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ABSTRACT

Ion Cyclotron Rescnance Heating (ICRH) experiments have been
carried out in a wide range of JET plasmas. A high confinement
region in the plasma core has been discovered during on-axis heating
of pellet fuelled discharges. Sawtooth-free periods and improved
heating efficiency have been achieved in high current plasmas by
heating during the current rise. Carbined ICRH and neutral beam
injection (NBI} in double null X-point plasmas has yielded D-D
fusion rates up to 2x10%*¢s-* and electron and ion temperatures of
11keV and 17keV respectively. Non-thermal fusion reaction rates
fram (He?)D minority ICRH have been reproduced by a model which
predicts Q¢ ~ 0.7 for (D)T minority ICRH in JET. RF modulation
studies have yvielded power depositicn profiles and heat transport
coefficients inside the g=1 surface. Aligment ¢f the antemna
screen to the magnetic field minimises nickel impurity release.

INTRODUCTION

ICRH on JET is provided by 8 antennae situated on the median
plane on the low field side of the machine. Each antenmna consists
of two vertical strip lines with centres separated by 0.31m toroid-
ally and carrying currents with either zero (monopole) or m (dipole)
phase difference. Also, the phases between antemnae can be imposed
to provide a phased array for future fast wave current drive
experiments. This array has already proved useful as a 'super
dipole' with zero phasing between strip lines in each antennae but n
rhasing between adjacent antennae. The resulting k“ spectrum
produces a coupling resistance and nickel impurity release inter-
mediate between those with the normal dipole and monopole phasings.

The system operates in the 23MHz to 57MHz frequency range with
a generator power capability of 30MW. So far a maximm of 18¥W has
been coupled to the plasma, the principle limitation being breakdown
in the vacuum lines which have been redesigned for the next operat-



ing pericd. An automatic matching system which controls the
frequency can track rapid changes in anterma/plasma coupling due to
density variations or radial eigemmode excitation. This fast system
is being augmented by a slow system which controls the tuning stubs
and which will almost coampletely autamate the matching process. The
Faraday screens of the antennae are water cooled which has allowed
long pulse operation to be demonstrated with 6MW of power being
coupled for 20 sec with no deleterious effects. However, eventually
four antenna have developed leaks as a result of mechanical failure
of supporting blocks due to disrupticns. These hlocks are now
strengthened. New beryllium screens {September 1989) will allow
long pulse operation to resume.

This paper is a summary of the principal results cbtained with
ICRF during 1988. In the next section we discuss edge effects,
specifically nickel impurity release and parametric decay of the
fast wave, In section 3 we present measurements of the power
deposition profile, the direct electron heating fraction and the
electron thermal diffusivity inside the q = 1 surface fram RF
modulation studies during Monster sawteeth. In section 4 we report
on the achievements of on—axis ICRH in high performance scenarios,
involving pellet fuelling, RF heating in the current rise and in
double null X-point discharges. Finally in section 5 we use a
model, validated by (He?,D) fusion vield experiments, to predict
non-thermal (D,T) Q values for JET with (D)T ICRH minority heating.

EDGE EFFECTS: NICKEL IMPURITIES AND PARAMETRIC DECAY WAVES

Previous experiments have shown that nickel is released only
from the screens of energised antennae suggesting that local RF
fields play a role!. However the perpendicular electric field of
the fast wave is prabably not responsible since the influx does not
correlate with eigermode excitation?, On the other hand,
non-aligrnment of the screen elements with the magnetic field B
allows a parailel coampenent, E,, to penetrate into the edge plasma
and possibly accelerate ions into the screen to release nickel by
sputtering. The screen elements on JET are aligned to within ~ 5°
under normal operating conditions. On~axis (H)D heating experiments
at = 2MA, Bp = 2.1T used both normal and reversed toroidal field
direttions which gave screen angles of 5° and 25° to B. The
intensity of the NLOWI line was three-fold enhanced by this
increase in angle. Moreover, the coupling resistance, electron
temperature and incremental confinement time were all reduced by 30%
in the reversed field case. Such reduced performance implies a
smaller power fraction coupled to the fast wave with perhaps
increased excitation of the slow wave as the screening of Enbeccmes
less effective. Either this or near field effects (sheath
rectification) could cause nickel influx,

Probe measurements in the plasma edge have detected parametric
decay of the fast wave into two slow waves or into a Bernstein wave
and a quasi-mode. An example is shown in Fig. 1. Spectra were
- recorded at several RF power levels in a 3MA, 3.15T discharge
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Fig. 1. Parametric Decay Waves
in JET Edge Plasma

RF MODULATION DURING MONSTER SAWIEETH

The response of the central electron temperature, Te(O) to 44z
square wave modulation of central He® minority ICRH between GMW and
B.5MW is shown in Fig. 2. The discharge parameters were = 2MA,
ﬁ = 3.4T, n,(0) = 4.2x10**m-* and the He? concentration 5% of

e electron gensity. The sharp change in the derivative of T, (0)
at the RF switch up (switch down) isduetothenbdulateddlrect
electron heating. Direct heating occurs through mode conversion,
electron Landau damping or TIMP; indirect electron heating arises
from friction with the minority ions. The magnitude of the
discontirmity in a‘I‘e(O)/ 3t gives a modulated direct heating power
density of 50kW/m3 in the plasma centre. The amplitude profile of
the 4Hz camponent of T. is almost gaussian with a peak value of
200eV on— axis and mtﬁ a width of 0.3m. The phase delay between
the T, oscillation and the power modulation is 82 + 5° in the centre
and mcreases monotonically towards the limiter. The phase and
arplitude profiles were analysed using a simple electron heat
diffusion model to cbtain a thermal diffusivity 1.5 < xe(m35'1) <
3.0, a gaussian power deposition width of 0.18 £ 0.04m and a direct
heating fraction of 10 t 3%. This localised heating agrees well
with self consistent full wave/Fokker-Planck calculations.

With lower He? concentration {2%) and higher average power,
(10MW campared with 7.2MW), the T, response is quite different to
that above. The amplitude profile is hollow at 4 Hz modulation but
peaked at 16Hz (Fig. 3). A hollow profile suggests off-axis heating
{although the minority resonance layer was central) except that the
phase delay is least on-axis. These data can be reproduced,
however, if there is a depletion of the minority heating on—axis as
the power is increased, such as could occur if the width of the
minority heating profile were modulated. The required fractional
change in the profile width is about 4% which is similar to the
calculated oscillating minority energy fraction and could perhaps
arise fram a modulation of the banana orbits. This interpretation
is clearly not unique and another possibility has appeared recently



fran studies of the minority Fokker Planck ecuation with a modulated
power source. The phase of the power transferred to the electrons
is found to be delayed by »~ n/2 at low and high energies but is
advanced by ~ /2 at energies around the tail temperature. The data
could then be readily explained if this latter cawponent dominates
the heating on-axis due to orbit effects.
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HIGH PERFORMANCE SCENARIOS

PELIFT FUELLFD DISCHARGES Plasmas with peaked density profiles
produced by pellets have been successfully heated with H-minority
ICRF without the density pump-out observed in previous experiments.
The time evoluticon of plasma parameters in a 3MA, 3.3T discharge is
shown in Fig. 4. Pellets of 2.7mm diameter were injected at 41.5s
and 42s followed by a 4dmm pellet at 43s which produced a central
density, ng(0) = 9x102°m-?. The 4mm pellet was closely followed by
5MW of neutral beam power and ~ 13MW of ICRF hydrogen minority heat-
ing, which raised To(0) to 12keV at 44.25s when a sudden collapse
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occurred. The central ion temperature, 'I‘i(O) . from doppler
broadening of NiXXVII radiation, initially increased to 10keV at
43.8s and slowly decayed thereafter. The NBI aliowed Ti(r) profiles
to be measured by charge exchange spectroscopy?® as shown in Fig. 5
for ¢t = 44.2 sec. Also shown are LIDAR profiles of T, and D, the
latter remaining peaked although the central density is much less
than that just after pellet injection. The T.(r) and Ty(r) profiles
are extremely peaked even by canparison with %hose during monster
sawteeth and the strong gradients imply enhanced confinement. For
diffusive heat loss the electron power balance at minor radius a in
cylindrical gecametry can be written

oT,
Pe = dniRang (@x(@) 5 |a

where P is the power input to electrons within the radius a, R is
the major radius and Xg the thermal diffusivity. According to ray
tracing, most of the power is deposited inside a = 0.35m (see
Fig. 5). From the T, gradient and the calculated ICRF power flow to
the electrons (69%) we estimate x, ~ 0.8m2/s. This value is a
factor 2-3 less than those cbtained for monster sawteeth. This
estimate is confirmed by detailed transport calculations® which find
that the improvement extends over the immer half radius where

~ 0.8m?/s and x5 ™ 0.ém*/s. Outside this region the values of
xeand X; are higher by factors of 2 and 4 respectively.

Statistical camparisons of this improved confinement regime
with non-peaked density profile discharges (including plasmas with
monster sawteeth) show that Ty (0) and Te(O) are factors of 2 and 1.4
higher, respectively, for the same value of Pro /n.(0). Also the
D-D fusion reaction rate is a factor of 4 larger, u% the glcbal
energy confinement is only increased by 20%. The fusion parameter
nD(O)T- (0) T reaches 2x102%keVm-2s which is camparable with values
in gooé H-mode plasmas. The strong pressure gradients produced
bootstrap currents of the order of 0.8 MAS which, together with the
initial cooling by the pellet, tend to broaden the current profile:
equilibrium analysis gives a value of g(0) close to 1.5 prior to the
crash., After the crash there is a strong increase inn = 2 MHD
activity with an odd poloidal mode number, m 2 3. Thecretical
studies suggest that ballooning modes® or modes with intermediate n
values? ('infernal' modes) could cause the collapse.

CURRENT RISE HEATING ICRH hydrogen minority heating of deuterium
plasmas has been applied on-axis during the current rise of 5 MA and
6 MA discharges in order to heat the plasma before or shortly after
the onset of sawteeth. For = 5MA the retarded current penetrat-
ion delayed the first sawtooth collapse by up to 1.2 s. This
collapse occurred for g(0) ~ 1 according to polarimetry data. With
11 MW of RF power the central electron temperature reached 10.5 keV
for (0) = 6x109m~3 just prior to the collapse. The temperature
profile was highly peaked, Te(O)/<T > &~ 3-4 and the discharges were
particularly clean with Zgs » 2. ‘The 6 MA discharges exhibited
small sawteeth before the heating pulse which, for Ppp > 6 MW,
produced a monster sawtooth as the current reached 5 . Current



rise heating is the only way monster sawteeth have been produced in.
such high current discharges. Fig. 6 shows the larger values of
ng (0) -Te(O) during the current rise compared with those obtained
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during the flat top. This improvement stems from the enhanced
T (0). A statistical comparison of current rise and flat top values
of T(0) plotted against P /ne(0) is shown in Fig. 7 for both
Ig =5 MA and = § MA. ﬁar campariscns for other parameters
1éad to the following summary of the enhancements cbtained with
current rise heating,
1} A 50% increase in Te(O) for equal values of Ppia1/N(0).
2) 10-20% improvement in Ti(O) in both 5 MA and %OMA plasmas.
3) An increase in the glcbal energy confinement by typically 15%
due to the suppression of the sawteeth.
4) Twofold enhancement of the D-D fusion rate in 5 MA plasmas
partly due to second harmonic heating of deuterium.

The best values of the fusion parameter achieved so far is
np(0)T4 (0) =1.65x102° (m-*keVsec). This scenario appears to be the
most suitabEe for ICRH (D)T operation as discussed in section 5.

DOUBLE NULL X-POINT DISCHARGES Combined NBI (< 21MW) and ICRH

(¢ 11MW) experiments have dbtained D-D reaction rates up to
2x1016g-2 in 3MA, 3.2T double null X-point deuterium plasmas. This
configuration was chosen for good density control through the
purping action of the X-point carbon tiles and for good matching of
the plasma boundary to the RF antenna curvature®. The deuterium
beam energy was ~ B80keV and the 48MHz, on-axis ICRH used hydrogen
minority ions. The pre-heating target density was ~ 1.5x10%m"3 but
increased during the heating pulse, thereby contributing to a non-
steady neutron production, principally fram beam-plasma inter
actions, which reached a maximum for ne(O) v 3x10r'm-3,  Values of
Te(O) and Ti(O) up to 1llkeV and 17keV respectively were achieved. A



plot of reaction rate versus NBI : :
power, in Fig. 8, shows the ® KAl only
enhancement with cambined heating ° NBi-RF oe
compared with beam-only cases.
TRANSP code simuilations show that
this enhancement is not solely due
to the improved plasma parameters,
notably T,, when RF is applied.
This conclusion implies an acceler-
ation of the beam ions by second
harmonic heating although neutron
spectroscopy reveals the presence ;
of only a weak tail above 80keV. 15 2
During these experiments, R (MW)
several H-modes were formed and in  Fig. 8. D-D Fusion Rate for
one case (# 18773) the limiter NBI + RF and NBI Only
clearance was only Icm compared
with 3cn normally required for
H-modes., This discharge was fuel- i
led with three 2.7mm pellets and ol
then heated with 10MW of ICRF and
15MW of NBI during which a 3MA to
3.5MA current ramp was applied. The
confinement time was ~ 0.6s (twice
the Goldston L-mode value), the
energy content was 11M7, Te(O) and
Ti(O) were close to 10keV and the
D-D reaction rate reached
1.9x10%¢5-2, The proximity of the
plasma gave good coupling (R ~ 60Q)
and the radiated power rise rate
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was low (v~ SMWs-1} camared with L ® NBJ & RF
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content, W, is campared with values Fig. 9. Energy Content in 3MA
for NBI alone and NBI + RF in 3MA H-modes

H-modes. The upper and lower

curves are 2 x Goldston scaling for = 3.5MA and 3MA, respect-
ively. This type of discharge will investigated further during
the next experimental campaign.

NON THERMAL FUSION FROM (D)T MINORITY ICRH

Experiments using He? minority ICRH in deuterium plasmas have
yvielded up to 60kW of fusion power fram He3-D fusion reactionss.
The results, particularly the scaling with RF power, have been
simulated using both a Stix model® and a self consistent full wave/-
Fokker Planck treatmenti®, In this section we describe predictions
of the Stix model for the D-T fusion yield fram fundamental ICRF
heating of deuterium in tritium JET plasmas. The plasma parameters
are based on those attained in high performance scenarios with;



a) pellet injection at 3MA, b) current rise heating at S5MA and
c) monster sawteeth at 3MA, In the model, the profiles of (r) and
Tg (r) were parabolic to a power 7 which was determined by fitting
exper.urental data. Central values, nE(O) and T, (0}, were
extrapolated to high power levels (v Z0MW) usi.ng the measured offset
linearscalinglawsofthetypeT(O}-»a+B (0) as shown in
Fig. 7. We also assume Ty = Tg wﬁa.ch is not ustified
experimentally. However, Ty amroaches T, in the pellet fuelled
discharges which have central densities cfose to that for which the
(D)T scheme is optimum. The RF power absorption was investigated by
ray tracing for f = 25MHz, = 3.55T and dipole antennae phasing.
For example, with 30% deuterium minority, the pellet fuelled
discharge parameters gave 80% single pass absorption on deuterium,
17% direct electron heating (TIMP + ELD) and 3% was unabsorbed In
the Stix model the power deposition T
was taken as gaussian with a width
of 0.2m. The predicted fusion
vields are plotted against ne(O) in
Fig. 10 for 20MW of power coupled
to the minority (PR A~ 24MW) ,
np/neg = 15% and 30%, Zger = 2,
and off"ax:l.s heating (r ~ 0.3m).
The fusion vyield peaks for
densities close to 1x102°m-3 when s )
the minority tail temperature is 0 10
optimm (Ty 547 ™ 140keV). For this  Central Electron Density n(10*m=)
case of £ 2ot the pellet fuel-
led discharges the current rise Fig. 10.Predicted Fusion
heatmg glve simllar values of Power for (D)T Minority ICRH
RrE) = 70%. However,

y the current rise heating achieved Z ge = 2. wWith pellets Z eff
was about 3 for maximumn Te (0) and this furt.her dilution reduces
Qrpto 50%.
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SUMMARY

ICRH has made a major contribution to high performance JET
plasmas. Its strongly localised nature, as verified by modulation
studies, allowed heating well within the central enhanced confine-—
ment region in peaked denisty plasmas and has generated sawtooth-
free periods during the current rise phase of 5MA and 6MA discharg-
es. Previously encountered prcblems of ICRF heating of H-modes (low
coupling, impurity influxes) appear to be absent in a new scenario
allowing lom plasma/limiter separation in double-null X-point dis-
charges. Further investigation of this scenario, together with a)
(H)D and (He3)D experimental simulations of the (D)T high Q scheme,
b) fast wave and minority ion current drive studies and ¢)
investigation of synergism with combined RF and NBI, will all be
essential elements in the near term development of ICRH on JET.
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