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ABSTRACT

Ion Cyclotron Resonance Heating (ICRH) powers of up to 17 MW have been coupled to JET limiter
plasmas. The plasma stored energy has reached 7 MJ with 13 MW of RF in 5 MA discharges with
zeff * z' W n e n I p / B 4 " 1 H A / T t n e s t o r e d energy can be 50 % greater than tht Goldston L mode
scal ing. This i s due to transient s tabi l i sa t ion of sawteeth (up to 3 s) and to a significant
energy content in the minority part icles accelerated by RF (up to 30 Jf of the total stored
energy). Central temperatures of Te - 11 keV and T^ • 8 keV have been reached with RF alone.
(He3)D fusion experiments have given a 60 kW fusion yield (fusion ra t e of 2 x 101* s~l in the
form of energetic fast part icles (14.7 MeV(H), 3-6 MeV(He-)) in agreement with modelling.
When transposing the same calculation to a (D)T scenario, Q i s predicted to be between 0.2
and 0.8 using plasma parameters already achieved. For the f i r s t time, a peaked density pro-
f i l e generated by pellet injection could be reheated and sustained by ICRF for 1.2 s .
Electron heat transport in the central region i s reduced by a factor 2 to 3. The fusion
product n i o t E T i o reaches 2.2 x 1020 m" s .s.kev in 3 MA discharges which i s a factor of 2.3
times larger than with the normal density profi le .
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INTRODUCTION

Following c l o s e l y a programme es tab l i shed in 1982, JET has completed the i n s t a l l a t i o n of 8
antenna generator uni t s in Ju ly 1987. The power p lant can de l ive r 24 MW for 20 s in a well
matched load placed at the generator ou tput . Taking i n t o account the l o s se s in the t r a n s -
mission l i n e , i n the antenna screen and r e f l e c t i o n , the maximum e f f ec t ive wave power launched
in the Torus was about 15 MW for usual plasmas cond i t i ons . I t reached 17 MW in some cases .
This new antenna system incorporates modif icat ions to the i n t e r n a l s t r u c t u r e in order t o
offer a choice of ku spec t ra found useful in previous experiments (Jacquinot , 1987a, 1987b).

U
Since Ju ly 1987, the ICRF system has been mainly involved in 3 top ic s of the JET programme:

( i ) High power heat ing of " l im i t e r " d i scharges , i e with a boundary defined by the be l t
l i m i t e r or by the antenna s ide p r o t e c t i o n . The emphasis was placed on high current
(up t o 6 MA). A l imi ted number of experiments were devoted t o high 6 t a r g e t s .

( i i ) High fusion yield experiments using e i t h e r the fundamental cyclotron accelera t ion of
the He* minori ty ions to an energy c lose t o the maximus of the (D-He») fusion cross
sec t i on (0.4 MeV) o r , in combination with D beam i n j e c t i o n , t he second harmonic
a c c e l e r a t i o n of D ions to maximise the D-D fusion r e a c t i o n .

'For l i s t of au tho r s , see A Gibson and o t h e r s , t hese proceedings jP f Jl A
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Fig. 1. Time evolution of the antenna loading resistance, intensity of CIII line radiation,
volune average electron density and central electron temperature. Radial eigenmodes modify
Rc but have no effect on Teo and on the impurity radiation from the edge.

Fig. 2. Loading resistance with monopole and dlpole phasing. Eigenmodes appear only for
monopole phasing and are identified by their spacing during a toroidal field scan.



( i l i ) . Heating pel le t fuelled discharges with particular emphasis on a plasma target
exhibiting a peaked density prof i l e .

A very limited amount of time ^aa devoted to coupling ICRH power into s ing le null X point
plasmas. The resul t was disappointing as no H-mode could be generated or sustained.
Thereafter, the X point programme concentrated on using neutral beam injec t ion .

This paper i s organised as follows:

The f i r s t part describes briefly the ICRH system. The consequences of i t s unusual features
are discussed, eg monopole versus dipole and the effect of the screen angle.

The power deposition profi le and the energy stored in fast part ic les are discussed in a
second part using power modulation during monster sawteeth to invest igate the power balance
with increased accuracy.

The third part examines the resul ts of high fusion yield experiments and attempts to
extrapolate the resu l t s to the most promising scenario which involves fundamental cyclotron
acceleration of a large minority of deuterons In a tritium plasma.

The global performance in l imiter plasmas i s the subject of the next 2 parts. The emphasis
i s placed on the best operating regimes characterised by on axis ICRF heating producing long
sawteeth and a large component of the fas t ions. The recent improvement of central
confinement obtained with combined operation of Pel le ts and ICRF are also presented.

The l a s t part summarises the results and mentions the area of future development.

SPECIAL FEATURES

Homodyne Drive and Eigenmodes, Monopole versus Dipole, Screen Angle

The JET ICRF system has been described previously (Kaye, 1987; Wade, 1985) and i t i s
summarised by the following table:

TABLE 1 JET ICRH System

Power - 8 units of 3 MW (20 s ) with 16 power te trodes .

Frequency - 23 to 57 MHz in 8 preset frequency bands.

Antennas - 8 uni t s , each with 2 Inputs with either in phase
drive (monopole) or out of phase drive (d ipole) .

- water cooling of the screen (nickel ) .
- screen angle: 15°.
- location on the low f i e ld side between 2 belt

l imiters (carbon t i l e s ) .

Each unit can be driven either independently (heterodyne drive) or by a common osc i l la tor
(homodyne drive) . The experiments analysed in this paper have a l l been obtained in the
l a t t e r mode of operation which avoids problems of cross-talk and beat osc i l la t ions between
adjacent frequencies. Homodyne drive Imposes a phase relationship in the antenna array. All
power units are driven at present with an identical input phase. However, the phase of the
output of the amplifier units i s not monitored. The phase control system, to be instal led
after June 1988, wi l l allow to launch a part ia l ly travel l ing wave (d irect iv i ty 20 to 2~ %).

kii Spectrum and Eigenmodes

The new antennae are equipped with central conductors having a wider toroidal extent (40 en
instead of 32 cm). This increased width and the precise phasing of the current flowing In
the 2 conductors separated by a larger gap (20 instead of 10 cm) give a k| spectrum far more
accurately defined than in a l l previous ICRF experiments. In monopole operation, the spec-
trum at the antenna i s centred on k« - 0 with a half width of + 1.5 m"1; in dipole operation
the peak of the spectrum.is at kit - I 7 m"1 and the half width i s ± 3.5 • " ' .



With such a narrow spectrum, the coupling resistance (Rc » 2 ZQ
2 P/UA

2; ZQ characteristic
impedance of the antenna, P net coupled power, Uft peak voltage of the antenna) exhibits a
periodic resonance structure when either the toroidal f ie ld or the plasma density i s scanned
(Figs. 1 and 2) . The resonance structure i s more pronounced in monopole operation and when
the plasma i s cold. A detailed analysis (Stix, 1975) has identified the structure to be
radial eigenmodes of waves reflecting back and forth between the low f ie ld side cut-off
located close to the outside wall and the ion-ion hybrid cut-off normally placed close to the
magnetic ax i s . Calculations (Colestock, 1988) taking into account the damping of the fast
magnetosonic wave due to both mode conversion and direct cyclotron and electron absorption
are in close agreement with the observed resonance structure-
I t i s important to note that these eigenmodes have no influence on the heating efficiency
(Fig, 2) or on the impurity release. However they pose a technical challenge for the antenna
Batching system. The JET matching feedback loop baaed on the impedance transformation at the
end of a long transmission l i n e , produced by a small frequency change (- 50 KHz), has been
effective in following these large coupling changes.

Dipole versus Monopole

Operation with the dipole phasing when compared to the monopole phasing i s characterised by
the following aspects;

(a) The coupling resistance i s lower (Fig. 2) and decreases faster with plasma-antenna
distance.

Cb) The radiated power and the nickel contamination i s lower,

(c) The power threshold for the monster sawtooth i s higher,,

Point (b) Is particularly relevant to the experiments with powers exceeding 15 MW as the
anount of nickel released from the antenna screen may cause disruptions. In hydrogen
ninority heating, the nickel concentration i s approximately of factor 2 lower in dipole
operation. In helium 3 minority schemes, the reduction i s more pronounced and a decrease by
a factor of 4 has been observed.

Since the calculated damping per pass i s larger
in dipole phasing ana with H minority heating
one i s tempted to suggest that edge absorption
enhanced by multiple reflections i s responsible
for the impurity release. This explanation i s
contradicted, however, by the observation that
we have not found any correlation of the nickel
and carbon release with the eigenmode structure
which i s a d irect measure of mult iple
ref lect ions . The experiments with reverse
toroidal f i e ld (see below) suggest instead that
direct slow wave coupling by the antenna i s
responsible for the edge effects induced by
ICRF.

Screen Jingle

The screen elements of the antenna screens are
inclined by an angle of 15° with respect to the
horizontal plane. The elements are designed to
be aligned with the Tokamak magnetic f ie ld in
fu l l bore 5 MA discharges. This design was
chosen to optimise coupling to the fast magnet-
osonic wave and to minimise the excitation of
slow waves which require a f in i te value of Ey,
the wave e l ec tr i c f ie ld parallel to the stati'c
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Fig. 3. Evolution of the central electron
temperature Tg0 for 2 values of the angle
Qk b e t w e e n the screen bars and the local
magnetic f ield: e. - 5° for the "normal"
case and 2Oc fcr th» "ftvaro" case.



A series of experiments (Bures, 1988) have been oerformori u u h

(c) Rc i s
reverse . >-jK*w»iij t . 5 urns in tne "normal"

. The eigenmode structure Is l e s s apparent In the reverse case

In

coupled and i s responsible for some deleter ?Cs edge
compatible with the insens i t iv i ty of impurity release8

DEPOSITION PROFILE, ENERGY STORED IN THE FAST MINORITY IONS

This

The response to this modulation or the diamagnetle
l o o p (W d i a ) and MHD s i g n a l s (WMHD) shows that
about 75 ± 10 % of the input power appears in the
total stored energy (presumably the rest Is
deposited in outer layers and Is not measured due
to f i n i t e time response of the diagnostics). The
same measurements used to derive the quantity
^ W dia~ WMHD^/3 s h o w t n a t m o a t o f the RF power
(up to 70 i) f i r s t appears in the form of plasma
energy with strong perpendicular anisotropic t a i l
which subsequently relaxes on the electrons.

Direct electron heating i s apparent in the He*
minority case with an Instantaneous response of
local ECE measurements at the onset of each atep
of the square wave modulation. Direct electron
heating amounts to about 5 to 10 % in the H minor-
i ty case and 10 to 30 * in He» minority heating
case.

The power deposition profile appears highly local -
ised in the vicinity of the minority cyclotron
resonance as already mentioned in a previous paper
(Jacquinot, 1987). I t i s well described by a
gaussian profile with a 20 em e-folding length in
agreement with ful l wave or ray-tracing calcula-
tions (Tibone, 1988).

In the quasi-stationary s tate , the plasma contains
a significant amount of energy stored in fast Ions
(W f). Figure H compares Wf to a calculated
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calculated for the parameters of
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value Wf3O based on St ix's quasi linear treatment (Stix, 1975) of an energetic minority t a i l .
wf exp l s d e d u c e a l>om the difference between the diamagnetlc energy and a thermal kinetic
energy (volume integrat ion of neTe • n ^ ) . The o f f s e t in F ig . 1 l s due to systematic
errors. Wfgo i s equal to:

"fso PRF

where PRF is the coupled power and < t s o > is the classical Spitzer slowing down time by
electron drag using the central value of ne and Te (from the ECE system). A good agreement
ls found between the scaling of the 2 quantities. The calculated value is a factor 2 too
high. The difference results from the use in the calculation of central values of n_ and Te.
A full calculation (Eriksson, 1988) including profiles effects is in close agreement with the
observation.

Wf amounts typical ly to 15 % of the stored energy in usual belt limiter discharges. It can
reach 30 % (about 2 MJ) for the lowest density plasmas using a double null X point configu-
ration. The entire data base for Wf scales, as expected, with T e ' / j /n e suggesting that the
fast particles have a classical slowing down time.

(HeJ)-D AND (D)-T HIGH FUSION YIELD SCENARIOS

The fundamental cyclotron acceleration of Hes minority ions gives the opportunity to study
experimentally non thermal high fusion yield schemes and to simulate (D)T scenarios where
deuterium would replace helium 3» The basic reactions ares

D + He' - H(H».7 MeV) + He"(3.6 MeV)
D + He3 + Li

s + Y(16.6 MeV)

The second reaction occurs with a much smaller probability via the same resonance; i t was
used as a diagnostic (measurement of the 16 Mev y production (Sadler, 1988)) to monitor the
fusion y ie ld .

Figure 5 summarises the experimental results (Cottrell , 1988). With 11.5 MW of ICRF in 3 MA
plasmas, about 60 kW of fusion power has been generated In charged particles corresponding to
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Fig. 5. Fusion power from D-He1

reactions versus coupled RF
power. He* minority heating in
z deuterium plasma.

Q 2 4 6 8 1 0 C M 1 6

n. (t)V)
Fig. 6. Calculated fusion power for
D minority heating in a tritium
plasma. The calculation takes into
account the profiles of the power
deposition and of the plasma
parameters, p. i s the RF power
coupled to deuterons (- 85 % of the
coupled RF power).



an effective Q - 0.5 % and a fusion reaction rate of 2 x 10'* a"1. This value i s by a factor
3 1«S3 than the calculated optimum which is reached when the energy of the minority
corresponds to the maximum of the fusion cross section. The measured fusion yield agrees
well with simulations based on Fokker-Plank calculations and measured plasma parameters
(Eriksson, 1980).

Carrying over these encouraging results to a (D)-T plasma requires a number of adjustments:

(a) The minority concentration nD/nj should be increased to about 30 % and the electron
density should be raised to about b ^0l* m-*. Both measures avoid that the energy of the
minority exceeds the optimum of the fusion D-T cross section.

(b) The parameters quoted In (a) necessitates using a dipole phasing (ki • 7 m"1) in order to
prevent mode conversion at the D-T hybrid resonance resulting in direct electron damping.
TTHP and electron Landau interactions with the fast magnetosonic wave i s estimated to
damp - 15 % of the coupled wave power into electrons if Te0 » 10 keV.

(c) The damping per pass Is expected to be large (90 J per pass). Interaction with the
second harmonic resonance of tritium on the extreme low field side i s prevented by
locating the resonance either on axis or slightly shifted to the low field side.

Figure 6 gives the enhancement of fusion reactivity expected from the deuterium tail as a
function of Pd, the RF power coupled to the deuterons. This calculation i s a Fokker Planck
treatment taking into account (Eriksson, 1988) the profiles of the power deposition and of
the plasma parameters. The product n e o Te0 has been fixed to 6 10*° (m~» keV), a value
achieved with 10 HH of ICRF being the only additional heating source. Q 2 0.5 can be
achieved if Z e f fean be maintained close to unity. A se l f consistent set of parameters
necessary to achieve Q - 1 i s given in Table 2.

TABLE 2 Conditions for Q - 1 required In a (D)T Plasma with ICRH alone

(MJ)

Q

Power to D t a i l : i 20 MW
• . 7 10" n"'
: - 0.2
: i 0.6 s

neo
nD/nT

l
eff

X 1.1 MA
0 2 MA
» 33MA
0 S MA
A 6 MA

13 MA

10

(MJ) x i.i M A

h O 2 MA
o 33MA
0 5 MA
A 6 MA

11MA

10

(MW)

Fig. 7a. Stored energy (dianagnetlc
•easurenents) versus input power for
H ainorlty heating and comparison to
th« Oeldsten sealing.

Fig. 7b. Kinetic stored energy
(volume Integration of nftTe • "i
for the SM« data set as Fig. 7a.



LIMITER PLASMAS, GLOBAL CONFINEMENT AND I p SCALING

A new r e s u l t obtained by ICRF heating of l lmi ter plasmas la the attainment of regimes- in
which the t o t a l stored energy can be up to a factor 1.5 greater than predicted by the
Goldston L mode s c a l i n g (Goldston, 198^) (Fig . 7 a ) .

Contrary t o the H-c.ode, there i s l i t t l e improvement in the k i n e t i c energy content (Fig . 7b)
and most of the improvement comes from the storage of f a s t par t i c l e s and from the development
of a s t a b l e peaked temperature p r o f i l e . Table 3 summarises the condit ions for obta in ing t h i s
regime. The narrow power depos i t ion of ICRF and i t s s t a b i l i s i n g e f f e c t on the sawteeth play
a major r o l e .

TABLE 3 Conditions for Improved Stored Energy in Llmlter Plasmas

Peaked deposition profile: on axis ICRF heating (all minority scenarios)
Long sawteeth : T§^ Z tg, i e monsters
Moderate densities : na i U 10" cm"*; large Wf, i e Wf/W 0.15
Ip/B^ : - 1 MA/T, eg q c y l - 3-3

In the best cond i t ions , the incremental confinement time, T
i n c ,i n c reaches 3^0 ms i n 3 .3 MA,

2.8 T plasmas (Fig. 7c) . T i n c f i r s t increases with I p , reaching an optimum (Bhatnagar, 1988)
for I/B « 1 MA/T then decreases to « 220 ms in 6 MA plasmas. This behaviour i s correlated
with the period of the sawteeth which also reaches a maximum ("monster" of up to 3 s) when
I/B - 1 MA/T.

At low or medium I va lues , no difference in s tored energy i s found between the i) ICRF
scenarios (H, He*, monopole, d ipole) . At 5 MA with Hes minority heating, large fishbone-like
a c t i v i t i e s develop ear ly in the sawtooth period and prevent the r i s e of Tg. Then
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Fig. 7 c Incremental confinement time of the stored energy (dlamagnetic; DIA) and the
electron thermal energy content (KIN(E)) versus 1,/B,

only 250 ms in th i s regime,, I t i s not clear why this phenomenon does not appear in the H
minority case in 5 MA plasmas. In t h i s case t l n c i s Improved (300 ms) and 7 MJ has been
obtained with a total input power of 15 MW«

In the series of experiments of Fig. 7a, the total radiated power was about HO % of the input
power. Since the radiated power Is peaked at the plasma edge, i t plays no role in the energy
balance in the plasma core. Z e f f was about 2 in high current discharges and 33 below 3 MA.

Whilst Teo follow
t

The central electron and ion temperatures are presented in Figs. 8 and 9 e o
a l inear s c a l i n g with P t o t / < n e>, the ion temperature tends to saturate showing that the
hydrogen minority becomes decoupled from the plasma ions at high power density. Higher ion
temperatures (up to 8 keV) have been obtained either with He1 minority heating (Stain, 1988)
at high HeJ concentration (11 X) and using Hipole phasing or during the heating of a peaked



density profile produced by pellets in 3 MA plasmas. In the latter case, Teo (ECE) • n keV,
T i o " 7*® keV> w l t n PRF " 7<1< MW* T n e nioTETio v a l u e s obtained with ICRF in limlter plasmas
are. summarised in Fig. 10.
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• Ip - 60 MA
D Ip - 50 MA
O Ip - 1 3 MA
X Ip . 20 MA
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Peaked profile
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O Ip > 13 MA -
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Fig. 8. Central electron temperature
versus ?^Q^/< ne >. The case denom-
inated "peaked profile" was created by
pellet injection.
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Fig. 10. Fusion parameter,
nloTE^io v e r 3 U S ^n e central lon
temperature T j - .

6

Fig. 9- Central Ion temperature versus
P t o t /< ne >. T l o i s deduced frotr Doppler
broadening of a Nl l i n e .

Fig . 11. Evolution of the central
e lectron and lon temperature for ICRH or
NBI during the sane discharge (3 HA,
3.1 T, H minority In a helium plasma).

I t i s I n s t r u c t i v e t o compare ICRF to neutral beam (NBI) heating in the sane pulse with the
s a i power in the condit ions corresponding to the Improved L node s c a l i n g (3 HA, 3 - '5 T,
H minority , d i p o l e ) .



The behaviour of the ion and electron temperature i s remarkably different (Fig. 11)- With
NBI, one always obtains Tx > Tg while ICRF always yields Te > T t . Figure 12 shows that the
radiated power with ICRF i s generally larger than with NBI despite a somewhat lower density
(- 10 t) in the ICRF case. However the stored energy i s s ign i f i cant ly higher with ICRF
probably as a resul t of a more peaked deposition prof i le and longer sawtooth periods.

*NiXXV

(aa)

n«o

12

to

0 8

ao

(MW)

Fig. 12. Evolution of nickel contamination, central density and to ta l radiated power for
ICRH and NBI during the same discharge (same case as Fig . 11).

HEATING PEAKED DENSITY PROFILES

I t has been suggested (Furth, 1986; Schmidt, 1987) that central heating of a peaked density
prof i l e generated by pe l le t inject ion (Kupschus, 1988) could lead to improved energy
confinement as observed in TFTR supershots.

Recent experiments have demonstrated that this improvement indeed occurs.
13b show that:

Figures 13a and

(a) A reheated peaked profi le can be sustained for about 1.2 s in a 3 HA discharge with
pe l le t Injection at the end of the current r i s e . However, the peaked prof i le i s subject
to a sudden i n s t a b i l i t y (cf Fig . 13a at UM.U s ) which relaxes the prof i le t o the usual
shape (a monser sawtooth Te pro f i l e ) .

(b) The centra l energy confinement in the peaked region i s improved. For 8 MW of ICRF, T^Q
rose t o 11 keV ( F i g . 13b) and T l o to 8 keV. The Te profi le steepens showing a decrease
of the electron energy transport coeff ic ient in the centre by a factor 2 to 3 compared to
the relaxed s t a t e . The fusion product n lQTET l0 reaches 2.2 TO20 m"» s"1 keV, a value 2.3
times greater than in the normal l imiter discharges.

CONCLUSIONS

High power ICRF heating with up to 17 MW has been particularly successful in heating plasmas
resting on toroidal belt l imlters . With RF heating alone central temperatures of Te • n keV
and Tt - 8 keV have been reached. H minority heating and moderate plasma current give the
highes t incremental confinement time ( t l n c - 3"0 ms). In these discharges monster sawteeth
of up to 3 s have been obtained.

Peaked profiles created by pellet injection have been reheated by ICRF. In most cases the
peaked profile disappeared in 0.5 s . During the peaked density phase, the energy confinement



0.0

time (s)

Pellet

F i g . 13a. Evolut ion or the densi ty p r o f i l e . A peaked p r o f i l e i s created by a 4 mi p e l l e t at
43 s . ICRF power i s ramped up from 43.2 to 44 s and maintained constant at 8 MW unt i l
45 .2 s . Note the sudden re laxat ion of the prof i l e at 41 .5 s .

nkeV

Fig. 13b. Evolution of the e lectron temperature p r o f i l e . Note that the peaked T prof i le
relaxes a l s o at 44.5 s . The time a x i s has been reversed in order t o show the shape of the
Tft p r o f i l e more c l e a r l y .



in the plasma cen t re ( r / a i 0.4) i s Improved and a fusion product of
nioTETio " 2 > 2 1 0 l° m " ' s k e V > t h e h i « n e s t value In JET limlter discharges is obtained.

Impurities are reduced when the elements of the antenna screen are parallel to the magnetic
field and when the dipole configuration is used. High power ICRF heating have been performed
in 5 MA plasmas with Ze*«. - 2.

The heating and impurity release is unaffected by the eigenmodes of the fast waves. These
observations suggest that, despite the f i l tering effect of the screen the antenna launches
some slow wave component responsible for the Impurity production.

RF driven high fusion yield scenarios have been tested using the fundamental cyclotron
absorption of He1 minority ions* A maximum yield of 60 kW has been obtained In the form of
charged particles. The same discharge transposed to (D)T with D minority heating would give
Q - 0.2. Transposition of the best peaked profile heating achieved today would give Q -0.6
assuming Ze f f - 1.

The JET ICRF system will be modified to allow for phasing the 8 antennae. A travelling wave
with an expected maximum directivity of 20 - 25 t is expected to modify significantly the
gradient of the safety factor in the central region. Screens with bars made of Beryllium
will replace the present Nickel in an attempt to remove the radiation problem in the H-mode
plasmas and to improve the density control by avoiding carbonised structures.
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