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ABSTRACT

Optimised Shear (OS) experiments in JET can generate an Internal Transport Barrier (ITB)
during a high power heating phase early in the plasma discharge. A strong link is generally
observed between the formation of the barrier and the location of an integer g magnetic surface
within alow magnetic shear (s=r/q(dg/dr)) region of the plasma. However, if the g-profile for
such experiments is modified by applying Lower Hybrid Heating and Current Drive (LHCD)
before the main heating pulse, to provide aregion of reduced or negative magnetic shear in the
plasma core, ITBs can be formed whose |ocation does not exhibit any apparent association with
aparticular internal magnetic surface. Initial results suggest that g-profile modification using an
LHCD prelude can also be used to reduce the heating power level required for ITB generation.

1. INTRODUCTION

Tokamak plasma regimes where the heat transport is reduced locally in the plasma interior by
the presence of an ITB have been investigated in many experimental devices. Research in this
area has received impetus from the prospect that the design of tokamak fusion reactors might be
improved as aresult of an increased plasma confinement in the core of the device. In particular,
presently envisaged conceptsfor a steady-state tokamak reactor rely on plasmaregimes capable
of providing high confinement and stability without the use of avery large plasma current.

A potential route to such a condition involves the combination of an H-mode edge transport
barrier with improved internal plasma confinement. The generation of ‘strong’ internal barriers
to heat and particle transport in present devices also offers the means to provide high
central plasma pressure and allows an extension of the plasma parameter range accessible for
experimental study.

A common method that has been used to produce I TBsin most large tokamaksisthe application
of additional heating early in the discharge before the plasma current has fully penetrated
(e.g. [1-7]). Using this technique the central safety factor (qy) can be significantly above unity
and the magnetic shear low or negative in the plasma core when the main heating is applied.
Barriers have been observed on either the electron or ion heat transport or simultaneously on
both, and thereis sometimes evidence of acorresponding improvement in the particle confinement.

A singlepictureisnot yet availableto describe the whol e range of experimental phenomenaand,
in particular, the relationship between the g-profile and the transport effects that are observed.
Nevertheless, many of the features can be explained by models that describe the reduction of
trangport in terms of turbulence suppression due to sheared plasma flow [8] and low magnetic
shear. Explanations of thistype, together with empirical observationsthat transport characteristics
can vary significantly in the interior of plasmas with different g-profiles (e.g. [9]), have
motivated investigations into the effect of modifying the magnetic shear on the behaviour of
transport barriers.



In JET OS experiments this early heating method has been used to produce ITBs, mainly with
combined Neutral Beam Injection (NBI) and lon Cyclotron Resonance Heating (ICRH) [5].
Thereductionintransport in JET has been associated with localised turbul ence suppression [10]
and correlates with both the plasma flow shearing rate and magnetic shear [11]. The formation
of these barriers has also been linked to the presence of integer g magnetic surfaces in the
plasmainterior in aregion of weak magnetic shear [12]. Connections between transport barriers
and the location of low order rational g surfacesin the plasma have also been reported on other
tokamaks [13-16].

Careful tuning of this regime hasled to the achievement of the highest fusion yield from a JET
deuterium plasma[17]. In this paper experiments are reported where the magnetic shear of the
plasmawas further reduced or reversed in the plasma core by applying LHCD prior to the main
heating pulse. By this method I TBs were generated that have no apparent link to the location of
integer g surfaces in the plasma interior. The comparison of the differences between these
two regimes gives valuable insight into the mechanisms responsible for the production of ITBs
in JET.

2. THE JET OSREGIME

Thetemporal development of atypical JET OS experiment with atoroidal magnetic field strength
of 2.6T is illustrated in Figure 1. The inductive plasma current is typically ramped up at
0.4-0.5MA/s, following aninitial fast current rise at thetime of plasmainitiation. A large volume
plasma is quickly established to slow the current penetration and an X-point configuration is
achieved about a second after the plasma formation. The behaviour of the plasma confinement
depends critically on the time at which the main heating pulseis applied. In the case illustrated
in Figure 1 the main heating pulse begins when the central value of g hasfallen to alevel just
below 2. Under these circumstances a ‘strong’ transport barrier (i.e. one producing avery large
local pressure gradient within the plasma) can be formed as evidenced by theresultant risein the
fusion yield.

Low level (up to 2MW) ICRH is sometimes applied during the prelude phase before the main
heating pulse. In the discharge shown in Figure 1 0.5MW of ICRH was used during the latter
part of the prelude phase, but this heating is applied with a resonance location close to the
plasma centre and does not strongly affect the g-profile evolution before the start of the main
heating pulse. The main heating pulse is composed of NBI and ICRH with the frequency again
chosen to match the hydrogen minority fundamental resonance near the plasma centre.
The plasma density at the end of the prelude phase is typically low (n.<10"m™®) which only
provides a suitable target for half of the JET neutral beams. Consequently, the NBI power is
applied with a short (0.3-0.5s) preheat phase, which ensures that the plasma density rises
sufficiently to prevent excessive shine-through from the remaining beams. The end of the NBI
preheat phase is defined as t;,; for the remainder of this paper. The ratio of the NBI and ICRH



power levelsisroughly equal to or greater than two in the JET OS experiments discussed in this
paper, and deuterium is used for NBI and the main plasma species. The major radius of the
plasmamagnetic axisisin the range 2.95-3.0m during the preheat phase and typically increases
by 10-15cm with the application of high power heating due to the Shafranov shift. The outermost
edge of thelast closed magnetic flux surfaceisat aradius of about 3.85m inthe equatorial plane
of the plasma.

Pulse No 47620 B-267 Theappearanceof thel TB reducestheion and
electron heat transport and the particletransport
locally in the plasma interior. This produces a
corresponding local increase in the ion and
electron temperature and plasma density
gradients. The simultaneous increase in the
temperature and density of the plasma core
resultsinacorresponding increasein thefusion
yield. The evolution of the el ectron temperature
profile during the main heating phaseis shown
in Figure 2 for two plasmas with a toroidal
magnetic field strength of 1.8T. The electron
formation temperature determination was made from

° ' ’ Tim: s ) ° ° Electron Cyclotron Emission (ECE) measured
using a heterodyne radiometer. The two pulses

Figure 1: Time evolution of a typical JET 0S are similar except for the additional heating
experiment showing the plasma current, heating power  nower applied. Inthelow power case (8.3MW)
and neutron yield. The early transition from Limiter to the electron temperature profile does not vary

X-point configuration isindicated aswell as the time of
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At the higher power (10.8MW) the temperature profile is almost identical at first, but then a
local increasein the gradient abruptly appears. The discontinuity that devel opsin the temperature
gradient at the outer edge of the steep gradient region indicates alocal discontinuity in the heat
transport which isreduced in the enhanced gradient region, but largely unaffected at larger radii.
The electron density also increases in the plasma core when the ITB is formed, but the JET
LIDAR Thomson scattering system has insufficient spatial resolution =12cm or temporal
frequency (4Hz) to be used for the detailed study presented here. The neutron yield also rises at
thetimeof thel TB formation. In plasmasof thistypethefusionyieldisdominated by interactions
between the beam injected fast ions and the thermal plasma, so is relatively insensitive to the
plasmadensity and rather reflects an increase in the core ion temperature. Direct measurements
of the ion temperature profile were not available for these particular experiments, but a local
steepening of the gradient is confirmed in other pulses of this type when measurements have
been made.
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The comparison between two similar plasmas with dlightly different additional heating power
levelsshown in Figure 2 al so indicates the existence of a power threshold for the formation of an
ITB inthis particular regime. The relative resolution of the el ectron temperature measurement,
which is of interest when determining the existence of an ITB, isvery high allowing variations
inthelocal temperature to be ascertained to an accuracy of +2% and providing radial smoothing
of only 2cm in radius. This is sufficient to demonstrate that, by comparison with the higher
power pulse illustrated in Figure 2, the lower additional heating power level did not lead to the
formation of an ITB.

The pulseillustrated in Figure 1 is part of an experiment to investigate the effect of varying the
g-profileontheformation of ITBsinthe JET OSregime[18, 19]. Inaseriesof otherwisesimilar
pulsesthe start time, t;,o, Of the main heating pulse was varied over awide range. At the start of
the earliest heating pul se the value of g was high (3 or above) throughout the plasma because the
total current was small and had insufficient timeto penetrate to the plasmacore. With late heating,
on the other hand, g was much lower and, in the case with largest t,.4, €lectron temperature
sawteeth were observed during the main heating pulse consistent with the presence of a g=1
surface near the plasma centre.

Figure 3 depicts the range covered by this scan of the timing for the main heating pulse.
Also shown are the values of central g, measured for each pulse at the time ty,., Which vary in
the scan over the range 1 to 3. The g-profiles have been determined using the EFIT equilibrium
reconstruction code [20, 21] constrained by Motional Stark Effect (MSE) data [22, 23].
The time, t.«, Was chosen for the evaluation of the g-profile because the MSE data is most
reliable at the beginning of the neutral beam heating pulse when the measurements are not
confused by overlapping signals from different beams. The short duration of the main heating
pulse together with the relatively high core electron temperature (typically >4keV) allow only
small changes to the g-profile (in the order of afew percent in g) up to the time when an ITB
forms. Figure 4 shows the peak fusion yield obtained in each pulse of the scan illustrated in
Figure 3 plotted against the g, value at t;,4-

Thehigh neutron yield obtained in pulseswith g, just bel ow 2 indicates the production of * strong’
ITBs. The three pulses represented by open circles in Figure 4 exhibit a large n=1
magnetohydrodynamic (MHD) tearing mode in the plasma core, under which conditions ITB
formation does not occur. The comparison of the electron temperature and density profilesfor a
plasma with a ‘strong’ ITB and a core tearing mode is shown in Figure 5, together with the
g-profile measured at tyey-

The two pulses are virtually identical up to the main heating pulse and the target g-profiles are
essentially indistinguishablewithin the precision of the measurement. The evol ution of the plasma
core, however, is quite different in the two cases with a local increase in both the electron
temperature and density gradient in the ITB case. The neutron yield is roughly doubled in the
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Figure 2: Electrontemperature profileevolutionfor two ~ Figure 3: Overview of experiment to vary the heating

pulses with magnetic field strength of 1.8T, but different ~ start time showing the time evolution of the plasma

amounts of additional heating power. The electron  current, the heating power waveforms for the extreme

temperature profiles are shown at 100msintervals. early and latetiming cases and the value of g at t;.; for
each pulse in the scan.

case wherea'strong’ ITB forms, as shown in Figure 4, due to the coincidental increasein core
ion temperature.

The bifurcation between these two states is most likely to be a consequence of very subtle
differencesin the g-profilein the plasmacore. The very low magnetic shear in thisregion means
that arelatively small variation in the value of g can significantly alter the radial position of the
g=2 surface and the value of the local magnetic shear at the g=2 location. The poloidal mode
number of the tearing mode is even, consistent with the presence of a g=2 surface near the
plasma centre in these cases. This mode identification, together with the observation of g=1
electron temperature sawteeth in pulses with late heating, was used to benchmark the current
profile analysis and provides a high degree of confidence in the g-profile determination for
this experiment.

Figure 6 showsthe g-profileat t;; for two pulses, again from the scanillustrated in Figure 3, but
this time with significantly different main heating start times. The first pulse has t,.4=3.4 S
corresponding to the time at which gy has just fallen below 2.

The second was similar except that the main heating pulse was delayed by 0.5s. Both g-profiles
are monotonic and have asimilar shape except that the absolute value of g had fallen to alower
level everywherein the plasmafor the case with delayed heating, and consequently the radius of
the g=2 surface was increased.

The time evolution of the plasma electron temperature profile during the main heating pulseis
also illustrated in Figure 6 for both pulses from ECE data. In the first case with g, closeto 2 a
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Figure 4: Peak neutron yield plotted against g, at time
theat, determined using MSE data, for pulses from the
main heating timing scan illustrated in Figure 2.
The pulses represented by open circles exhibit an n=1
MHD tearing mode in the plasma core.
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Figure 5: Target g-profile (at t,.,) and electron
temperature and density profiles during the main
heating pulse for a pulsewith a‘strong’ ITB and a case
with a core MHD tearing mode.

‘strong’ ITB forms in the plasma core which
can be seen asa sudden local stegpening of the
electron temperature gradient. The position at
which the ITB forms corresponds roughly to
the location of the g=2 surface. The ITB then
rapidly expands, and thisleadsto the substantial
enhancement in fusion yield indicated for
pulses of thistypein Figure 4.

The second pulse in Figure 6 exhibitsan ITB
which is formed at a wider radius reflecting
the different location of the g=2 surface. The
wider ITB obtained with delayed heating is
typically ‘weaker’ than is the case with ag=2
surface near the plasma centre.

Theradial heat flux doesnot vary strongly with
plasma radius in the region where these ITBs
are produced due to the relatively broad
additional heating power deposition profile.

Consequently, the poorer performance of the
‘weak’ I TB obtained with awider g=2 surface
can be interpreted in terms of less strongly
reduced transport and/or an ITB of smaller
radial extent.

Oneexplanation for thiscould betheincreased
magnetic shear at the larger plasma radius.
Pulses with very early heating can also exhibit
wide transport barriers, but at a location
corresponding to the position of the
0=3 surface.

During this timing scan these barriers were
evident, but did not give rise to a high core
plasma pressure or neutron yield. However,

similar experiments with very early heating at higher magnetic field and heating power levels
have been used to produce ‘strong’ 1TBs associated with g=3 and high fusion performance.
Similar phenomena have been observed elsewhere [13].
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3. THE EFFECT OF LHCD ON THE PLASMA DURING THE PRELUDE PHASE

The plasma electron temperature is relatively low (typicaly <2keV) during the phase prior to
the main heating pulse if only Ohmic preheating is used. In these conditions the plasma current
penetration can be rapid enough to provide the monotonic g-profile shapes shown in Figure 6.
The use of low power ICRH preheat, as illustrated in Figure 1, with the resonance near the
plasma centre does not strongly alter the g-profile evolution. This is because the electron
temperature and conductivity profiles become more peaked which tends to compensate for the
increased current penetration time. The application of low power LHCD during the prelude
phase before the main heating pulse is, on the other hand, very effective for broadening the
target current profile.

The JET LHCD launcher islocated in the tokamak equatorial plane and comprises 12 rows of 32
waveguides. The waves are launched at afrequency of 3.7GHz and, in these experiments, were
phased to drive current in the same direction asthe plasmacurrent. The launched power spectrum
was peaked at a refractive index parallel to the magnetic field of 1.8. Figure 7 shows the time
evolution of an Optimised Shear pulse where an LHCD prelude has been added to the scenario
described above. In these experiments LHCD was applied continuously from the time of plasma

initiationgo the starbtimeafsthe NBI anddGRIS pulses.
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Figure 6: Target g-profile (at te) and electron
temperature profile evolution during the main heating
pulse for two pulses with different main heating start
times. The electron temperature profiles are shown at
200msintervals.

Figure7: Timeevolution of a typical OSexperiment with
an LHCD prelude showing the plasma current, heating
power and neutron yield.

A simulation of the current density profile driven by the LH system at various times during this
prelude phaseisillustrated in Figure 8. The LHCD simulation has been made using a combined
ray tracing and Fokker-Planck code [24]. The effect of fast electron diffusion within the plasma,
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which has been neglected in the calculations presented in Figure 8, could in practice result in
some radial smoothing of the current density profile. The differences in the magnitude of the
current density shownisdue partly to changesin the applied LHCD power and partly to variations
in the thermal electron temperature near the plasma centre. Figure 9 shows the reduction in the
plasmainternal inductance resulting from the application of LHCD early in the current ramp-up
phase. Thisfigure showsthat the current profile becomes broader with increasing LHCD power.
The modification of the g-profile evolution can be attributed in part to the addition of substantial
non-inductive current drive. But the effect of the applied LH power isalso to substantially raise
the thermal electron temperature, especially inthe plasmacore, which reducestherate of current
penetration during the current ramp phase and consequently contributes to the broadening of the
current profile [25]. Increasing the plasma current ramp rate also acts to reduce the plasma
internal inductance, as indicated in Figure 9. However, at high ramp rates MHD instabilities
were encountered when particular integer g surfaces, most commonly g=6, were present near
the plasma edge. These instabilities acted to redistribute the plasma current and resulted in a
prompt increase in the internal inductance of the plasma. Increasing the LHCD power level, on
the other hand, did not tend to destabilise these modes indicating that the use of LHCD in this
way allowsthe current profileto be substantially modified in the plasmainterior without generating
an excessive current density in the plasma periphery.
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Figure 8: Profiles showing the LH driven current Figure 9: Plasma internal inductance 2s after plasma

density calculated for various times during the prelude  initiation plotted against the average LH power up to

phase of the pulse illustrated in Figure 7. the same time. The average current ramp rate in this
period is also indicated.

AnMHD characteristic of pulseswith significant LHCD early inthe prelude phaseisthe presence
of small sawtooth-like collapsesin the central plasmaelectron temperature. Figure 10 showsthe
temperature measured from ECE data, which illustrates these features. The value of the
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temperature determined in thisway can be subject to significant uncertaintiesin the presence of
suprathermal electrons such as those generated in the plasma by the application of LHCD.
However, the magnitude of the el ectron temperatureis confirmed by LIDAR Thomson scattering
measurementsin the plasmacore and istherefore representative of the temperature of the thermal
electrons.

These plasmas exhibit a threshold in the applied LHCD power required for the generation of
repetitive core collapses. Thisisillustrated in Figure 11, which shows the number of identifiable
collapses during thefirst 3s of the discharge increasing abruptly when the average LHCD power
appliedinthefirst 1.5s exceeds about 1.7MW. Although the LHCD continuesto be applied after
this initial 1.5s, the occurrence of these sawteeth-like events seems particularly sensitive to
plasma conditions during this early phase, suggesting the conclusion that the shape of the
g-profile achieved early in the discharge persists and continues to affect the plasmadynamics at
later times.
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Figure 10: Time evolution of the electron temperature  Figure 11: Number of clear electron temperature

at variousradial locationsin the plasma coreduringan  collapses in the plasma core during the first 3s of the

LHCD prelude phase. plasma pulse plotted against the average LHCD power
during the first 1.5s of the same discharge.

In some cases the central electron temperature rises spontaneously during the preheat phase.
Similar phenomenahave been observed previously on JET [26] and el sewherewith either LHCD
or electron cyclotron resonance heating [3, 27, 7] when a negative magnetic shear region is
present in the plasma core. The core temperature peaking tends to correlate with occurrence of
the sawtooth-like collapses, and the radius of the steep gradient region is roughly consistent to
that estimated for the peak in the LH driven current density. These results indicate that an
improvement in the core electron heat confinement can be generated at relatively low heating
power with a favourable g-profile shape.
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4.1 TBSPRODUCED AFTER AN LHCD PRELUDE

Figure 12 shows the target g-profile provided for main heating in the pulse illustrated in
Figure 7 where LHCD was applied throughout the prelude phase at an average power level of
about 2MW. The toroidal magnetic field strength and current ramp rate are roughly similar to
the timing scan cases discussed in Section 2, as is the plasma density at the start of the main
heating pulse. The g-profile shown was cal culated using EFI T constrained by M SE measurements
and is consistent with Faraday rotation data obtained using a polarimeter. In contrast to the
g-profilesillustrated in Figure 6, where only low power centrally deposited ICRH preheat was
applied latein the prelude phase, the magnetic shear is negative in the plasmacorein the LHCD
case shown in Figure 12.
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Figure 12: Target g-profile (at t,.;) and electron Figure 13: Profiles of electron density, ion and

temperature profile evolution during the main heating  electron temperature during the main heating phase of

pulse for a pulse with an LHCD prelude. The electron  a pulse with an LHCD prelude. In each case the

temperature profiles are shown at 200ms intervals. profiles are shown before and after the formation of an
ITB. The error bar indicated for the magnitude and ra-
dial location of the electron temperature represents the
estimated absolute uncertainty. The relative
uncertainties of this measurement are + 2% and 2cm
respectively.

An ITB typically formsin the plasma core during the main heating pulse after such an LHCD
preludeasillustrated in Figure 12 by the appearance of asteep gradient on the el ectrontemperature
profile, which does not expand significantly. In this case the main heating pul se was composed
of 12MW of NBI and 5MW of ICRH. The high plasma electron temperature generated by this
level of heating power, together with thelarge size of the JET plasma, resultsin arelatively slow
evolution of the g-profile during the main heating phase. In this pulse the value of q in the

10


http://figures.jet.efda.org/JG00.102/10c.eps
http://figures.jet.efda.org/JG00.102/13c.eps

plasmacoreisestimated tofall by lessthan 0.5inthe period over which the electron temperature
profile evolution is illustrated. The location of the ITB formed in this case does not appear
correspond to the position of an integer q surface. It israther correlated approximately with the
location estimated for the peak of the LH driven current density and the electron temperature
peaking during the prelude, once the large Shafranov shift during the main heating phase is
taken into account.

The transport barrier can be seen more clearly in Figure 13, which shows the profiles of the
electron density, ion and electron temperature before and after the formation of the ITB.
The electron density was again measured using the LIDAR Thomson scattering system.

The ion temperature profiles, which have limited spatial resolution compared with that of the
ECE heterodyne radiometer due to the sparse radial coverage, were determined using charge-
exchange recombination spectroscopy. The evolution of these plasma profiles shows evidence
of enhanced confinement on both the electron and ion heat 1oss channels as well as the particle
transport. Thischaracteristicisaso typical of ITBsproduced in JET OS experimentswithout an
LHCD prelude as described in Section 2.

From Figure 12 the possibility that an integer g surfaceis present near the plasma centre cannot
betotally eliminated within the uncertainties of the g-profile determination and evolution during
the main heating phase. Indeed, itisimpossible from thisexample aloneto rule out the possibility
that other low-order rational q surfaces with n>1 may be present in thisregion and could play a
rolein the I TB formation process. In order to investigate the sensitivity of thisITB to particular
g surfaces the main heating start time was altered, thus varying the location of any critical
magnetic surfaces within the plasma.

Figure 14 shows the ion and electron temperature profiles after about 1.25s of main heating for
three pulses, al with an LHCD prelude, but with different main heating start times. The edge of
the plasmaisroughly indicated by the last closed magnetic flux surface. All three pul ses exhibit
the same core ITB at a plasma radius of about 3.35m. The target g profiles are shown in
Figure 15 for the pulses described in Figure 14.

The effect of the changein timing in thisscanisamplified by variationsin the LHCD power and
conditions at the plasmainitiation to give awide range of g, values (approximately 2, 2.8 and 6
respectively). This, together with the relatively small g-profile changes during the short main
heating phase, exclude the possibility that aparticular rational q surface could be responsiblefor
theinner ITB in all cases.

In principle, of course, one might argue that a different low order rational q surface could be
present at the same location in each case. But the systematic recurrence of the ITB at the same
location (£3cm) in adozen or so pulses produced in the course of thisexperiment arguesirresistibly
that the location is determined by some other parameter.
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after tpe

In two of the cases shown in Figure 14 an additional ITB is also observed at a larger plasma
radius. Thelocations of these two outer ITBsare roughly consistent with the location of the g=2
and g=3 surfaces, respectively, in the positive magnetic shear region of the plasma. Thus both
theinner ITBs obtained following an LHCD prelude and the outer | TBs associated with rational
g magnetic surfaces discussed in section 2 can be obtained simultaneously.

5. THE POWER THRESHOLD FOR ITB FORMATION

The power requiredtoforman 1 TB inthe JET OSregimetendsto increase with toroidal magnetic
field strength (or plasmacurrent, which isvaried in proportion) [28]. Figure 16 showsthe power
at which clear ITBs were achieved at several values of magnetic field in plasmas without an
LHCD prelude and with q, closeto 2.

These data points represent the marginal values for transport barrier production from a large
number of pulsesand show little difference between experiments performed with the JET MKITA
and MKIIGB divertor configurations, despite the significant change in plasma edge conditions
[29].

A pulse at 2.6T with an LHCD prelude that produced a clear ITB isincluded for comparison.
The pulse in question represents the lowest main heating power level applied in the series of
experiments described in this paper and is therefore not necessarily the threshold value for the
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generation of an I TB after an LHCD prelude. Nevertheless, it isclear that I TBs can be obtained
at amuch lower power level with an LHCD prelude than has so far been achievablein the JET
OS regime using a mainly Ohmic ramp-up phase. These indications suggest that the power
threshold for ITB production is very sensitive to the shape of the g-profile.

6. CONCLUSIONS

Previous experiments in the JET Optimised

= Shear regime have mainly been performed with
o little or no additional preheating power during
the current ramp-up phase prior to the main
. heating pulse. In this scenario ‘strong’ internal
transport barriers can be produced by timing
the start of the main heating pulse so that g, is
just below 2 or 3. ITBs typically form in a
5 region of low positive magnetic shear close to
the integer magnetic surface. Mechanisms
involving the perturbation of the plasmaprofiles

15~

Y ITB after LHCD preheat

Threshold power for ITB formation (MW)
oo

* MKIIGB

= MKIA }Target q, close to 2

O JGoo.214/1c

| | |
1.5 2.0 25 3.0 35
Toroidal magnetic field (T)

>

Figure 16: Heating power level required to forma clear
ITB plotted against the plasma toroidal magnetic field
strength. The squaresand circlesrepresent plasmaswith
0o close to 2 and no LHCD prelude obtained with the
JET MkIIA and MkIIGB divertor configurations

by MHD activity at integer q surfaces provide
a plausible explanation for the JET
phenomenon. MHD at an integer q surface
could provide a locally enhanced shear in the
plasma flow that would then act to trigger the
ITB formation [30]. However, mechanismsthat

respectively. The star indicatesthe power level at which
a clear 1TB was obtained following an LHCD prelude.
However, the minimum power level to produce an ITB
in this regime has not yet been established.

rely onalocal reduction in transport associated
with the low order rational q surfaces
themselves [14] cannot be ruled out.

Efforts are dso being made to understand this connection from atheoretica point of view [31]. The
production of clear transport barriers with ¢, close to 2 in this regime has, so far, required at least
10MW of main heating power and thisthreshold power riseswith the plasmatoroidal magnetic field
strength.LHCD has been found to be very effective for modifying the target g-profilefor high power
hesting when applied throughout the preceding current ramp-up phase. In thisway ag-profile can be
produced with areversed magnetic shear region in the plasmainterior. I TBs produced during amain
hesting pulsefollowing such an LHCD prelude are evident as steep gradients on theion and electron
temperature and plasma dengity profiles, just as with ‘g=2" cases. However, their position has no
apparent link to the presence of integer g surfacesin the plasmainterior and they areinstead located
in aregion of very low or negative magnetic shear. These observations contrast with experiments
reported on some other tokamaks where a dramatic reduction in the electron thermal conductivity
was only seen in strong negative shear discharges [9, 16].
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A link between the ITB position and critical parameters, such as the radius of the minimum q
value, has not yet been established for caseswith an LHCD prelude. Previous experiments using
pellet injection to produce improved core confinement of both heat and particles, designated the
Pellet Enhanced Performance (PEP) mode[32], suggested a correspondence between theregions
of reduced transport and reversed shear. A similar rel ationship has been reported in plasmaswith
negative central magnetic shear on avariety of tokamaks (e.g. [1, 2, 33, 34, 4]).

The simple characterisation of g-profileswith and without an LHCD prelude as being monotonic
and non-monotonic respectively isnot necessarily universal for the JET OSregime. Many factors
can affect the current profile evolution before the main heating isapplied in either case, including
plasma temperature and composition, current ramp rate and MHD phenomena, and there are
probably some weak shear reversal cases within the large database of Ohmic and ICRH preheat
pulses. Nevertheless, the observation that integer q surfaces play akey rolein ITB formation in
regions of positive magnetic shear appears quite general.

Both types of ITB can be obtained simultaneously to produce a‘double’ ITB plasma. An inner
barrier islocated in the plasma core with an outer ITB in the positive magnetic shear region at
larger plasmaradius.

Initial results suggest that the addition of an LHCD prelude can substantially reduce the power
required to produce an ITB. This initial indication suggests that the threshold power is very
sensitiveto the shape of the g-profile. Thisleadsto the conclusion that any comparison of regimes
of this type, obtained in different tokamaks, would necessarily require the achievement of a
close match in the g-profiles used in each device. Such studieswill become necessary if asound
basis is to be established for the purpose of extrapolating scenarios with improved core
confinement to reactor sized devices.
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