventing
the impurity avalanche process
to occur {D'Ippolitc gt gal,
1990) . These favourable
properxrties are alsc obtained
from Boron or Carbon.
Beryllium however is the best
screen material since it has
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shows typical traces during such an experiment. The RF power is modulated in order
te 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 BelI 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 Beryllium release than the same screens used with Beryllium limiters
suggesting that the sputtering of Carbon and Oxygen on the screen material can play
an important role as expected in the theory.

In all cases, the absaoclute
—JGgr.doae flux released by Beryllium
| Monopole 43 screens is guite low. It can
& be expressed in terms of the
related increase of Zgfr. We
find that the specific ICRH
impurity release corresponds
to:

0.8

A Zegr = 0.005 Prp (MW) for
monopole, and

A Zger = 0 for dipele

Therefore spaeclific ICRH
A -1 impurity release can be
ol * A entirely neglected in all
0. A conditions even at the
highest power. This is also
o e true with reverse toroidal
L /’g < © \) magnetic field when the angle
o | < Js) Q. 0 between the magnetic field and
8 15 = 20 25 the screen bar is large (-
Vo (KV) 25°) . However, in this case
3d viclent and intermittent
+ Ni screens, Be evaporalion, C belts arcing %sh observed on the
a Ni screens, Be evaporation, Be belts scraen with monopole phasing,

N . presumably due to wvery high
® Be screens, Be evaporation, Be belts (first days) voltages appearing on the RF

© as above at the end of the 1990 campaign sheath. This arcing was never
observed with dipole phasing.

— L
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Fig 23: Intensity of the Beryllium line emitted The elimination of impurity
by the ICRH screens and the corresponding contamination due to ICRH which
was previcusly observed with
Nickel does not necessarily
and wall conditions. mean that ICRH edge effects

have been eliminated in all
conditions. The RF sheath rectification model suggests chat, 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°. 1In fact, we have seen
that H-modes with monopole phasing have a higher power threshold and give a lower
energy confinement time. The steepening of the edge density profile during H-mode
is alsoc reduced {L de Kock gt_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 modifigation of the plasma edge which
is specific to ICRH.

beryllium influx ¢gi for various antenna, limiter

The logical consequence of the RF sheath rectification theory is that this edge
perturbatien should take the form of a convective cell. The mechanism is
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).
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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 meonopole H-mode. The convective cell is eliminated by the use
of the dipole phasing. Its elimination in monopcle phasing requires a precise
alignment of the screenm bars with the magnetic field.

Convective cell

| Antenna 4 R
, Screen

Plasma

?‘“

Central
conductors

JG91.436/1

Protections

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 199¢
experimental c¢ampaign o©of JET with the 2 RF gsystems. These 2 systems are in
different stages of their development: the LHCD system has just started operation
while the ICRH system is in a mature state having exceeded itz 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 c¢reated 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-560.

The first observation of the synergistic acceleration of the LHCD fast electrons by
TTMP damping of the fast wave from the ICRH system i3 most interesting: in the
short temm, it provides JET with additional current drive capabilities for profile
controel (in particular to create shear reversal in steady state); in the long term,
the synergistic LHCD and TTMP interaction or TTMP alcne may well provide the ideal
route for efficient current drive using electrons in the MeV range. This requiresg
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

synerglsm of LHCD ana -LL—KH WlJ-J- De 1m..u-_-=mea uy remov:.ng Thne IlldJ.n
resonance in the plasma enhancing the available TTMP power,

yclotron

Ol

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 additien, new feedback matching systems
have allowed to maintain power coupling even during the large changes of the edge
plasma during H-mode transitions. As a result of theae upgrades, a new operating
domain has been copened to studies using ICRH and taking advantage of its narrow and
well~-defined power deposition:
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i) H-modes combined with "monster" sawteeth are routinely obtained with T 2
2,5 Tgg. A new mode with low particle confinement has been found.

ii) In L-modes, a “He-D fusion power ©f 140 kW has been generated in agreement
with theoretical modelling. These experiments constitute a c¢oherent

benchmark of the (D)T scenario proposed for NET/ITER which minimizes the
power required to reach ignition.

iii) 7The use of ICRH, led to the discovery of the PEP-H regime combining for the
first time the goed 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 product ng T Ty of 7.8 x 1020 xev 3 m™3 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 gset of ICRH antepna is L.Hy construction They will m
geometry of JET i

for TTMP current drive.
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