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Abstract. Heating power modulation experiments using ICRH in the3He minority scheme

have been performed in the JET tokamak to investigate heat transport properties. This

RF scheme provides a dominant localised ion heating, but also some electron heating, and

therefore both ion and electron heat channels were modulated. This allows to carry out a

simultaneous transport analysis of ion and electron heat transport channels, including transient

transport phenomena. This also provides an experimental assessment of the ICRH heat sources

of the3He scheme. The modulation approach, so far widely used for electron transport studies,

has been validated for ion heat transport in these experiments and yields results on stiffness and

threshold of the ITG-driven ion heat transport. The resultsfor the electron channel demonstrate

the importance of the ITG-driven, off-diagonal, contribution to electron heat transport in

plasmas with significant ion heating.

‡ See the appendix of F. Romanelli et al., Proceedings of the 23rd IAEA Fusion Energy Conference 2010,

Daejeon, Korea
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1. Introduction

In fusion plasmas, turbulent phenomena driven by the Ion Temperature Gradient and Trapped

Electron Mode instabilities in general dominate ion and electron heat transport. The ITG and

TEM modes are unstable above respective thresholds in normalised temperature gradients,

−R∇T/T = R/LT , leading to an increase of transport above the thresholdR/LT,crit , see for

instance [1] for ITG and [2] for TEM. In addition, transport driven by micro-turbulence can

be assumed, in first approximation, to exhibit a gyro-Bohm behaviour, such that transport is

proportional toT3/2. The rate with which transport increases above the threshold is called

here “stiffness factor” and characterised by a coefficientχs which will be defined below. This

leads for the heat diffusion to the assumptionχ ∝ χsT3/2(R/LT −R/LT,crit ), as described in

detail in section 4.2. The observed resilience, often called profile stiffness, of the temperature

profile shape to changes in heating power deposition, [3, 4, 5, 6, 7, 8, 9, 10], can be explained

by these properties [11]. For the electrons, the existence of both threshold and stiffness have

been directly evidenced experimentally in several devices[12, 13, 14, 15], but these properties

have been only recently investigated for ions [16, 17].

“Perturbative transport” experiments, in which temperature perturbations induced by

modulating the heating power are analysed, yield the stiffness properties. This method has

been extensively used to investigate electron heat transport properties, see e.g. [18, 19, 20,

14, 21, 11, 22], but not applied to the ions so far, essentially because a method for localised

ion heating, together with aTi measurement with sufficient time resolution were not available

simultaneously in the same device. As reported in [16], thishas been made possible rather

recently at JET by the Ion Cyclotron Resonant Heating in the3He minority scheme and thanks

to an upgrade of theTi measurement by Charge Exchange Recombination Spectroscopy

(CXRS).

The main goal of the work presented here was to modulate the ion temperature, assess the

validity of the method under these conditions and deduce experimentally the properties of ion

heat transport. As a fraction of the electron heating power was also modulated, electron heat

transport is also investigated. This allows a comprehensive and simultaneous investigation of

both ion and electron heat transport by perturbative methods.

The experiments are described in Sect. 2. Section 3 is dedicated to the experimental analysis

of the modulated ion temperature data. In section 4, assumptions and requirements for

transport modelling are described, whereas the results forthe ion and electron channels are
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presented respectively in sections 5 and 6. Conclusions aredrawn in the last section.

2. Experiments and method of analysis

2.1. Experimental conditions

The experiments presented here have been carried out in the JET tokamak, with major radius

R≈ 3m and and minor radiusa ≈ 1m, at a rather high edge safety factor value,q95 ≈ 6

which allow to avoid sawteeth asq can be kept above unity in the centre. The absence of

sawteeth ensures good conditions for a reliable analysis ofmodulation data. They were run

in deuterium L-modes at a density of about 3×1019m−3, heated by deuterium Neutral Beam

Injection as background heating and Ion Cyclotron Resonance Heating using the3He minority

scheme for the power modulation part. The RF power was modulated at fmod with a 50/50

duty-cycle and a modulation amplitude of about±40%. JET offers a unique opportunity

for localised ion and electron heating by ICRH in the3He minority scheme, whose power

deposition properties depend on the3He concentration, [3He], as described in [23]. The ion

heating is provided by the3He ICRH-accelerated ions, with rather low energy, which deliver a

dominant fraction of their energy to the plasma as ion heating. Due to the higher ion mass,this

contribution is significantly larger than in the hydrogen minority scheme. The fraction of ion

heating increases with [3He] to reach a maximum at [3He]≈ 8%. If [3He] is further increased,

the power absorbed by the3He minority decreases and the ion heating fraction as well, while

the direct electron heating fraction increases. On each side of its maximum, the fraction of

ion heating is lower by about 20% for [3He]≈ 6% and [3He]≈ 12%. The power deposition

is calculated by the PION code [24] which yields the time-dependent ICRF heat sources for

our transport analyses, taking modulation into account. Wealso get ICRH power deposition

profiles from the SELFO code, [25] and references therein. These are not time-dependent,

but provide a more accurate modelling of the collisional energy transfer of the RF-accelerated

fast ions to the electron and ion channels. In addition, electron heating by mode conversion

to Bernstein and ion cyclotron waves also occurs, with a maximum for [3He] ≈ 30%, [26].

This component can be calculated by the full wave code TORIC,[27]. As usual in such

experiments at JET, the3He concentration was measured in the edge region and feed-back

controlled, as described in [23]. Only one profile of [3He], with rather large uncertainties, is

available.



Analysis of Ion and Electron Heat Transport by Power Modulation in JET 4

The measurement of the ion temperature, which is the basis ofthe investigations presented

here, is provided by the CXRS diagnostic. The experiments have been carried out in three

distinct series of discharges, in 2002, 2003 and 2006. In the2002 and 2003 campaigns, the

time resolution of theTi measurement was 50 ms which limited the maximum modulation

frequency to about 4 Hz. However, the 2002 discharges demonstrated that it was possible

and meaningful to address ion perturbative transport with this scenario. In the 2003 series,

we varied the NBI heating to investigate the possible influence ofTi. However, the results of

these two series required validation of the physics interpretation by experiments at higher

modulation frequencies. This was finally possible in the 2006 campaign for which the

CXRS diagnostic had been upgraded, providing measurementswith a time resolution of 10

ms [28, 29]. We obtained modulation data with good signal-to-noise ratio from an ICRH

modulation frequency scan 4≤ fmod≤ 20 Hz. Data from the edge CXRS diagnostics are not

available. As discussed below, not only the modulation ofTi but also that ofTe are analysed

in these experiments. TheTe measurement is provided by the Electron Cyclotron Emission

radiometer diagnostic which has a much higher spatial and temporal resolution than the CXRS

diagnostic.

In Fig. 1, a representative discharge from the 2006 campaignwith 8 Hz ICRH power

modulation is illustrated. The ICRH power is modulated withan amplitude depth of about

±40% around the time-averaged power, with peak power of about4 MW, and is added to

the back-ground of about 5 MW of constant NBI power. The ICRH power is deposited close

to the plasma centre, as shown in a later section. The inducedion temperature modulation

is clearly visible, as indicated by a few time traces at different radial positions, defined by

the normalised toroidal flux radiusρ , box a. The electron temperature is also significantly

modulated, as seen in box b. Both temperatures also exhibit slow variations in which the

maxima correspond to somewhat more peaked profiles. These slow oscillations inTi and

Te are not absolutely in phase, but seem to be strongly correlated. They do not occur in all

discharges but seem to appear for values of the3He concentration above 6-10%. Therefore,

one may conjecture that they are linked to variations of the3He concentration profile leading

to changes of the electron and ion heating profiles. The slow oscillations only weakly affect

the results presented later, as can be assessed by analysingdifferent time intervals. Finally, as

shown in box c, a modulation of the edge channel of the line-integrated density is induced by

the ICRF power, whereas the core channel plotted, in panel d,exhibits almost no modulation.
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Figure 1. Time evolution of a discharge with 8 Hz modulation. The ICRH power

modulation is indicated in the panel e, together with the constant NBI power of about

5 MW. Boxes a and b illustrate the Ti and Te signals at the 4 radial positions indicated

in box a. The line of sight of the interferometer in the edge region plotted in panel c

exhibits the edge density modulation discussed in the text,whereas the core channel

plotted in box d is not modulated.

This indicates that this density modulation is restricted to the edge region of the plasma. This

density modulation is indeed restricted to the edge region and not observed in the centre.

This is in agreement with the assumption that it is excited atthe very edge and is strongly

damped as it propagates inwards. The Fourier analysis of thedensity modulation indicates

that its phase delay with respect to the ICRH input power increases from about 35 degrees at

4 Hz up to 80 degrees at 20 Hz. This density modulation is roughly proportional to the ICRH

modulation amplitude, at fixed value offmod and strongly decreases with increasingfmod. The

influence of this modulation on the analysis will be discussed later.

2.2. Experimental Method of analysis

To investigate heat transport, perturbative experiments have been, so far, only widely applied

to the electron channel, but the method can also be applied toions in the same way [16]. In



Analysis of Ion and Electron Heat Transport by Power Modulation in JET 6

this approach, the propagation of the excited heat pulses isdetermined by the slope of the heat

flux with respect to the temperature gradient, yielding the heat pulse diffusivity [30, 18]:

χHP
j = −

∂q j

∂(n j∇Tj)
= χPB

j +
∂χ j

∂∇Tj
∇Tj (1)

where the subscriptj denotese or i (electron or ion),q heat flux andn density, whereas

χPB
j is the usual heat diffusivity from power balance. In the experiments,χHP

j is derived from

the amplitude (A) and phase (ϕ) profiles provided by the Fourier transform of the temperature

data and interpreted in slab geometry [18, 31], to which corrections for cylindrical geometry

and density gradient are usually added [32]. This method yields 2 estimates for the heat pulse

diffusivity,

χamp
exp =

3ωmod

4(A′/A)2 χphi
exp=

3ωmod

4ϕ′2 (2)

where ω is the modulation pulsation,A′ and ϕ′ mean radial derivatives. Due to

damping processes, which affect amplitude and phase profiles, these 2 quantities differ at

low modulation frequencies such thatχphi
j ≥ χAmp

j , but converge asymptotically towards

χHP
j at high modulation frequencies for which damping becomes negligible. However, in

the geometric mean,
√

χAmp
j χphi

j , the damping effects mathematically cancel and, at any

frequency, this quantity can be considered as a good experimental estimator of the actual value

of χHP
j . Note thatχAmp

j , χphi
j andχHP

j depend on the square of gradients and are therefore quite

sensitive to the measured amplitude and phase profiles.

In the present work, this method is applied to ion and electron modulated data. In

this section, we focus on the ion data. As example, the methodis illustrated in Fig. 2 for

modulation data at 8 Hz, corresponding to the discharge illustrated in Fig. 1. As usually

done in such studies, we plot the profile of the natural logarithm of the amplitude of theTi

modulation because its slope directly reflectsχAmp
i . The phase delay is calculated with respect

to the phase of the injected modulated ICRH power. The error bars indicated in the plots are

deduced from the signal-to-noise ratio for each radial datapoint. The noise level is estimated

from the data at frequencies in a narrow band on each side of the modulation frequency which

is, as being imposed from outside, a very narrow peak in the frequency spectrum. Figure

2 indicates that the experimental uncertainties are small enough to determine the heat pulse

propagation with sufficient accuracy for physics interpretation.

The heat pulse analysis is carried out in the plasma confinement zone, aroundR= 3.4 m and

we plot here examples of the fits used to determineχAmp
i andχphi

i whose corresponding values
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Figure 2. Profiles of amplitude and phase delay of modulation data at 8 Hz. As

examples, fits forχAmp
i andχphi

i are also drawn, with corresponding values.

are also indicated in Fig. 2. Including in the fits more or lessdata points, at larger or smaller

radii, provides an estimate of the experimental uncertainties which are used in the results

presented later. It should be reminded that this analysis isonly valid in plasma regions free

of modulated power. In this case, transport is reflected by the gradient of the amplitude and

phase profiles (Eqs. 2): low gradients correspond to high transport and/or high stiffness, steep

gradients to low transport and stiffness. It is also well-known that these gradients become

steeper when the modulation frequency is increased. Finally, it should be emphasised that the

interpretation ofχAmp
i andχphi

i is local and reflects transport properties in the radial region

over which the fits are made.

In the region where the modulated power is deposited, amplitude and phase behave as follows,

see e.g. [33]. The amplitude, in this region, decreases if modulation frequency or transport

are increased. In the region of the power deposition, the phase delay with respect to the

ICRF power modulation is the sum of two contributions: the reaction of the temperature to
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power modulation as determined by transport properties andan additional delay due to the

collisional power transfer of the RF-accelerated ions. Thephase delay caused by the former

effect increases with increasing modulation frequency, but decreases if transport increases,

[33]. The latter is provided by the calculations of the ICRF power absorption described later.

In Fig. 2, the amplitude exhibits an increase at the plasma edge (R> 3.7 m), whereas the phase

delay decreases in the edge region. This is attributed to thedensity modulation mentioned

above, which induces an edge temperature modulation inTi which propagates towards the

center. This parasitic modulation interferes with theTi modulation excited in the centre by the

heating modulation and whose propagation has to be analysedto deduceχHP
i . It is therefore

essential to assess the influence of the spuriousTi modulation excited at the edge on the

transport analysis.

For this purpose, we calculate the interference of two heat waves excited in the core

and at the edge and propagating respectively outwards and inwards with a simple model

in cylindrical geometry. The propagation velocity of thesetwo singles waves are adjusted

such that amplitude and phase profiles of the combined wave match the experimental ones

simultaneously. The results for 2 frequencies are shown in Fig. 3 which shows the amplitude

and phase profiles of the single wave, as well as those of theircombination which has to be

compared to the experimental data. The good match with the experimental profiles exhibited

by these plots is only achieved if the propagation of the perturbation excited at the edge is

significantly slower than that of theTi perturbation induced in the centre and propagating

outwards. The difference in propagation velocity is the only possibility to produce the

respective minimum and maximum of amplitude and phase atR≈ 3.7m and not at mid-radius.

This is also a prerequisite to reproduce the different slopes on either side of the extrema. This

is in agreement with the fact that particle diffusion is known to be lower than heat diffusion.

This also suggests that the perturbation ofTi caused by the density modulation is not aTi

cold heat wave propagating inwards, but rather a direct effect of the density perturbation.

Independently of the physics assumption for the parasitic edge modulation, the model clearly

indicates that the modulation induced in the centre dominates both amplitude and phase

profiles in the regionρ ≤ 0.7, which corresponds to aboutR≤ 3.6 m. Therefore, the results

deduced from heat pulse propagation, for which we rely on themodulation induced in the

centre, are valid at least forR≤ 3.6 m where this wave dominates.
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Figure 3. Profiles of amplitude and phase delay for for two Ti heat waves launched from

the center and from the edge. Two examples are shown with modulation frequencies

of 4 HZ and 8 Hz. The points are the experimental data. The lines are yielded by the

model described in the text.

3. Results of the modulated Ti data

The analysis of theTe modulation by Fourier transform is a widely used method in transient

transport studies for the electron heat channel. The high time resolution of the ECE diagnostic

does not limit the modulation frequency and its high sensitivity provides in general data with

a very good signal-to-noise ratio.

The situation forTi is different: the time resolution of the CXRS data can limit the highest

modulation frequency. This was the case for the 2002 and 2003series with the 50ms time

resolution. The 10ms exposure time available for 2006 provided much better conditions
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and room for optimising the signal-to-noise ratio. The bestS/N is a compromise between

the integration time on which theTi analysis is carried out and the number of measurement

time points available for the Fourier transform. In our experiments, several CXRS exposure

frames with 10ms integration time can be grouped prior to theTi analysis. At low modulation

frequency, up to 5 frames can be grouped without affecting the phase. This demonstrates the

validity of the 2002 and 2003 data with 50ms resolution at 4 Hz. With 10ms exposure time,

the quality of the modulatedTi data is good under our experimental conditions up to 20 Hz

and the best S/N is obtained when grouping at most 2 or 3 frames, depending on the cases.

Thus, for 2006, the improvement of the CXRS system and the possibility of grouping the

frames provides an excellent set of data to investigate the ion heat pulse propagation in the

frequency scan discussed below.
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Figure 4. Experimental results from perturbative transport analysed at R= 3.4 m for

the frequency scan. Dependence ofχphi
i , χAmp

i andχHP
i versus fmod.

The perturbative transport results of the frequency scan are represented byχphi
i , χAmp

i

and χHP
i versus fmod, analysed at about mid-radius (R≈ 3.4 m) and plotted in Fig. 4. In

this figure, the values are the mean of the values yielded by all the realistic fits which can

be made using the available data for each frequency, whereasthe error bars are provided by

the corresponding standard deviation. As expected,χphi
i is larger thanχAmp

i and these two

quantities converge towardsχHP
i as fmod increases. The value ofχHP

i , close to 2m2/s, does

not depend onfmod. This frequency scan indicates that ion perturbative transport exhibits the

expected basic properties. Therefore, we conclude that this method can be used to investigate

the properties of ion heat transport. This frequency scan also indicates that the data atfmod =
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4 Hz, obtained in the 2002 and 2003 series are valid, within the restrictions linked to the low

frequency. In particular,χHP
i in the outer part of the plasma cannot be deduced due to the

influence of the edge boundary condition. The analysis ofχHP
i at this modulation frequency

is possible at all in these discharges because the ion stiffness is low enough to allow physics

interpretation, as shown below and in [17]. Indeed, measuring higher stiffness would require

higher modulation frequency to capture the propagation of the heat pulses correctly.

As reported in [17], in discharges with the same controlled plasma parameters and also heated

with NBI and ICRH heating at comparable levels, theTi profiles become more peaked when

the NBI power is increased, which is attributed to a decreaseof core stiffness with increasing

toroidal rotation, while this does not happen in the outer plasma region. The increase ofR/LTi

in the central plasma with heating power and toroidal rotation driven by NBI is also observed

in our discharges, as revealed by the analysis of the power scan of the 2002 and 2003 series.

For comparison, the 2006 data are also included. This is illustrated in Fig. 5 whereRL/Ti

in the plasmas inner part (R≈ 3.3 m) and outer region (R≈ 3.6 m) are plotted. Indeed the

former increases by about a factor of two within the power range whereas the latter is almost

constant within the error bars.
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Figure 5. Experimental results from the 2002, 2003 and 2006 series: R/LTi in the inner

part and outer part of the plasma around R≈ 3.3 m and R≈ 3.6 m respectively. The

lines are linear least square fits to the 2002 and 2003 data. The ratio of ICRF power

to the total heating power is also given.

The dependence as a function of toroidal angular rotation taken at position of theR/LTi

analysis exhibits the same trends, as shown in Fig. 6.
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Figure 6. Experimental results from the 2002, 2003 and 2006 series: R/LTi in the inner

part and outer part of the plasma around R≈ 3.3 m and R≈ 3.6 m versus toroidal

angular rotation at these respective positions. The lines are linear least square fits to

the 2002 and 2003 data.

The heat pulse analysis for the 4 Hz modulation can be performed for the inner part,

aroundR= 3.3 m. The results as a function ofR/LTi and toroidal rotation are plotted in Fig.

7. Within the large experimental uncertainties, they suggest a trend for the normalised heat

pulse propagation,∝ χHP
i T3/2

i , to decrease with increasingR/LTi and rotation, as in [17]. The

large error bars are due to the fact that only 3 or 4Ti measurement points were available in the

required radial range in the 2002 and 2003 campaigns.

These experimental data indicate that the discharges are reproducible from one campaign

to the other and that the data for three experimental series are consistent. In particular, the
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Figure 7. Experimental results from perturbative transport analysed around R≈ 3.3

m for the 2002, 2003 and 2006 series. Normalised values ofχHP
i versus R/LTi and

toroidal angular frequency. The lines are linear least square fits to the 2002 and 2003

data.

2006 discharges do not deviate from the 2002 and 2003 series.This allows us to focus

the modelling on these discharges which offer the bestTi measurements and the scan in

modulation frequency, with the guarantee that they are representative of such experiments.

4. Modelling approach

In this section we describe the approach chosen to model these investigations. The electron

and ion heat sources from NBI and ICRH are calculated taking into account the time-

dependent experimental wave form of the RF power modulation, as described below. For

NBI, the heat sources are provided by the TRANSP code and its NUBEAM routine,[34]. For

the ICRH, we used the PION and SELFO codes, described in the next sub-section. Heat
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transport is described by a simple model with critical gradient hypothesis combined with

results from non-linear gyro-kinetic calculations carried with out with the code GYRO. We

chose this approach because modelling with the GLF23 transport code [35] yielded results

for which stiffness and heat transport were too high by abouta factor of two. The transport

simulations themselves are performed with the ASTRA transport code, [36], in which the

critical gradient model is implemented.

4.1. Modulated heat sources by ICRH

In the ICRH3He minority scheme chosen for these experiments, the main part of the heating

occurs through collisions of the RF-accelerated3He ions with the main plasma species. The

faster3He ions deliver their energy to the electrons, with a long time constant, whereas the

slower ones provide ion heating, with a shorter time constant. The respective power densities

arePe,coll andPi,coll, peaked around the radial position of the ICRF resonance. Inaddition,

direct electron heating by the fast wave occurs, without anytime delay, yielding a centrally

peaked deposition,Pe,direct. In this work, we used the codes PION [24] and SELFO [25] to

calculate the ICRH deposition and the power transfer to the plasma. The collisional energy

transfer of the RF-accelerated ions is treated differentlyin the two codes. The PION code

uses simplified Fokker-Planck calculations, whereas in SELFO the FIDO Monte-Carlo code

is used, which is more accurate. The PION calculations are time-dependent, according to

the experimental RF power modulation wave form. The time resolution of the calculation is

15ms (67Hz), sufficiently fast compared to the maximum modulation frequency of 20Hz used

in this work. The SELFO calculations were not time-dependent.

The time-averaged power density profiles for a representative shot of the frequency scan

are indicated in Fig. 8. In these discharges,Pi,coll andPe,coll are deposited somewhat off-axis,

with a maximum atρtor ≈ 0.2, whereasPe,direct is indeed peaked on the plasma axis. The

time-averaged contributions to the total ICRH heating power calculated by SELFO and PION

are compared in Table 1.

The total power absorbed by the3He ions and delivered by collisional transfer to the

plasma is the same for the two codes. However, the ion and electron heating fractions are

different. The fraction of ion heating calculated by SELFO is somewhat lower than that

yielded by PION and correspondingly that for collisional electron heating is significantly

larger. This is not due to different values of3He but reflects the different treatment of
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Figure 8. Results from PION for modulated ICRF. Time-averaged profiles of the

different deposited power densities.

Channel PowerSELFO[MW] FractionSELFO PowerPION [MW] FractionPION

Pi,coll 1.32 0.61 1.64 0.79

Pe,coll 0.72 0.33 0.26 0.12

Pe,direct 0.12 0.06 0.18 0.09

Table 1. Time averaged powers and fractions relative to the total ICRF total heating power for

the different channels yielded by SELFO and PION.

collisional energy transfer of the RF-accelerated ions in the two codes, as mentioned above.

We assume the values forPi,coll andPe,coll from SELFO to be closer to reality than those from

PION and use them. The magnitude of the direct electron heating power,Pe,direct, predicted by

the two codes is small compared to the other contributions, but is about a factor of 1.5 larger

for PION. The TORIC calculations support the higher value yielded by PION, however, with a

rather high sensitivity to the3He concentration. We will see in Sect. 6 that indeed multiplying

Pe,direct from SELFO by 1.5 yields better results for electron data.

Summarising, the two codes clearly indicate that the fraction of ion heating is indeed dominant

in this 3He scheme which is therefore adequate forTi modulation experiments. However, the

difference in electron heating yielded by the two codes are significant and might influence the

interpretation of electron heat transport discussed in section 6.

Due to the time constants of the collisional energy transferfrom the RF-accelerated ions
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Figure 9. Results from PION for modulated ICRF. Modulation data of thevolume-

integrated Pi,coll and Pe,coll versus fmod: Modulation amplitude normalised to the

power absorbed by the3He minority, and phase delay with respect to RF input power.

to the background plasma species, the modulation amplitudes of Pi,coll andPe,coll decrease

with increasingfmod, whereas the phase delay with respect to the RF power increases. This is

clearly illustrated by Fig. 9 where amplitude and phase delay yielded by the Fourier transform

of the different heating contributions as calculated by PION are plotted versusfmod. Note the

large phase delay ofPe,coll, as expected from the ions with higher energies. The power transfer

of Pe,direct being instantaneous, its modulation amplitude does not depend uponfmod and its

phase delay is always zero. These quantities are therefore not plotted in Fig. 9.

4.2. Basic transport assumption: “critical gradient model”

Electron and ion heat transport, induced by the TEM and ITG instabilities, increase above

a threshold in normalised temperature gradient with a givenstiffness. An empirical model

taking these properties into account has been developed forelectron heat transport and

successfully tested on several devices [37, 38, 11]. This Critical Gradient Model (CGM)

describes the behaviour of heat diffusivity and can be written in the same form for the electron
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and ion channels as:

χ j = χ j ,sq
3/2 Tj

eB

ρ j

R

[

R
LTj

−
R

LTj,crit

]α j

H
( R

LTj

−
R

LTj,crit

)

+χ j ,0 (3)

whereq is the safety factor,B magnetic field andH is the Heaviside step function which

mimics the existence of the threshold. The normalised ion gyro-radiusρ j is ρs =
√

miTe/eB

for the electrons andρi =
√

miTi/eB for the ions. The stiffness factor is defined asχ j ,s and

R/LTj,crit is the threshold. The exponentα j , which determines the shape of the curveχ j as

a function ofR/LTj above the threshold, is called here “stiffness curvature”.Following the

results of the initial work on electron heat transport, [37], α j = 1 has been used in the electron

studies using the CGM, but for the ions as well, [17]. We will show below that for the ion

heat transport channelαi ≈ 0.5 seems to be more appropriate, in agreement with Ref. [1].

The termχ j ,0, which represents the transport below the threshold, is neo-classical transport

for the ions. For the electrons an, arbitrary, small value ischosen. In the modelling presented

below, this value is around 0.1m2/s, which is lower thanχe by at least one order everywhere

in the plasma, except very close to the magnetic axis where the temperature profiles drop

below the threshold. In general, this term plays a weak role in transport as soon asR/LTj is

somewhat above the threshold. The gyro-Bohm factor,Tj/(eB)ρ j/R ∝ T3/2
j , is commonly

used for transport driven by micro-turbulence.

We will show in the next sub-section that electron heat transport is not only driven by the

TEM but also by the ITG instability which therefore depends on R/LTi . This off-diagonal

term is written above the threshold as:

χie = χie,sq
3/2 Ti

eB
ρs

R

(

R
LTi

−
R

LTi,crit

)αie

+χie,0 (4)

The residual transportχie,0 is also set to a low value of 0.1m2/s.

In contrast to electron transport, we will see below that thecontribution of the TEM instability

to ion heat transport can be neglected: there is no off-diagonal term for ion heat transport.

Finally, most of the previous studies using the CGM to model electron transport yielded good

results assuming a linear dependence ofχe versusR/LTe, i.e. αe = 1. The influence of the

coefficientα j will also be discussed.

The CGM is a simple model for heat transport which is not meantto compete with elaborated

physics-based models. It captures the main properties of turbulence-induced transport in the

plasma core: threshold and stiffness. It can be seen as an extension of the experimental

analysis, yielding quantities, such as threshold and stiffness, which can be then be compared
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to results from turbulence calculations. This is a good approach to investigate the main

properties of heat transport in comparison with experimental data, in particular for modulation

experiments, as demonstrated in several studies. The modelruns quickly, allowing extensive

scans of parameters from which the main physics informationcan be extracted by comparison

with the experimental results.

4.3. Non-linear gyro-kinetic calculations

Based on the experimental data of the 2006 series, non-linear gyro-kinetic calculations have

been carried out with the GYRO code, [39], adopting the localflux-tube geometry. The local

description can be considered as appropriate, due to the lowvalue of ρ∗ = 1/620 of these

JET plasmas. The calculations, which include collisions but not rotation, are made for the

experimental values corresponding to the situation at mid-radius. The size of the box was

81ρs and 113ρs in the x and y directions respectively, with 180 radial grid points and 32

toroidal modes up to poloidal wave numberkθρs = 1.5. This toroidal spectrum was found

necessary for properly resolved simulations, while simulations with only 16 modes up to

kθρs ≈ 1 were giving significantly different results. We verified that simulations with 64

modes up tokθρs ≈ 2 yield results very similar to the 32 mode cases. We also included the

effect of [3He] which contributes through two effects: the dilution of the ion density and

the induced change in ion density gradient,R/Lni . In the results shown below we assumed

[3He] = 15% with a flat profile which somewhat reduces stiffness and transport with respect

to the case with [3He] = 0. We investigated, at constant temperature, the dependence of

the heat fluxesqe andqi uponR/LTi andR/LTe around the experimental values,R/LTi = 5,

R/LTe = 8.4 andR/Lne = 2. The experimental values ofTe andTi are comparable, but the

profile shapes are different yielding the different gradients. The analysis of the GYRO results

reveals that heat transport is dominated by the ITG instability in these plasmas, with a weak

contribution from the TEM at the nominal value ofR/LTe. The dependence ofqi andqe on

R/LTi andR/LTe are plotted in Fig. 10 where the points are the single GYRO results, encircled

are those corresponding to the calculations made with the nominal experimental values of the

normalised gradients.

The contributions of ITG and TEM driven turbulence to the heat fluxes can be roughly

estimated from the dependences of the fluxes on the gradientsR/LTi andR/LTe, respectively.

Panels 1 and 4 of Fig. 10 correspond to the diagonal terms, 2 and 3 to the off-diagonal
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Figure 10. Results from GYRO: dependence of the heat fluxes on normalised gradients.

The encircled points correspond to the nominal experimental values of the gradients.

The coefficients deduced from the fits are indicated in the boxes. As indicated in the

text, the off-diagonal contribution to qi can be negligible and no fit is done for the

points of panel 3.

contributions. We assume that all four transport channels can be described by aχ j function

written in the form of the CGM given by Eq. 3 and 4 with respective coefficients,χ j ,s, α j and

threshold which are deduced from fits to the GYRO results. Thecoefficients are indicated

in the inserts of the respective panels. The corresponding fits for the heat fluxes, yielded by

q j ∝ χ j∇Tj , are the lines in Fig. 10.

Panel 1, ion heat diffusion, shows that the dependence ofqi on R/LTi is close to linear,

corresponding toαi = 0.54 yielded by the fit ofχi . This dependence is in agreement with
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previous studies on ITG transport [1]. As will be discussed in the next sub-section, with

χi,s = 2.25 the ion stiffness is rather low, which, from the point of view of our GYRO

analysis, is attributed to the situationR/LTe > R/LTi and, to a lesser extent, to the presence

of 3He. Indeed, settingR/LTe = R/LTi in the GYRO calculations almost doubles the stiffness

value. Panel 3, which represents the contribution of the TEMinstability to ion heat transport,

indicates thatqi is almost independent ofR/LTe. This means that the contribution of this

off-diagonal term toqi is negligible. We will not take this contribution into account in our

modelling. Boxes 2 and 4 of Fig. 10 describe the dependences of electron heat transport.

The GYRO calculations yield the total electron heat flux which consists of the sum of

the contributions driven by the ITG and TEM instabilities. One can attempt to separate

these two contributions by their dependences on their respective drives,χie = f (R/LTi) and

χe = f (R/LTe). The dependence ofqe onR/LTi exhibited in Box 2 reflects the contribution of

the ITG. It is almost linear forR/LTi ≥ 3.7. The clear dependence ofqe onR/LTe exhibited in

plot 4 reflects the TEM-driven diffusion, which adds to the ITG driven flux, as sketched in this

panel. The fit yields for theχe TEM contributionχe,s = 0.05,αe = 2.5 andR/LTe,crit = 7. The

TEM contribution toqe is about 20% at the nominal experimental working point,R/LTe = 8.4,

as indicated in plot 4. Therefore, the TEM contribution plays the role of a constant off-set in

plot 2, if one assumes that it does not depend onR/LTi . Subtracting this off-set from the total

qe yields the ITG contribution as schematically illustrated by the open symbols in plot 2. The

contribution ofχie to qe is deduced by the fit to these off-set corrected points, yielding the

coefficientsχie, αie andR/LTie,crit . The results for different assumptions on the off-set, 0, 20%

and 40%, are indicated in Table 2. The values in the first row correspond to the fit of plot 2.

In addition, we perform two categories of fits, one in which the threshold value is also fitted

(freeR/LTie,c) and one in which it is imposed at 3.2, which is the value yielded by theqi curve

of box 1 and determined accurately. It is indeed reasonable to assume the same threshold for

two transport channels driven by the ITG instability.

The values listed in Table 2 indicate that subtracting the TEM contribution fromqe yields

values ofαie which are not very different from that ofαi . In these cases withR/LTie,c = 3.2, the

stiffnessχie,s for this channel is around 1.3, which is roughly half of that for the ion channel,

χi,s = 2.25. We will see in Sect. 6 that this ratio is indeed needed to obtain good modelling

results for electron heat transport.
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TEM off-set χis αie freeR/LTie,c forcedR/LTie,c

0.0 1.89 0.12 3.65 -

0.0 1.58 0.27 - 3.2

20% 1.42 0.33 3.35 -

20% 1.36 0.35 - 3.2

40% 1.44 0.28 3.60 -

40% 1.14 0.44 - 3.2

Table 2. Coefficients forχie under different assumptions.

5. Transport modelling of ion channel

The heat transport simulations are performed with the transport code ASTRA in which the

CGM is implemented for both ion and electron channels with their respective coefficients. The

simulations are time-dependent using the ICRH heat sourcesdescribed above. The calculated

time-dependentTi andTe profiles are Fourier-analyzed, as those from experiments, and the

respective amplitude and phase profiles, together with the time-averaged temperature profiles,

are compared to the corresponding experimental ones to assess the quality of the modelling

results. The coefficients in CGM are adjusted to yield the best agreement of the modelling

results with these profiles.

In this section, we describe the modelling results for the ion temperature modulation, whereas

those of the electrons are discussed in the next section. Thesituation for the ion channel is

rather simple because there is only one source for ion heating, Pi,coll, and a single transport

mechanism through the diffusion caused by the ITG (Fig. 10, box 1). In addition, in these

discharges, the electron-ion energy exchange is weak, as can be easily checked in the transport

calculations. Therefore, the ions can be modelled almost independently of the electrons, a

sufficient requirement beingTe to be within≈ 50% of the experimental value, which also

means that the ion heat wave propagation is practically not influenced by any interaction with

the electrons.

For the modelling described in the following we focus on two discharges with modulation

frequencies 8 and 20 Hz. This choice is motivated by the fact that the discharges are from the

same series and therefore as similar as possible, apart fromthe modulation frequency. As

indicated above by the experimental ion data, these discharges are representative. As will
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Figure 11. Profiles of experimental data of 2 similar discharges modulated at 8 Hz and

20 Hz. From top to bottom: time averaged Ti profile, natural logarithm of the Fourier

amplitude, phase delay with respect to modulated ICRH power. Symbols specified in

the legend.

be discussed below, the frequency of 8 Hz yields good conditions, sufficiently high to avoid

strong influence of the edge boundary condition and low enough to provide a good signal to

noise ratio (S/N). The 4 Hz modulation is too sensitive to theboundary condition to yield a
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reliable physics interpretation, as we indeed verified. In contrast, at 8 Hz its influence is low

enough as shown below. The frequency of 20 Hz, the highest we used, provides modulated

data with lower S/N than at 8 Hz, but the quality of the data, inparticular for the phase, is

sufficient to deduced physics results. This is therefore an obvious choice to make optimum

use of our frequency scan in the modelling study.

The relevant experimental data of these discharges are compared in Fig. 11. The time-

averagedTi profiles are identical. They both strongly peak in the regioninside R≈ 3.25

m which is a general feature of all these discharges, as discussed later. The logarithm of the

amplitude behaves as expected: it decreases about linearlyfrom the centre to the edge and

the amplitude at 20 Hz is lower than that at 8 Hz. However the expected steeper slope at 20

Hz does not appear clearly, mainly due to the poorer S/N linked with the lower amplitude

at high frequency. In contrast, the profile of the phase delayclearly exhibits the expected

steeper slope at 20 Hz in the regionR> 3.3m. In contrast, the phase delay in the centre of

≈ 60◦ is the same for both cases and this absence of frequency dependence is not in agreement

with the expectation. Indeed, due to both collisional transfer of Pi,coll (Fig. 9) and transport

properties, one would expect a larger phase delay at 20 Hz. Inaddition, even at 8 Hz, this value

of 60◦ appears to be too low, as will be discussed below in comparisons between modelling

results. We also note that both amplitude and phase exhibit asteep gradient in a narrow region,

between the two adjacent measurement points atR≈ 3.2 m andR≈ 3.28 m. This feature is

reproducible in this series of discharges from 2006, as wellas in more recent studies, [17], but

not in the 2002 and 2003 data. The fact that it appears in both amplitude and phase suggests

that this is not an artefact of the measurement. In addition,the Ti profile also exhibits an

increase of gradient in this region. This feature, which we call “steep gradient atR≈ 3.25 m”,

is discussed in detail later. We underline again here that the propagation of the temperature

perturbation, reflected byχHP
i which depends solely on the slope of the amplitude and phase

profiles at each radial position (see Sect. 2.2), is determined locally by the transport properties.

Therefore, the determination of the transport properties in the confinement zone, i.e. at about

mid-radius, does not depend on the modulation data in the plasma centre. This topic will be

addressed in more detail later in this section.

In our modelling with CGM, the values forχ j ,s, R/LTj,crit andα j yielded by GYRO serve as

starting point for the coefficients used in the ASTRA simulations of the different transport

channels. These coefficients are then adjusted to achieve the best match of the different
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profiles with experimental data. The agreement between experiment and theory is made by

comparing these values of the different coefficients with those yielded by GYRO. It should

be underlined that in adjusting the coefficients, it is essential to keep the time-averaged

temperature profiles as close as possible to the experimental ones to avoid the influence of the

strong gyro-Bohm dependence,∝ q3/2T3/2. Note that the transport model cannot take into

account the influence of the density modulation in the very edge and the modelling results are

compared to the data forR< 3.65m.
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Figure 12. Effect of boundary condition on the simulated amplitude andphase of the

Ti modulation forχi,s = 1.1. Amplitude profile in a scan of the amplitude ofT̃i,B for

a fixed phase delay of̃Ti,B equals to120◦. Profile of the phase delay in a scan of the

phase delay of̃Ti,B at a fixed amplitude of 5 eV.

However, modelling temperature modulation experiments requires an adequate time-

dependent boundary condition for the edge temperature. Thecondition used here is provided

by a sine modulation of the edge temperature,T̃i,B, with prescribed amplitude and phase delay

with respect to the modulated ICRH input power. Due to the spurious effect of the edge
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density modulation, amplitude and phase cannot be modelledsimultaneously in the very edge.

The amplitude and phase ofT̃i,B are adjusted to fit the data atR≈ 3.65m, where the density

modulation has a weak effect at 8 Hz and higher frequency. Theeffect ofT̃i,B on the modelling

results has been assessed in a scan of its amplitude and phase, shown in Fig. 12 for the 8 Hz

case. The amplitude of̃Ti,B affects mainly the amplitude profile of theTi modulation whereas

its phase influences mainly the phase delay profile. Figure 12indicates that the effect of̃Ti,B

is small forR< 3.65 m. It should be kept in mind that the radial extent of the edge region in

which the choice of the boundary condition influences the results decreases with increasing

modulation frequency.

For the ion heat channel, the gyro-kinetic results presented above suggestχi,s = 2.25,

R/LTi,crit = 3.2 andαi = 0.54. To study the sensitivity to stiffness, we also use lowerχi,s

values of 1.1 and 0.6, while higher values are not useful for the discussion, as shown below.

In the following we present modelling results in which we tryto improve the agreement with

the experimental data making different assumption onR/LTi,crit andχi,s. In particular, it turns

out that assuming these two coefficients constant with radius does not reproduce properly the

strong peaking of theTi profiles towards the center. The three following assumptions are then

presented:

i) R/LTi,crit andχi,s constant over the radius,

ii) R/LTi,crit peaked towards the center,

iii) χi,s lower in the plasma center and flatR/LTi,crit .

5.1. Assuming flat R/LTi,crit andχi,s

Assuming constant coefficient over the radius and insertingthem in the critical gradient model

yields the results plotted in Figs. 13 and 14. For all three values ofχi,s, the time-averaged

Ti profile is not peaked enough and cannot reproduce the centralregion,R< 3.2 m: bothTi

andR/LTi are too low. Further out in radius, for the caseχi,s = 0.6 Ti is clearly too steep,

whereas the two cases with higherχi,s, 1.1 and 2.2, are close to the experimentalTi profile,

respectively just above and just below. The amplitude profile of the modulatedTi , plotted in

Fig. 14, is very roughly reproduced by all threeχi,s values, within the error bars, but does not

allow to determine the best case because the variations withχi,s are clearly smaller than the

experimental uncertainties. In the central region,R< 3.2 m, the amplitude from modelling

seems somewhat too low. However, increasing arbitrarily the modulation amplitude ofPi,coll,
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Figure 13. Time-averaged Ti profile and normalised gradients with modelling (lines)

for flat threshold R/LTi,crit = 3.2 and threeχi,s values.

to match the central experimental points, using for instance another value of [3He], would

vertically shift the curves upwards, leading to an overall mismatch. The higher amplitude in

the central part would require lower transport in this region, as discussed below. Further out,

in the regionR> 3.2 m, the modelled amplitude lies within the error bars, but with a general

trend for the slope from modelling to be steeper than that of the experimental data. In addition,

as our experiments were carried out at a3He concentration value close to the maximum for

ion heating, an increase of theTi modulation in the required magnitude due to [3He] seems

excluded.

In contrast, the phase delay exhibits clearly the best agreement for χi,s = 1.1 whereas the

mismatch for 2.2 and 0.6 is consistent with that of theTi profile. Forχi,s = 1.1, the match

of both absolute phase value and slope is very good for 3.28 < R < 3.65 m. However,

as anticipated above, the phase lag in the central region,R < 3.2 m, is higher than the

experimental one by about 20◦ and the steep gradient atR≈ 3.25 m is not reproduced by
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Figure 14. Modulation data for 8 Hz, amplitude and phase delay with respect to

modulated heating power, with modelling for flat threshold R/LTi,crit = 3.2 and three

χi,s values.

the modelling. In the modelling, the phase delay consists of28◦ due to the collisional transfer

(Fig. 9) and about 50◦ caused by the plasma reaction. The latter must be at least 45◦, [33],

and the values of 50◦ lies within the expectations. Therefore, the experimentalphase delay of

about 60◦ in the centre is a rather low value considering that half of itis due to the collisional

delay. Changing the central phase will be discussed at the end of this section.

In an attempt to improve the shape of theTi profiles and test the sensitivity of the

modelling we assume a higher value for the threshold,R/LTi,crit = 5.0 instead of 3.2. As

shown in Fig. 15, the caseχi,s = 0.6 is clearly too high. Assumingχi,s = 1.1 is somewhat

too high in the outer part of the profile and in rough agreementin the central part, whereas

χi,s = 2.2 matches the experimentalTi rather well forR> 3.2 m. Here also, none of the three

cases is able to matchTi profile over the whole radius including its peaked central part. In

comparison to Fig. 14, modulation amplitude and phase delay, shown in Fig. 15 are almost



Analysis of Ion and Electron Heat Transport by Power Modulation in JET 28

3.23.0 3.63.4 3.8 3.23.0 3.63.4 3.8

10
Experiment
χ

is = 2.2
χ

is = 1.1
χ

is = 0.6

6

8

4

2

0

T
i (

ke
V

)

R
/L

Ti

8

4

0

16

12

Experiment

R/LTi,crit

χ
is = 2.2

χ
is = 1.1

χ
is = 0.6

Pulse No: 66404    R/LTi,crit = 5.0 flat Pulse No: 66404    R/LTi,crit = 5.0 flat

3.23.0 3.63.4 3.8 3.23.0 3.63.4 3.8

R (m) R (m)

6
Experiment
χ

is = 2.2
χ

is = 1.1
χ

is = 0.64

5

3

2

1

0

In
(A

m
p(

T
i)[

eV
])

P
ha

se
 d

el
ay

 (
de

g)
90

120

150

30

60

0

180
Experiment
χ

is = 2.2
χ

is = 1.1
χ

is = 0.6

Pulse No: 66404    8Hz    R/LTi,crit = 5.0 flat Pulse No: 66404    8Hz    R/LTi,crit = 5.0 flat

JG
11

.5
7-

15
c

Figure 15. Time-averaged Ti profile, as well normalised gradients, and modulation

data at 8 Hz, modelling with flat threshold R/LTi,crit = 5.0 and threeχi,s values.

unchanged, yielding here also a better match for the caseχi,s = 1.1. This indicates that theTi

profile is sensitive toR/LTi,crit whereas the propagation of the modulated perturbation reacts

weakly to changes inR/LTi,crit .

For 20 Hz, the same simulations have been carried out withR/LTi,crit = 3.2 only. For the

time-averagedTi profile the results are very similar as at 8 Hz, as expected fordischarges with

comparable controlled parameters and are not shown.

The modulation data at 20 Hz, plotted in Fig. 16, exhibit the same features as at 8 Hz

and lead to the same conclusions. Please note here the different scales for the phase delay at

8 Hz and 20 Hz. For the amplitude at 20 Hz, the simulations are more sensitive to the value

of χi,s, and the agreement improves fromχi,s = 0.6 to χi,s = 2.2. As for the 8 Hz case, the

phase delay clearly favoursχi,s = 1.1. Here also, in the plasma centre, the phase delay from

modelling is clearly larger than the experimental one.

Overall, assumingR/LTi,crit = 3.2, which is the value yielded by the GYRO analysis,

χi,s = 1.1 yields a satisfactory agreement in the confinement region of the plasma,R> 3.25



Analysis of Ion and Electron Heat Transport by Power Modulation in JET 29

3.23.0 3.63.4 3.8

3.23.0 3.63.4 3.8

R (m)
JG

11
.5

7-
16

c

6
Pulse No: 66407    20Hz R/LTi,crit = 3.2 flat

Pulse No: 66407    20Hz R/LTi,crit = 3.2 flat

4

5

3

2

1

0

P
ha

se
 d

el
ay

 (
de

g)
In

(A
m

p(
T

i)[
eV

])

180

240

60

120

0

300

Experiment
χ

is = 2.2
χ

is = 1.1
χ

is = 0.6

Experiment
χ

is = 2.2
χ

is = 1.1
χ

is = 0.6

Figure 16. Amplitude and phase of Ti modulation at 20 Hz, modelling with flat

threshold R/LTi,crit = 3.2 and threeχi,s values.

m for both modulation frequencies. This stiffness value of 1.1 is about a factor of 2 times

lower than that yielded by the GYRO calculations which were performed atR≈ 3.4 m. The

thresholdR/LTi,crit = 3.2 yielded by the GYRO calculations is adequate in the regionR> 3.25

m, but a higher value seems to be required further inside.

5.2. Assuming peaked threshold

To achieve a better match in the central plasma, radially dependent profiles of threshold or

stiffness factor can be investigated. The first attempt is made using a flatχi,s and a “peaked

threshold”, with the shape illustrated in Fig. 17, which deviates from the “nominal value of

3.2” in the central part of the plasma.

As clearly exhibited by Fig. 18 which shows the modelling results, the central part of the

Ti profile can indeed be well matched by increasingR/LTi,crit towards the centre. This leads

to higher values of bothTi and∇Ti in the central part of the plasma, such that the required
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Figure 17. Flat and peaked R/LTi,crit profiles used in the modelling described in the

text.

value of the ion heat flux can be driven with a lower heat diffusivity χi , as shown in Fig. 19 by

the solidχi curve to be compared with the dashed line. This corresponds to a reduced value

of the differenceR/LTi −R/LTi,crit , as shown in Fig. 18.

In contrast, the modulation data using the peaked threshold, shown by Fig. 20 for 8 Hz

and 20 Hz, are weakly affected in comparison with the flat threshold case of Figs. 14 and 16.

The reduction ofχi in the central plasma causes only a slight increase of amplitude and phase

delay in this region. The steeper gradients aroundR≈ 3.25 m observed in the experimental

amplitude and phase profiles are not reproduced. Consequently, under these conditions, the

valueχi,s = 1.1 yields here also the overall best agreement forR> 3.2 m.

5.3. Assuming reduced stiffness in the centre

The second attempt to improve the agreement between modelling and experiment in the

central plasma has been carried out with aχi,s profile exhibiting a lower central value, whereas

the nominal value is reached for aboutR> 3.4 m. We label this “χi,s hollow”, for which an

example for the nominal value 1.1 is shown in Fig. 21. Note theextremely low value ofχi,s

in the centre required to provide good results.

The time averagedTi yielded by this hollowχi,s reproduces rather well the experiment as

shown by Fig. 22.

Overall, theχi,s values 2.2 and 1.1 yield comparable agreement with the experiment. The

profile ofR/LTi does not match the experimental profile as well as the peaked threshold in the
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Figure 18. Time-averaged Ti and R/LTi profiles for a peaked R/LTi ,crit profile.

Experiment and modelling using peaked R/LTi ,crit profile with nominal value 3.2 for

different values ofχi,s, symbols and lines defined in legend.
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Figure 20. Ti modulation amplitude and phase delay for 8 Hz in the left panels and 20

Hz in the right panels. Experimental data are the symbols, modelling using the peaked

R/LTi ,crit profile of Fig. 18 for different values ofχi,s, line types defined in legend.
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Figure 21. Flat and hollowχi,s profiles for the nominal value 1.1.

central part, the caseχi,s = 1.1 is somewhat closer to the experiment. Here also, the higher

centralTi andR/LTi correspond to a lower value ofχi , as indicated by Fig. 23

The modelling results of the modulated data for 8 Hz and 20 Hz are shown in Fig. 24. In
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and line types defined in legend where the indicatedχi,s are the nominal values.

3.23.0 3.63.4

JG
11

.5
7-

23
c

3.8

R (m)

6
χi,s Flat
χi,s Hollow

5

3

4

2

1

0

χ i (
m

2 /
s)

Figure 23. χi profiles corresponding to flat and hollowχi,s cases for the nominal value
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contrast to the above results with the peaked threshold, theassumption of lower stiffness in the

central plasma has a significant impact on the modulated data. This is mainly due to the the

low χi,s, confirming that this quantity dominates the behaviour of the heat pulse propagation.
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Figure 24. Profiles of Ti modulation amplitude and phase delay at 8 Hz (left panels)

and 20 Hz (right panels). Experiment data (symbols), modelling using hollow profiles

of χi,s with different nominal values, lines according to legend.

The amplitude in the plasma centre is clearly larger than in the previous examples and

agrees well with the experimental one. Its steeper slope aroundR≈ 3.25 m is also rather well

reproduced at both 8 and 20 Hz. Further outside, for the 8 Hz case the agreement is good

and the slope somewhat better reproduced usingχi,s = 2.2. At 20 Hz, the agreement is good

from the centre upR≈ 3.4 m but further outside the slope is too steep and the amplitude

increasingly too low towards the edge, with a trend suggesting here alsoχi,s = 2.2 as best

choice. Due to the low amplitude of the experimentalTi modulation which is, at 20 Hz, below

7 eV in the regionR> 3.4m, it is possible that our error bars are underestimated as they do

not include systematic uncertainties or contribution of coherent noise. Considering now the

profile of the phase delay for the two frequencies leads to thefollowing remarks. The case

χi,s = 0.6 clearly does not match the experimental phase delay, the slope is too steep. For
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χi,s = 1.1, the phase delay is too large partly due to value in the centre and due to slope which

is somewhat too steep. The caseχi,s = 2.2 yield the best agreement with the experimental

data, the slope is only a bit flatter than the experimental data.

In summary, under the assumption of a hollow profile ofχi,s, the nominal values 1.1 and 2.2

yield the best results with a weak trend for better modellingwith 2.2. In comparison with the

results from the previous sub-section, a slight preferencecould be given to the assumption

of a peaked threshold withχi,s = 1.1 for its more consistent agreement simultaneously with

time-averagedTi and modulated data, at the two frequencies.

5.4. Discussion of the amplitude and phase profiles around the ICRF power deposition

The absence of steep gradient in the phase delay atR≈ 3.25 m, even assuming a hollowχi,s

profile, is due to the fact that the profile ofPi,coll extends in radius up toR≈ 3.3 m whereχi,s

has almost reached its nominal value of 2.2. The phase delay in the region within the width

of the Pi,coll profile is dominated by the presence of the modulated power and this prevents

the phase delay to exhibit the steep gradient which would otherwise reflect the lowχi,s in

this region. Note that assuming a hollowχi,s profile with a broader region with low value

induces in the phase profile a steep gradient region which is too far out. Consequently, the

steep gradient in the phase profile requires a somewhat narrower profile ofPi,coll in addition

to a low value ofχi,s in this radial region.

To examine this aspect, we performed simulations with the hollow χi,s profile with

nominal value 2.2 and a narrower profile ofPi,coll, plotted in the lower panels of Fig. 25. We

also attempted to achieve a better match of the phase delay inthe very center and we assume a

shorter time delay forPi,coll. For this we setΦ(Pi,coll) = 0◦ for the two frequencies, instead of

Φ(Pi,coll) = 28◦ at 8 Hz andΦ(Pi,coll) = 35◦ at 20 Hz. This leads to the following four cases:

original and narrowerPi,coll with either original value ofΦ(Pi,coll) or Φ(Pi,coll) = 0◦. The

latter is expected to provide a better agreement with the experimental phase lag in the centre.

As the total heating power is kept the same, the small change of Pi,coll profile has almost

no influence on the time-averagedTi profiles, which are almost unaffected and therefore not

shown. The profile of the modulation amplitude, plotted in the upper row of Fig. 25, is

narrower in the centre for the case “Pi,coll narrow”. It reflects directlyPi,coll because, at such

low values ofχi,s, the broadening of the amplitude profile by heat pulse propagation has a

weak effect. Consequently, the agreement with the experimental amplitude profile is worse
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Figure 25. Amplitude and phase of Ti modulation at 8 Hz and 20 Hz. Hollowχi,s for

different phase lag of modulated Pi,coll

for the narrowPi,coll, with increasing discrepancy at higherfmod. The phase delay profiles

for the four cases, shown in the middle row of Fig. 25, indicate that the narrowPi,coll indeed

allows the slope to be steeper in the region aroundR= 3.25 m and that settingΦ(Pi,coll) = 0◦

yields a good agreement in the centre for both frequencies. The combination ofΦ(Pi,coll) = 0

and narrowPi,coll yields for the phase, at both 8 and 20 Hz, a very good agreementwith

the experimental data, but the not for the amplitude. These results indicate that the best

agreement with the data cannot be achieved simultaneously for both amplitude and phase with
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our assumptions, because the width ofPi,coll has opposite effect on these profiles in the central

part. Furthermore, althoughΦ(Pi,coll) yielded by PION certainly has some error bars, the fact

that good agreement in the centre requiresΦ(Pi,coll) = 0◦, for the two frequencies, seems

well outside these uncertainties. It should be underlined that a reduction of the phase delay

would require less energetic3He ions which could be provided by a significantly higher3He

concentration. However, as [3He] is close to the ion heating maximum, this would strongly

reduce the ion heating and cause a stronger mismatch of the modelledTi profile and amplitude

compared to the experiment. Non-linear effects of the ICRF ion heating as a function of

power in transients, might induce small collisional phase delay at low power and/or strong

saturation of the heating efficiency with increasing RF power and are candidates to explain

the observations. Note that such effects, which are linked with the power density, would

be radius-dependent and affect the phase delay within the width of Pi,coll. In other words,

Φ(Pi,coll) could be close to zero in the centre, but increase with radiusup to about the value

yielded by PION at the edge of thePi,coll profile and therefore also induce the steep slope of

the phase delay aroundR = 3.25 m. This would reconcile amplitude and phase behaviour

with the nominal width ofPi,coll. Such effects depend on the3He concentration and would

vary between the different discharge series. Finally, we point out that there is no reason to

attribute these effects to an artefact of the measurement restricted to the central area.

In the simulations presented above, the profile of the modulated ion heating power,Pi,coll,

has the shape illustrated by Fig. 8 for which the power is zeroin the regionρ > 0.4, i.e.

R> 3.3m. However, even a small amount of modulated power in the outer region,R> 3.3m,

could significantly modify the profiles of the modulated data. To investigate the sensitivity to

this effect, we repeated some of the above simulations usinga somewhat broaderPi,coll profile.

A ’tail’ for R> 3.3m has been implemented, while keeping the total heating power of Pi,coll

constant, as illustrated in Fig. 26 lower plots. In this example, the tail corresponds to about

15% of the total power. The effect on the modulation results has been investigated with the

case peakedR/LTi,crit andχi,s= 1.1 at 8 Hz and 20 Hz. Figure 26 shows the resulting amplitude

and phase profiles. As the total power is not changed, the amplitude is only somewhat affected

in the centre but not further out. In contrast, the phase exhibits a flatter profile and the effect is

stronger at 20 Hz than at 8 Hz because the modulation amplitude is smaller at high frequency

and the effect of the ”tail” correspondingly stronger. For the 20 Hz case, the phase profile for

the broadPi,coll is out of the error bars and corresponds about to the caseχi,s = 2.2 of Fig. 20.
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Figure 26. Amplitude and phase of Ti modulation at 20 Hz, for original and broader

Pi,coll .

The fact that the simulations presented above, using the nominal profile ofPi,coll and the same

transport model, yield good agreement at both 8 and 20 Hz strongly suggests that the nominal

Pi,coll profiles are realistic and a significant broadening can be ruled out.

5.5. Influence of stiffness curvatureαi

In the simulations presented so far, we used the stiffness curvature coefficientαi = 0.54 as

suggested by the GYRO results. However, as mentioned above,following the results of the

first study with the CGM, [37], most of the studies on electrontransport, as well as that on ion
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transport, [17], were carried out assuming a linear dependence (α j = 1).
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Figure 27. Simulation results with 2 values ofαi (0.54 and 1.0), in whichχi,s was

adjusted to yield the same values ofχi at mid-radius. Theχi profiles are plotted as well

as the time-averaged Ti profiles, the amplitude and phase delay of the Ti modulation.

To compare the effect of the two assumptions for ourTi modulation modelling, we also

made simulations withαi = 1 whereas the stiffness factorχi,s was adjusted such that the ion

transport at about mid-radius is the same for the two assumptions. The results are shown in

Fig. 27 where forαi = 0.54 χi,s = 1.1 was chosen which requiresχi,s = 0.6 for theαi = 1

case. The profile ofχi are somewhat different, in particular towards the edge, butthe impact

on Ti, amplitude and phase delay are small. This is due to the fact that, onceχi,s is adjusted

to provide the required transport at about mid-radius, the dependence induced byαi has a

rather weak effect in the range ofR/LTi of our discharges. This is illustrated in Fig. 28
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where the normalisedχi is plotted versusR/LTi . The different dependences onR/LTi due to

αi are clearly visible, but the induced variations inχi remain below 30%, therefore within the

experimental error bars in the plasma confinement zone,R≈ 3.2−3.7 m. The valueχi,s = 0.6

is in agreement with those reported for NBI-heated plasmas in [17], whereαi = 1 has also

been assumed.
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Figure 28. Simulation results with 2 values ofαi (0.54 and 1.0) andχi,s respectively

1.1 and 0.6. Diffusion coefficientχi normalised by T3/2 and q3/2 versus R/LTi .

5.6. Summary of the results on ion heat transport

Some of the modelling results presented in this section reproduce the experimental data

rather well, but none of them yields an excellent agreement for Ti , amplitude and phase

simultaneously. In an attempt to provide some clarity, the ability of the different assumptions

to reproduce the experimental data are summarised as follows:

• flat χi,s andR/LTi,crit , best values (1.1, 3.2):Ti profile clearly too flat, amplitude and phase

profile acceptable.

• flat χi,s and peakedR/LTi,crit , best values (1.1, 3.2):Ti well matched, amplitude and phase

profile similar to above case.

• hollow χi,s and flatR/LTi,crit , best values (2.2, 3.2):Ti profile in centre not as good as with

peakedR/LTi,crit , amplitude profile in very centre well matched but much too low at 20

Hz in outer region.

• Match of low phase value in the very centre and steep gradientfurther out requires very

small collisional phase delay of ion heating, hollowχi,s and narrower power deposition
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profile. In this case, the amplitude is poorly matched.

Overall, one might favour the case flatχi,s and peakedR/LTi,crit , but also a combination of

different hypotheses is not excluded. We will show in the next section that ion transport

impacts on electron heat transport and that a general assessment of the best assumptions must

take the results of both channels into account. This will be then discussed in the conclusion

section.

6. Analysis of electron heat transport

The processes involved in the modulation of the electron temperature are more complex than

those of the ion channel and the results presented here are anattempt to assess the contribution

of the different effects by comparing experimental resultswith different assumptions for

modelling. The complexity of the situation is caused by the presence of at least two heat

sources and two contributions to heat transport. The modulation is, for sure, excited by the

two heat sources described above,Pe,coll andPe,direct, which have different radial profiles and

time constants, Figs. 8 and 9 respectively. We remind here thatPe,direct has no time delay with

respect to input ICRF power whereasPe,coll is delayed by the collisional time, which is longer

than that ofPi,coll. In the3He ICRF scheme, a third electron heating source might be present

in the form of off-axis mode conversion power whose magnitude and radial position depends

on the3He concentration, [26]. The power is deposited further off-axis as [3He] is increased.

On the electron heat transport side, as indicated by the gyro-kinetic calculations, both the

usual diffusion, diagonal termχe driven by the TEM, and the off-diagonal term,χie induced

by the ITG, may contribute. In the following, we first describe the electron experimental

data for the same two discharges for which ion transport has been presented in the previous

section. We then discuss the interpretation on hand of transport simulations using the CGM

under different assumptions.

6.1. Experimental data

Whereas the variations of the experimental time-averagedTe, during one discharge and from

discharge to discharge are small, significant changes in amplitude and phase delay of theTe

modulation are revealed by the FFT. For our cases at 8 Hz and 20Hz, this is illustrated in Fig.

29 where the experimental data are plotted for 2 time intervals in each discharge, labelled∆t1
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and∆t2. The time intervals are about 1.5 second long,∆t1 starts about 1 second after the begin

of the ICRH power modulation, where the3He concentration has reached its pre-programmed

value, and∆t2 about 3 seconds later, towards the end of the ICRF pulse.
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Figure 29. Experimental data for electrons for the discharges with fmod 8 and 20 Hz:

time-averaged Te, amplitude and phase delay of modulated Te. The two time intervals

(see text) and frequencies are represented by the symbols defined in the legend.

As shown in Fig. 29, the time-averaged profiles ofTe are indeed very similar for the two

discharges and do not exhibit any particular feature. The modulation amplitude profiles, on
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natural logarithmic scale, exhibit the commonly observed shape, decaying roughly linearly

towards the edge. The effect of the density modulation discussed in the previous sections is

also visible here, on the amplitude profile which is non-monotonic and increases forR> 3.7

m, accompanied by a decrease of the phase delay. The amplitude is lower at 20 Hz than at 8

Hz, as expected, but the slope is not clearly steeper at higher frequency. At 8 Hz, the amplitude

profile almost does not depend on the choice of the time interval, whereas, at 20 Hz, it is quite

different for the two time intervals. Finally, the profiles of the phase delay are all very flat in

the regionR< 3.55 m. In addition, they exhibit a very unusual non-monotonicshape with

a minimum is atR≈ 3.45 m, or further inside (R≈ 3.3 m), depending on the time interval.

Note that the radial position of the phase minimum is not directly linked to the fact that the

corresponding time interval is chosen earlier or later in the discharge: data for∆t1 at 8 Hz and

∆t2 at 20 Hz exhibit the same shape with the clear off-axis minimum atR≈ 3.45 m, whereas

the other 2 intervals also exhibit similar profiles with the weaker minimum atR≈ 3.3 m.

These differences are not due to the experimental uncertainties in the FFT analysis. One may

conjecture that they are caused by changes of the heating properties linked with variations of

the local3He concentration, but this cannot be confirmed experimentally. The changes in the

time-averagedTe being weak, the corresponding variations in heating power must be small,

as also supported by the modelling results which will be presented below. In the outer part of

the plasma,R> 3.55 m, the phase delay increases clearly and the slope at 20 Hz is steeper

than at 8 Hz, as expected from heat pulse propagation basic properties.

It must be underlined that the non-monotonic, or very flat, behaviour of the phase delay in

the core can only be explained by the existence of an off-axissource-like effect at about the

position of the minimum, with smaller phase delay than the value of the phase minimum

itself at this position. There are at least two possibilities to introduce a source-like term:

the existence of an actual third modulated electron heat source, for instance through mode

conversion, or the effect of the off-diagonal ITG termχie. We discuss these two options in the

following subsection in simulations with the critical gradient model.

These observations are valid for the electron data of the three experimental series. TheTe

profiles vary little, whereas the modulation data are more sensitive to changes which are

probably linked to the electron heating power deposition, as discussed later in this section.
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6.2. Modelling with purely diffusive electron heat transport

As presented in the previous section, the ion transport channel, driven by the ITG, is described

with the diffusion only,χi , there is no off-diagonal term. For the electron heat transport, the

GYRO calculations indicate that both diffusionχe, driven by the TEM, and the off-diagonal

term χie, driven by the ITG, should be considered. As introduced above, these transport

coefficients are written in the form of Eq. 3 for electron (j = e) for χe whereasχie is given by

Eq. 4.

Investigations of electron heat transport have been carried out in JET previously by means

of Te modulation provided by3He ICRF mode conversion, [40]. The interpretation with

the CGM yielded a rather high stiffness,χe,s ≈ 1 for αe = 1, in the presence of ion heating

provided by NBI. For comparison with these results, we carryout the modelling of the present

discharges under two different assumptions: firstly assuming pure diffusion in the electron

heat channel, as done in [40], secondly including both diffusion and off-diagonal term.

In this sub-section, we assume that electron heat transportis completely driven by the

diffusion coefficientχe, as for JET simulations with the CGM in the previous studies,[40]. We

anticipate that the non-monotonic shape of the phase can only be reproduced if one assumes

that modulated electron heating power is deposited at aboutmid-radius with a low phase delay.

This might be qualitatively attributed to mode conversion (MC), as revealed by our TORIC

calculations. This is a direct electron heating and the phase delay of this deposited power is

then zero. The simulations have been carried out according to the following assumptions:

• the value ofPSELFO
e,coll is correct and kept fixed for all simulations;

• the value ofPSELFO
e,direct is correct or multiplied by 1.5, the two options are compared;

• there is the possibility for off-axis electron heating power due to mode conversion,

denotedPMC. Its value is adjusted to match the flat or non-monotonic character of the

experimental phase delay.

This leads to four cases to be modelled,PSELFO
e,direct or 1.5×PSELFO

e,direct , with or withoutPMC.

We also check the influence of choosing a high and a low value for electron stiffness:χe,s = 1

andχe,s = 0.1 respectively. For each stiffness value, the threshold value is adjusted to obtained

a good match of the time-averagedTe. This yields the two couples(χe,s = 1,R/LTe,crit = 6.4)

and(χe,s = 0.1,R/LTe,crit = 4.8). The values ofχe,s andR/LTe,crit are constant over the radius.

Finally these simulations have been performed forfmod = 8 Hz and fmod = 20 Hz. It should
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Figure 30. Time-averaged Te, amplitude and phase of the Te modulation at 8 Hz (left

panels) and 20 Hz (right panels). Symbols are experimental data with same coding as

in Fig. 29. Modelling using pure diffusion withχe only, high stiffness casesχe,s = 1.0

and different assumptions on Pe,direct and off-axis PMC: line types defined in legend.

be underlined that the modelling of the ion channel has almost no influence on the electron

modelling in this case.

The results for(χe,s = 1,R/LTe,crit = 6.4) at the two frequencies are shown in Fig. 30. The

Te profiles of the two discharges are perfectly matched for the four assumptions. In contrast to

the ion case, a flat thresholdR/LTe,crit yields good agreement. The match depends neither on
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the variation ofPe,direct multiplied by 1.5, nor on the addition ofPMC. This is due to the fact

that the contribution of these heating powers to the total electron heat flux are small. For the

modulation amplitude, the most striking difference resides in the rather good match between

modelling and experiment for∆t2 at 20 Hz, but about 50% lower than data for∆t1, whereas at

8 Hz, the modelled amplitude is too low by a factor of 2 to 3. Independently of the comparison

with the data, it should be noted that the amplitude profiles yielded by the modelling depend

only weakly on the four assumptions. Atfmod= 8 Hz, the differences are very small, at 20 Hz,

the increase of the amplitude for 1.5PSELFO
e,direct appears clearly. The influence ofPMC is visible

but weak. Therefore, none of the cases can be favoured on handof the amplitude profile.

In contrast, the phase profiles are more sensitive to the assumptions and therefore provide

more information to assess their validity. It should first beunderlined that the phase delay

in the central region,R < 3.2 m, results from the combination ofPe,direct and Pe,coll with

respectively zero and long time constant and different radial profiles. Therefore, if the

modulation induced byPe,direct is too large, the phase delay in the central region may be

too small and if that due toPe,coll is too large, the phase delay may be too large. The modelled

phase delay in the central region has about the correct valuewhich suggests that the calculated

power modulations and phase lag ofPe,coll are realistic. For the initial case 1.0PSELFO
e,direct and

PMC = 0, the agreement of the phase delay is rather poor, only the overall slope agrees roughly

with the experiment. Using 1.5PSELFO
e,direct reduces the phase in the central part because this

heating power has no time delay and this yields a somewhat better overall agreement. As

already mentioned above, multiplyingPSELFO
e,direct by 1.5 is overall in better agreement with the

experiment. This trend will be confirmed in the remaining of this section. As expected, the

non-monotonic shape is not reproduced. Adding the modulated PMC, with average power of

only of 0.2 MW and 0.15 MW for the 8 Hz and 20 Hz cases respectively, brings the phase

delay at mid-radius very close to the experimental data. Thevalue of thePMC power has

been adjusted to achieve this match of the phase. The phase profile is very flat and therefore

the agreement with the data much better than withoutPMC, but the non-monotonic character,

expected here atR≈ 3.45 m, is not reproduced at 8 Hz and only weakly at 20 Hz. Here please

compare modelling to data for∆t1 at 8 Hz and∆t2 at 20 Hz. This is due to the high stiffness:

the fast propagation of the induced perturbation does not reflect the localised deposition of

the heating power. Similar results are obtained for the other 2 time intervals withPMC located

at R≈ 3.3 m (not shown).
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The discrepancy between experimental amplitudes and the too low modelled ones at 8 Hz

has been tested in simulations where we increased the amplitude of the power modulation.

There are three possibilities: the modulation ofPe,direct is too small, or that ofPe,coll, or both

are too small. This yielded the following results. The need for a larger power modulation

of Pe,direct requiresPe,direct itself to be correspondingly larger, because for direct heating the

amplitude of the power modulation is directly proportionalto the time-averaged power. The

amplitude exhibits then a better agreement, but, as this power is injected with zero phase, the

simulated phase delay decreases and becomes clearly too small compared to the experimental

points. This hypothesis is therefore not realistic. Alternatively, one can assume that the

modulation ofPe,coll is larger than predicted by the calculations. This increases the modulation

contribution with long time scale and therefore the phase delay which becomes too large.

Therefore, assuming the modulation ofPe,coll being larger implies that the time constant

should simultaneously decrease which seems in contradiction with an increase of collisional

heating power provided by RF-accelerated ions. Consequently, only an adequate increase of

the modulation amplitude of bothPe,direct andPe,coll would allow to increase the amplitude

while keeping the phase delay at the same value, which does not seem to be explained by

simply changing the3He concentration. Therefore, under the assumption ofχe,s = 1,we could

not find a realistic assumption which would provide a good match of both amplitude and phase

at the 2 frequencies.

The results for the low stiffness case,(χe,s = 0.1,R/LTe,crit = 4.8), are shown Fig. 31.

Here also, the match of theTe profile is perfect and does not vary for the different cases. The

overall features are very similar to those exhibited for thehigh stiffness case. The modelled

amplitude is somewhat higher than forχe,s = 1.0, as expected for lower stiffness, but still

lower than the data at 8 Hz. The effect ofPMC are stronger than forχe,s = 1 which is in

agreement for transport with lower stiffness: in fact, due to the slower propagation of the

perturbation, the modulation profiles reflect more clearly localised heating powers. This is

particularly well illustrated by the phase profiles. Whereas forPMC = 0 the agreement is very

poor, the slope is too steep as expected for low stiffness, a very good agreement of the phase

can be achieved with modulatedPMC set at the required radial position for∆t1 at 8 Hz and∆t2

at 20 Hz, with respective averaged power of 0.2 MW and 0.15 MW.The non-monotonic shape

of the phase is well reproduced for both frequencies, a bit more accurately at 20 Hz because at

higher fmod the effect remains more localised. Setting the radial position of PMC at the value



Analysis of Ion and Electron Heat Transport by Power Modulation in JET 48

150

120

90

60

30

0

180

3.2 3.4 3.6 3.83.0
R (m)

150

120

90

60

30

0

180

3.2 3.4 3.6 3.83.0
R (m)

5

4

3

2

1

6

3.2 3.4 3.6 3.83.0

4

3

2

1

0

5

3.2 3.4 3.6 3.83.0

6

8

4

2

0

10

3.2 3.4 3.6 3.83.0

8

6

4

2

0

10

3.2 3.4 3.6 3.83.0

J
G

1
1

.5
7

-3
1

c

Pulse No: 66404 8Hz Pulse No: 66407 20Hz

×1.0

×1.5

×1.0

×1.5

0MW

0.2MW

×1.0

×1.5

×1.0

×1.5

0MW

0.15MW

Pe,direct Pe,direct  PMC PMC

Modelling
χ

e,s = 0.1, R/LTe,crit = 4.8

Modelling
χ

e,s = 0.1, R/LTe,crit = 4.8

MC (a.u.) MC (a.u.)

MC (a.u.)MC (a.u.)

MC (a.u.) MC (a.u.)

Δt1

Δt2

Δt1

Δt2

Pulse No: 66404 8Hz Pulse No: 66407 20Hz

Δt1

Δt2
Δt1

Δt2

×1.0

×1.5

×1.0

×1.5

0MW

0.2MW

×1.0

×1.5

×1.0

×1.5

0MW

0.15MW

Modelling
χ

e,s = 0.1, R/LTe,crit = 4.8

Pe,direct  PMC

×1.0

×1.5

×1.0

×1.5

0MW

0.15MW

Modelling
χ

e,s = 0.1, R/LTe,crit = 4.8

Pe,direct  PMC

×1.0

×1.5

×1.0

×1.5

0MW

0.15MW

Modelling
χ

e,s = 0.1, R/LTe,crit = 4.8

Pe,direct  PMC

Pe,direct  PMC

Modelling
χ

e,s = 0.1, R/LTe,crit = 4.8

Pulse No: 66404 8Hz

Δt1

Δt2

Δt1

Δt2

Pulse No: 66407 20Hz

P
h

a
s
e

 d
e

la
y
 T

e
 (
d

e
g

)
In

(A
m

p
(T

e
) 

[e
V

])
T

e
 (

k
e

V
)

Figure 31. Time-averaged Te, amplitude and phase of the Te modulation at 8 Hz (left

panels) and 20 Hz (right panels). Symbols are experimental data with same coding as

in Fig. 29. Modelling using pure diffusion withχe only, low stiffness casesχe,s = 0.1

and different assumptions on Pe,direct and off-axis PMC: line types defined in legend.

corresponding to the other time interval also yields good results (not shown). The hypothesis

1.5PSELFO
e,direct yields somewhat better results in the centre at 8 Hz, whereasthe differences are

within the error bars at 20 Hz. Finally, it should be underlined that the square modulation of

PMC excites aTe modulation at the 3rd harmonic which, according to the simulations, reaches

1 -2 eV at the deposition ofPMC and is just buried in the noise of the measurement which

has the same magnitude. This indicates thatPMC, if it exists, is not much larger than that
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required by the match of the simulation to the experiment, otherwise the 3rd harmonic would

be detected in the experimental data, which is not the case.

In conclusion, assuming that the electron heat transport ispurely diffusive and that it follows

the critical gradient model, as done in earlier studies, theamplitude is significantly too small,

in particular at 8 Hz which is clearly outside of the uncertainties on the power deposition

calculations. The very flat and even non-monotonic shape of the phase delay implies the

existence of modulated electron heating power deposited off-axis, with zero phase delay.

The required averaged power lies between 0.1 MW and 0.2 MW which is small compared

to the total heating power and within the range predicted by TORIC for mode conversion

under our experimental conditions. The modelling clearly indicates that, in the frame of this

hypothesis, electron heat transport as described by the CGMmust have a low stiffness, which

is compatible with the previous JET results with dominant electron heating [40].

6.3. Modelling of electron heat transport with ITG-inducedoff-diagonal contribution

In this subsection we take into account the contribution of ITG to electron heat transport which

is predicted by the GYRO calculations. This situation is complex because the electron heat

transport is then also strongly influenced by the ion channelthrough the ITG off-diagonal

term. This affects both time-average and modulation ofTe. Therefore, the ion transport

must be simulated well enough to ensure a realistic modelling of the electron channel. For

electron heat transport we take into account bothχe andχie in the simulation, according to

Eqs. 3 (j = e) and 4 respectively. The values of the coefficients, derivedfrom the GYRO

calculations, are (χe,s = 0.05 ,αe = 2.5 with R/LTe,crit = 7) for χe of the TEM (Fig. 10 panel

4) and those listed in Table 2 forχie. For this channel, low values ofαie, as those of the

two upper rows of Table 2, induce a very strong contribution to electron heat transport just

above the threshold which then saturates for larger values of R/LTi . Using in the modelling

αie = 0.12, yielded by the free fit on the GYRO points without any off-set correction linked

to the TEM, yields extremely poor agreement with the experiment for the time-averagedTe,

which is much too low in the centre, and for the modulation data as well. Much better results

are obtained with values ofαie corresponding to the upper range of those listed in Table 2. In

fact, good modelling results are achieved forαie ≈ 0.5, i.e. the same dependence as for ion

transport. Asχi andχie are both driven by the ITG instability, this is a logical hypothesis and

we also assume the same threshold. In the modelling of electron transport in the presence of
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the off-diagonal term, the ion transport must be properly simulated. Therefore, the simulations

were carried out with some of the best cases for ion transportpresented in the above section.

These are: i)χi,s = 1.1 flat andR/LTi,crit = 3.2 flat; ii) χi,s = 1.1 flat andR/LTi,crit peaked with

nominal value 3.2; iii)χi,s hollow with nominal value 2.2 andR/LTi,crit = 3.2 flat. For the

electron transport simulations, three values ofχie,s are used: 0.8, 0.6, 0.4. These are lower

than that yielded by GYRO, but we also use forχi,s a lower value, 1.1 instead of 2.25. For

the hollowχi,s case,χie,s is also hollow with the same shape. The TEM contribution, which

is small in the core as shown above, is kept fixed and determined by the coefficients yielded

by the GYRO results. The modulated heat sources arePSELFO
e,coll and 1.5PSELFO

e,direct while we first

assumePMC = 0. Here also, multiplyingPSELFO
e,direct by 1.5 yields better results. For all the

simulations, the results for the ions are of course the same as those presented in the previous

section and we do not show them again.

6.3.1. Assuming flatχi,s and R/LTi,crit profiles: The modelling results for the electron channel

for the first case,χi,s = 1.1 and flatR/LTi,crit , are shown in Fig. 32 for 8 Hz and 20 Hz.

The time-averagedTe profile is in good agreement for the lowest ITG-induced transport,

χie,s = 0.4, whereas electron heat transport is obviously too high forthe values 0.6 and 0.8.

TheTe modulation amplitude agrees very well with the data at 8 Hz, which is in strong contrast

to the cases assuming pure diffusion, see Figs. 30 or 31. At 20Hz, the agreement is less

good than at 8 Hz, in particular the slope is too steep, which is comparable to the cases with

diffusion only. As for the pure diffusion cases, the agreement of the phase delay in the centre

is rather good and depends weakly onχie,s, but further out the slope is much steeper than the

experimental data. In the central region, the phase delay exhibits a non-monotonic behaviour

which is roughly comparable to the experimental data. This is particularly clear at 8 Hz for

χie,s = 0.6, to be compared to the data of interval∆t2.

This non-monotonic behaviour is caused by the modulation ofthe ion heating which acts

on Te throughχie as follows. The off-diagonal termχie is modulated byR/LTi . This means

that, during each modulation cycle, the electron heat transport driven byχie increases and

decreases in phase withR/LTi . It is well-known, [41, 42], that, at constant heating power,

a modulation of heat transport, here throughχie, induces a modulation of the temperature

which is such that the temperature increases when transportdecreases and vice-versa. In our

situation, theR/LTi modulation induces aTe modulation which is out of phase and has the
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Figure 32. Time-averaged Te, amplitude and phase of the Te modulation at 8 and 20

Hz. Modelling with ITG contributionχie for ion transport parametersχi,s = 1.1 and

flat threshold R/LTi,crit = 3.2.

profile of the modulation ofχie.

This is illustrated in Fig. 33 by the profiles of amplitude andphase delay ofχie for the

three different values ofχie,s. The modulation amplitude ofχie exhibits a maximum atR≈ 3.2

m. It occurs whereR/LTi has the largest oscillation and this is dominated by that of∇Ti . It

is located off-axis because the modulation ofχie close to the plasma centre is very small as

∇Ti tends to zero there. Note also that, logically, the amplitude ofχie increases withχie,s. The
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Figure 33. Modelled modulation amplitude ofχie for three values ofχie,s, for the case

χi,s = 1.1. That of Ti is also shown to illustrate the different radial profiles. Different

contributions to the phase delay of Te, as labelled in the legend and explained in the

text.

modulation amplitude ofχie at its maximum reaches about 10% of the time averaged value

of χie at this location. For comparison, we also plotted in Fig. 33 the amplitude of theTi

modulation which depends onχi only and is therefore the same for all three values ofχie,s.

The profiles of the different contributions to the phase delay of Te due to theχie modulation

are also plotted in Fig. 33. They weakly depend on the values of χie,s and are therefore plotted

here forχie,s = 0.6 only for clarity. The phase delay of theχie modulation is somewhat smaller

than that ofTi because∇Ti reacts faster to a perturbation thanTi itself. The phase of theTe
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modulation resulting from theχie modulation and out of phase compared to it is also plotted.

The modulation ofTe results from the interference of three “heat waves”: the twoinitial ones

excited byPe,coll andPe,direct to which that due toχie combines. The relative amplitude of

these three contributions and the phase difference betweenthem determines the final phase

delay ofTe. The non-monotonic behaviour of the phase delay ofTe is due to the fact that the

amplitude and phase profiles of the modulation induced byχie are quite different from those of

theTe modulation induced byPe,coll andPe,direct. This is why, in contrast to the effect induced

on the phase delay by the presence of an off-axis sourcePMC, as discussed above, the position

of the minimum of theTe phase delay, here atR≈ 3.3 m, does not correspond to the position of

the maximum of the amplitude of theχie modulation atR≈ 3.2 m. This is very schematically

and only qualitatively illustrated in Fig. 34 which shows that the contribution due to theχie

modulation can reduce the phase delay compared to the situation with a perturbation induced

by Pe,coll andPe,direct only.

χie - induced

Pe,direct

Total

Pe,coll

Pe,coll + Pe,direct

JG
11

.5
7-

34
c

Figure 34. Polar coordinate plot showing schematically the combination of the three

different contributions to the Te modulation.

6.3.2. Assuming flatχi,s and peaked R/LTi,crit profiles: The second modelling study with off-

diagonal term was performed with the caseχi,s = 1.1 flat andR/LTi,crit peaked with nominal

value 3.2. Here also we considered the three values 0.4, 0.6 and 0.8 forχie,s. The results are

shown in Fig. 35. TheTe profile is well reproduced byχie,s = 0.6, whereas 0.4 and 0.8 are

respectively above and below the experimental data. The comparison with the previous case,
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Fig. 32, indicates that the peaked shape ofR/LTi,crit also influences the shape ofTe. Apart

from this, the overall features of amplitude and phase delayare quite similar to those of the

previous case. The amplitude is insensitive to the value ofχie,s. The phase delay is sensitive

to the value ofχie,s in the centre of the plasma. In agreement with theTe profile, the case

χie,s = 0.6 yields the results which are closer to the data, including agood match of the non-

monotonic part. It should be underlined that the best match is obtained with values forχi,s

andχie,s which are about two times lower than those yielded by the GYROcalculations, but

that the ratioχi,s/χie,s≈ 2, corresponds to that of the GYRO calculations.

6.3.3. Assuming hollowχi,s and flat R/LTi,crit profiles: Finally we also present in Fig. 36

the results forχi,s = 2.2 hollow andR/LTi,crit = 3.2 flat. In this case we also modelled with

χie,s = 1.1 to include the caseχi,s/χie,s = 2. Overall the results are comparable to the previous

ones, but somewhat poorer. The best agreement forTe is yielded byχie,s = 0.6 or 0.8, whereas

with χie,s = 1.1 transport is too high . The amplitude at 8 Hz is not as good as in the previous

cases and at 20 Hz the slope is by far too steep, reminiscent oftheTi modulation amplitude

in Fig. 24. The best phase delay in the central part is yieldedby χie,s = 1.1, which is in

disagreement with the lower value required for theTe profile. Here also, in the outer part of

the plasma (R > 3.4 m), the agreement is very poor at 8 Hz, clearly better at 20 Hz. The

results yielded by this case are overall poorer than those with peaked threshold.

6.3.4. Influence of stiffness curvatureαie: The above simulations have been carried out with

the stiffness curvature coefficientsαi = αie = 0.54. We have shown at the end of Sect. 5 that

this dependence is not crucial for theTi simulations, Fig. 27. However, it plays a key role

for the electron modulation data, as illustrated in Fig. 37 which displays amplitude and phase

delay for different values ofαie between 0.54 and 1.0, while the other parameters are kept

constant.

We chose the caseχi,s = 1.1 with peakedR/LTi,crit and selectedχie,s = 0.65, instead of

0.6, because the results are somewhat closer to the data. Theamplitude is weakly affected

by the value ofαie and the results are similar to those of Fig. 35. The most visible variation

induced by the scan ofαie appears in the phase delay at 8 Hz: the non-monotonic shape

changes such that the maximum is shifted outwards for large values ofαie while the depth of

the oscillation decreases and better matches the data. Notethat the outer part of the profile is

also closer to the data asαie increases. Forαie = 0.9, the modelled phase delay at 8 Hz agrees
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Figure 35. Time-averaged Te, amplitude and phase of the Te modulation at 8 and 20

Hz. Modelling with ITG contributionχie for ion transport parametersχi,s = 1.1 and

peaked threshold R/LTi,crit nominal value 3.2.

well with the data of interval∆t2. However, we could not match the phase delay for∆t1 in the

central plasma. At 20 Hz, the phase delay is well matched forR< 3.45 m, but as previously

the slope is too steep further outside. Therefore, a perfectmatch cannot be reached, but this

scan illustrates how sensitive the modulated electron dataare with respect to the dependences

of χie, in particular in the central region. This is due to the slopeof χie with respect toR/LTi .

For low values ofαie, this slope is large for low values ofR/LTi −R/LTi,crit and therefore

electron heat transport driven byχie very sensitive to theTi modulation whereR/LTi is close
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Figure 36. Time-averaged Te, amplitude and phase of the Te modulation at 8 and 20

Hz. Modelling with ITG contributionχie for ion transport using hollowχi,s profile,

nominal value 2.2, and flat threshold R/LTi,crit = 3.2.

to R/LTi,crit , i.e. in the central plasma. Asαie increases, the sensitivity decreases in the plasma

centre but increases further outside.

This is illustrated in Fig. 38 which shows the amplitude of the modulation ofχie, reminding

that this quantity contributes to theTe modulation. The phase ofχie is almost not influenced

and therefore not shown. The shift of the maximum ofχie modulation away from the plasma

and the change of the profile shape with increasingαie are clearly seen. The reduction of the

amplitude in the plasma centre and its increase at larger radii for increasing values ofαie are

the reasons for the phase behaviour of theTe modulation in theαie scan.
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Figure 37. Amplitude and phase of the Te modulation at 8 and 20 Hz. Modelling as

caseχie,s = 0.65 and scan ofαie Ion transport parameters areχi,s = 1.1 and peaked

threshold R/LTi,crit nominal value 3.2.

In summary, for three different hypotheses on ion heat transport, the simulations for

electron heat transport including the ITG-induced contribution exhibit similar features. They

all yield better results than the simulations which do not take this contribution into account.

However, none of the cases yields really satisfactory results for all three quantities,Te profile,

amplitude and phase delay, at the two frequencies. The case with peakedR/LTi,crit = 3.2 and

χi,s = 1.1 may be considered as overall the best, but the amplitude profile at 20 Hz is too steep,

as well as the phase profile in the outer region, for the two frequencies.

6.3.5. Adding off-axis mode conversion power deposition:The poor match of the phase

delay in the outer part of the plasma, in particular at 20 Hz, suggests to consider, as above, the

possibility of off-axis electron heating,PMC. We investigate this hypothesis for the best cases

of the above Figs. 35 and 37: (χie,s = 0.6 ; αie = 0.54) and (χie,s = 0.65 ; αie = 0.90), while

for the ions we keepχi,s = 1.1, peakedR/LTi,crit = 3.2. As above, the value ofPMC has been

adjusted to match the phase delay at the off-axis position ofits deposition. For the first case,
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Figure 38. Amplitude of theχie modulation at 8 and 20 Hz. Modelling as case

χie,s = 0.65 and scan ofαie Ion transport parameters areχi,s = 1.1 and peaked

threshold R/LTi,crit nominal value 3.2.

the results are illustrated in Fig. 39. Here also, low valuesof PMC, 0.1 MW at 8 Hz and 0.075

MW at 20 Hz, are sufficient for good agreement. TheTe profile is not affected and therefore

not shown. The amplitude is quite good for both frequencies.Whereas the presence ofPMC

has almost no influence on the amplitude at 8 Hz, we underline its very positive effect at 20 Hz

due to the low amplitude at this frequency and therefore highsensitivity to additional power.

The phase delay can also be very well reproduced for both frequencies. At 8 Hz the phase

delay for∆t2 is well matched, but we could not match that of∆t1. The 20 Hz case shows very

convincingly that the good agreement for amplitude and phase is achieved simultaneously for

the same time interval, here∆t2.

None of the simulations presented above is able to reproducethe higherTe modulation

amplitude of the the time interval∆t1 at 20 Hz and its corresponding very flat phase profile

in the centre up toR≈ 3.35 m. A good match of both amplitude and phase delay can be
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Figure 39. Time-averaged Te, amplitude and phase of the Te modulation at 8 and 20 Hz.

Modelling withχie,s = 0.6 αie = 0.54 with additional PMC at R≈ 3.45. Ion transport

parameters areχi,s = 1.1 and peaked threshold R/LTi,crit nominal value 3.2.

achieved withPMC = 0.25 MW deposited atR≈ 3.25 m with a broad profile, Fig. 40. It is

worth underlying that amplitude and phase are reproduced simultaneously with good accuracy

under this assumption, a convincing argument supporting the hypothesis of electron heating

being deposited there with about zero phase delay. In complement, a good match of the

amplitude in the very centre requiresPe,direct to be higher, 2×PSELFO
e,direct , which does not affect

the phase. A higher value ofPMC might imply a reduction ofPe,coll, represented here by

0.75×Pe,coll and indeed compatible with the data, including the time-averagedTe profile.

Finally, modelling of the cases withαie = 0.9 including off-axisPMC to improve the

phase profile in the outer part of the plasma is presented in Fig. 41. The quality of the results

is similar to the above cases. The amplitude profiles are not as good as the previous ones. A

good match of the phase profiles in the central part of the plasma is obtained, as expected from

the scan ofαie. However, in the outer part, the agreement is good at 8 Hz, butpoorer at 20

Hz. In particular, at 20 Hz, the best match of the amplitude isobtained for∆t2, but the phase

delay for∆t1 is not consistent. Here also, the time interval∆t1 at 8 Hz cannot be matched.
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Figure 40. Time-averaged Te, amplitude and phase of the Te modulation at 20 Hz.

Modelling with χie,s = 0.6 αie = 0.54 as in Fig. 39 but with PMC = 0.25 MW at

R≈ 3.3 m. Ion transport parameters areχi,s = 1.1 and peaked threshold R/LTi,crit

nominal value 3.2.

6.3.6. Summary of the electron heat transport results:Summarising, the interpretation of

electron heat transport in these experiments is complex dueto the different heat sources

described above. Heat transport can occur through diffusion and off-diagonal term driven
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Figure 41. Amplitude and phase of the Te modulation at 8 and 20 Hz. Modelling with

χie,s = 0.65 and αie = 0.9 as in Fig. 37 but with additional PMC at R≈ 3.45. Ion

transport parameters areχi,s = 1.1 and peaked threshold R/LTi,crit nominal value 3.2.

by the ion turbulence.

The modelling including only diffusion with an adequate choice of stiffness and threshold

yields good match of the experimental time-averagedTe profile. However, for the modulation

data in the casePMC = 0, while the amplitude at 20 Hz matches the data of the time interval

∆t2 quite well, the amplitude at 8Hz is much too low, as well as that at 20 Hz compared to

the∆t1 data, in addition the phase delays at 8 and 20 Hz are not correctly reproduced. It is

important to underline that even a high stiffness does not reproduce the flat phase profile in

the centre. Adding off-axis modulated power,PMC, yields good phase profiles at low stiffness,

but poorer at high stiffness. The amplitude at 8 Hz remains too low, whereas the amplitude at

20 Hz provides the same results as in the casePMC = 0. Overall, modelling of electron heat

transport assuming diffusion (diagonal term) only, yieldspoor results.

In contrast, including the contribution by the ITG non-diagonal contribution, as suggested by

the GYRO calculations, yields an overall better agreement with the experiment. In particular,



Analysis of Ion and Electron Heat Transport by Power Modulation in JET 62

the modulation amplitude, even at 8 Hz, reaches the correct magnitude and the phase profiles

in the central part of the plasma are flat enough and tend to exhibit the experimentally observed

non-monotonic behaviour, even withPMC = 0. TheTe profile can be well reproduced, whereby

the agreement depends on the hypothesis for ion transport. It is worth underlying that the ion

channel parameters yielding a good match of theTi profile are necessary for a good match of

theTe profile. The best agreement is obtained assuming for the ion heat transportχi,s = 1.1

for peakedR/LTi,crit with nominal value of 3.2. This value ofχi,s is lower than that yielded by

GYRO by a factor of 2 and the stiffness of the ITG off-diagonalterm must also be 2 times

lower than the GYRO value to yield good electron results. This is a general observation in

our modelling that the ratioχi,s/χie,s must be kept the same to obtained acceptable results for

the electron channel. This is in agreement with the fact thatthese heat flux contributions are

driven by the same turbulence.

It should be emphasised that the different phase lag of all the modulated ion and electron heat

sources contribute to the central phase delay of theTe modulation and that the best agreement

between simulations and experiment is obtained with the time constants and profiles yielded

by the ICRH power deposition calculations. The profile of thephase delay in the outer part

of the plasma seems to require a small amount of off-axis modulated electron heating power

which is compatible with mode conversion in the3He scheme.

Finally, the modelling study indicates that in these discharges, in contrast to the situation for

the ion channel, for the electrons the classical heat pulse analysis deduced directly from the

experimental data,χHP
e , is not valid due to the lack of a reliably well-defined source-free radial

region.

7. Conclusion

The main goal of the experiment, which consisted in investigating ion heat transport with

power modulation, has been achieved. The validity of theTi modulation approach for trans-

port studies has been demonstrated,χHP
i , as well as values of stiffness and threshold could be

deduced.

The critical gradient model applied to ion heat transport seems to be a good hypothesis to

interpret the data of our modulation experiments. This has been confirmed by non-linear

gyro-kinetic calculations based on the experimental data taken at mid-radius. They yield, at

this radial position, thresholdR/LTi,crit = 3.2 and stiffnessχi,s= 2.2, as well as an almost linear
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increase of the ion heat flux above the threshold,αi ≈ 0.5. The interpretation of the ion data

with the critical gradient model provides results which of course depend on the assumption.

Whereas flat profiles ofχi,s andR/LTi,crit yield the poorest agreement with the experiment,

peakedR/LTi,crit or hollow χi,s improve the match in different ways, but none of them can

be clearly favoured compared to the other. Assuming for the thresholdR/LTi,crit = 3.2 yields

good agreement with the experiment and corresponds to the GYRO result. The stiffness val-

ues, at mid radius, yielding an acceptable match with the experiment are 1.1 for flatχi,s and

2.2 for hollowχi,s. This is respectively 2 times lower than and close to the GYROresults.

These stiffness values correspond to the lower boundary of the range reported in [17], with

which they are in agreement considering the experimental conditions and in particular the

finite toroidal rotation. In addition, our non-linear gyro-kinetic calculations indicate that the

presence of3He and the situationR/LTe > R/LTi tend to reduce the stiffness.

This value of the ion stiffness could be measured correctly by the modulation method in our

range of modulation frequency because it is not too high. A higher stiffness would require

higher modulation frequencies than used here to avoid the problematic influence of the edge.

Using high modulation frequencies is expected to severely reduce theTi modulation ampli-

tude, and therefore the signal-to-noise ratio, due to the collisional time constant, in addition

to the usual amplitude dependence on frequency which is intrinsic to the method. However,

it should be underlined that a scan infmod covering frequencies above 20 Hz would also

yield precious information for a better assessment of the collisional time constants of the RF-

accelerated ions.

The 3He ICRH scheme in deuterium plasmas works well for ion modulation and is, to our

knowledge, the best possibility for such experiments, despite the accompanying electron heat-

ing. The3He concentration was perhaps somewhat too high in some of ourcases, leading to

slow time variation of the heating and/or transport properties. Therefore, for future experi-

ments, it seems desirable to keep the concentration at the lower boundary of the range pre-

dicted for good ion heating. In our experiments, the3He concentration profile could only be

measured in one discharge. The availability of more profilesof the3He concentration would

significantly improve the ICRH power deposition calculations.

The situation in the electron channel is complex because it involves up to three heating sources

with different time scales and radial profiles. In addition,in these discharges with comparable

levels of ion and electron heating power, electron heat transport is dominated by the off-
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diagonal term caused by the ITG instability, driven byR/LTi . In comparison, the diffusion

due to the TEM instability is weak in the plasma core. Due to this complexity, our results

do not yield an absolutely definitive answer on electron heattransport and ICRH electron

heating under such conditions, but the following conclusions can be drawn. We consider the

non-monotonic shape of the phase profile as an important experimental feature which must

be, at least qualitatively, reproduced by the modelling. Modelling with CGM assuming pure

diffusion partially reproduces this aspect only if off-axis electron heating is added and low

stiffness assumed. However, the modelled modulation amplitude at low frequency is much

too low. Taking the off-diagonal term into account yields much better results, including the

non-monotonic shape of the phase profile and the correct amplitude at the two frequencies.

Solely, the phase in the outer plasma region is clearly too steep. This can be significantly im-

proved with off-axis modulated heating power, in the range of 10% of the total ICRH electron

heating power. Therefore, our results strongly support theoff-diagonal ITG contribution to

electron heat transport predicted by GYRO, whereas the existence of a small off-axis mode

conversion contribution to electron heating power seems required. It is important to empha-

sise that good modelling results are obtained with values compatible with those yielded by the

gyro-kinetic transport results from GYRO (e.g.R/LTi,crit = 3.2 andαi = 0.5) and require the

ICRH power deposition as calculated by SELFO.

UsingTe modulation provided by the3He ICRH mode conversion scheme, electron heat trans-

port has been previously investigated in JET discharges with various fractions of electron and

ion heating. The interpretation of the electron heat transport with CGM assuming pure dif-

fusion (diagonal term only) required an increase of both residual transportχe,0 and electron

stiffnessχe,s, with increasing ion heating, [40]. The non-diagonal ITG contribution to electron

heat transport revealed by our study agrees with the high value ofχe,0, as underlined by the

authors in Ref. [40] page 1159. The increase ofχe,s might also be due to it, caused by a con-

comitant (small) modulation ofTi , or of χie, which could not be evidenced with the available

sensitivity of the CXRS diagnostic. Clarifying this question in future experiments would be

highly desirable.

The mode conversion power deposition depends on the3He concentration which might have

varied somewhat in our study. Its contribution is probably small but it cannot be ignored, as

shown by its strong influence on the phase profile of theTe modulation, as indicated by our

modelling results. This effect could not be assessed directly from the experimental data in
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our study. This could be done in future experiments using a high modulation frequency for

which theTi andPe,coll contributions toTe modulation would be completely smoothed out

due to their long time constants. The remaining contributions to theTe modulation would

be the central direct heating and the off-axis contributionwhich could then be identified in

the amplitude and phase profiles of theTe modulation. Data at such a high frequency are not

available in the existing discharges, but would be a useful extension in future experiments.

Future experiments, similar to those presented here, couldalso take advantage of further im-

provements made to theTi measurement in the recent years and from the edgeTi measurement

which was not available for our study.

The ITG-driven electron heat transport plays a crucial rolein present, as it also will in fu-

ture devices, but has been rarely investigated because the experimental possibilities are very

limited. JET offers, at present, a worldwide unique opportunity to investigate this important

aspect of transport through the ICRH3He minority scheme. Due to the constraints of the fu-

ture JET experimental programme,Ti modulation experiments will be possible earliest from

2012 onwards. The importance of the topic and the results presented here strongly support

the wish for future studies dedicated to ion transport and ITG-driven electron heat transport,

along the lines suggested above.
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