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Abstract. This paper reports recent progress in understanding heat transport mechanisms either in conventional
or advanced tokamak scenarios in JET. A key experimental tool has been the use of perturbative transport tech-
niques, both by ICH power modulation and by edge cold pulses. The availability of such results has allowed
careful comparison with theoretical modelling using 1D empirical or physics based transport models, 3D fluid
turbulence simulations or gyrokinetic stability analysis. In conventional L- and H-mode plasmas the issue of
temperature profile stiffness has been addressed. JET results are consistent with the concept of a critical inverse
temperature gradient length above which transport is enhanced by the onset of turbulence. A threshold value
R/Lt¢~5 has been found for the onset of stiff electron transport, while the level of electron stiffness appears to
vary strongly with plasma parameters, in particular with the ratio of electron and ion heating: electrons become
stiffer when ions are strongly heated, resulting in larger R/Ly; values. This behaviour has also been found theo-
retically, although quantitatively weaker than in experiments. In plasmas characterized by Internal Transport
Barriers (ITB), the properties of heat transport inside the ITB layer and the ITB formation mechanisms have
been investigated. The plasma current profile is found to play a major role in ITB formation. The effect of nega-
tive magnetic shear on electron and ion stabilization is demonstrated both experimentally and theoretically using
turbulence codes. The role of rational magnetic surfaces in ITB triggering is well assessed experimentally, but
still lacks a convincing theoretical explanation. Attempts to trigger an ITB by externally induced magnetic re-
connection using saddle coils have shown that MHD islands in general do not produce a sufficient variation of
ExB flow shear to lead to ITB formation. First results of perturbative transport in ITBs show that the ITB is a
narrow layer with low heat diffusivity, characterized by sub-critical transport and loss of stiffness.

1. Introduction

The understanding of the physics of turbulence driven transport, although having progressed
significantly in recent years [1], is nevertheless still insufficient to allow a safe extrapolation
to next step plasmas to corroborate the predictions based on global scaling laws. Heat trans-
port issues like temperature profile stiffness in ELMy H-mode or Internal Transport Barrier
(ITB) formation mechanisms in Advanced Tokamak scenarios clearly have a significant im-
pact on the expected plasma performance and therefore deserve careful attention in present-
day machines in order to optimize the way of operating a next step device. This paper reports
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recent progress made at JET in this direction. Focussed perturbative transport experiments,
both by ICRF power modulation [2] and by edge cold pulses [3], have been a key tool, to-
gether with careful comparison of these results with theoretical modelling using either empiri-
cal and semi-empirical models (critical gradient [4], Bohm-gyroBohm [5]), 1D fluid models
(Weiland [6], GLF23 [7]), or 3D fluid turbulence simulations (TRB [8]: non-linear, electro-
static; CUTIE [9]: global, non-linear, electromagnetic), and in some cases gyrokinetic stabil-
ity analysis (GS2 [10], KINEZERO [11]).

2. Temperature Profile Stiffness in ELMy H-Mode Plasmas

Stiffness of temperature (T) profiles is predicted by the theory of electrostatic turbulence,
such as the Ion/Electron Temperature Gradient (ITG/ETG) modes and the Trapped Electron
Mode (TEM), as the result of an increase of transport driven by the onset of turbulence above
a critical value of the inverse temperature gradient length R/Lr., which therefore cannot be
much exceeded. This does not however imply an absolute rigidity of profiles over the whole
plasma, the local behaviour of the temperature profile being determined by the local values of
the threshold and stiffness strength, which is not necessarily high, and by the power deposi-
tion profile. The goal of the study conducted on JET and in parallel on other EU tokamaks [1,
4] was to quantify the electron stiffness using an empirical critical gradient model for the
electron heat diffusivity . of the form
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where B is the magnetic field, q is the safety factor, p =./mT, /eB, and H the Heaviside
function. v has been set =3/2 [4] from constraints by experimental data and in agreement with
theoretical predictions of ITG/TEM turbulence. The 3 parameters K., %o and s have been de-

rived from T. modulation experiments and their variation with plasma parameters has been
compared with 1% principle models.

e

2.1 Experimental results

T. modulation experiments have been performed in L-mode and type III ELMy H-mode
plasmas at low collisionality [12,13] (Bt~3.2-3.6T, 1,~1.8 MA, qos~7, neo~5 10"m™) using
ICRF power in mode conversion scheme, i.e. in the presence of *He concentrations ~20%
maintained via Real Time Control. This scheme allows direct and localized power deposition
to electrons [2]. Up to 18 MW of NBI power and 4 MW of ICRH power modulated with half
depth at 15-45 Hz with duty cycle ~60% were applied.
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FIG.2: Experimentally determined trend of
electron stiffness versus R/Ly. The two encir-
cled shots are the targets of detailed predictive
modelling described in Sect.2.2.

FIG.1: Normalized electron heat flux vs R/Lr..
Dots are steady-state data only (p=0.2 and 0.4),
lines are fits using Eq.(1) to whole profiles of
steady-state and modulation data.

The modulation and the steady-state data are simultaneously best-fitted using the model in
Eq.(1). Evidence was found for the existence of a threshold in R/Lte~5 for the onset of stiff
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transport. L- and H-modes behave in a similar way with regard to core heat transport, with
similar stiffness levels and thresholds, higher central temperatures in H-mode being mainly
due to the existence of an edge pedestal. The degree of profile stiffness s was found to vary
over a range s ~1.5-6. The reason for such large variations has been identified to be the
variation in ion heating power: electrons get stiffer when ion heating is increased, resulting in
higher values of R/Lr;. FIG.1 shows the electron heat flux properly normalized vs R/Lt.. Dots
are steady-state data and lines are fit to modulation data. One can see that steady-state data do
not allow the recognition of different degrees of stiffness (i.e. different slopes above thresh-
old) while a weaker stiffness can be inferred from modulation data in plasmas with dominant
electron heating with respect to plasmas with significant ion heating. The electron stiffness
is progressively increasing with R/Ly; as shown in FIG.2, and is not simply related to the
value of the ratio T./Tj, as it was originally proposed in [13].

A comparison between the findings on profile stiffness from these experiments and the recent
ITPA two-term scaling law for energy confinement has been carried out: no major inconsis-
tency is found between the two approaches, given the simplifications present in both [4].

2.2 Physics based models

A complex interplay between the various branches of micro-instabilities underlying turbulent
transport is at the basis of these results. Stability analysis using GS2 indicates that the cases
with significant ion heating and very stiff electron temperature profiles are ITG dominated,
while in the cases with pure electron heating and weakly stiff electron temperature profiles,
the TEM instability starts to dominate the low kgp; part of the instability spectrum. ETG
modes are linearly stable in these plasmas. Detailed predictive modelling of steady-state (Te,

T; and n.) and modulation results in both experimental conditions has been reported in [14].
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FIG.3: Experimental profiles (dots) of amplitude and phase at 1* (black) and 3™ (red) harmonic for
shot 55809 (large R/Lt;) and simulations (lines) using various models: empirical CGM (—), Weiland
with collisions (—= — ), Bohm-gyroBohm ( ....... J.and GLF23(— —-
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FIG.4: Same as in FIG.3 for shot 53822 (small R/Lrz; ).
The models tested are: Weiland collisionless and collisional and Bohm-gyroBohm using the
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transport code JETTO, GLF23 v.1.61 using ASTRA. A comparison of the performance of the
models in reproducing modulation data for two shots (indicated in FIG.2) with significantly
different values of R/Lt; and stiffness levels is shown in FIGs. 3 and 4 (see [14] for the mod-
elling of steady-state profiles). It is found that experimental results are best reproduced by the
Weiland collisional model, which is indeed yielding the same trend of larger electron stiffness
for the shot with significant ion heating with respect to the one with dominant electron heat-
ing, although the simulated trend is quantitatively less strong than in the experiment.

The complex interplay between electron and ion 4 |
channels has been theoretically investigated also Xe f Le po
with the collisionless fluid electrostatic turbu-
lence code TRB [8] . The electron stiffness level
in the turbulent simulations has been evaluated

by calculating the incremental heat diffusivity, 2 /|

Kenp= Xe TVT.0%/OVT, (Eq.2), whose ratio with — P/P~1.0

the power balance diffusivity can be taken as an 1= — P/P=2/3 -

estimate of stiffness. This is plotted in FIG.5 for — P/P=173

various values of Pi/P.. One can see the increase 0 T v/a
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of electron stiffness when increasing ion heating,
although again the trend seems quantitatively F1G.5: Behaviour of electron stiffness
weaker than in experiments. w.ith P,-‘/Pe es.timated from turbulence

It is clear from this work that, although the simulation using TRB

physics mechanisms behind temperature profile stiffness are fairly clarified, no quantitative
conclusion can yet be drawn regarding profile stiffness in ITER, and no 1* principle model
can yet be fully validated for a safe extrapolation. Further experiments are needed in ITER
relevant plasmas to evaluate electron and possibly ion stiffness and compare with models.

3. Physics of Internal Transport Barriers

Although the use of Internal Transport Barriers (ITB) in tokamak plasmas is getting more and
more under operational control [15], several key questions on the physics of ITB formation
and sustainment still remain unsolved. Amongst these, the type of transition mechanism and
turbulence evolution, the transport properties inside the ITB, the respective roles of the ExB
flow shear and magnetic shear and the role of rational surfaces in ITB triggering. In the fol-
lowing sections some recent JET results addressing these issues will be presented.

3.1 ITB Transport Properties

Two important questions under debate regarding | | | | FIG.6:
ITB transport are i) whether the ITB is a region of =} {schematic
stiff transport characterized by a threshold R/Lt. £ [ of th? wo
larger than in conventional plasmas(case 2 in FIG.6) ‘“§ o |possible
or rather a region below threshold where turbulence 2=, |18 trans-
is suppressed leading to a loss of stiffness (case 1 in inside f;:etsp Cl;s__
FIG.6); ii) whether the improved confinement is S i 1 cussed in
limited to a narrow layer or rather extends to the , e ‘ question i)
whole core region inside the ITB foot. In order to ° e

probe the ITB transport properties, both cold pulses using Ni ablation or shallow pellets and
T. modulation using ICRH in Mode Conversion (‘He~12-20%) have been used to generate T,
perturbations travelling across the I'TB [16]. While cold pulses have been performed parasiti-
cally, Te modulation has been performed in dedicated experiments using 3.25-3.6 T, 2.6-2.9
MA plasmas with n,~3-510""’m” and LH preheat (2-3 MW) to achieve deeply reversed mag-
netic shear (s). The ITB is located in the region of negative s. Up to 18 MW of NBI power
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and 4 MW of ICRH power modulated with half depth at 15-45 Hz with duty cycle ~60% were
applied. The MC power has been localized either at the ITB layer, providing a heat wave gen-
erated in the ITB region, or just outside it, providing a heat wave that travels towards the ITB.
The ITB is mainly sustained by NBI power, but when the RF is deposited inside the ITB ra-
dius, the good localization of RF power using *He allows to reach outstanding plasma per-
formance, with T;,~24 keV, T,~13 keV, n,~5 10" m?, at an additional total power level of
15 MW. The equivalent Qp; is estimated to be ~0.25 in these discharges [16,17].

FIGs.7 and 8 show steady-state profiles of T,, T,, n., q and profiles of amplitudes (A) and
phases () at 1* harmonic of the T, heat wave obtained by standard FFT techniques. FIG.7
refers to a case in which the MC power was located in the ITB layer; the heat wave is then
travelling in two directions away from the ITB. FIG.8 refers to a case in which the MC was
located just outside the (weaker) ITB. Note that in this case a fraction of the power is also de-
posited to electrons in the centre via fast wave Landau damping, so there are two heat waves
propagating towards the ITB, one from the centre and one from the outer region.
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FIG.7 a) Experimental profiles at t=8 s (maximum performance) of T,, T, n, and q for shot 59397
(3.45T/2.8 MA, *He~12%, ICRH f=33 MHz). b) profiles of T, (red), amplitude (black) and phase
(blue) at 1 harmonic of the modulation frequency (15 Hz) during the time interval 6.2-6.48 s. Mode
converted modulated RF power is applied at the ITB location.
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ICRH =37 MHz). b) profiles of T, (red), amplitude (black) and phase (blue) at 1" harmonic of the
modulation frequency (20 Hz) during the time interval 5.5-5.7 s. Mode converted modulated RF
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Both FIG.7 and 8 show sharp changes of the heat wave propagation both at the foot and at the
top of the high VT, region, providing the answer to question ii), at least for these reverse shear
ITBs: the ITB is indeed a narrow layer with low %, embedded in a higher . plasma, and not
due to a general improvement of confinement in the core region. Regarding question 1), FIG.8
shows that the heat wave is strongly damped when meeting the ITB from either side, implying
that the ITB is a layer where the perturbative (incremental) diffusivity ., (see Eq.2) is very
low. Starting from the experimental case in FIG.8, using a model of the type of Eq.1, the heat
wave propagation has been simulated for both hypotheses, by simply changing the value of
K.. FIG.9 shows the results. Case 1) corresponds to a situation of complete loss of stiffness
due to the plasma having become fully sub-critical with respect to an increased threshold
value. In this case only the second term in Eq.1 survives, %, does not depend on VT, the per-
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turbative %, coincides with the power balance y, and is low, the two heat waves are strongly
damped and cannot cross the ITB, the phase exhibits a sharp jump. Case 2) corresponds to a
situation where the plasma in the ITB is close to marginality and very stiff: in this case the
incremental . is very large, the wave propagates fast inside I'TB (small phase change), the
amplitudes are not strongly damped so that the two heat waves cross the ITB and get super-
impaoged. One can see that the, experiglent corresponds to the situation of case 1).
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FIG.9a: simulated T, (black), A (red) FIG.9b: same as in FIG.9a FIG.9c: profiles of x, (black), k.
and @ (blue) profiles for case 1 of for case 2 in FIG.6. (red) and R/L;, (blue) in the two
FIG.6 for the experiment in FIG.8. simulations of FIG.9a and b.

From FIG.8, one can also notice that 7, is not uniform inside the I'TB: the slopes of A and ¢
show that the inner part has lower %, i.e. a stronger stabilization of turbulence. The outer part
shows reduced . compared to outside ITB, but still higher than in the inner ITB region. This
could correspond to partial stabilization, or to a situation which gets closer to the threshold. In
other words the ITB layer gets more fragile in the region near its foot. This observation is in
agreement with earlier studies of JET ITBs using cold pulses from the edge[3]. The cold pulse
showed a growth when meeting the ITB foot (corresponding to transport re-enhanced in the
more fragile outer ITB part) and then a strong damping further inside. The latter result was
recently reproduced by turbulence simulations by TRB and CUTIE, as shown in FIG.10, and
is interpreted as an erosion of the less stabilized part of the ITB by cold pulses due to in-
creased T, gradient associated with the cold wave. Consistently, no sign of amplification of
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FIG.10: Time evolution of experimental (a) and simulated (b,c) AT, profile following a cold pulse in
ITB plasma. (b) with TRB(1 time unit=50 us; 10 ms after cold pulse are shown), (c) with CUTIE (15
ms after cold pulse are shown).

Attempts to model the modulation results are in progress. Empirical models are in general ca-
pable to reproduce the experimental features using a properly shaped . profile. FIG.9a gives
an example. The situation is more difficult with regard to 1* principle models. Unlike for cold
pulses, turbulence simulations are not feasible for modulation at 15 Hz due to excessive cal-
culation time. The situation of 1D fluid models is at present not satisfactory already for repro-
duction of steady-state [18,19],s0 no comparison with the modulation results was yet possible.

3.2 ITB Formation
It is a general observation in JET that the current profile is a key parameter for ITB formation
[15,18]. The calculated ExB shear is in most cases too small to trigger the transition [18], al-
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though it plays a role later in the discharge due to self-sustainment driven by the increased
pressure gradient. The positive effect of a reverse q profile in lowering the ITB triggering
power threshold with respect to a monotonic q profile has been demonstrated experimentally
[20], as well as the stabilizing effect both for electrons [21,22] and ions [23,24]. The forma-
tion of an electron ITB for s<-0.5 has been found theoretically using TRB [25] (FIG. 11). A
strong reduction of ion turbulent transport is also found using GS2 for values s<-2.5 [26].
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FIG.11: Profiles of safety factor, magnetic shear and electron temperature calculated with TRB.
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The mechanism of a-stabilisation in ITB formation has not been found to play as an impor-
tant role in JET as for example in DIII-D [19] . In addition to the role of s, a clear role of low
order rational magnetic surfaces in ITB formation has been observed experimentally both for
ions and electrons [27, 28, 18]. In monotonic q profile plasmas, the ITB is triggered at a low
order g-rational surface when a higher order g-rational appears at the edge, while for reverse
shear plasmas, when the value of minimum q reaches an integer value, the ITB is either
formed or (if already existing) strengthened and expanded to the region of the integer q,,,
possibly leading to the formation of multiple barriers. In the framework of electrostatic tur-
bulence using TRB it was proposed that the evidence in reverse shear plasmas could be ex-
plained by turbulence stabilization to the increased gap in the density of main rational sur-
faces [18]. This explanation has however been recently questioned by [29]. A possible alter-
native explanation was proposed, based on the idea that the local ExB flow shear can be al-
tered by the presence of an MHD island at the rational surface due to local plasma braking
[30]. This mechanism would hold both for monotonic and reverse q profiles. However at-
tempts to find experimental evidence in favour of this type of explanation have had a negative
outcome so far. Whilst in monotonic q profile cases a burst of MHD activity is associated to
ITB triggering by edge rationals (which could generate inner low order islands by mode
—S=2410"—5—w—i-25kH2 coupling), no sign of MHD activity or evidence for

N 1 strong islands has been observed in reverse shear
plasmas. Resolving fine changes in toroidal rota-
tion gradients at ITB triggering has been so far out-
side the capabilities of the Charge Exchange diag-
nostic. In addition, an experiment was performed
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00 02 04 06 08 10 producing this type of ITB triggering mechanism
FIG.12: Calculated profile of Vz (r,t) with by external means, i.e by application of a reso-
localized braking force, at high viscosity. nant helical magnetic field perturbation using

saddle coils [30]. Although the conditions of reconnection and formation of an MHD island
have been reached, this did not lead to ITB triggering. Theoretical analysis of this result has
shown that a local change of ExB flow shear induced by toroidal braking due to an MHD is-
land cannot be easily achieved. In fact at low viscosity the large differential rotation prevents
field penetration and braking torque, while at high viscosity the braking region is broadened,
inducing a self-similar evolution of toroidal rotation profile which does not lead to a signifi-
cant modification of its shear (FIG.12). Finally, alternative explanations for the role of g-
rationals in ITB formation are suggested by CUTIE simulations via two separate mechanisms
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[9,31]. The ExB zonal flow is strongly modified locally near g-rational values (by poloidal
Maxwell-Lorentz torques in addition to the usual Reynolds stresses) where low m,n MHD can
be triggered either by direct instabilities or by “inverse” cascades via the modulational insta-
bility [9]. Quite distinct from this is the effect of “dynamo” terms in the induction equation
which serve to locally “self-organize” the current profile, leading to regions of small magnetic
shear near g-rationals, which are observed to play a stabilizing effect on the underlying micro-
turbulence. The two-feed back loops operate on both species. These qualitative observations
from CUTIE simulations including “profile-turbulence” interactions remain to be quantified
and tailored to JET experimental conditions to provide a fully self-consistent picture of the
role of the g-profile in the initiation and maintenance of ITB’s. Further progress on this issue
is expected in next JET campaigns where a measurement of the poloidal velocity profile will
become available, together with an improved resolution of the toroidal one.

4. Conclusions

Heat transport studies at JET have allowed some progress in the understanding of issues like
temperature profile stiffness or ITB physics which are crucial for ITER exploitation. The re-
sults emphasize the importance of carrying on transport studies in ITER relevant plasmas.
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