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ABSTRACT

First experimental results of electron temperature modulation experiments in plasmas characterized
by strong and long- asting electron and ion Internal Transport Barriers (ITB) have been obtained in
JET using ICRH in the Mode Conversion scheme. The ITB is shown to be awell localized narrow
layer with low heat diffusivity, characterized by sub-critical transport and loss of stiffness. In addition,
results from cold pulse propagation experiments suggest a second order transition process for ITB
formation and can be reproduced by non-linear fluid turbulence smulations.

INTRODUCTION

Power modulation experiments are awell known tool to probe electron heat transport in fusion grade
plasmas and have been widely used in conventional L- or H-mode scenarios to assess the physics of
turbulence driven transport [1-5]. On the other hand, severa key questions remain unsolved on the
physics of formation of Internal Transport Barriers (ITB), i.e. regions where turbulence is quenched
and transport greatly reduced [6,7]. Amongst these questions, the type of transition mechanism, the
ITB spatia localization and transport properties, the respective roles of the ExB flow shear and
magnetic shear and the role of rational magnetic surfaces. In this paper, new results are presented of
power modulation experimentsin JET plasmas characterized by strong electron and ion ITBs, which
provide new evidence on some of these issues. These experiments are complemented by previous
results of cold pulse propagation from the edge into the ITB [8], which have now been addressed by
new theoretical activity and turbulence smulations.

The JET tokamak (R=2.96m, a=1 m) offers good capabilities for perturbative studies of ITBs: the
use of Lower Hybrid (LH) preheat to create a dowly evolving strongly reversed safety factor (Q)
profile and induce long lasting I TBs sustained by large NBI power [9], the availability of a space and
time resolved electron temperature (T,) ECE diagnostic, the possibility to use asatransport probethe
modulated RF ICRH power in Mode Conversion (M C) scheme, asan aternativeto themore commonly
used ECH (not available in JET). This deposition scheme, which takes place in D plasmas with 3He
concentrations of 10-20% [10,11], provides a source of direct, localized and controllable power to
electrons, suitable for electron transport studies and already successfully used in JET conventional
scenarios[3,4].

JET plasmas with toroidal field B;~3.25-3.6 T, plasmacurrent | p~2.6-2.9MA (0g95~5), elongation
k,~1.75, triangularity 6~0.25 (averaged lower and upper) and density n,,~3-5 10°m3 have been
used as targets. LH power ~2-3MW was applied in the preheat phase (t = 2-4s). Then, fromt=4sto
10s, up to 18MW of NBI power and 4MW of ICRH power modulated with half depth at 15-45Hz
with duty cycle~60% were applied. Figure 1 shows contour plotsof VT, for one of the best shots. The
ITB islocated in the region of negative magnetic shear.

Two RF deposition schemes have been explored: a) 3He concentration~12% (mixed minority
heating and MC), which led to the best ITB performance (Figure 2: T;j~24 keV, To~13 keV, ng~5
10%° m'3, at an additional total power level of 15 MW, with an equivalent Qp[12]~0.25); b) 3He



concentration~20% (full MC), which alowed the cleanest modulation signals and best transport
results (Figure 3). FIGs.2 and 3 show steady-state profiles of T, T;, n,, g and profiles of amplitudes
(A) and phases (¢) of the T, heat wave at the modul ation frequency obtained by standard FFT techniques.
The MC power hasbeen localized either at the I TB layer (Figure 2), providing a heat wave generated
at the ITB and travelling in two directions away fromiit, or just outside the ITB (Figure 3), providing
a heat wave that travels towards it. Note that in the case of FIG.3 a fraction of the power is also
deposited to electrons in the centre via Fast Wave Landau damping, so there are two heat waves
propagating towards the I TB, one from the centre and one from the outer region.

Two important questions under debate regarding I TB transport arei) whether theimproved confinement
islimited to anarrow layer or rather extendsto thewhole coreregion insidethe ITB foot; ii) whether
the I TB isaregion of stiff transport [4] characterized by athreshold in R/Ly, (L1 =T/VT,) larger than
in conventional plasmas (case 1) or rather aregion below threshold where turbulence is suppressed
leading to a loss of dtiffness (case 2). These two situations are exemplified in figure 4 within the
assumption of asecond order transition scheme for I TB formation. This assumption will be justified
later. The concept of phase transition can be applied to ITB formation using as order parameter the
electron heat flux, whilst the plasma response is R/L . 1% order means that R/L+. experiences a
discontinuity at the transition (Figure 7 discussed later) while it stays continuous for a 2" order
transition (Figure 4). Thetwo casesin figure4 have profound differences asfar as heat propagationis
concerned. Infact thedamping of the heat waveinthel TB isregulated by the perturbative (incrementd)
heat diffusivity )cehp = —-dq/nP VT, (Where g, is the heat flux), which is much higher in case 1 with
respect to case 2. One would therefore expect strong damping of the wavein the ITB in case 2, and
propagation of the wave through the ITB in case 1.

Regarding questioni), both figures 2 and 3 show sharp discontinuitiesin the heat wave propagation
(i.e. in the slopes of the A and ¢ profiles) both at the foot and at the top of the high VT, region,
indicating that, at least for these reverse shear ITBs, the ITB isindeed a narrow layer with low %,
embedded in a higher X, plasma, and not a general improvement of confinement in the core region.
Regarding question ii), Figure 3 shows that the heat wave is strongly damped when meeting the ITB
from either side. This is consistent with a situation of complete loss of stiffness due to the plasma
having become fully sub-critical with respect to an increased threshold value (case 2). Inthiscase, X,
does not depend on VT, the perturbative X, coincides with the power balance X, and is low, the two
heat waves are strongly damped and cannot crossthe I TB, the phase exhibits a sharp jump. In case 1)
Instead, corresponding to asituation wherethe plasmainthe I TB iscloseto marginality and very stiff,
with an incremental ¥, very large, the two heat waves would have propagated fast inside ITB with a
small phase change and amplitudes not strongly damped, eventually crossing the ITB and getting
superimposed. Thisisclearly at variance with observations.

Attemptsto model the I TB modulation resultswith varioustransport models have been [3, 13] and
still are being carried out. More detailed discussion of such modelling effort will be presented in a
separate paper [14]. Empirical models are in genera capable of reproducing the main experimental



featuresusing aproperly shaped X, profile. Oneexampleisshownin FIG.5, using ax, critical gradient
model [4] of the type shown in figure 4:

Xe=Xo+ Xs T§’2 (_R?;Te —Ke) H (_RaTrTe —Ke) Q)

where X quantifiestheresidual transport (not necessarily neoclassical, asthere may be other instabilities
surviving after stabilization of the oneinvolved inthetransition), X providesthe stiffnesslevel, x; isthe
threshold for onset of turbulent transport, assumed for sake of smplicity to have a square box profile.
ThelTB isthen alayer completely below threshold, i.e. with low, constant heat diffusivity, embedded in
aplasmawhereturbulent transport with significant stiffnesslevel dominates. Thiscrudemode iscapable
of reproducing the main experimental evidence, although finer refinements, beyond the scope of the
present |letter, would be needed to match quantitatively al the details of the experimenta results. The
situation of modeling iseven more difficult with regard to first principle models. Unlikefor cold pulses,
turbulence smulations are not feasible for modulation at 15Hz due to excessive caculation time. The
situation of 1D fluid modelslike GLF23 or Weiland isat present not satisfactory aready for reproduction
of steady-state [14, 15], so the comparison with the modulation results would not be relevant.

The oversimplification of the model in figure 5 is aready evident from a careful analysis of the
dopes of A and ¢ within the ITB in figures 3, 5. One can notice that that the inner ITB portion has
higher dlopes, indicating that ¥, isnot uniformwithinthe | TB, with alower X, (i.e. astronger stabilization
of turbulence) intheinner portion. The outer portion showsreduced X, compared to theregion outside
thelTB, but still higher thanintheinner ITB portion. Thiscould correspond to partial stabilization, or
to aSituation which gets closer to the threshold. In other wordsthe ITB layer gets more fragilein the
region near its foot. This observation is in agreement with earlier studies of JET ITBs using cold
pulses from the edge induced by Ni laser ablation [8]. The cold pul se showed a growth when meeting
the ITB foot (corresponding to transport re-enhanced in the more fragile outer ITB portion) and then
a strong damping further inside (Figure 6(a)). This observation was interpreted as an erosion of the
less stabilized part of the ITB dueto increased VT, associated with the cold wave [§].

Thisresult hasnow been deeply investigated using two global fluid turbulence codes. the el ectrostatic
TRB [15] and the electromagnetic CUTIE [16]. The results of these ssimulations are shown in figures
6(b) and (c), and reproduce the growth of the cold pulse when meeting the ITB foot. This behavior is
considered a strong indication in favour of a 2" order transition scheme for ITB formation, of the
typeshownin FIG.4. Inthisschemethetransition to | TB isacontinuous processinvolving athreshold
value of R/Ly,, which can be shifted up for example by the presence of negative magnetic shear or
moderate ExB shear, and does not involve bifurcations or hysteresis. In thisframework the cold pulse
enhancement in the outer 1TB region is easily explained in terms of a re-crossing of the threshold
(with associated %, increase), due to the enhanced VT, carried by the cold pulse, inaregion whichis
just below the stability threshold. Consistently, no sign of amplification of the modulation heat wave
(carrying adecreasein VT,) is observed experimentally when it meetsthe ITB foot (FIG.3). We note



that recently other pieces of evidence of the continuous character of the ITB formation process have
been obtained, in JET [18,19] or in other machines[20].

On the other hand, a 1% order transition scheme would not account for the observed cold pulse
growth. This scheme is illustrated in FIG.7, with an S-shaped curve originated by the effect of
decorrélation of turbulence eddies due to strong ExB flow shear, as originally proposed for the edge
H-mode barrier formation [21,22], and then defacto extended al so to the formation of Internal Barriers.
This processis characterized by bifurcation and hysteresisin the back-transition. Some authors have
also argued that the critical flux for the 1% order transition should be the same for the forward and
backward transition and is determined by an equal area (Maxwell) constraint [23,24], but this does
not change our main conclusion. Qualitatively one can see from figure 7 that, once bifurcation has
taken place, the ITB is formed and transport has got back to the low transport branch, so that any
further increasein VT, isnot adestabilizing factor for the I TB. This has been confirmed by numerical
simulations [25] using two empirical models for %, reproducing the two types of transitions as in
figures4 and 7. Theradia boundary layer where the transition takes place is modeled by inclusion of
an hyperdiffusivity term[26]. It has been checked that, in the steady-state phase after the I TB formation,
the heat flux at the interface between the 2 regions is consistent with the Maxwell construction.
Figure8 shows the contour plots of the T, variation for experiment and for the simulations using the
two transitions schemes. Cold pulse enhancement can only be reproduced when the heat diffusivity
becomes large in afinite region near the foot of the barrier (p=[0.4 ; 0.5]). This takes place on cold
pulse arrival only inthe 2" order transition case, when the threshold is overcome and the plasmain
that region switches back to the turbulent stiff branch. In the 1% order case instead the cold pulse
cannot move the plasmaaway from the I TB branch, and the cold pulseisjust damped. Further inside
(p=[0.3;0.4]), thecold pulseisdamped either in experiment and in both simulations, which confirms
areduced incremental diffusivity asindicated by the modulation experiments.
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Figure 1: (colors on-line). Contour plots of VT, for Pulse No: 59411 (*He concentration ~12%, ICRH deposition
internal to ITB). The yellow region around R=3.3 mindicates the ITB. The locations of minimum g and rational q
values from MSE diagnostic are also plotted.
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Figure 2: (colorsonline). a) Experimental profiles at t=8 s (maximum performance) of T, T;, n, and g for Pulse No:

59397 (3.45T/2.8MA, *He~12%, ICRH f=33M Hz). The I TB regionishighlighted. b) profiles of Fourier component of

A (red squares) and ¢ (blue circles) at the modulation frequency (15 Hz) during the timeinterval 6.2-6.48s. RF power
deposition profiles are also plotted (dashed black line).
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Figure3: (colorsonline). a) Experimental profilesat t=5.5sof T, T;, n,and g for shot 62077 (3.25T/2.6MA, *He~20%,
ICRH f=37MH2). The ITB region is highlighted. b) profiles of Fourier component of A (red squares) and ¢ (blue

circles) at the modulation frequency (20 Hz) during the time interval 5.5-5.7s. RF power deposition profiles are also
plotted (dashed black line).
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Figure 4: (colors on-line). Schematic of 2" order
transition for ITB formation. The turbulence threshold is
higher than in conventional plasmas. Two situations can
be hypothesized, as discussed in the text.
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Figure 5: (colors on-line). Experimental (dots) and
simulated using the CGM model (lines) profiles of
amplitudes (black full symbols) and phases (red open
symbols) at fundamental modulation frequency for Pulse
No: 62077. Intheinset also the X, profile (black full line)
used in the simulation is plotted at one time during the
modulation ON phase, together with the time constant
profile of the threshold x;, (red dashed line).
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Figure6: (colorson-line): Time evolution of experimental (a) and simulated (b,c) T, variation (AT,) profilefollowing

acold pulsein ITB plasma. (b) with TRB, (c) with CUTIE.
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Figure 7: (colors on-line). Schematic of 1" order transition for ITB formation.
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Figure 8: (colorson-line). Contour plots of AT, during cold pulsein ITB plasma: (a) experimental Pulse No: 53682;
(b) simulated with an empirical 2" order transition model (asin Fig.4), (c) smulated with an empirical 1" order
transition model (as in Fig.7). Units of AT, color codes are keV. t=0ms corresponds to the application of the cold
pulsein the edge region.
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