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ABSTRACT.

Reactor relevant ICRH scenarios have been assessed during D-T experiments on the JET tokamak
using H-mode divertor discharges with ITER-like shapes and safety factors. Deuterium minor-
ity heating in tritium plasmas was demonstrated for the first time. For 9% deuterium, an ICRH
power of 6 MW gave 1.66 MW of fusion power from reactions between suprathermal deuterons
and thermal tritons. The Q-value of the steady state discharge reached 0.22 for the length of the
RF flat top (2.7 s), corresponding to three plasma energy replacement times. The Doppler broad-
ened neutron spectrum showed a deuteron energy of 125 keV which was optimum for fusion
and close to the critical energy. Thus strong bulk ion heating was obtained at the same time as
high fusion efficiency. Deuterium fractions around 20% produced the strongest ion heating to-
gether with a strong reduction of the suprathermal deuteron tail. The edge localised modes (ELMs)
had low amplitude and high frequency and each ELM transported less plasma energy content
than the 1% required by ITER. The energy confinement time, on the ITERH97-P scale, was 0.90
which is sufficient for ignition in ITER. I—Feminority heating, in approximately 50:50 D:T
plasmas with up to 10% PBlealso demonstrated strong bulk ion heating. Central ion tempera-
tures up to 13 keV were achieved together with central electron temperatures up to 12 keV. The
normalised H-mode confinement time was 0.95. Second harmonic tritium heating produced
energetic tritons above the critical energy. This scheme heats the electrons in JET unlike in ITER
where the lower power density will allow mainly ion heating. The inverted scenario of tritium
minority ICRH in a deuterium plasma was demonstrated as a successful heating method produc-
ing both suprathermal neutrons and bulk ion heating. Theoretical calculations of the D-T reac-
tivity mostly give excellent agreement with the measured reaction rates.

1. INTRODUCTION

The ion cyclotron resonance heating (ICRH) system on JET has been designed to operate with a
wide range of fundamental and multiple harmonic scenarios [1]. The frequency band covers the
range 23 MHz to 56 MHz and the system has coupled up to 22.3 MW of power to the plasma
using four antennas [2]. Each of the present antennas has four current straps and the phase
difference between currents in adjacent straps can be set at any desired value. The results de-
scribed in this paper were obtained with a phase differentéeatept for those in Fig 11). The
versatility of the system was exploited in the recent JET experiments with D-T plasmas which
provided a unique opportunity to assess the physics and performance of ICRH schemes that are
relevant to a reactor. These schemes comprigalhtbdeuterium minority ions at their funda-
mental resonances and tritium majority ions at their second harmonic resonance’ @ihd He
second harmonic tritium schemes were used in both tritium dominated and approximately 50:50
D:T plasmas. In the deuterium minority scheme the deuterium fraction varied between 9% and
22%. In addition, tritium minority heating experiments were carried out with 5% tritium in 95%
deuterium plasmas. The frequency range necessary for these studies ranged from 23 MHz for



the tritium minority to 37 MHz for the Hdun- = Wep resonance

damental and tritium second harmonic sce- Poloidal
narios. In most cases the resonance was placed fmiter
on the magnetic axis. However, for the tritium (CRE
minority experiments the lowest frequency of ‘ A\ 2nenna
the ICRH plant, and the highest magnetic field
(By=3.9T including paramegnetic effect), only
allowed the resonance to be on the high field “ ! ol
side, some 0.4m from the plasma centre. The [{|f L
experiments were carried out in H-mode '
plasmas, except for the tritium minority stud-
ies where the power was below the H-mode
threshold. The plasma shapes were similar to
that of ITER with edge safety factors in the ‘
range 3.4 <& < 3.9. The JET divertor, RF et
antennas, poloidal limiters and shape of a typi-  Divertor

coils
cal discharge are shown in Fig. 1.
Between 23 MHz and 37 MHz the an_F'|g. 1. Cross section of JET showing flux surfaces for a

. _single null divertor discharge typical of the present ex-
tenna loading changes by a factor of two Wlt[l;]eriments.
the smallest loading at the lowest frequency
(typically 0.7Q at 23 MHz ). This decrease is due to the antenna being resonant at around 45
MHz together with the characteristic impedance of the antenna straps being less [3] than the 30
Q of the feed lines. In this loading range ( Q.70 1.5Q including the vacuum loading of about
0.5Q ) the power coupled to the plasma is determined by the voltage sustainable on the antenna
and its supply lines. The D-T campaign provided a long period of continuous conditioning which
enabled operating voltages up to 35 kV to be achieved.

For the minority scenarios, operation in tritium and D-T plasmas significantly improves
the single pass absorption fraction compared with operation in deuterium. The reason is that the
left hand circularly polarised electric field component is enhanced by, typically, 50% in tritium
plasmas. The ratio of the left to the right hand polarisatiohe(Es given [4] by [(Z/A), - (Z/
A)I/[(ZIA) n + (ZIA)q] where Z and A are the atomic number and mass of the ions and the
subscripts m and M denote the minority and majority species, respectively. Table 1 shows the
polarisation ratios for several scenarios in D and T plasmas. Most notable for the present experi-
ments is the improvement for theel-minority case which reduces both direct electron absorp-
tion and the cross talk between antennas in discharges with low single pass damping.

In the next section, the results of the deuterium minority experiments are described. This
scenario gives strong bulk ion heating and a record Q-value for a steady state dischargse. The He
minority and the tritium second harmonic resonances occur at the same magnetic field for a
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Table 1. Ratio of left to right hand polarisation for minority ICRH schemes (cold plasma theory).

Scenario E/E
H-T 0.5

(H—- D 0.33
He) - T 0.33
(He?) — DT (50%) |[0.25
DO)-T 0.20
(He®) — D 0.14

given frequency and are competing mechanisms for absorption of the fast wave. The results of
experiments in which one or other of these mechanisms dominates, with a ranjemfdée-

trations up to 10%, are given in section 3. Bulk ion heating is observed when the damping is by
the H€ ions; when the tritium second harmonic absorption dominates, mainly electron heating
occurs. The investigation of the tritium minority scheme which generates neutrons from
suprathermal reactions together with ion heating is presented in section 4. A summary of the
results and their implications for ITER is given in section 5.

2. FUNDAMENTAL DEUTERIUM MINORITY HEATING.

The potential of the deuterium minority ICRF scenario for both plasma heating and for generat-
ing fusion power through suprathermal reactions has been recognised for a number of years [4,
5]. Theoretical calculations for ITER [6] suggest that, wjtk ¥ mi*, deuterium concentrations
around 30% will provide maximal bulk ion heating. For higher deuterium fractions, direct elec-
tron damping will become a strong competitor to the deuterium cyclotron absorption. For JET
conditions, theory predicted that a deuterium concentration between 10% and 20% would pro-
duce maximum suprathermal reactivity [5, 7]. In the JET D-T campaign described here, the
deuterium minority ICRH scheme was tested and optimised for the first time. The experiments
were carried out at a frequency of 28 MHz and a toroidal magnetic field of 3.7 T to give central
RF power deposition. Power levels up to 6 MW were used and the plasma current was either 3.3
MA or 3.7 MA. The highest performance achieved with this scenario is described in the next
section. In section 2.2 the results of varying the deuterium concentration between 9% and 22%
are discussed.

2.1 Maximum fusion reactivity.

The fusion reactivity between the suprathermal deuterons and the thermal tritons was
maximised by achieving an average deuteron energy close to 120 keV, the energy at which the
D-T rate coefficient peaks. This was attained by varying the central dengity) the range
3.3x10°m™ to 5.0x16°m™ and the deuterium concentration in the range 9% to 22%. As re-
ported in reference 8, the best results were obtained at an ICRF power of 6 MW, a D:T ratio of



9:91 and a density of 5.0xn . The fusion Pulse No: 43015

power reached 1.66 MW and the steady state8[ Pus= 1MWV
fusion figure of merit, Q ={&/(Prr +FPon), was 6-
0.22 over a period of 2.7s (three energy replac
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ment times). The parameterg,sPrr and Ry 2

are the output fusion power, the input RF power |

and the ohmic heating power, respectively. The .

period of 2.7s was limited by neutron economy.
The time evolution of the fusion power iss 2
shown in Fig. 2. An H-mode is produced at 13.7
s as can be seen from the appearance of edglef H-mode | _

localised modes (ELMs) which are detected as 13 14 15 16 H 17 18
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Time (s)
sharp, transient increases in the deuterium and

tritium Balmera light (Dg + Tg). The fre- 208
guency of these small amplitude ELMs is about < 1.5;
250 Hz. The ratio of the ELM repetition time |
and the confinement time (0.87s) gives an up-

1.0

. . 1670 16.42 16.44
per limit of 0.5% to the fraction of the plasma Time (s)

energy contentA\W/W) transferred by each Fig. 2. Fusion power from the best (D)T minority heat-
ELM across the scrape-off layer. This value i®g discharge with /= 3.7 MAand B= 3.7 T. Inset is
less than that required by ITER (1%) to pre@n expanded view of the ELMs which had small ampli-
vent excessive wall erosion [9]. The energt35mIe and an average frequency of 250Hz.
confinement timetg = 0.87 s, corresponds to Pulse No: 43015
an ELMy H-mode quality factor, ITERH97-P, (7109
of 0.90 which will allow ignition on ITER [10]. &
The ion and electron temperature profiles’f,
measured by charge exchange spectrosco&y
(CXS) and electron cyclotron emission (ECE),§
respectively are shown in Fig. 3. These dat’o;i
are taken during the flat top of the 0.4 s Ion@"w
sawteeth. In general the CXS diagnostic used
two tritium neutral beams at a total power level
of 2.3 MW to give sufficient signal from the o35 55 =2 5 g
plasma centre and to provide redundancy Major radius (m)
against failure. In a few cases, data were al§@. 3. Temperature and density profiles for the discharge
recorded with a single beam to be sure that tRewn in figure 2.
beams themselves were not producing significant ion heating and thus distorting the measure-

ment. ldentical values of; Were obtained at both diagnostic NBI power levels. In figure 3 the
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central ion temperature (T= 6.6+ 0.6 keV) is close to the central electron temperatuges T
7.2+ 0.4 keV showing the presence of substantial bulk ion heating by the deuterons. Such ion
heating is expected since the deuteron energy) (#hich gives equal collisional power transfer
to the ions and electrons is 100 keV for an electron temperature of 7 keV [11]. Detailed theoreti-
cal calculations using the PION code [12] for discharge 43015 are given in references 8 and 13.
The calculation contains no free parameters and self-consistently treats the evolution of the fast
ion distribution and power absorption. Redistribution of the fast ions by sawteeth, as observed
experimentally [8], is also included. The predicted fusion reactivity is in excellent agreement
with the observed reactivity [13]. The power partition calculations predict that 70% of the power
is absorbed by the deuterons, 15% by carbon plus beryllium impurities, 10% by direct electron
damping and 5% by mode conversion. The direct electron absorption occurs through a combina-
tion of transit time magnetic pumping (TTMP) and electron Landau damping (ELD). Summing
the components, including the ohmic heating, gives a ratio of ion to electron heating of 45:55
which is consistent withJ slightly less than & Thea-particle concentration is not accurately
known but it is estimated to be about 0.01% in the JET ICRH experiments. PION code calcula-
tions show that at such a low concentration, the power absortwegdngicles is below 0.2%.

The deuteron energy has been obtained
from the Doppler broadening of the 14 MeV |, Pulse No. 42792 (D)T ICRH
neutron energy spectrum and, for some dis- 2
charges, from neutral particle analysis. The>

_ _ 5 10%7 T, = o0kev
neutron data for discharge 43015 are given in T.(0) = 96keV

reference 8 and show a deuteron energy of 125 .,|
+ 25 keV. The deuteron velocity distribution %
given by the neutral particle analyser, NPA, for
discharge 42792, which produced 1.2 MW of | L ‘

. . . 0 0.2 0.4 0.6 0.8 1.0
fusion power with an RF power of 4.7 MW, is £, (MeV)

shown in Fig. 4. The fast particle NPA [14]Fig. 4. Line integral deuteron distribution function ob-

measures in the energy range 0.3 MeV t0 Lidined from the NPA for discharge 42792 €13.7 MA,
MeV. The tail temperature is about 96 ke\B;=3.7 T) which produced 1.2 MW of fusion power for

}Qe plasma centre,/J0) is 96 keV.

— High energy NPA
\ fD

109
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spectroscopy measurement of 100 keV for th
discharge ( see Fig. 7).

2.2 Variation of the deuterium concentration

During the search for highest fusion reactivity, the deuterium fraction was varied between 9%
and 22% of the total ion density. The fusion yield was highest at 9% but the highest central ion
temperatures, and the strongest ion heating, occurred at the larger concentrations. At these con-
centrations there is substantial evidence for a transfer of power absorption away from the
suprathermal deuterons towards a strong central bulk ion heating scheme.



The first evidence came from PION code calculations which overestimated the neutron
emission for high deuterium fractions [13]. To reproduce the observed neutron rate it was neces-
sary to reduce, artificially, the power in the fast wave to 40% of the input power. In contrast,
calculations for all discharges with about 10% minority concentration require no such reduction
in fast wave power to reproduce the observed D-T reactivity. The experimental data support this
reduction of fast wave power to the deuterons but also show that all the power is deposited in
the plasma core with a large fraction flowing to thermal ions.

These data are discussed below along with candidate heating mechanisms. Perhaps the
most likely of these is mode conversion to an ion Bernstein wave (IBW) which is absorbed by
cyclotron damping on thermal deuterons. lon damping of an IBW has been observed in supershots
in the TFTR tokamak [15], although the TFTR experiments had a higher deuterium fraction and
the damping occurred on the tritons.

The highest value of,Jwas achieved with 18% deuterium fraction, an electron density of
3.4x10°m™and 4.8 MW of ICRF power . In this discharge, 42769, for which the plasma current
was 3.3 MA, T, reached 10.5 keV compared with a central electron temperature of 8.3 keV as
shown in Fig. 5. For comparison, the characteristics of a discharge 42/93.(/IMA ) with
the same RF power but with 10% deuterium aneErt.6x16°m2 is also shown. In this case,
TeoWas 7.5 keV and;Jreached only 6.2 keV even though the confinement times were almost
identical in the two discharges. The profiles of ion and electron energy densities are shown in
Fig 6. The ion energy density is greatest for the 18% deuterium case and is the same as the
electron energy density for the 10% deuterium discharge. Furthermore, the total thermal energy
contents, and their radial profiles are almost identical in the two cases which implies that the

10|~ Pulse N0.42769 & T "N W, (10% D)
S 8 18%D e \
i
21 \ .
101 Pulse No.42792 60 N\ New Wi(18% D)
2 8T 10%D e - VAR 4
= 4= Te E |W,(18%D) N
20 e
. PSP =
S ‘g 40~
S 2 o
©
>
2
]
c
Ll
20}~
7 4 Neutron e e e 10% D Pulse No. 42769 18% D
N o[ emission ¢ Pulse No. 42792 10% D 3
3 B S
S \ \ \ | 8 ok \ ! ! 8
14 15 16 17 18 19 0 0.2 0.4 0.6 0.8 1.0
Time (s) rla

Fig. 5. Comparison of discharges with 10% deuteriurfig.6. lon and electron energy contents for 10% and
(42792) and an increasing deuterium fraction up to 18%8% deuterium minority fractions. Note that the ion en-
(42769). The evolution of the deuterium concentratiogergy content of each discharge is similar to the electron
for 42769 can be seen in figure 8. energy content of the other.



ICRF power deposition is the same for each discharge, and predominantly in the plasma core.
Since the thermal energy contents are similar, the higher current and density in the 10% deute-
rium case results in a lower normalised confinementgrrg7.p ] Ipo'g.ne°'4); H97 = 0.8 com-

pared with H97 = 0.95 for the 18% deuterium case, as can be seen in Fig. 5.

The combination of higher minority con-
centration and reduced fast wave power absorg- w0
tion produces a striking reduction of the deuteg
rium average energy as can be seen from tlge 2%
Doppler broadened neutron spectra in Fig ﬁz 10k
These data were obtained with the proton ré* i ﬂ
coil spectrometer, ‘Tansy’, [16] which has a O%Be No: 42772
narrow vertical line of sight through the plasma “I
centre. The broadening detected by the instré—
ment is mainly due to the gyro-motion of the% 10F
fast deuterons. The spectra shown in Fig. 7 aEe sl

Pulse No: 42792

10%D
T=100keV
T,=20keV
8% Thermal

ICa=r=r il
13%D

T= 80keV
T,=20keV
16% Thermal

15~

the integrated counts throughout the RF pulse o el o wolla |
excluding the period occupied by the diagnos- = Puise No: 42769 18%D

tic beams. The results for the 10% and 18°/§ r E:sg:f:\\f
minority discharges, respectively, are the tog *°| 60% Thermal
and bottom traces in Fig. 7; an intermediatg 1]

example ( 13% deuterium ) is shown in the s-
centre of the figure. The data are modelled with  oll R T i = d ﬂeﬂ 008
a deuterium distribution comprising an aniso- Energy (MeV)

tropic Maxwellian with perpendicular and parFig. 7. Neutron energy spectra for (D)T ICRH Doppler
allel temperatures [T and T;, respectively, broadened by the velocity of the deuterons. The solid
together with an isotropic thermal I\/laxwel"ancurves are best fits to the data of a combination of
suprathermal and thermal components.

component with the measured value of Al
thermal distribution is used for the tritons. The response of the spectrometer is calculated with a
Monte Carlo code for a range of values of, T;, and the magnitude of the thermal deuteron
component. The best values of the parameters are then determined@rﬁm&he data. The
results of this process are shown in Fig 7. For the 10% deuterium fraction the suprathermal
reactions dominate and the deuteron tail temperature is 100 keV in agreement with the NPA
measurement ( Fig 4 ). For the 18% deuterium fraction the thermal reactivity contributes 60% of
the total. This value, derived from the least square fit, agrees well with the value of 53% calcu-
lated from the ion temperature and density profiles measured at 17.9sec ( Fig. 5).

The time dependent changes in the deuteron velocity distribution are revealed in the neu-
tron spectra recorded with the MPR (magnetic proton recoil) spectrometer [17]. The MPR is
placed close to the tokamak, viewing the plasma along a nearly horizontal line of sight making



a double pass through the plasma centre. It 4574seNo: 42769

operates at high count rate which made it pos- } {_%{.{' ;
L "

sible to measure the width of the neutron emis’g 4 ﬁ'%

sion spectrum for discharge 42769 with aboug 35
30 ms time resolution (Fig. 8). The instrumené }
tal energy resolution is 23mm (FWHM) for a©
dispersion of 12.7 mm p&E/E = 1%. 25
Also shown in Fig. 8 are the deuteriums 2-
fraction, which rises from 11% to 18%, and thé;;
central neutron emissivity from the neutron pro:3
file monitor [18]. As the ICRF power is ramped
up, the perpendicular temperature of the deu- 0'37,160(1020 m3)
terons increases to about 80 keV. However, at o.2

o

o =41mm ﬁ% o =30mm
T =83keV T = 15keV

.
Fiet tag s
v §§§§

30~

Central DT reactivity

i
T

Monster sawtooth crashes

. . . n /nion

15.2 s, coincident with the crash of a monster — ‘ ‘ ‘ ‘ ‘ ‘
. . 14 15 16 17 18

sawtooth, the deuterium energy begins to fall. Time (s)

By 17 s the spectrum is consistent with theFig. 8. The measured time evolution of the widthof

mal distributions of deuterons and tritons of 1gle neutron emission spectrum for discharge 42769 from

which is deduced 7= 83 keV for RF accelerated deu-

keV. This is higher than the measured ion tem- =
terons at the beginning of the RF pulse (t=15.3 s) and

perature (10.5 keV) indicating the presence qif: 15 keV (the effective average value for t > 16 s).

a remnant suprathermal deuteron populatiofhe spectrometer energy dispersion is 12.7 mm (along

At 15.8 s there appears to be a partial recovehg focal plane of the magnet) p&E/E = 1%.

which is curtailed by the crash of another

monster sawtooth. Note also, from Fig. 5, the shortening of the sawteeth after 16 s as the
stabilising effect [19] of the fast ion pressure reduces.

To summarise, at minority fractions around 20% both the experimental data and the D-T
reaction rate simulations suggest that a large fraction of the fast wave power is not cyclotron
damped by the deuterons. However, this power fraction still produces strong thermal ion heating
in the plasma core. Possible mechanisms include mode conversion to an ion Bernstein wave,
with subsequent damping by ions, or absorption of the fast wave by fully stripf)iﬂhae

As remarked above, mode conversion followed by cyclotron damping of the IBW was
seen in TFTR at high;TFor the JET plasmas, ISMENE code calculations indicate that the
mode converted power is of the order required. However, since the mode conversion surface is
0.2m on the high field side of the deuterium resonance, the IBW must propagate towards the low
field side, counter to its usual direction, to be in cyclotron resonance with thermal deuterons.
The poloidal field can strongly influence the propagation of these short wavelength electro-
static waves [20] and it has been shown that outward travelling waves can occur away from the
equatorial plane of a discharge and damp on the minority ions [21].

JG98.291/3¢c




Fully ionised B& has its fundamental resonance close to the D-T ion-ion hybrid layer
where the Efield is large. The beryllium also produces an ion-ion hybrid layer close to its
cyclotron resonance which further enhances absorption. Discharge 42769 a4.3 in the
centre and the Beconcentration is about 1.5%. ISMENE code [22] simulations suggest that
beryllium can absorb up to 40% of the power. The beryllium ions achieve about 20 keV energy
so that the collisional power transfer is to the tritium and deuterium to produce strong bulk ion
heating. However, this heatingli®.35 m off-axis whereas the drofile is as peaked as that in
Fig. 3 for central D-minority absorption. Furthermore, time dependent calculations cannot simulate
the transition from damping on deuterons to beryllium once the deuteron tail is formed. Clearly,
more experiments are needed to establish definitively which of the above mechanism is present.
For example, the response ¢td power modulation will reveal whether the ion heating profile
is central or off-axis.

3. HE® MINORITY AND TRITIUM SECOND HARMONIC ICRH
3.1 High tritium fraction discharges

Fundamental I—F'eminority and second harmonic tritiumu§g;) ICRH are necessarily compet-
ing absorption mechanisms since both resonances occur at the same position in the p:iasma. He
minority in D-T plasma is a strongly absorbing scheme, according to table 1, with increasing
single pass damping as the tritium fraction increases. The second harmonic tritium absorption
relies on finite Larmor radius effects to allow damping of the fast wave. The single pass absorp-
tion is typically weaker than that for I3—|minority in JET plasmas. The first investigations in this
campaign were carried out during tritium load- oulee No: 41734
ing of the JET vessel walls which produced  Pulse No: 41735 (with He?)
plasmas with up to 95% tritium fraction. °r :5::’2’_' P
The key discovery was that a small f=34MHz
amount of H& typically 2%, strongly enhances s i He’gas '
the neutron emission as illustrated in Fig. 9; o s
The discharges shown had D:T = 10:90, a
plasma current of 3 MA and a toroidal mag- o
netic field of 3.4T. The ICRF frequency was 6- g;ﬁ:gn
34 MHz which placed the resonances in the D:T = 10:90
plasma centre. Discharge 41734 has n8 He™ “/
injection and the fast wave power is absorbe&; Al
partly by tritons and partly by electrons (TTMP
+ ELD) according to PION calculations (see |
section 3.2, and ref. 13 for example). About
0.1% Hé will be present in the tritium from Fig. 9. Increased reactivity with 4% Bladded to the

radioactive decay and could absorb up to 30%cond harmonic tritium ICRF scenario.
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of the power in the absence of RF pump-out from the plasma centre. However, simulations of
the neutron emission give best results for no power absorption%{;l:ﬂ-]eThe neutron emis-

sion is 1.5x18 s for 6 MW of ICRH power. On the other hand, discharge 41735 has almost
identical ICRF power but Has injected prior to the application of the ICRH to give a concen-
tration nyedNe = 4%. In this case the neutron emission is increased fourfold to 8°5%1The
crashes in the neutron flux correspond to monster sawtooth crashes. Increasir?gbﬁ)@htda

4% produces no further improvement. Pulse No: 41734, 41735 (with H,?)
The higher reactivity with Heminority 51 Ti(a=0.43) \
heating is due to the higher ion temperature._ with He®

>
ER

As can be seen from Fig 10, the value of T
measured by X-ray crystal spectroscopy [23]
at r/a = 0.43 is 5 keV for the Blease and 3
keV for the 20ct case. The density is also 30%
higher in the former discharge & 2.7x16°
m? and 3.4x18 m*, respectively, for dis-
charges 41734 and 41735) so that the ion en-
ergy density is approximately a factor of two
higher with H& minority heating. A precise

(keV)

ig
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comparison was not possible due to a lack of 15 19 20 21 22 25 24

Ti(r) profile data during these measurements. Time )

. Fig. 10. Comparison of@.; scenarios with and with-
The central electron temperature is also Iargeng P @

) & minori _ out HE. Bulk ion heating increases when minority’He
in the He minority case, mainly due to theICRH dominates. The lower H-factor with ‘purevz;

monster sawteeth whose presence indicategeating is due to loss of tritons on large orbits and to
greater fast ion pressure inside the q = dtbit broadening of the heating profile.

surface. The H-mode factor reaches H97 = 1.1 and 0.75 with and With&ti[ljbkﬂion,
respectively.

The reduced H-factor with ‘puret® heating is understood, at least in part, to be due to
the large orbits of the tritons. PION calculations show that a small number of tritons are acceler-
ated to MeV energies. Above 4 MeV some trapped particle orbits intersect the limiters and about
20% of the input power is lost in this way. Such loss is not included in the calculation of H97 and
also reduces the power in excess of the H-mode threshold. In addition, the large triton orbits
broaden the collisional heating profile which reduces the global confinement; the lack of mon-
ster sawteeth (Fig. 10) testifies to the broad fast ion density profile.

with He? injection, the greater ion heating is mainly due to two factors. The strong single
pass absorption by the Hions reduces the competing TTMP + ELD power flowing to the
electrons, and the average energy of théibfes is close to & which is about 240 keV for
discharge 41735. In contrast, th®sz scheme accelerates the ions well aboyg (Eig. 11).

Similar distributions are seen witlwgr heating in TFTR [15]. The energetic tail is due to both
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the longer slowing down time and the preferential absorption of power on energetic ions in the
second harmonic heating scenario. In discharge 41734 the fast ion energy content is 1.5 MJ
compared to 0.7 MJ in discharge 41735.

Pulse No: 42755
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\
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Fig. 11. Triton distribution deduced from high energyFig. 12. Parameters of the Biminority ICRH discharge
NPA measurements. The data are the aggregate of dighich generated central ion temperatures up to 13 keV.
charges with+90°, and T antenna phasings. The line This plasma had 10% ﬁeoncentration,d: 3.3 MA
integral temperature of the triton tail is 360 keV, givingand B = 3.7 T.

a central temperature of 450 keV.

3.2 Optimised experiments.

Maximum thermal fusion reactivity was obtained from thé Manority heating scenario with

a 45:55 D:T mixture in a 3.3 MA, 3.7 T discharge. Thé HEority concentration was 10% and

the ICRH frequency was 37 MHz at which the coupling to the plasma was near optimum. The
coupled power was 8.7 MW which produced a plasma stored energy of 6 MJ corresponding to a
toroidal beta of 0.9%. The fastion stored energy was 0.7MJ and the central electron density was
3.8x13°m™®. Details of the discharge evolution are shown in Fig.12. An H-mode is triggered at
14.5 s and the ELMs increase in amplitude as the power is ramped up. Occasionally, a monster
sawtooth crash induces a short ELM-free phase which is sometimes followed by a large ampli-
tude ELM. The normalised confinement, H97, also increases with increasing power and reaches
a value of 0.95 before the first diagnostic beam pulse. Such a value will allow ITER to ignite
provided the Greenwald density can be exceeded by 10% [10] and sufficient beta can be achieved.
The central ion temperature reaches13keV and exceeds the central electron temperature of

11 keV. Also, the value of;iven by the X-ray spectrometer at r/a = 0.47 is similar to that in
discharge 41735 (Fig 10) implying, P T, for that discharge.
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As a result of the high value of the neutron emission, which is entirely from thermal
reactions, rises to 1.7x18™ corresponding to a fusion power of 0.5 MW. Neutron spectrometer
measurements show a Doppler broadening [8] commensurate; witt815+ 2.5 keV in good
agreement with the charge exchange measurement. Similar results were achieved with 6.5%
He® as shown in Fig. 13 which compares tharid T, profiles during the sawtooth flat top. The
ion temperature profiles are noticeably more peaked than the electron temperature profiles. Ac-
cording to PION calculations, the ion and electron heating profiles are very similar, as shown in
Fig 14, which suggests that the ion thermal transport in the plasma core is significantly less than
the electron transport. This is confirmed by the TRANSP code [24] which gi#e8.6 nfls
andxe = 2x; at r/a =0.2, for example. Such values are typical of D-T ELMy H-modes in JET
[25]. For the 10% Hécase, the PION code shows that thé idies take 90% of the power with
10% being deposited directly on the electrons by TTMP and ELD. Collisional power transfer
from the H& gives 55% of the input power to the bulk ions and 35% to electrons.

Pulse No's: 42754 and 42755 Pulse No: 42755

S l,=3.3MA
14 (He3)D:T BT =3.7T Pci -
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Fig. 13. Tand T, profiles for 6.5% and 10% Heninor-  Fig. 14. PION code calculations of the power partition
ity ICRH. R,, is the sawtooth inversion radius. for 10% Hé minority heating.

The sawteeth strongly affect the neutron emission. Tomographic reconstruction of the
neutron profile monitor data shows that the plasma mixing due to the crash reduces the central
emission by a factor of two. Such a reduction is consistent with the drop in central ion tempera-
ture from 13 keV to 9 keV (Fig. 12).

The PION code has been used to investigate tﬁmH\erity scheme for ITER [26]. The
results for a Heconcentration of 2.5% and 50 MW of power are shown in Fig. 15. The results
are given in the form of contour plots of constant ion heating fractiog,ifid space. Such a
plot allows the ion heating fraction to be assessed for any choice of route to ignition. For illustra-
tion a ‘direct’ route from the ohmic phase.{E 5 keV, Ry = 3.5x10° m'3) to the ignited phase
(Teo=35keV, Ry = 1.0x16°m'3) is shown for which the ion heating fraction is around 70%.
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The present results differ from those with’lddded to high temperature TFTR supershots.
In that case, the ICRF power is mainly absorbed by the tritons[28, 29] due to the Jow He
fraction (2%) and the high ion beta. In th@-2 scheme in JET, an optimisation of higher
production (ion heating) was attempted. The central electron density was varied from 2.5 to
5x10°m™ but better performance required operation at even higher densities. In this density
range and for the available ICRH power, the discharges were sawteething which degrade per-
formance somewhat. In general there is a conflict between ion heating and sawtooth stabilisation
by ICRH. One of the best performance of thg 2heating scheme, in terms of neutron produc-
tion, is shown in Fig.16. This was a 3.3MA discharge with a toroidal field of 3.7T. The RF power
was 8 MW at a frequency of 37 MHz. An H-mode is formed at 14.7s to give a normalised energy
confinement, H97, of 0.7. The neutron emission rises telPs* just before the injection of
the diagnostic beams for Ti measurements. The central electron temperature of 9 keV exceeds
the central ion temperature of 5.8 keV. The fast ion energy content is 1 MJ which is well
reproduced by calculations with the PION code. The code also predicts that 20% of the absorbed
power is lost through fast tritons striking the limiters. This occurs for energies greater than
5 MeV.

Pulse No: 42753
10F

eo

%\ 5 e e
X io
ok
(®He)DT ICRH — Neutron rate
2.5% 3He P 12: (He3)DT
10 Pgr = 50MW e A 2Wcr
- s M
5
£ 8 = 2r Weast
E B e
S PR 10F
3 _.~~"\'Direct' route to 7
< 6 ignition 0.5
oL Du+Ta
g _ 609%™ g 8j I:)ICRH
/—/ 50%|8 s 9 ne S
| | | | e 0 f : ! i : /) g
5 10 15 20 25 30 14 16 18
Teo (keV) Time (s)

Fig. 15. Contours of constant bulk ion heating fractiorFig. 16. Highest neutron reactivity with ‘pure; heat-

for ITER parameters and 2.5% Heinority heating.  ing. The neutron rate is a factor of six lower than that of
a comparable H3eminority case. Note the logarithmic
scale for the neutron rate.

The power distribution calculation shows that direct electron damping absorbs 55% of the
power and the tritons absorb 45%. In addition the power absorbed by the tritons is collisionally
redistributed mainly to the electrons. Consequently, electron heating dominates with a total of
90% of the input power going to the electrons. The code reproduces the neutron emission, as
shown in Fig. 17, including the component from the tritium diagnostic beams confirming the
classical slowing down of the injected fast tritons.
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Although the second harmonic tritium scheme produces mainly electron heating in JET,
PION calculations similar to those in Fig 15 show that this scheme can produce mainly bulk ion
heating in ITER [26]. Direct electron damping is kept low by using a valug@b&e to 3 i,
which corresponds t®0° antenna phasing. Furthermore, two resonances are employed to give
a power density of about 0.3 MWinthus reducing the energy of the fast tails, In the JET
experiments the power density wias MW/m?.

The energetic tritium tail excited toroidal Alfven eigenmodes (TAE modes) which were
not observed with either the deuterium of Henority heating. This is qualitatively consistent
with the fast ion energy content being, typically, twice that in thyg 2xperiments. The trapped
fast ions reach sufficiently high velocity to be in precession resonance with the modes. The TAE
modes for discharge 42753 are shown in Fig. 18 to occur at a frequency between 250 kHz and
300 kHz. The frequency splitting is due to the Doppler shift for the TAEs with different toroidal
numbers.
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Fig. 17. PION simulation of the reactivity produced byFig. 18. Toroidal Alfven eigenmodes with frequencies in

the Zu-; heating in discharge 42753. the range 250 - 300 kHz generated by fast tritons dur-
ing 2ax1 heating. The triangular waveform is produced
by the external saddle coil antenna that was used to
measure stable low-n Alfvén eigenmodes throughout the
experimental campaign [27].

4. TRITIUM MINORITY HEATING

The tritium minority experiments were performed with 23 MHz ICRH in 3.7MA, 3.9T dis-
charges with tritium and deuterium fractions of 5% and 95%, respectively. The resonance layer
was located at a major radius of 2.56m. This is 0.4m on the high field side of the magnetic axis
and was the closest the resonance could be placed to the plasma centre; 23 MHz is the lowest
ICRF frequency on JET and 3.9T is the highest toroidal field in JET so far.
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In this inverted ICRH scenario, cold plasma theory places a cut-off, denoted the L cut-off
[4, 30], between the resonance and the low field side antenna. In addition the ion-ion hybrid
layer lies close to, and on the high field side of the cut-off. ISMENE code calculations of the
positions of the cut-off and resonance are shown in Fig 19. Also shown is the fact that the R cut-
off [4, 30], which, for low k values, resides in the low density edge plasma, rapidly moves to
the plasma centre with increasingand crosses the L cut-off for, k= 9.5 ni'.The fast
magnetosonic waves with, & 11.5 ni- are completely cut-off. As the parallel temperature of
the tritons becomes sufficient to Doppler broaden the resonance out to the cut-off, the tritons are
able to absorb power from the fast wave. Calculations with the ISMENE code indicate that the
tritons absorb about 65% of the power, given that the average parallel energy of the deuterons is
7 keV as determined by neutron spectrometer data. The rest of the power is absorbed directly by
the electrons.
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Fig. 19. Cut-off and resonance positions as a functioRig. 20. Plasma parameters for the tritium minority
of k, for the tritium minority scenario. Inset is the powetheated discharge, 43057, which hao=I3.7MA and
spectrum coupled to the plasma at R = 3.9 m By = 3.87T.

The discharge evolution is shown in Fig. 20. The ICRF power from two antennas reached
1.7 MW with several trips; the antenna loading was®. #equiring both the antennas and
transmission lines to be operated at high voltage. The plasma remains in L-mode since the
applied power is below the H-mode threshold. The confinement time on the ITER89-P scale
[31] is 1.0 showing that the ICRF is producing good heating efficiency. The central ion and
electron temperatures are both about 3.0 keV for a density of 3’8x10The X-ray crystal
spectrometer recorded an ion temperature of 2 keV at r/a = 0.37, close to the resonance position,
consistent with the value of 2.2 keV given by the charge exchange measurement. The D-T reac-
tion rate increases as the power is raised and reaches lfﬁkjjmst before the deuterium
diagnostic beam pulse. This reaction rate is about twenty times the thermal reactivity calculated
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from the ion temperature and density profiles, 5o uise No: 43057

. . . . (T)D ICRH T Ty = 35£3.5keV
and is due to accelerated tritons reacting with % % T, = 7.043.5keV
thermal deuterons. This conclusion is verified,
by neutron spectrometer measurements shovgqoof
in Fig. 21. This spectrum was obtained by ing
tegrating over the whole discharge except du%— 501
ing the diagnostic beams. The best fit to the . . | | L
data is for a triton perpendicular temperature ° 00 A0
of 35+ 3.5 keV and a parallel temperature Ofig. 21. Neutron spectrometer data for (T)D ICRH. The
7.0 + 3.5 keV. ICRF acceleration of tritiumsolid line is the detector response to a tritium distribu-
minority ions has also been detected in simil&pn with 7= 35 keV and T = 7 keV.
experiments in TFTR [32].
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Tomographic reconstruction of the neutron emission profile is shown in Fig. 22. The best
fit to the data shows an annular profile with the maximum emissivity occurring close to the peak
power absorption as given by the ISMENE code. The maximum power absorption occurs near
the ion-ion hybrid layer as a result of the largg&larisation at this position. The asymmetry of
the profile is probably due to the longer time spent by the tritons on the high field side of the
magnetic axis. Orbit calculations show that 35 keV tritons close to the trapped passing boundary
spend about three times longer on the high field side of the plasma centre compared with the low
field side.

By varying the discriminator level on the neutron detector pulse height analysis, a coarse
energy selection can be applied. The line integrated responses from the vertical and horizontal
cameras are shown in Fig. 23 as this level is changed. Clearly the annular emission becomes
more peaked as the neutron energy increases. This result implies that the highest energy tritons
exist in a narrow annulus which broadens as they slow down and diffuse in radius. The tomog-
raphy in figure 22 was made with the 8.5 MeV discriminator setting.

PION calculations, with the fraction of power absorbed by the tritium as a free parameter,
reproduce the neutron emission well for an absorption fraction of 50% as shown in Fig. 24. This
value is reasonably consistent with the estimate of 65% absorption by the tritons from the ISMENE
code detailed above. Most of the power absorbed by the tritons is transferred collisionally to the

bulk ions as shown in Fig. 25.
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Fig. 24. PION simulation of the (T)D neutron emissiorig.25. Collisional power redistribution of the power
from suprathermal reactions. The best fit to the data isbsorbed by the tritons. The majority of the power is
for 50% absorption of the power by the tritons. transferred to the bulk ions.

5. SUMMARY AND CONCLUSIONS

The operation of the ICRF system during the D-T minority heating experiments was facilitated
by the enhanced single pass damping which occurs in the scenarios studied. In particular, the
He® minority scenario showed no evidence for cross-talk between antennas which is sometimes
observed in deuterium plasmas where the damping is a factor of two lower. The deuterium
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minority heating with 9% deuterium produced 1.66 MW of fusion power with 6 MW of RF
power. The Q-value of 0.22 is a record for steady state discharges. This scenario also generated
substantial bulk ion heating. A central ion temperature of 10.5 keV was achieved with 18%
deuterium fraction. However, at this level of minority density the deuteron energy was so re-
duced as to indicate a transfer of power away from fast wave heating of the minority ions. The
competing mechanism appears to be either mode conversion to an IBW or damping on beryl-
lium impurities. Both mechanisms can generate the observed central bulk ion heating but defini-
tive identification will require further D-T experiments.

The addition of a small amount of He tritium second harmonic heating is sufficient to
make the damping switch completely to fundamentéldylelotron absorption. Strong ion heat-
ing is produced by the ﬁminority ICRH giving ion temperatures up to 13 keV. This scheme is
perhaps the most promising for ITER, for which only 2-3% ideequired to give 70% ion
heating on the route to ignition.

The ion heating in the JET experiments

is summarised in Fig. 26 which shows the cen- T o //

tral ion temperatures achieved by D and He 12~ . .Ej

minority schemes as well the second harmonic } //

tritium heating. Both minorities have generated. // .

ion temperatures greater than the correspon%— T wéo

ing electron temperatures but thes2 heating ::g 6 £30 N

gives T, > T;. This results from both highly AL //

energetic triton tail production and strongly // To Teo
competitive direct electron damping for the 2] // : S EE?? o (50%)§
dipole antenna phasing used in the present ex- o / ‘1 , Ll 2f§T(5°%) 4
periments. Note also in figure 26 that the aver- Pror/Neo* (15/3.3) (X107 MW m?)

age central temperature for the besg2dis- Fig. 26. Central ion and electron temperatures plotted
charge falls below the trend followed by thegainst power per particle times The proportionality

minority schemes. This feature is a consda current takes account of the scaling of confinement
guence of the loss of energetic tritons and (b
orbit broadening of the heating profiles.

In ITER, the power density can be kept below 0.3 M\Mm using two resonances to
spread the deposition of the 50MW input power. The energy of the triton tail will be low enough
to give mainly bulk ion heating. In addition, all the fast ions will be confined and the heating
will be central. The direct electron damping fraction is small if the antenna spectrum has
ky=3m™

All the above three heating schemes produced H-modes having small amplitude, high
frequency ELMs witlAW/W < 1.5% which is close to the value of 1% required by ITER. The
H-factors for the minority schemes, H80.95, are consistent with ignition on ITER at a den-
sity 10% above the Greenwald value [10].
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The inverted ICRF scheme of 5% tritium minority in a deuterium plasma has been demon-
strated as a successful heating method with about 50% of the fast wave power damped by the
tritons. The tritons reached an energy of 35 keV for 1.7 MW of power and the fusion reactivity
was dominated by suprathermal reactions. This scheme is useful for low tritium density experi-
ments in ITER, but requires a frequency of 29 MHz which is outside [33] the present design
range (40-70 MHz).

With the exception of the high fraction deuterium minority experiments, the fusion reac-
tion rates in all the above scenarios are precisely predicted by the PION code calculations. Such
a high level of agreement gives great confidence in the predictions for predominantly bulk ion
heating in reactor plasmas.
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