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ABSTRACT

This paper discusses the unique roles played by lon Cyclotron Resonance Heating (ICRH) in the
preparation, formation and sustainment of internal transport barriers (ITBs) in high fusion per-
formance JET optimised shear experiments using the Mk. Il poloidal divertor. Together with
Lower Hybrid Current Drive (LHCD), low power ICRH is applied during the early ramp-up
phase of the plasma current, ‘freezing in’ a hollow or flat current density profile(@hl. In
combination with up to ~ 20 MW of Neutral Beam Injection (NBI), the ICRH power is stepped
up to ~ 6 MW during the main low confinement (L-mode) heating phase. An ITB forms promptly
after the power step, revealed by a region of reduced central energy transport and peaked pro-
files, with the ion thermal diffusivity falling to values close to the standard neo-classical level
near the centre of both D-D and D-T plasmas. At the critical time of ITB formation, the plasma
contains an energetic ICRF hydrogen minority ion population, contributing ~ 50% to the total
plasma pressure and heating mainly electrons. As both the NBI population and the thermal ion
pressure develop, a substantial part of the ICRF power is damped resonantly on care @ns (
weD = 3 axT) contributing to the ion heating. In NBI step-down experiments, high performance
has been sustained by maintaining central ICRH heating; analysis shows the efficiency of cen-
tral ICRH ion heating to be comparable with that of NBI. The highest D-D fusion neutron rates
(RyT = 5.6% 106 s1) yet achieved in JET plasmas have been produced by combining a
low magnetic shear core with a high confinement (H-mode) edge. In D-T, a fusion triple product
nTitg=(1.2+0.2)x 107t m3keVs was achieved with 7.2 MW of fusion power obtained
in the L-mode and up to 8.2 MW of fusion power in the H-mode phase.

1. INTRODUCTION

A major focus of the programme to develop thermonuclear fusion power in tokamaks is the
exploration of advanced regimes of operation, aiming to reduce energy losses from the plasma.
Improvements in performance can be gained by optimising the kinetic pressure profile - increas-
ing it up to the limit imposed by MHD stability. One well-known regime where improvements
have already been made in tokamaks equipped with a magnetic poloidal divertor is the H-mode,
where a thermal transport barrier forms in a narrow radial region just inside the magnetic
separatrix. However, it has been found that the characteristically steep edge pressure gradient of
the H-mode can destabilise edge-localised MHD modes (ELMs) and outer MHD modes which
can limit steady-state fusion performance in the ELM-free regime. In addition, the central plasma
pressure of an H-mode is limited by sawteeth as well as by other MHD activity, such as neo-
classical tearing modes.

We note that the fusion core reactivity scales as approximately the square of the central
ion pressure and the total reactivity scales as approximately the square of the global plasma
stored energy. Alternative improved regimes are aimed at increasing the particle and energy
confinement in the plasma core (by establishing an ion transport barrier). In a burning fusion



reactor the energetic fusion alpha-particles transfer most of their energy classically to the ther-
mal electrons. A fraction of this energy is redistributed, by collisions, to the thermal ions which
sustains their temperature and maintains the reaction. However electron conductive and convec-
tive losses also compete and so it is important to try and reduce these energy losses (by estab-
lishing an electron transport barrier) so that energy in the electron population is redistributed
amongst the ions.

To improve central plasma performance, sawteeth can be avoided for some time by oper-
ating the tokamak with a value of the central safety fag{@),>1, a regime that can be accessed
by applying additional heating during the current rise phase. Improved central confinement and
high performance have both been demonstrated on JET by central pellet fuelling of sawtooth-
free discharges combined with intense central heating [1]. The central magneticsshear (
g(dg/dr)) in these discharges was low and negative [2]. More recently, other large tokamaks
(TFTR [3], DIII-D [4] and JT60 [5]) have explored neutral beam injection (NBI) heating during
the current rise and all have demonstrated improvements in the central confinement and in fu-
sion performance.

The use of ICRH, available on JET in addition to NBI, adds a second additional heating
system which has been used to explore further the improved regimes. When high power com-
bined ICRF and NBI heating was applied to JET tokamak plasmas during the early current rise
phase (the optimised shear regime), the central plasma confinement is also observed to improve
- this occurs when the magnetic shear in the central region is close to zero [6 - 9]. Transport
analysis studies of JET optimised shear pure deuterium plasmas [10] show that the position and
rate of expansion of the radius of the internal transport barriers of electron density, ion tempera-
ture, ion thermal diffusivity and momentum diffusivity correlate (withm ~ 0.1 in normalised
radius) with the calculated position of the 2 surface in the plasma. Using D-T fuel, a fusion
triple product §litg = (1.2 0.2) x 10°1 m3keVs has been achieved with the generation of 7.2
MW of fusion power in the L-mode and up to 8.2 MW in the subsequent H-mode phase [11].

This paper is organised as follows. In Section 2, the role of ICRH is illustrated by compar-
ing two high performance discharges with deuterium and deuterium-tritium fuel. In Section 3,
we present results of analysis of the direct ion heating of ICRF in the core of the optimised shear
plasma and an analysis of the sustainment of the internal transport barrier with ICRF heating
during a step-down of the NBI power. Section 4 discusses the results and Section 5 summarises
the conclusions. A description of the data analysis and physics models used appears in the Ap-
pendix, placing emphasis on a description of the ICRF modelling. A list of the JET pulses ana-
lysed in this paper is given in Table I.



TABLE I. List of JET discharges analysed in this paper

Pulse Gas |Pg, P Comments
17.1 MW - [ NBI power step-down during
40210 (A1) DD 6.1 MW 10.2 MW L-mode ITB
40214 (C1) DD 18.2 MW NBI-only ITB
6.0 MW - |17.1 MW ICRF power step-down during
40215 (B1) DD 2 MW L-mode ITB
Highest performance DD OS
40554 (A) DD 6.0 MW 18.7 MW oulse. BT = 34T
Highest performance DT OS
42746 (B) DT 6.1 MW E%) ?22 :\\AAVV\\// pulse. P, _= 8.2 MW in H-mode
' phase. BT =34T.
High performance DT OS pulse.
42940 DT 6.1 MW E%) ilég/ll\\/llvw P, = 7.2 MW in L-mode phase.
' BT = 38 T.

2. THE ROLE OF ICRH IN OPTIMISED SHEAR DISCHARGES
2.1 Typical Optimised Shear Discharges

There are two basic phases in the production of JET high performance optimised shear dis-
charges: a preheating phase and a main heating phase. In the preheating phase, a low density
(ne(0) < 1.5x 1019 m3) target plasma with a flat or hollow current deng(ty profile with
g(0) > 1 is produced by carefully controlled preheating during the early current rise. This is
followed by a main heating phase in which the core of the plasma is heated strongly using
combined ICRF and NBI additional heating. Experimentally it has been found that, provided the
j(r) profile is suitably established, a transition to a state of improved core confinement (reduced
turbulence and losses in the central part of the plasma) can spontaneously occur in the second
phase. This is known as the internal transport barrier. The clearest signature of the presence of an
internal transport barrier is a sharp change in the radial gradient of the ion temperdthes, T
‘footpoint’ of the internal transport barrier). To illustrate the formation and evolution of a typical
L-mode internal transport barrier, we show a contour plai?a% for a deuterium-tritium pulse
(No. 42940, Fig. 1). The aréte, or ridge, in this contour plot tracks the evolution of the position
of the footpoint of the region of improved confinement which expands with a radial velocity of
about 0.5 m3.

ICRH plays two distinct and important roles in both the preheating and the main heating
phases. First, during the phase of preheating during the current rise, low ICRH power (typically
~ 1 MW) is applied in the minority - (H)D or (H)DT scheme - at the fundamental hydrogen ion
cyclotron resonance in the plasma centre. In this early phase of the plasma evolution, the



thermal ion pressure is relatively small and most of the the RF power is coupled to hydrogen
minority ions. When the concentration of minority ions is at the level of a few percent, and with
typical plasma conditions, electron heating via collisional power transfer from the ICRH minor-
ity tail is efficient. Thus the application of ICRH in the early phase reduces the parallel plasma
resistivity and provides a method to control and delay the inward diffusion of the plasma cur-
rent, allowing the required flat or hollow current dengty profile with central safety factor
g(0) > 1 to be maintained. ICRH also has the advantage of heating in narrow, pre-selected depo-
sition region without the associated injection of particles into the plasma centre as is the case
with NBI preheating. In practice, we have found that this feature is useful since we have found,
by experiment, that provided that a low density target plasma is created, internal transport barri-
ers will form promptly and reliably after the application of the main heating waveform. In the
case that the target plasma density is too high, then an early H-mode transition is likely to be
triggered which can preclude the formation of a strong internal transport barrier.

Once the plasma current has diffused sufficiently to give the required low central mag-

netic shear targer) profile with 1 <q(0) < 2, the main heating waveforms are applied, consist-
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Fig 1. Evolution of the position of the ‘footpoint’ of theFig 2. Evolution of plasma parameters in two JET high

internal transport barrier revealed as contours/aT; performance optimised shear discharges with toroidal

in the time-normalised radius plane for a toroidal fieldfield BT = 3.4 T, these are: pure deuterium Pulse “A”

BT = 3.8 T deuterium-tritium pulse (No. 42940) which(No. 40554 ) and deuterium-tritium Pulse “B” (No.

produced a fusion power of 7.2 MW in the L-mode phast2746). Traces: (a) plasma current;l(b) NBI and
ICRF auxiliary heating powers; (c) diamagnetic energy
content, Wia ; (d) central ion temperatures;j(D); (e)
central electron densitiesgf®); (f) total neutron emis-
sion rates, RT; (g) Dg emissivity trace (pulse A) and
(g) Dg emissivity trace (pulse B).



ing typically of 15 MW-20 MW of NBI power combined with 6 MW of ICRH power. Experi-
mentally we have found that the minimum NBI power needed to trigger an internal transport
barrier reliably is around the 15 MW level; however we have observed short-lived L-mode
internal transport barriers with only 12 MW of NBI in both pure deuterium and deuterium-
tritium plasmas.

Comparative examples of the two highest performing JET optimised shear discharges
obtained during the Mk. Il poloidal divertor campaign are shown in Fig. 2 with parameters
given in Table Il. These are: pure deuterium Pulse “A” (No. 40554) and deuterium-tritium Pulse
“B” (No. 42746). Pulse A was the model for pulse B. In each case, the early preheating phase
included a short pulse of 1 MW of LHCD power applied from ttme0.4 s - 1.2 s. This was
followed by 1 MW of ICRH preheating power framns 2.9 s - 5.0 s (case A) and fram 3.2 s
- 5.3 s (case B), until the start of the main heating phase.

TABLE II. Plasma Parameters for two high performance JET optimised shear pulses: a pure Deuterium case (A),
(Pulse No. 40554), and a Deuterium-Tritium case (B), (Pulse No. 42746) at the peak fusion performance times.

Pulse 40554 (Pulse A) | 42746 (Pulse B)
Time 70s 6.86 s
Toroidal Field BT 34 Teda 34 Teda
Plasma Current IP 32MA 3.2MA
NBI D-beam Power 18.6 MW 9.2 MW
NBI T-beam Power 0 7.2 MW
ICRH Power 2.0 MW 2.0 MW
Diamagnetic Stored Energy 10.1 MJ 112 MJ
Central Electron Density n (0) 6.2 x 10¥ m3 3.9x 10°m3
Centra D ion Density n,(0) 49 x 10 m?3 21 x 10°¥m?3
Central T ion Density n (0) 0 1.1x 10°m?
Centra Electron Temperature T (0) 12.5 keV 12.5 keV
Centra lon Temperature T,(0) 24 keV 33 keV
Total Neutron Emission R, 56 x 10% st 29 x 108 st

A feature of the use of tritium fuelling in JET divertor discharges is a reduction of the H-mode
power threshold [12]. Since our objective in these experiments was to establish an internal trans-
port barrier before the discharge made a transition into the H-mode, it was necessary to modify
the timings of the heating waveforms in order to avoid the early formation of the H-mode. In
pulse B, the first NBI step was delayed (starting=ab.4 s), was smaller (8, = 5.3 MW) and

the ICRH ramp steeper than in pulse A. In this puldes 8t0 s, a bank of near radially-directed
neutral beams (& = 9.3 MW) was injected into the low density(@) = 1.5x 1019 m™3) tar-

get plasma and the ramp-up from 1 MW to 6 MW of ICRH power started. As both plasma



density and current increased, a bank of near tangentially-directed neutral beams was added
giving a total NBI power of 18.7 MW combined with 6 MW of ICRHt at5.4 s. About 0.2 s
later, there is a spontaneous transition to a state of improved central confinement - the formation
of an internal transport barrier. The confinement improvement starts in the plasma centre and
then propagates outwards, reaching a normalised radius 055 at = 6.4 s. Both the plasma
density and current continue to increase with the current reaching its maximum flat-top value of
3.3 MAatt =7.2s. At =6.95 s, there is an L-mode to H-mode transition - shown by the rapid
decrease in pemission - indicating the formation of an ELM-free H-mode.
A difference between the two pulses is the behaviour of the electron density; in pulse A, at
t = 7.3 s, the central value reaches a maximum valug@f+ 7.0x 109 m3 whereas in pulse
B it reaches g0) = 5.5x 1019 m-3 att = 7.5 s. This difference can be related to the difference in
the total particle refuelling rates when eight (out of sixteen) of the NBI plasma sources were
converted from deuterium to tritium in pulse B. The total NBI particle input to the plasma is, in
D-D pulse A, 36 % higher than in D-T pulse B. The central ion temperature in pulse B reaches a
maximum value of j{0) = 36 keV, whereas in pulse A it igd) = 25 keV at = 6.6 s. At this time
the central thermal pressures in the two discharges are almost equakp{®) 10° Pa. The
Shafranov shift is relatively large in the high performance phase, increasing from 0.07 m at the
end of the lowB preheating phase to typically 0.24 m at6.6 s in both pulses.
The evolution of the ion temperature in pice No: 40554
pulse Ais shown in Fig. 3 and the plasma pres- 'ng;';own
sure profiles for pulses A and B in Figs. 4(a) 3] |
and 4(b). The peaking of plasma profiles in
creases progressively during the L-mode phas%.20
Figures 5(a) and 5(b) show the evolution of th&
electron temperature profilesg(R), for the two §

pulses. From the change inTe at approxi-
mately 0.5 s after the application of the main
heating, it can be seen that an electron internal
transport barrier is formed during the ion heat- °
ing regime [13]. The central plasma parameters

. . . Fig 3. Evolution of the ion temperature at different nor-
remain high during the ELM-free H-mode J b

malised radii from charge-exchange recombination
phase, but the rate of rise of the total 2.5 MeMeasurements for pulse A. The time of the ICRH power
DD neutron emission rate in pulse A decreas&§Pdown from 6 MW to 2 MW is indicated. Typical er-

) ror bars are+ 1 keV.
att = 6.8 s (reaching a peak value of
RnT=5.6x 101651 att = 7.0 s). The rate of rise of the diamagnetic stored energy also de-
creases, near the time of the H-mode transition. By this time the central electron density reaches
ne(0) = 6.2x 1019m-3; the central electron temperature ig0) = 12.5 keV and the central ion

temperature remains af(0) = 24 keV.
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Fig. 4. Evolution of total plasma pressure at different normalised radii; (a) for pulse A; (b) for pulse B.
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2.2 Data Consistency

In the analysis presented here, we have made extensive use of the TRANSP and PION codes
(see Appendix for details). To check the self-consistency of the various diagnostic data, local
values of basic quantities such as density, temperature and effective plasma ¢lramereZ

input to the TRANSP model in the first instance. The model predicts a new, larger, set of data
including both local and global quantities, including the total neutron emission rate and the total
diamagnetic stored energy in the discharge which can be checked against independent measure-
ments. The ability of a simulation to reproduce these data provides a measure of the self-
consistency of the input data set. The aim of the modelling was therefore: first to validate the
input diagnostic data self-consistently, then infer the underlying energy, momentum and patrticle
transport coefficients that are consistent with the measured input data.



The primary input data to the TRANSP code are as follows. The bulk ion, minority ion and
nominal impurity ion species are specified. Magnetic data used include the position of the plasma
boundary, the total plasma current and toroidal field. We also input electron density profile data
(from LIDAR measurements), ion temperature, effective plasma charge and toroidal rotation
velocity (from charge-exchange recombination measurements during the time window when
the relevant neutral beam injection sources are active). The total radiation loss, measured by a
bolometer, is also included. The electron temperature (from electron cyclotron emission meas-
urements) is input as a function of frequency and then mapped, self-consistently, on to the radial
space co-ordinate using the TRANSP equilibrium solver.

This analysis was applied to a number of JET Pulse No: 42746

optimised shear discharges including the ex- A
amples shown in Fig. 2. The TRANSP (model

1, see Appendix) calculated neutron rate for D-
T pulse B (Fig. 6) lies within the measurement-~
error bars £ 10 %), with thermonuclear neu-
tron emission comprising approximately 50 %%
of the total, beam-thermal neutrons account- 1 ,
ing for 46 % and the remainder arising from Meas“md%x"/

beam-beam reactions. In pulse A, thermonu- /

clear reactions comprise up to 70% of the total 0&; L %TO/ A 5
neutron rate from the plasma; the increase over Time (s)

pulse B is due to the longer time duration dfig- 6. TRANSP code neutron emission modelling for
deuterium-tritium pulse B, comparing the measured and

the L-mode phase and the higher level %fmulated total neutron emission rates. The simulated
plasma density. The computed diamagnetictal neutron emission rate is the sum of the thermal-

Beam-thermal

x1018 5~

Simulated \7/
neutrons /.~

o

O JG98.286/4c

energy content agrees well with measuremefterma!, beam-thermal and beam-beam rates.

lying within the estimated error band #f1 MJ (Fig. 7). In the early critical time window
(betweert = 5.5 s and 6.5 s) during which the internal transport barrier is formed, the dominant
component of the diamagnetic stored energy content comes from energetic ions. Only later,
once the internal transport barrier has become well establishef.% s), does the thermal
energy content dominate, reaching a value of 601 &t84 s, and a maximum of 71 % of the

total att = 7.1 s. The profiles of the energy densities of the various plasma components for
deuterium-tritium pulse No. 42940 are shown in Fig.t8-&8.5 s, approximately the time of the
formation of the internal transport barrier. The dominance of the perpendicular components of
fast ICRH and NBI ion energy densities over the thermal energy density component within
radiusp= 0.5 can clearly be seen. The ICRH hydrogen minority ions constitute about half of the
total; from the TRANSP model 1 analysis these minority ions have calculated average particle
energies in the range of a few MeV in the core of the plasma. These ICRH ions heat thermal
electrons effectively but, at this early stage in the evolution, relatively little RF power is coupled
to the thermal ions.

8



Pulse No: 42746 Pulse No: 42940

dia »
(measured) ——.
5 10 /
g ~ 02 \\\\ND,fast
S L0 \
[}
5 2
8 2
S 2
o 3
L 5
2 So01
(o] [
@ [t
£ [
8
a eeesee? .
. —:L// % WE ) \ - § §
TR R et 0 | — 3
5.0 6.0 7.0 8.0 0 0.2 0.4 0.6 0.8 1.0
Time (s) Normalised radius, p

Fig. 7. TRANSP code modelling of the diamagnetic efrig. 8.Profiles of perpendicular energy density of the
ergy contents for deuterium-tritium pulse B, comparingarious plasma components at the time of the birth of
the measured and simulated total diamagnetic energfye internal transport barrier for deuterium-tritium pulse
contents (Wia). Quantities: W ; thermal energy, W, No. 42940. \,; thermal energy density, Mfast; per-
RE ; perpendicular component of the total RF fast iopendicular component of the total RF and NBI fast ion
energy, W] NBI; perpendicular component of the totalenergy density, Wmin ; perpendicular component of
NBI fast ion energy, W ¢ ; perpendicular component the minority RF fast ion energy density, WB| ;

of the total fusioror-particle fast ion energy perpendicular component of the NBI fast ion energy

density.

3. ICRF HEATING
3.1 ICRF Power Absorption

Central ICRF heating witht/2 phasing and frequen€y 51.2 MHz (v = 2.y = 200.p ) Was

applied in pulse A (No. 40554). The RF power absorbed by the various species is shown in
Fig. 9. In this calculation the bounce-averaged TRANSP Fokker-Planck model 2 (see Appen-
dix) was used, which included the computation of the RF power damped on the injected deute-
rium ions at second harmonic resonarwer 2w.p, and the resultant distortion of the beam
distribution due to this interaction. The split of the damped RF fast wave power between deute-
rium (Pp) and hydrogenRy) ions depends on the concentration of minority parti¢jes:ny /

(ny + mp) in the central resonance layer and is given by the approximate relation [14]

? ofo (1)

H n

wherefp is the beta value of the deuterium ions. Thus, for a given minority concentration, the
fast wave power damped on the ions increases in proportion to the core ion pressure. In the
modelling, the calculated value of diamagnetic stored energy, M/largely insensitive to the
assumed value af, but the calculated D-D neutron ratgyRis sensitive to this parameter [15,

16]. Both PION and TRANSP models are able to obtain good agreement between the calculated
and measured D-D neutron ratg;jRassuming a fixed concentrationpf= 3 % in pulse A. For
reference, the effect of assuming a lower vajue 1.6 % in pulse A is also shown in Fig. 9.



Pulse No: 40554
67

Reducing the minority concentration lowers the
total RF power absorbed on the minority ions
and increases the power absorbed on the deu- |
terium ions, by approximately 1 MW. Witin
= 1.6 %, the total predicted D-D neutron emisi«
sion rate from the plasma increased by 8%
which lies just within the measurement errof
band.

To compare the RF code modelling, we
have checked the TRANSP ICRF results with
the independent PION ICRF code for the RF e

heating conditions of pulse A; the results arI—e|g. 9.RF power absorbed by the various species for
shown in Table Ill. The agreement between thire deuterium pulse A. The traces are: total coupled

two codes is reasonable, when one takes irfth Power (/RF), power absorbed by minority H ions
(PRF,min), RF power absorbed directly by D ions and

consideration the fact that different equilibrigge power absorbed directly by thermal electrons

(EFIT, in the case of PION) were used to mafPRF,de). Two cases are shown with assumed hydrogen
éninority concentrations of 3% and 1.6%.

W)
N

0

.\\_,_——_‘:a-—.,\..b.—.m
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the plasma profiles on to the flux surfac
geometry.

TABLE Ill. Comparison of the PION and TRANSP RF code calculations of the RF power absorbed by different
species for the pure deuterium optimised shear pulse A (No. 40554). The assumed hydrogen minority concentration
wash=nr/(ng+np)=3%

time t=59s t=74s
Tota Coupled RF power, P, 6.1 MW 20 MW

PION TRANSP PION TRANSP
RF power absorbed by minority 43 MW 41 MW 13 MW 11 MW
ionS, I:)FlF,min - . . .
RF power absorbed directly by 16 MW 19 MW 05 MW 0.8 MW
deuterons, P, ' ' ' '
RF power absorbed directly by 0.2 MW 01 MW 0.2 MW 01 MW
electrons, P, ' ' ' '
Ratio: P, / P 27 % 30 % 23 % 38 %

As the coupled RF powergP, is ramped up (frorh=5 s to 5.5 s), the power absorption
(Fig. 9) takes place predominantly on the hydrogen minority ions~4.5 s, with the forma-
tion of an internal transport barrier and the build-up of energetic injected deuterium ion density,
the central pressure of deuterium ighis(0) increases to a level whereyg damping (RRg ) in
the hot core becomes significant with respect to the local ion energy balance and comparable
with the minority damping (& min)- Of the RF power coupled to the deuterium, most went to

10



Pulse No: 40554

the injected beam ions having energies E > 3/2
Ti, and only a relatively small amount to the 1o
thermal deuterons with energies E < 3/2I'he

profile of the average energy of the NBI deu-
terons, <[>, perturbed by the RF interac-3 75-...

X

Fokker-Planck
(RF/NBI interaction)
<

=

tion, is shown in Fig. 10; for comparison, thes /.

results of the Monte-Carlo NBI model are in-’ Monte-Carlo
(No interaction)

cluded to show the average energy of the un-so-

perturbed beam ions. The RF interaction in-

creases the average energy of the NBI deuter-

ons by typically a few tens of keV in the cen-

tral part of the plasma < 0.25. Independent Fig. 10.Profile of the average energy of the NBI deuter-

PION calculations give a similar conclusionons, <B\B|>, perturbed by the RF interaction (TRANSP

The relatively modest increase in &> model 2), compared with the results of the unperturbed

o o Monte-Carlo description (TRANSP model 1).

is insufficiently large to produce a strong

deuterium tail (which could have enhanced the D-D beam-thermal fusion rate in the plasma

centre [16], and led to data inconsistencies). The perturbed deuterium population still has an

average energy lying significantly below the critical energy [17] in the plasgig@E~ 190

keV in the example shown). The ratio of NBI ion to electron heating power is therefore not

strongly affected by the RF interaction and still remains weighted strongly towards ion heating.

\ \ \
0 0.2 0.4 0.6

Normalised radius p

00 JG98.286/7c

o

3.2 Power Deposition Profiles

The profiles of total ion and electron heating  Pulse No: 40554 t=5.95s
rate are given by sums of the direct heating rates o
(defined above), and the redistributed powers
transferred by the minority ions to the plasmléf
ions (Rke,min,) and electrons (&k: min,d re-
spectively. For the electrons, we therefore hav
Prre= PrE.det PREmin,e, and for the ions:
Prri = PRED + PrREmin,i The volume-inte-
grated power deposition profiles from both NBI
and ICRH are shown in Fig. 11 at a time just
before the step-down in the RF power. In the

Volume-integf@ted pow

© JG98.286/8¢c

[

il ! !
0 0.2 0.4 0.6 0.8
Normalised radius p

central regiorp < 0.3 the RF ion heating WaSFig. 11.Volume-integrated profiles of power deposited
comparable with that of NBI, despite the difen the ions and the electrons from both NBI and ICRH

for pure deuterium pulse Ayf, NBl ion heating power,
o Ppth; thermalised NBI heating power (see text)gP
Pngi = 18.6 MW). This is a result of the ngj electron heating power, /i, ICRF ion heating

strongly peaked RF power deposition. power, RRF.g ICRF electron heating power. The total
input powers were: RF = 6 MW, A\B| = 18.6 MW.

ference in applied powers g2 = 6 MW,
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3.3 Plasma Response to the ICRF Power Step-Down

The RF power was stepped-down in discharge A (Fig. ¥ s in order to avoid the high
central plasma pressure gradients which were found to be unstable, both experimentally (some-
times resulting in disruption), and by MHD modelling [18]. At the peak performance times, the
peaking of the pressure profile of these optimised shear plasmas is limited by pressure-driven
ideal kink modes. In the highest performing cases, if the RF power is not stepped down, the
MHD stability limit can be exceeded and disruption results. However, if the RF power is re-
duced to too low a value or switched off entirely, the L-mode edge plasma can be lost prema-
turely and an early H-mode transition is provoked.

In the example pulse A, the RF power was stepped down from 6 MW to 2 MW. The
sudden step allows us to analyse the RF ion heating in some detail and correlate it with plasma
parameters. In effect, one can think of this as a half-cycle of an RF modulation experiment. A
clear response in the ion temperatures in the central region, can be seen before and after the
power step in Fig. 3. After the step-down in the coupled RF power, the central ion temperature
promptly decreased - from 27 keV to 23 keV - in a time of about 500 ms - reflecting the drop in
central RF ion heating. This effect can be seen inside the regdh3. TRANSP calculations
predict pproximately 75% of the ICRH ion heating power in the discharge to be deposited inside
the volume enclosed ly= 0.25. To analyse the response, we consider the time behaviour of the
core ion energy conterit\{), obtained by volume-integration of the plasma ion energy density
out to radiugp = 0.25. The ion energy balance in this region is given by

d W,

EVV. = Peri + P _TI (2)

where the time derivative of the core ion energy content is shown in Fig. 12, the first two terms
on the right hand side of Eq. 2 are the heating powers to the ions from RfRH @nd NBI
(PnaBlLi ), andt; is the ion energy confinement time. We consider two titjes6 s, just at the

ICRH power stepdown ang = 6.3 s, after the ICRH stepdown and at a time when the time
derivative of the core ion energy content is relatively lower and deduce the change,
APREi =Prri(t=1ty) - Prei(t=11) in the ICRH ion heating power at the step-down time.
From TRANSP results we fingd = 0.3 s in this time interval. Also, during this time interval we
note that the ion thermal diffusivity in this region remastese to the standard neo-classical
level (Fig. 13). At the two timest{ , t, ) the corresponding quantities on the right hand side of
Eqg. 2 arePnglj = (2.8, 4.5) MWW = (0.85, 1.32) MW respectively. We obtdifrrj = 2.1

MW, with an estimated error of approximately 20%. This result, which is obtained for the core
region defined above, can be compared with the total change in the RF ion heating power in the
plasma at the stepdown time calculated using TRANSP (Fig. 9). TABRg; = 2.3 MW
assuming a minority concentration/pf= 1.6%, and iAPrgj = 1.75 MW assuming a minority
concentration off = 3.0%. We conclude that, at the step-down time of the ICRH, approximately
half of the power coupled to the plasma is damped on the deuterium ions.
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Fig. 12.Plot of the rate of change of the thermal iorfrig. 13.Plot of the evolution of the ion thermal diffusiv-
density in the core region of pulse A (volume integrateity, xj , at various radii for pure deuterium pulse A also
out top = 0.25) before and after the step-down of thehowing the standard neo-classical levepat 0.2. A
ICRH power. A correlated response in this quantity catypical error bar from TRANSP analysis is shown at this
clearly be seen. radius.

3.4 Comparison of Internal Transport Barriers with Stepped-Down ICRH and with

Stepped-Down NBI

In experiments where we have attempted to maintain the fusion neutron production rate, we
have used real-time control, to feedback on the heating waveforms using the neutron production
rate as the control signal. We have successfully performed experiments in pure deuterium where
both the ICRH and the NBI waveforms were separately under active control. In each case, one
of the additional heating systems was stepped-down to maintain a preset fusion neutron produc-
tion rate whilst keeping the other auxiliary power source fixed. These experiments give some
indication on the relative heating efficiencies of the RF and NBI methods.

Overview waveforms of two such discharges with combined RF and NBI are shown in
Fig. 14 where we compare two deuterium discharges: pulse "A1l” - No. 40210 with the NBI
power stepped down, and pulse "B1” - No. 40215 with the ICRH power stepped down. Both
pulses had toroidal fieldB= 3.4 T and, although the current ramp waveforms were slightly
different, each reached a plasma current of 3 MA&.5 s, during the internal transport barrier
phase. In pulse B1 the heating waveforms are applied 0.5 s later than in pulse Al. The internal
transport barriers form at:= 5.6 s (case Al) and at 6.1 s (case Bl). At these times the
calculatedy-profiles are both flat in the centre with the calculated location af th2 surfaces
appearing at radp ~ 0.46 (case Al) amal~ 0.57 (case B1). Each plasma remains in the L-mode
until 6.83 s (case A1) and until 6.87 s (case B1). The high performance phases of both discharges
are terminated by large ELMs at timme 7.1 s.

In Fig. 14, the traces for pulse B1 have been plotted 0.5 s earlier for comparison and show
that the fusion neutron rate in case Al seAs held at a steady jgyveld4 x 1016 s'1 during the
time period 6.5 s - 7.1 s when the NBI power had been stepped down from 17.1 MW to 10.2 MW
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but the coupled RF power remained constané 20
at the 6.1 MW level. The fusion reactivity is EE 107
maintained even though the NBI power hadg
been reduced below the level where internal =
transport barriers have not been observed in@
JET. Further experiments are needed to deter%
mine the role played by any hysteresis effect%
connected with a conceivably larger NBI power
required to form the internal transport barrier
than to maintain it. During the NBI step-down

phase, the energy slowing-down time of the full
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energy NBI ions is 30 ms - 50 ms. PION calCuzig. 14.0verview waveforms of two pure deuterium B

lations for these discharges show that NBI ioris3-4 T discharges: pulse "A1” - No. 40210 with the
NBI power stepped down, and pulse "B1” - No. 40215

in the centre are accelerated to higher average, the ICRH power stepped down. The traces for pulse
energies (<Kp|> = 150 keV) by the RF in B1 have been plotted 0.5 s earlier for comparison.

pulse Al than is the case in pulse B1sE Traces: (a) NBI powers, (b) ICRH powers, (c) central
electron densities, gf0); (d) central ion and electron

= 100 keV). Fig. 14 shows similar centrajemperatures, o) and &0) ; (€) total neutron emis-
plasma density evolution in both pulsession rates. Pulse Al shows the fusion neutron produc-

The ion temperatures, from crystal X-ra;t/ion rate held at a steady level oRiR~3.4x 101651
measurements at major radius=R.4 m, are shown in Fig. 14. Both discharges reach near-
central ion temperatures of 25 keV at about 0.4 s after internal transport barrier formation. In
pulse Al, the higher level of RF power allows near-central ion temperatures of up to 27 keV to
be maintained until ~ 7.1 s, despite the step-down of the NBI power. The central electron
temperatures are similar in both pulses up to time 1.8 s after the application of the main heating
power, reaching £0) = 14 keV at that time. With the later increase of the NBI power in pulse
Al, T¢(0) further increases to 15 keViat 7.1 s. A summary of the heating data is given in
Table IV.

Table IV also shows TRANSP model 1 analysis results of the breakdown of the volume-
integrated ion heating powers delivered to the central regio®.25. We note the similarity
between the total ion heating powglP= Pyp i + Prei» In both cases Al and B1 (respectively
4.9 MW and 5.2 MW). In pulse Al, some 33 % of the total ion heating power in the inner region
comes from RF. The relatively high direct ion heating efficiency of RF in the plasma centre is
due, partly, to the narrow heating deposition region, partly to the low minority concentration and
partly to the formation of the high core. Comparing the central RF ion heating (regien
0.25) of A1 with B1, we find an increase of 0.8 MW of power for an overall increase of 4.1 MW
of coupled ICRH power (implying an efficiency of 20 %). For comparison, we find an increase
of 1.1 MW of NBI ion heating in the central regipr< 0.25 for a total increase of 7.0 MW of
injected NBI power (implying an efficiency of 16 %). PION calculations give similar results.
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TABLE IV. Values of heating powers during the ITB phase6.8 s). Pulse Al: No. 40210 with NBI power stepped
down; pulse B1: No. 40215 with the ICRH power stepped down.

Pulse Al Pulse B1
Total Input Power, P, . 18.3 MW 205 MW
D Beam Power, P, 10.2 MW 17.1 MW
Coupled RF Power, P 6.1 MW 20 MW
Total RF power to ions, P, (0< 0.25) 1.6 MW 0.8 MW
RF power absorbed by minority ions, P, . (©< 0.25) 21 MW 0.6 MW
NBI ion heating power, P, ; (&< 0.25) 3.3 MW 4.4 MW
Total ion Heating Power, P, (©0< 0.25) 4.9 MW 52 MW
Ratio: P,/ P, (0< 0.25) 33% 15 %

With the more peaked ion heating profile in the case where the NBI power was stepped
down (pulse Al), we expect the profile of neutron emission to be more peaked. The neutron
emission profiles from the neutron collimator diagnostic show full-widths at half-maxima
(FWHM), equivalent to FWHM = 0.64 m and FWHM = 0.77 m at the position of the centre of
the plasma, for cases Al and B1 respectively. These values are consistent with an increase in the
neutron emission profile peaking factor of ~ 20%. However, at the times of the peak total neu-
tron emission in the two discharges, the calculated radius qftf#esurface was ~ 10% larger
in pulse B1 than in Al. Therefore, given that we commonly observe the radius of the internal
transport barrier to follow the calculated radius ofgle2 surface during the L-mode phase of
the discharge, it is likely that at least some of the pressure peaking effect is due to the difference
in the position of the) = 2 surfaces between the two discharges. This implies that the central
resonance and coupling of the RF to the plasma ions increases the peaking factor of the neutron
profile by ~ 10 %. This conclusion is also sup- 5.
ported by TRANSP and PION reconstructions.
The plasma thermal pressure profiles (Fig. 15}
are also more peaked in case At atl.8s =
after the application of the main heating power%
the fractions of the plasma current carried bwj
the bootstrap and the beam-driven currents ar%
31 % and 9 % respectively in case Al and 2%
% and 15 % in case B1. For case Al, we at-
tribute the lower beam-driven current fraction | |
to the reduced beam power and the higher ° O raé’ifsyp 08

bootstrap fraction to the more peaked plasmgy 15 Thermal plasma pressure profiles for pulses Al
pressure profile. and B1 at the time of peak fusion performance.
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4. DISCUSSION

As we have seen, ICRH was used extensively, and in combination with NBI, to produce high
performance optimised shear plasmas on JET, with internal transport barriers both pure deute-
rium and deuterium-tritium discharges. There still remain many unanswered questions concern-
ing the physics of internal transport barriers. In this discussion we will concentrate on the ion
internal transport barrier - the “standard case” - since the available diagnostic data is consistent
and well documented. We consider two distinct phases of the plasma evolution: the plasma
conditions prevailing at the time of the formation of the internal transport barrier, and the condi-
tions which occur as the internal transport barrier evolves. ICRH plays a key role in both of
these phases.

4.1 Conditions at the Barrier Formation Time

Our experiments show the importance of obtaining appropriate physical conditions in the plasma
core at the time of barrier formation if high quality internal transport barriers are to be produced.
First, the current density profile is important - the calculated evolution @f(thprofile indi-

cates the necessary presence ofjthe? surface in the plasma witj0) = 1.5+ 0.5 [19]. The
magnetic shear is low and, on the basis of the available experimental data, the existence of a
central region of weak negative shear is likely. If the main heating is applied too early or too late
with respect to these conditions then either the barriers do not form at all or they are of poorer
quality. The addition of ICRH to NBI, during the early main heating phase, is instrumental in
producing internal transport barriers promptly and reproducibly. A strongly peaked pressure
profile at the time of the internal transport barrier formation is observed. This gives rise to a
steep pressure gradient in the low-shear region as well as a large Shafranov shift of the magnetic
axis. The pressure in the plasma centre at this time is dominated by fast ions, being split approxi-
mately equally between injected beam ions in the 100 keV energy range and ICRH minority
ions in the range of a few MeV. As the internal transport barrier evolves and the plasma density
increases, the fraction of the plasma stored energy in the fast ion tail decreases. At the time that
the ITB is triggered, the energetic minority ions have large drift orbits; the maximum radial
excursion of these is given approximately by

Mmax = Ro(2.90.0/ Ro)?? €)

[20] wherep_is the ion Larmor radius, and the major radius of the JET tokanfgk=i2.97 m.

At the time of the birth of the internal transport barger,2 near the resonance location and we
calculate the maximum radial excursions of the energetic ICRH minority ion drift orbits to be
typically rmax= 0.6 m - 0.7 m in these high performance discharges. The minority particle
energy is calculated to be in the range 1 MeV - 3 MeV in the ICRH deposition region. The
maximum radial excursions of the fast ion orbits lie just outsidg th2 surface and the trapped
energetic ions precess around the torus to form a fast ion current. The direction of the fast ion
current density enhances the local current density and gives rise to a central flattenig@)of the
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profile. This effect [21] has been used to explain the stabilisation of MHD sawteeth in ICRH
discharges witlg(0) = 1, but, in the present context, may also play a role in helping to establish

a suitable low shear region in the centre of the plasma to trigger the barrier. Indeed, as we have
noted from the experiments, the combined application of ICRH with NBI results in the prompt
formation of internal transport barriers. In addition, we note that the phasing of the ICRH anten-
nas was different in pulse A (phas#2) than in pulse B (toroidal dipole phase). Nevertheless,

the above conclusions apply.

4.2 The Growth of the Barrier and the Transition to ICRF lon Heating

About 0.5 s after the application of the main NBI heating power, the injected co-beam-driven
current reaches a maximum value of ~ 30 % of the total current and has a broad profile. The RF
power damped resonantly on the injected beam ions has, by this time, increased to a level of
~ 1 MW which is absorbed preferentially, near the position of the harmonic resonances of the
NBI species, in the centre of the plasma. This power absorbed by the injected beam ions in-
creases their average perpendicular energy, increasing the fraction of them which are trapped in
the toroidal field. Once trapped, these RF accelerated ions can no longer participate in the circu-
lating beam-driven current and therefore, overall, there will be a net reduction of the beam-
driven current source near the centre of the plasma. With co-injection, as in our experiments,
this effect will tend to flatten the current density profile and tend to reinforce further the low
shear region in the centre of the plasma.

As the central density of plasma and injected particles builds up, the beam-driven current
is reduced in magnitude. However the central ion pressure increases on a timescale of ~ 1 s with
the central region of improved confinement expanding with a radial velocity of about .5 m s
(Fig. 1). The magnitude of the bootstrap current fraction increases at this time. Throughout this
period the RF damping on the injected ions increases until, after about 1 s after the application of
the main heating, the injected ions absorb approximately half of the coupled RF power. The
average perpendicular energy of the injected ions is increased by not more than a few tens of
keV and still lies significantly below the critical energy of the plasma. The ratio of ion-to-
electron heating efficiency of the beam patrticles is not strongly affected by the RF interaction
and one can consider the RF power absorption on the beam ions to add to the ion heating power
of the beams in the plasma core.

5. CONCLUSIONS

We have described recent experiments in the JET tokamak in which high fusion performance
plasmas with low central magnetic shear have been produced with both pure deuterium and
deuterium-tritium mixtures. A number of other tokamak devices have previously reported the
formation of internal transport barriers using NBI auxilliary heating alone. In the work pre-
sented here, we have exploited a unique feature of the JET device in the optimised shear regime,
the ability to heat efficiently the plasma core using ICRH, in addition to NBI. The improved core
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performance occurs when an internal transport barrier forms, reducing the ion thermal diffusion
losses in the central region of the plasma column down to values close to the standard neo-
classical level.

ICRH performs three key roles in these discharges. Firstly, in the preheating phase, at a
coupled power level of ~ 1 MW, ICRH heats thermal electrons efficiently up to temperatures of
Te(0) ~ 4 keV - 5 keV, and delays the penetration of the plasma current to the core during the
ramp-up phase. Secondly, at the critical time of the birth of the internal transport barrier, the
ICRH and NBI powers are both increased, forming a plasma whose energy content is dominated
by energetic particles producing steep pressure gradients near the centre of the plasma. Approxi-
mately half of the plasma pressure comes from hydrogen minority ions having energies in the
MeV range and these particles have maximum drift orbital raghi-00.5. Thirdly, once the
internal transport barrier has formed and the central ion pressure begins to increase, the ICRF
power begins to couple strongly to the ion component, supplementing the central ion lpeating (
< 0.25) and helping to maintain a steep ion pressure gradient at approximately half radius. Dur-
ing this phase, the calculated equilibrium shows the formation of a low central magnetic shear
target plasma witlg(0) = 1.5+ 0.5 and the rationaj=2 surface close to the radius of the ex-
panding internal transport barrier. In experiments where the ICRF power was kept constant and
the NBI power stepped-down, the fusion reactivity was maintained even though the NBI power
had been reduced below the power level at which it is difficult to form internal transport barriers
in the present JET configuration. There may, in addition, be a hysteresis effect in the sense that
a larger NBI power might be needed to form the internal transport barrier than to maintain it.
Further experiments are needed to investigate this possibility.

The precessional motion of the ICRH fast ions can drive an off-axis current which tends to
reduce the central magnetic shear. This effect may play a role in helping to establish the internal
transport barrier. When ICRH is resonantly absorbed on the injected NBI ions in the centre of
the plasma their perpendicular energy is increased, the ions become trapped in the toroidal field,
and can no longer contribute to the beam-driven current. The effect of this tends also to reduce
the central magnetic shear. Both of these specific ICRH effects are additive: they both tend to
raiseq(0).

The experiments and analysis presented above have shown the beneficial effects of using
ICRH in the development of high fusion performance JET plasmas with internal transport barri-
ers and low central magnetic shear. With the ability to control the power deposition in localised
and predetermined regions and to couple power to the plasma ions efficiently we plan to exploit
further this technique to optimise plasma performance.
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APPENDIX: MODELLING AND ANALYSIS

The JET optimised shear discharges presented above have been reconstructed with the TRANSP
transport code [22, 23]. This has the advantage that all measured plasma quantities, both global
and local, can be incorporated within a standard computational scheme and checked for self-
consistency. This code contains a magnetic equilibrium solver, Monte-Carlo models for the
neutral particles, the injected beam ions and the fusion ions that are tracked during their slow-
ing-down history. In the TRANSP neutral beam description, once the injected beam ions have
slowed down to energies E < 1.5fhey are counted as thermal ions and no longer as beam ions;

in effect, providing a sink for the “thermalised” fast ions. This cutoff enables the beam and
thermal ion model calculations to be separated; in effect, this implements the joint paradigms
that the thermal ions form a plasma component with anomalous transport properties that can be
investigated separately from the energetic ion population which exhibits neo-classical transport
behaviour.

ICRF Models

We have analysed data and cross-compared results using three different ICRF heating models:
the TRANSP model with a Monte-Carlo NBI package (model 1), the TRANSP model with a
Fokker-Planck NBI package (model 2) and, separately, with the PION code [24, 25]. In the
TRANSP context, the wave fields are computed in the up-down asymmetric magnetic geometry
relevant to the JET divertor geometry.

With TRANSP model 1 (Monte-Carlo beam model), we can also make use of an ICRF
heating model based on a 2D full-wave solver, SPRUCE [26], which uses a dielectric tensor
expanded in Bessel functions allowing wave damping on high energy ions having significant
finite Larmor radius. This RF code is coupled with a small banana-width approximation bounce-
averaged Fokker-Planck description, FPPRF [14], of the minority fast ion distribution which
includes direct (second harmonic) damping on bulk ions as well as transit-time magnetic-pump-
ing (TTMP) and Landau damping on thermal electrons. The effect of the second harmonic inter-
action of ICRF with energetic beam ions is also modelled and the RF power damped on ener-
getic NBI deuterium or tritium beam ions computed. However, the NBI distribution remains
unaffected by the damped RF power in this choice of model.

Alternatively, in the TRANSP context, for a description of the RF / NBI interaction proc-
ess we can use a bounce-averaged Fokker-Planck description of the beam distribution which
includes a quasi-linear RF operator (model 2). Here the ICRF treatment is similar to the above
except that any RF power damped on the NBI injected ions can modify the NBI distribution
function, causing the ions to diffuse up or down in energy. Because of the “thermalization”
criterion in TRANSP (that is, beam ions with E < 1,5b€ing treated as thermal), once the
energetic ions diffuse below this boundary, they can no longer be accelerated above it by the RF
to populate the tail. This will lead to unphysically enhanced thermalization.
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The PION code is a time-dependent code which calculates the ICRF power deposition and
the velocity distribution function(s) of the resonating ions. In the power deposition calculation
the launched wave is Fourier decomposed in the toroidal direction. The power deposition is then
calculated for each toroidal mode number according to the model described in Refs [27, 28].
Owing mainly to finite Larmor radius effects, the absorption strength depends on the distribu-
tion function of the resonating ions. In order to take this into account, the dielectric tensor com-
ponents used in the power deposition calculation are updated, using results from the Fokker-
Planck calculation, at the beginning of each time step according to the procedure described in
Ref. [16]. The distribution function of the resonating ions is calculated with a time-dependent
1D Fokker-Planck equation [24]. Effects due to finite orbit widths are taken into account by
assuming that the fast ions have turning points close to the cyclotron resonance (i.ex»where
Nwy; ) and then averaging the collision coefficients over the resulting orbits. Furthermore, the
averaged square parallel velocity, which is used to determine the Doppler broadening of the
cyclotron resonance in the power deposition calculation, is obtained frawmh lamcformula
derived in Ref. [29]. In order to take into account the the influence of the beam particles on the
ICRF power deposition, NBI source terms have been included [21] in PION.
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