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1. INTRODUCTION

TheToroidal Field (TF) rippleof ITER will differ from JET dueto alower number of TF coils, with
18 and 32 coilsin these devices, respectively. Ferrite material will be mounted between the ITER
coilsin order to reduce the ripple. Nevertheless, the estimated TF ripplein ITER isin the order of
0~0.5% (the maximum toroidal variation of the magnetic field at the separatrix) which is higher
than that at JET (6~0.08%). The question arisesif alarger TF ripple may affect the formation and
performance of Internal Transport Barriers (ITBs). Firstly, because alarger TF rippleisexpected to
reduce thetoroidal rotation and consequently affecting the rotational shear. Secondly, the TF ripple
may act on the H-mode pedestal and Edge Localised Modes (ELMs) which have been found to
degrade ITBs. Internal Transport Barriers are an important feature of advance tokamak scenarios,
which provide the possibility of steady state, non-inductive tokamak operations with improved
confinement. Before, extrapol ating such scenariosto I TER, the effects of an enhanced TF rippleon
I TBs should be understood.

2. TFRIPPLE EXPERIMENTSAT JET

Standard operations at JET are carried out with a set of 32 toroidal field coils al carrying equal
current. However, at JET it is possible to vary the TF ripple amplitude by independently powering
the 16 odd and 16 even-numbered coils. The imbalance current between the two coils set can be
changed arbitrarily increasing thetoroidal field ripple up to 6~3%. A series of experiments has been
carried out analysing the effect of TF ripple by increasing its value on a shot-to-shot basisfrom the
standard JET value of 6~0.08% to §~1.0%.

Two distinct scenarios were used, shown in figure 1. Both scenarios heated early in the current
ramp-up phase in order to optimise the current profile and used a low triangularity plasma
configuration. Inthefirst scenario, however, prelude Lower Hybrid Current Drive (LHCD) heating
was applied in order to create negative or Reversed magnetic Shear (RS). The second scenario used
a delayed start of the heating and omitted the use of LHCD in order to create plasmas with low
positive or Optimised magnetic Shear (OS). For those discharges where the TF ripple amplitude
was enhanced, the amplitude was ramped during first few seconds of the discharge and kept constant
after t = 4s, i.e. during the main experimental phase.

The plasmas were heated by a combination of Neutral Beam (NB) and 1on Cyclotron Resonance
Heating (ICRH). A power scan was performed in each scenario for each ripple-amplitude in order
to modify the ELM properties and to analyse the power threshold for ITB formation. Because of TF
rippleinduced particlelosses, part of, predominantly NBI, power islost. The ripple induced power
loss fraction and the total absorbed power for each ripple-amplitude have been determined using
the JAEA Orbit Following Monte Carlo (OFMC) code[1]. Shine-through lossesare not included in
these calculations, but similar for each of these discharges. For these scenarios it was found that
typically 17% of the NBI power islost with aTF ripple of 5~1.0%. All dischargesin thisexperiment
were carried out with sufficient power to achieve H-mode.



3. OBSERVATIONS

In this paper an ITB is said to be triggered when p*; exceeds 0.014, a criterion based on the
temperature profile gradient, as described in[2]. p* 1 is defined as p* 1 = pJ/L, theratio of theion
Larmor radius and the temperature gradient length. After being triggered, the ITB does not aways
grow to cause a significant improved performance of the tokamak discharge and sometimes the
criterionisonly touched briefly. Hereawell devel oped, high-performance I TB isdefined ashaving
ap*t > 0.023. In figure 2a the peak p*; values obtained with these experiments are shown as a
function of total absorbed power. ITBs are triggered in most discharges (p*+ > 0.014). Both the
electron and ion temperature profiles showed increased gradients and peak p*; values were
comparable. Those discharges with larger TF ripple, however, only had weak ITBs. Thisis more
clearly visible figure 2b which shows the ITB strength versus the TF ripple amplitude. Mainly
weak, p* 1 < 0.023, and short-lived I TBs are observed in discharges with a TF ripple of $>0.8%.

The ITB trigger isfound to be independent of the applied power in the scenario with Reversed
central magnetic Shear (RS), but stronger and I TBs developed in dischargeswith alarger absorbed
power. Generally more power is required to form an ITB in the OS scenario [3]. In this scenario,
I TBswere observed above an absorbed power threshold. Nevertheless, those ITBsin the presence
of alarge TF ripple remained weak. A higher NBI particle loss fraction and lower absorbed power
for larger TF ripple amplitude could however not explain the observed degradation of the ITB
strength with ripple amplitude. For examplein figure 2b RS discharges with different TF ripple but
similar total absorbed power, P,,= 14.5+0.2M W, have been indicated. The discharges with smaller
TF ripple devel op stronger transport barriers.

As mentioned in the introduction the TF ripple affects the plasma rotation [4]. Although the
discharges shown in black circlesin figure 2b may have similar absorbed powers, the total torque
on these plasmas is reduced with TF ripple amplitude.

Thisresultsin significantly different toroidal rotation profilesas shown infigure 3a. Thetoroidal
rotation is lower for higher TF ripple amplitude and even reverses sign at the outer part of the
plasma. For 6 = 1% a region outside R = 3.48m (p = 0.55) rotates in counter current direction
(negative) whilethe JET NB system injectsin co-direction. For the two dischargesthat form strong
I TBs(8<0.8%) the transport barrier causes a peaking of the central rotation. No measurable change
was observed in poloidal rotation at thetimethel TBsweretriggered, athough asignificant deviation
from neo-classical poloidal rotation values has been observed during the further development of
the ITB similar as has been reported before at JET [5].

The position of the ITBs was found in the region of zero magnetic-shear or the outer edge the
low shear region in the RS and OS scenario, respectively. In figure 1b these regions are at
approximately R~3.45-3.5m. The position where the toroidal plasma rotation is zero moves deep
into the plasma (up to r~0.6) for d>0.8% and amost reaches the foot of the ITB in these discharges.
However, the question arises if this is the parameter that determines the development of the ITB.
Figure 3aand 3b show that the toroidal rotation gradient at the location of the ITBs (R~3.45-3.5m)



reduces with ripple amplitude. The gradients are determined just before the trigger of the ITB and
averaged over R = 3.4-3.5m. Strong ITBs (i.e. p*1 > 0.023) only formed in discharges with alarge
toroidal torque and sufficient gradient in the toroidal rotation.

4. DISCUSSION
Besidesthe plasmarotation ELMsmay affect the development of ITBs. Theinfluenceof TF rippleon
the JET H-mode pedestal and ELMsisdiscussed in detail in [6]. In the experiments discussed in the
paper, an increased TF ripple amplitude led to irregular and smaller ELMs. The penetration of the
pedestal crash was studied by comparing the temperature profile prior and after the ELM. For large
ELMs the profile is modified deep in the plasma. For standard ripple amplitude (d~0.08%) more
ELMswereableto affect the plasmaat position of the ITB whilefor larger ripple amplitude (d>0.5%)
the number of ELMsthat affected this position was significantly reduced. Nevertheless, up to d~1%
the reduction of the ELM size did not seem to have abeneficial effect on the development of the ITB.
The TF ripple experiments enabled to study theformation of I TBswith different amountsof toroidal
torque as discussed in [3]. Disregarding the TF ripple amplitude, ITBs were triggered in al RS
discharges, suggesting that the trigger mechanism of this scenario may not depend on plasmarotation.
Similar observations have been made in other experiments at JET [7]. The barrier formation in this
reversed shear scenario is often associated with minimum q reaching an integer value [8]. More
power is required to form ITBs in the optimised or flat shear scenarios. A larger fraction of the NBI
power was lost in discharges with a higher TF ripple hence a larger input power was required to
achieve ITBs. Nevertheless, comparing discharges with similar total absorbed power, it was again
found that those with alarger TF ripple and lower toroidal rotation shear formed only weak I TBs.
These experiments have shown that, although the ITB trigger was unaffected, the further
development of the ITB may be degraded dueto larger TF ripple. The TF ripple reduced the toroidal
rotation and modified the toroida rotation profile while the poloidal rotation was not affected. It
suggests that stronger barriers form in the presence of alarger rotational shear. The ITB trigger and
the positive feedback mechanism responsible for the further development may be related to different
parameters.
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Figure 1: (top) First scenario (RS) with LHCD prelude (t=1s-3.5s) during the current rise phase and NBI (blue) and
ICRH (red) switched on at t=3.5s. The obtained g-profile in thisis shown on the | eft with negative/reversed shear in
the core and g,,;,, at approximately R=2.6 and 3.5m. (bottom) Second scenario (OS) with later NBI and |CRH heating
(t=3.89). The g-profileisflat in the centre. The plasma current timetraces[a.u.] are shown in black in theleft graphs
with the flat top starting at t=5s. Both scenarios used B=2.2T, | ,=1.8MA and ¢gs=4.1.
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Figure 2: @) The maximum achieved p* T, in each discharge as a function the total absorbed power for the two
scenarios, with RS(circles) and OS (sgquares), respectively. The different coloursindicate the TF ripple amplitude. b)
The maximumachieved p* T, asafunction of TF rippleamplitude. Thered circlesrepresent the scenario with Reversed
central Shear (RS) while blue sguares show the results with the Optimised flat Shear (OS). Four discharges (RS
scenario) with equal absorbed power P,,.=14.5MW have been circled in black. &) The toroidal rotation profiles for
these four discharges (RSscenario) taken at two times, at thetimethe ITB istriggered (~ t=4.5s)(squares) and at the
time of its maximum strength (circles).
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Figure 3: a) The toroidal rotation profiles for the four discharges (RS scenario) with equal absorbed power
(P,ps=14.520.2MW) taken at two times, at the time the ITB is triggered (~ t=4.5s)(squares) and at the time of its
maximum strength (circles). b) The averaged gradient in the toroidal rotation profile at the foot of the ITB, versusthe
TF ripple amplitude. The discharges with closed symbols did develop strong ITBs (i.e. p* > 0.023), while the open
symbols indicate weak or non ITBs (p* > 0.023). The four dischargesin figure 3a are circled in black.
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