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Abstract. Heating power modulation experiments using ICRH in3he minority scheme
have been performed in the JET tokamak to investigate heasport properties. This
RF scheme provides a dominant localised ion heating, botsdse electron heating, and
therefore both ion and electron heat channels were modulafdis allows to carry out a
simultaneous transport analysis of ion and electron haasprort channels, including transient
transport phenomena. This also provides an experimemsgéament of the ICRH heat sources
of the3He scheme. The modulation approach, so far widely usedéotrein transport studies,
has been validated for ion heat transportin these expetgaen yields results on stiffness and
threshold of the ITG-drivenion heat transport. The redoitthe electron channel demonstrate
the importance of the ITG-driven, off-diagonal, contribat to electron heat transport in

plasmas with significant ion heating.

T See the appendix of F. Romanelli et al., Proceedings of 3né IAEA Fusion Energy Conference 2010,
Daejeon, Korea
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1. Introduction

In fusion plasmas, turbulent phenomena driven by the lonperature Gradient and Trapped
Electron Mode instabilities in general dominate ion anatetn heat transport. The ITG and
TEM modes are unstable above respective thresholds in tiseddemperature gradients,
—ROT/T = R/Lr, leading to an increase of transport above the thresRold ¢it, see for
instance [1] for ITG and [2] for TEM. In addition, transponiven by micro-turbulence can
be assumed, in first approximation, to exhibit a gyro-Bohmmavéour, such that transport is
proportional toT%/2. The rate with which transport increases above the thrdsikatalled
here “stiffness factor” and characterised by a coefficigwhich will be defined below. This
leads for the heat diffusion to the assumptjpnl xsT3/2(R/LT —R/Ltcrit), as described in
detail in section 4.2. The observed resilience, often dallefile stiffness, of the temperature
profile shape to changes in heating power deposition, [3,8, B 8, 9, 10], can be explained
by these properties [11]. For the electrons, the existehbett threshold and stiffness have
been directly evidenced experimentally in several de\it2s13, 14, 15], but these properties
have been only recently investigated for ions [16, 17].

“Perturbative transport” experiments, in which tempematyerturbations induced by
modulating the heating power are analysed, yield the smproperties. This method has
been extensively used to investigate electron heat tranppaperties, see e.g. [18, 19, 20,
14, 21, 11, 22], but not applied to the ions so far, essentimtause a method for localised
ion heating, together with § measurement with sufficient time resolution were not abééla
simultaneously in the same device. As reported in [16], lisis been made possible rather
recently at JET by the lon Cyclotron Resonant Heating ir’Hieminority scheme and thanks
to an upgrade of thd; measurement by Charge Exchange Recombination Spectyoscop
(CXRS).

The main goal of the work presented here was to modulate théemperature, assess the
validity of the method under these conditions and deduceraxyntally the properties of ion
heat transport. As a fraction of the electron heating powas atso modulated, electron heat
transport is also investigated. This allows a compreherand simultaneous investigation of
both ion and electron heat transport by perturbative method

The experiments are described in Sect. 2. Section 3 is deditathe experimental analysis
of the modulated ion temperature data. In section 4, assongpand requirements for

transport modelling are described, whereas the resulthéion and electron channels are
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presented respectively in sections 5 and 6. Conclusiondraven in the last section.

2. Experiments and method of analysis

2.1. Experimental conditions

The experiments presented here have been carried out iEThesBamak, with major radius
R~ 3m and and minor radiua ~ 1m, at a rather high edge safety factor valge; ~ 6
which allow to avoid sawteeth agcan be kept above unity in the centre. The absence of
sawteeth ensures good conditions for a reliable analysisoofulation data. They were run
in deuterium L-modes at a density of about 30'°m~2, heated by deuterium Neutral Beam
Injection as background heating and lon Cyclotron Resomateating using theHe minority
scheme for the power modulation part. The RF power was muoatlik foq with a 50/50
duty-cycle and a modulation amplitude of abat#0%. JET offers a unique opportunity
for localised ion and electron heating by ICRH in tfée minority scheme, whose power
deposition properties depend on ttiée concentration 3He], as described in [23]. The ion
heating is provided by théHe ICRH-accelerated ions, with rather low energy, whiclvéela
dominant fraction of their energy to the plasma as ion hgatdue to the higher ion mass,this
contribution is significantly larger than in the hydrogemuority scheme. The fraction of ion
heating increases witflfie] to reach a maximum athle] ~ 8%. If [*He] is further increased,
the power absorbed by tifele minority decreases and the ion heating fraction as wéllew
the direct electron heating fraction increases. On eadhdids maximum, the fraction of
ion heating is lower by about 20% fotHelr 6% and fHe]~ 12%. The power deposition
is calculated by the PION code [24] which yields the timeetegent ICRF heat sources for
our transport analyses, taking modulation into account.alsfe get ICRH power deposition
profiles from the SELFO code, [25] and references thereires&€hare not time-dependent,
but provide a more accurate modelling of the collisionargnéransfer of the RF-accelerated
fast ions to the electron and ion channels. In addition tedacheating by mode conversion
to Bernstein and ion cyclotron waves also occurs, with a mari for FHe] ~ 30%, [26].
This component can be calculated by the full wave code TORAT], As usual in such
experiments at JET, th#He concentration was measured in the edge region and fedd-ba
controlled, as described in [23]. Only one profile 3fif], with rather large uncertainties, is

available.
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The measurement of the ion temperature, which is the bagtseahvestigations presented
here, is provided by the CXRS diagnostic. The experimenig Ih@en carried out in three
distinct series of discharges, in 2002, 2003 and 2006. I12@@2 and 2003 campaigns, the
time resolution of thel; measurement was 50 ms which limited the maximum modulation
frequency to about 4 Hz. However, the 2002 discharges demnaded that it was possible
and meaningful to address ion perturbative transport viith $cenario. In the 2003 series,
we varied the NBI heating to investigate the possible infbgeof T;. However, the results of
these two series required validation of the physics intggtion by experiments at higher
modulation frequencies. This was finally possible in the @@mpaign for which the
CXRS diagnostic had been upgraded, providing measurematfits time resolution of 10
ms [28, 29]. We obtained modulation data with good signatdcse ratio from an ICRH
modulation frequency scan4 fog < 20 Hz. Data from the edge CXRS diagnostics are not
available. As discussed below, not only the modulatiof; dfut also that ofle are analysed

in these experiments. ThiR measurement is provided by the Electron Cyclotron Emission
radiometer diagnostic which has a much higher spatial angoeal resolution than the CXRS
diagnostic.

In Fig. 1, a representative discharge from the 2006 campaitin8 Hz ICRH power
modulation is illustrated. The ICRH power is modulated wath amplitude depth of about
+40% around the time-averaged power, with peak power of a#hddwV, and is added to
the back-ground of about 5 MW of constant NBI power. The ICRiWwer is deposited close
to the plasma centre, as shown in a later section. The indiocettmperature modulation
is clearly visible, as indicated by a few time traces at défe radial positions, defined by
the normalised toroidal flux radiys, box a. The electron temperature is also significantly
modulated, as seen in box b. Both temperatures also exht\ariations in which the
maxima correspond to somewhat more peaked profiles. Theseoscillations inT; and
Te are not absolutely in phase, but seem to be strongly coecelafhey do not occur in all
discharges but seem to appear for values ofte concentration above 6-10%. Therefore,
one may conjecture that they are linked to variations ofthe concentration profile leading
to changes of the electron and ion heating profiles. The skmillations only weakly affect
the results presented later, as can be assessed by anaf&rent time intervals. Finally, as
shown in box ¢, a modulation of the edge channel of the linegirated density is induced by

the ICRF power, whereas the core channel plotted, in parexidbits almost no modulation.
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Figure 1. Time evolution of a discharge with 8 Hz modulation. The ICRiwer
modulation is indicated in the panel e, together with thestant NBI power of about
5 MW. Boxes a and b illustrate thednd T signals at the 4 radial positions indicated
in box a. The line of sight of the interferometer in the edggor plotted in panel ¢
exhibits the edge density modulation discussed in thewddreas the core channel
plotted in box d is not modulated.

This indicates that this density modulation is restrictethe edge region of the plasma. This
density modulation is indeed restricted to the edge regrah reot observed in the centre.
This is in agreement with the assumption that it is excitethatvery edge and is strongly
damped as it propagates inwards. The Fourier analysis aleéhsity modulation indicates
that its phase delay with respect to the ICRH input powergiases from about 35 degrees at
4 Hz up to 80 degrees at 20 Hz. This density modulation is riyygtoportional to the ICRH
modulation amplitude, at fixed value &f,4and strongly decreases with increasingg. The

influence of this modulation on the analysis will be discadsger.

2.2. Experimental Method of analysis

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

to the electron channel, but the method can also be appligshsan the same way [16]. In
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this approach, the propagation of the excited heat pulskgtésmined by the slope of the heat
flux with respect to the temperature gradient, yielding teathpulse diffusivity [30, 18]:

agj 0Xi
P =S _yee, X

o(n;OT;) b o0,

where the subscriptdenotes or i (electron or ion)q heat flux anch density, whereas

0T, (1)

X"B s the usual heat diffusivity from power balance. In the eipents " is derived from
the amplitudeA) and phased() profiles provided by the Fourier transform of the tempea®atu
data and interpreted in slab geometry [18, 31], to whichemiions for cylindrical geometry
and density gradient are usually added [32]. This methddyi estimates for the heat pulse
diffusivity,

3Wmod hi  30Wmod
Xoxp = AN /A X&xp= 72 (2)

where w is the modulation pulsationA’ and ¢’ mean radial derivatives. Due to

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

Amp

low modulation frequencies such thnrhi > X but converge asymptotically towards

x'j*P at high modulation frequencies for which damping becomegigible. However, in
the geometric meam/xjAmFB(fhi, the damping effects mathematically cancel and, at any

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

of X!'P. Note thatxjAmp, xfhi

sensitive to the measured amplitude and phase profiles.

andx'j*P depend on the square of gradients and are therefore quite

In the present work, this method is applied to ion and electrimdulated data. In
this section, we focus on the ion data. As example, the methdlistrated in Fig. 2 for
modulation data at 8 Hz, corresponding to the dischargetitited in Fig. 1. As usually
done in such studies, we plot the profile of the natural Idgariof the amplitude of th&;
modulation because its slope directly refle(ﬁg1 P The phase delay is calculated with respect
to the phase of the injected modulated ICRH power. The ems imdicated in the plots are
deduced from the signal-to-noise ratio for each radial gatat. The noise level is estimated
from the data at frequencies in a narrow band on each side ehtidulation frequency which
is, as being imposed from outside, a very narrow peak in thguincy spectrum. Figure
2 indicates that the experimental uncertainties are smalligh to determine the heat pulse
propagation with sufficient accuracy for physics interatiein.

The heat pulse analysis is carried out in the plasma confinero@e, around® = 3.4 m and

we plot here examples of the fits used to deternx(?‘l@'oandxi'ohi whose corresponding values
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Figure 2. Profiles of amplitude and phase delay of modulation data atz8 lAs
examples, fits fox""P andx"" are also drawn, with corresponding values.

are also indicated in Fig. 2. Including in the fits more or léata points, at larger or smaller
radii, provides an estimate of the experimental unceitsnivhich are used in the results
presented later. It should be reminded that this analyaslis valid in plasma regions free
of modulated power. In this case, transport is reflected bygtiadient of the amplitude and
phase profiles (Egs. 2): low gradients correspond to higtspart and/or high stiffness, steep
gradients to low transport and stiffness. It is also welbkn that these gradients become
steeper when the modulation frequency is increased. Fimadhould be emphasised that the
interpretation of)(iAmIO and )(i'c’hi is local and reflects transport properties in the radialaegi
over which the fits are made.

In the region where the modulated power is deposited, angd@iand phase behave as follows,
see e.g. [33]. The amplitude, in this region, decreases dutaion frequency or transport
are increased. In the region of the power deposition, theeldlglay with respect to the

ICRF power modulation is the sum of two contributions: thacten of the temperature to
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power modulation as determined by transport propertiesaanaddditional delay due to the
collisional power transfer of the RF-accelerated ions. phase delay caused by the former
effect increases with increasing modulation frequency,dacreases if transport increases,
[33]. The latter is provided by the calculations of the ICR#wer absorption described later.
In Fig. 2, the amplitude exhibits an increase at the plasrga &> 3.7 m), whereas the phase
delay decreases in the edge region. This is attributed toe¢hsity modulation mentioned
above, which induces an edge temperature modulatidi which propagates towards the
center. This parasitic modulation interferes with Thenodulation excited in the centre by the
heating modulation and whose propagation has to be analgsttiucex'". It is therefore
essential to assess the influence of the spuripusodulation excited at the edge on the
transport analysis.

For this purpose, we calculate the interference of two heatew excited in the core
and at the edge and propagating respectively outwards amards with a simple model
in cylindrical geometry. The propagation velocity of theéa® singles waves are adjusted
such that amplitude and phase profiles of the combined wavehntiae experimental ones
simultaneously. The results for 2 frequencies are showmgn3-which shows the amplitude
and phase profiles of the single wave, as well as those of ¢baibination which has to be
compared to the experimental data. The good match with thergrental profiles exhibited
by these plots is only achieved if the propagation of theypbetion excited at the edge is
significantly slower than that of th§ perturbation induced in the centre and propagating
outwards. The difference in propagation velocity is theyopbssibility to produce the
respective minimum and maximum of amplitude and pha&=aB.7m and not at mid-radius.
This is also a prerequisite to reproduce the different Sapeeither side of the extrema. This
is in agreement with the fact that particle diffusion is kmotw be lower than heat diffusion.
This also suggests that the perturbationTotaused by the density modulation is nofja
cold heat wave propagating inwards, but rather a directefié the density perturbation.
Independently of the physics assumption for the paradgigeenodulation, the model clearly
indicates that the modulation induced in the centre doragaioth amplitude and phase
profiles in the regiomp < 0.7, which corresponds to aboRt< 3.6 m. Therefore, the results
deduced from heat pulse propagation, for which we rely onntlbeulation induced in the

centre, are valid at least f& < 3.6 m where this wave dominates.
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Figure3. Profiles of amplitude and phase delay for for twt&at waves launched from
the center and from the edge. Two examples are shown withlatiodufrequencies

of 4 HZ and 8 Hz. The points are the experimental data. The lime yielded by the
model described in the text.

3. Results of the modulated T, data

The analysis of thd. modulation by Fourier transform is a widely used method amsient

transport studies for the electron heat channel. The higé tesolution of the ECE diagnostic

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

a very good signal-to-noise ratio.

The situation forT; is different: the time resolution of the CXRS data can lirhie thighest

modulation frequency. This was the case for the 2002 and 26f8s with the 50ms time

resolution. The 10ms exposure time available for 2006 pled/imuch better conditions
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and room for optimising the signal-to-noise ratio. The &4 is a compromise between
the integration time on which thg analysis is carried out and the number of measurement
time points available for the Fourier transform. In our expents, several CXRS exposure
frames with 10ms integration time can be grouped prior tdlffamalysis. At low modulation
frequency, up to 5 frames can be grouped without affectiegptiase. This demonstrates the
validity of the 2002 and 2003 data with 50ms resolution at 4 With 10ms exposure time,
the quality of the modulate® 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 fradegending on the cases.
Thus, for 2006, the improvement of the CXRS system and theilpiisy of grouping the
frames provides an excellent set of data to investigateahdneat pulse propagation in the

frequency scan discussed below.
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Figure 4. Experimental results from perturbative transport anatys¢ R= 3.4 m for
the frequency scan. Dependence(Bt, ™ andx"*P versus foa.

The perturbative transport results of the frequency scarrepresented bxiphi, )(iAmIO

and P versusfmog, analysed at about mid-radiuR €& 3.4 m) and plotted in Fig. 4. In
this figure, the values are the mean of the values yielded Ithealrealistic fits which can
be made using the available data for each frequency, whéreasror bars are provided by
the corresponding standard deviation. As expeck@ll,is larger thany"™P and these two
quantities converge towargé'” as fmoq increases. The value gf'®, close to 2ré/s, does
not depend orf,og. This frequency scan indicates that ion perturbative prarieexhibits the
expected basic properties. Therefore, we conclude thahtbthod can be used to investigate

the properties of ion heat transport. This frequency scamialicates that the data &toq =
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4 Hz, obtained in the 2002 and 2003 series are valid, witherréistrictions linked to the low
frequency. In particularP in the outer part of the plasma cannot be deduced due to the
influence of the edge boundary condition. The analysbq%’f at this modulation frequency
is possible at all in these discharges because the ionest#fis low enough to allow physics
interpretation, as shown below and in [17]. Indeed, meagurigher stiffness would require
higher modulation frequency to capture the propagatioh@hteat pulses correctly.

As reported in [17], in discharges with the same controlledma parameters and also heated
with NBI and ICRH heating at comparable levels, therofiles become more peaked when
the NBI power is increased, which is attributed to a decrefsere stiffness with increasing
toroidal rotation, while this does not happen in the outespia region. The increaseRfLt,

in the central plasma with heating power and toroidal rotatiriven by NBI is also observed
in our discharges, as revealed by the analysis of the povaeraicthe 2002 and 2003 series.
For comparison, the 2006 data are also included. This istiited in Fig. 5 wher&_/t

in the plasmas inner parR(z 3.3 m) and outer regionR ~ 3.6 m) are plotted. Indeed the
former increases by about a factor of two within the powegeawhereas the latter is almost

constant within the error bars.
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Figure5. Experimental results from the 2002, 2003 and 2006 seri¢&:;fn the inner
part and outer part of the plasma aroundak3.3 m and R~ 3.6 m respectively. The
lines are linear least square fits to the 2002 and 2003 datae r&tio of ICRF power
to the total heating power is also given.

The dependence as a function of toroidal angular rotatikentat position of th&k/Lt,

analysis exhibits the same trends, as shown in Fig. 6.
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Figure6. Experimental results from the 2002, 2003 and 2006 seri¢&:;fn the inner

part and outer part of the plasma aroundaR3.3 m and R~ 3.6 m versus toroidal
angular rotation at these respective positions. The linesliaear least square fits to
the 2002 and 2003 data.

The heat pulse analysis for the 4 Hz modulation can be peddrfor the inner part,
aroundR = 3.3 m. The results as a function Bf Lt and toroidal rotation are plotted in Fig.
7. Within the large experimental uncertainties, they ssggetrend for the normalised heat
pulse propagatiort] xiHPTiS/Z, to decrease with increasiiy Lt and rotation, as in [17]. The
large error bars are due to the fact that only 3 @y lheasurement points were available in the
required radial range in the 2002 and 2003 campaigns.

These experimental data indicate that the dischargesan@decible from one campaign

to the other and that the data for three experimental sereesansistent. In particular, the
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Figure 7. Experimental results from perturbative transport analyseound R~ 3.3
m for the 2002, 2003 and 2006 series. Normalised valugg'Bfversus RLy, and
toroidal angular frequency. The lines are linear least sgufits to the 2002 and 2003
data.

2006 discharges do not deviate from the 2002 and 2003 sefibs allows us to focus
the modelling on these discharges which offer the Gesheasurements and the scan in

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

4. Modéelling approach

In this section we describe the approach chosen to moded thesstigations. The electron
and ion heat sources from NBI and ICRH are calculated takirig account the time-
dependent experimental wave form of the RF power modulaasndescribed below. For
NBI, the heat sources are provided by the TRANSP code andJBBAM routine,[34]. For

the ICRH, we used the PION and SELFO codes, described in tkiesnb-section. Heat
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transport is described by a simple model with critical geadihypothesis combined with
results from non-linear gyro-kinetic calculations cadrigith out with the code GYRO. We
chose this approach because modelling with the GLF23 toahspde [35] yielded results
for which stiffness and heat transport were too high by aladaictor of two. The transport
simulations themselves are performed with the ASTRA trartspode, [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 maimpthe heating
occurs through collisions of the RF-acceleratet® ions with the main plasma species. The
faster®He ions deliver their energy to the electrons, with a longeticonstant, whereas the
slower ones provide ion heating, with a shorter time consiBme respective power densities
arePg ol andP coii, peaked around the radial position of the ICRF resonancadftiition,
direct electron heating by the fast wave occurs, withouttamg delay, yielding a centrally
peaked depositiorRe girect. In this work, we used the codes PION [24] and SELFO [25] to
calculate the ICRH deposition and the power transfer to thenpa. The collisional energy
transfer of the RF-accelerated ions is treated differeintlhe two codes. The PION code
uses simplified Fokker-Planck calculations, whereas inFSEthe FIDO Monte-Carlo code
is used, which is more accurate. The PION calculations ame-tiependent, according to
the experimental RF power modulation wave form. The timeltgin of the calculation is
15ms (67Hz), sufficiently fast compared to the maximum matioh frequency of 20Hz used
in this work. The SELFO calculations were not time-dependen

The time-averaged power density profiles for a represestatiot of the frequency scan
are indicated in Fig. 8. In these discharg@g, andPe o are deposited somewhat off-axis,
with a maximum apyor ~ 0.2, wheread: giret IS indeed peaked on the plasma axis. The
time-averaged contributions to the total ICRH heating povadculated by SELFO and PION
are compared in Table 1.

The total power absorbed by tfele ions and delivered by collisional transfer to the
plasma is the same for the two codes. However, the ion antt@hekbeating fractions are
different. The fraction of ion heating calculated by SELFOsbmewhat lower than that
yielded by PION and correspondingly that for collisionaéaton heating is significantly
larger. This is not due to different values #fle but reflects the different treatment of
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Channel| PowerELFOIMW] | FractionSELFO | PoweP'ON [MW] | Fraction”!ON
R 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 totaH@Ral heating power for
the different channels yielded by SELFO and PION.

collisional energy transfer of the RF-accelerated iondhenttvo codes, as mentioned above.
We assume the values fBrco andPe o from SELFO to be closer to reality than those from
PION and use them. The magnitude of the direct electrontgpower Pe girect, Predicted by
the two codes is small compared to the other contributiamsistabout a factor of 1.5 larger
for PION. The TORIC calculations support the higher valiedded by PION, however, with a
rather high sensitivity to théHe concentration. We will see in Sect. 6 that indeed muliiygy
Pe direct from SELFO by 1.5 yields better results for electron data.

Summarising, the two codes clearly indicate that the fomadf ion heating is indeed dominant
in this3He scheme which is therefore adequateTamodulation experiments. However, the
difference in electron heating yielded by the two codes @m@ficant and might influence the
interpretation of electron heat transport discussed itige6.

Due to the time constants of the collisional energy trangf@m the RF-accelerated ions
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Figure 9. Results from PION for modulated ICRF. Modulation data of wiobume-
integrated Pcoi and Rcon versus foq Modulation amplitude normalised to the
power absorbed by thtHe minority, and phase delay with respect to RF input power.

to the background plasma species, the modulation amp#toflg o andPe o decrease
with increasingfmog, Whereas the phase delay with respect to the RF power iregeahis is
clearly illustrated by Fig. 9 where amplitude and phaseydgklded by the Fourier transform
of the different heating contributions as calculated by RiDe plotted versu$,og. Note the
large phase delay &% coi1, as expected from the ions with higher energies. The poaester
of Pe girect b€ING instantaneous, its modulation amplitude does natntpponfyeg and its

phase delay is always zero. These quantities are theredopatted in Fig. 9.

4.2. Basic transport assumption: “critical gradient motlel

Electron and ion heat transport, induced by the TEM and IT&ainilities, increase above
a threshold in normalised temperature gradient with a gstémess. An empirical model
taking these properties into account has been developedldéatron heat transport and
successfully tested on several devices [37, 38, 11]. Thisc&lr Gradient Model (CGM)
describes the behaviour of heat diffusivity and can be amith the same form for the electron
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and ion channels as:
R R

LTj LTj crit

R ©

X; = Xj.sq¥ 2P
: be LTj LTj crit

whereq is the safety facto3 magnetic field andH is the Heaviside step function which
mimics the existence of the threshold. The normalised ian-ggdiuspj is ps = /mTe/eB
for the electrons ang; = /mT;/eBfor the ions. The stiffness factor is defined)gs; and
R/Ly; . is the threshold. The exponeaf, which determines the shape of the cugyeas
a function ofR/ LTJ. above the threshold, is called here “stiffness curvatufellowing the
results of the initial work on electron heat transport, [37]= 1 has been used in the electron
studies using the CGM, but for the ions as well, [17]. We whlbw below that for the ion
heat transport channe| ~ 0.5 seems to be more appropriate, in agreement with Ref. [1].
The termy o, which represents the transport below the threshold, isclessical transport
for the ions. For the electrons an, arbitrary, small valughizsen. In the modelling presented
below, this value is around Ort? /s, which is lower tharye by at least one order everywhere
in the plasma, except very close to the magnetic axis wherdetmperature profiles drop
below the threshold. In general, this term plays a weak mokeansport as soon &/Lr, is
somewhat above the threshold. The gyro-Bohm fadtpt(eB)p;/R O Tj3/2, is commonly
used for transport driven by micro-turbulence.
We will show in the next sub-section that electron heat fparisis not only driven by the
TEM but also by the ITG instability which therefore dependasRyLy,. This off-diagonal

term is written above the threshold as:

Tips(R R \%
oy q3/2 i Ps _ .
Xie = Xie,sd cBR <|—Ti LTLcm) + Xie,0 4)

The residual transpogtie o is also set to a low value of Ort? /S.
In contrast to electron transport, we will see below thatirtribution of the TEM instability
to ion heat transport can be neglected: there is no off-diali@erm for ion heat transport.
Finally, most of the previous studies using the CGM to motkaiteon transport yielded good
results assuming a linear dependencggo¥ersusR/Lr,, i.e. de = 1. The influence of the
coefficientaj will also be discussed.
The CGM is a simple model for heat transport which is not meanbmpete with elaborated
physics-based models. It captures the main propertieslmflence-induced transport in the
plasma core: threshold and stiffness. It can be seen as ans@m of the experimental

analysis, yielding quantities, such as threshold andsis$, which can be then be compared
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to results from turbulence calculations. This is a good aeagh to investigate the main
properties of heat transport in comparison with experimlatdta, in particular for modulation
experiments, as demonstrated in several studies. The madetjuickly, allowing extensive
scans of parameters from which the main physics informai#onbe extracted by comparison

with the experimental results.

4.3. Non-linear gyro-kinetic calculations

Based on the experimental data of the 2006 series, norrlgyea-kinetic calculations have
been carried out with the GYRO code, [39], adopting the Idcattube geometry. The local
description can be considered as appropriate, due to thevatwe of p* = 1/620 of these
JET plasmas. The calculations, which include collisionsriat rotation, are made for the
experimental values corresponding to the situation at madids. The size of the box was
81ps and 11Ps in the x andy directions respectively, with 180 radial grid points and 32
toroidal modes up to poloidal wave numbeps = 1.5. This toroidal spectrum was found
necessary for properly resolved simulations, while sirtores with only 16 modes up to
keps ~ 1 were giving significantly different results. We verifiedathsimulations with 64
modes up tkgps ~ 2 yield results very similar to the 32 mode cases. We alswded the
effect of PHe] which contributes through two effects: the dilution betion density and
the induced change in ion density gradieRtLy,. In the results shown below we assumed
[3He] = 15% with a flat profile which somewhat reduces stiffness @ansport with respect
to the case with3He] = 0. We investigated, at constant temperature, the dEpee of
the heat fluxesle andg; uponR/Lt andR/Lt, around the experimental valud’/Lt =5,
R/Lt, = 8.4 andR/L,, = 2. The experimental values @t andT; are comparable, but the
profile shapes are different yielding the different gratBeihe analysis of the GYRO results
reveals that heat transport is dominated by the ITG install these plasmas, with a weak
contribution from the TEM at the nominal value BfLt,. The dependence @f andge on
R/Lt. andR/Lr, are plotted in Fig. 10 where the points are the single GYR@ltgs=ncircled
are those corresponding to the calculations made with themad experimental values of the
normalised gradients.

The contributions of ITG and TEM driven turbulence to thethfeaxes can be roughly
estimated from the dependences of the fluxes on the grad¢bisandR/Lr,, respectively.

Panels 1 and 4 of Fig. 10 correspond to the diagonal terms,d23ato the off-diagonal
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Figure10. Results from GYRO: dependence of the heat fluxes on northghaéients.
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The coefficients deduced from the fits are indicated in thedoAs indicated in the

text, the off-diagonal contribution to; gan be negligible and no fit is done for the
points of panel 3.

contributions. We assume that all four transport chanretsbe described by y function
written in the form of the CGM given by Eq. 3 and 4 with respeetoefficientsy; s, a; and
threshold which are deduced from fits to the GYRO results. ddedficients are indicated
in the inserts of the respective panels. The correspondifpfi the heat fluxes, yielded by
g; O x;OTj, are the lines in Fig. 10.

Panel 1, ion heat diffusion, shows that the dependencg oh R/Ly. is close to linear,

corresponding ta; = 0.54 yielded by the fit ofxj. This dependence is in agreement with
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previous studies on ITG transport [1]. As will be discussedhie next sub-section, with
Xi.s = 2.25 the ion stiffness is rather low, which, from the point oéwi of our GYRO
analysis, is attributed to the situati®iLy, > R/Lt, and, to a lesser extent, to the presence
of 3He. Indeed, setting/Lt, = R/Lt, in the GYRO calculations almost doubles the stiffness
value. Panel 3, which represents the contribution of the TEs¢hbility to ion heat transport,
indicates thaty; is almost independent d®/L1,. This means that the contribution of this
off-diagonal term tag; is negligible. We will not take this contribution into acedun our
modelling. Boxes 2 and 4 of Fig. 10 describe the dependernfcekectron heat transport.
The GYRO calculations yield the total electron heat flux whmonsists of the sum of
the contributions driven by the ITG and TEM instabilities.nécan attempt to separate
these two contributions by their dependences on their otispedrives,xje = f(R/Lt) and

Xe = f(R/Lt,). The dependence gt onR/Ly. exhibited in Box 2 reflects the contribution of
the ITG. Itis almost linear foR/Lt. > 3.7. The clear dependenceafon R/Ly, exhibited in
plot 4 reflects the TEM-driven diffusion, which adds to th&ldriven flux, as sketched in this
panel. The fit yields for thge TEM contributionyes = 0.05,0e = 2.5 andR/Ly, ., = 7. The
TEM contribution toge is about 20% at the nominal experimental working pdiit, 1, = 8.4,

as indicated in plot 4. Therefore, the TEM contribution gldélye role of a constant off-set in
plot 2, if one assumes that it does not dependRplar.. Subtracting this off-set from the total
Oe Yields the ITG contribution as schematically illustratgathe open symbols in plot 2. The
contribution of¥je to ge is deduced by the fit to these off-set corrected points, yiglthe
coefficientsyje, ie andR/Lr, .- The results for different assumptions on the off-set, 620
and 40%, are indicated in Table 2. The values in the first rosespond to the fit of plot 2.
In addition, we perform two categories of fits, one in which threshold value is also fitted
(freeR/Lt, ) and one in which it is imposed at 3.2, which is the value ygdltly theg; curve

of box 1 and determined accurately. It is indeed reasonaldsgume the same threshold for
two transport channels driven by the ITG instability.

The values listed in Table 2 indicate that subtracting thT&ntribution fromge yields
values ofaje which are not very different from that of.. In these cases wiR/Lt,, . =3.2, the
stiffnessyie s for this channel is around 1.3, which is roughly half of thatthe ion channel,
Xi,s = 2.25. We will see in Sect. 6 that this ratio is indeed needed tainlyood modelling

results for electron heat transport.
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TEM off-set| Xis | die | freeR/Ly,, | forcedR/Ly,,
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 forxje under different assumptions.

5. Transport modelling of ion channel

The heat transport simulations are performed with the parscode ASTRA in which the
CGM is implemented for both ion and electron channels widirttespective coefficients. The
simulations are time-dependent using the ICRH heat sodessibed above. The calculated
time-dependent; and T, profiles are Fourier-analyzed, as those from experiments ttae
respective amplitude and phase profiles, together withrie-averaged temperature profiles,
are compared to the corresponding experimental ones tesaise quality of the modelling
results. The coefficients in CGM are adjusted to yield thé bgeeement of the modelling
results with these profiles.

In this section, we describe the modelling results for tmet@mperature modulation, whereas
those of the electrons are discussed in the next sectionsifirion for the ion channel is
rather simple because there is only one source for ion &gy, and a single transport
mechanism through the diffusion caused by the ITG (Fig. B 1. In addition, in these
discharges, the electron-ion energy exchange is weakndseasasily checked in the transport
calculations. Therefore, the ions can be modelled aimatgandently of the electrons, a
sufficient requirement beind@ to be within~ 50% of the experimental value, which also
means that the ion heat wave propagation is practicallynileinced by any interaction with
the electrons.

For the modelling described in the following we focus on tusxctiarges with modulation
frequencies 8 and 20 Hz. This choice is motivated by the faattthe discharges are from the
same series and therefore as similar as possible, aparttfremmodulation frequency. As
indicated above by the experimental ion data, these digebaare representative. As will
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Figure 11. Profiles of experimental data of 2 similar discharges mothdaat 8 Hz and
20 Hz. From top to bottom: time averagedpfofile, natural logarithm of the Fourier
amplitude, phase delay with respect to modulated ICRH po#gmbols specified in
the legend.

be discussed below, the frequency of 8 Hz yields good camditisufficiently high to avoid
strong influence of the edge boundary condition and low ehaagprovide a good signal to
noise ratio (S/N). The 4 Hz modulation is too sensitive toltbendary condition to yield a
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reliable physics interpretation, as we indeed verified.dntast, at 8 Hz its influence is low
enough as shown below. The frequency of 20 Hz, the highestsed, yprovides modulated
data with lower S/N than at 8 Hz, but the quality of the datapanticular for the phase, is
sufficient to deduced physics results. This is thereforelanoois choice to make optimum
use of our frequency scan in the modelling study.

The relevant experimental data of these discharges arearechpn Fig. 11. The time-
averagedT; profiles are identical. They both strongly peak in the regimide R ~ 3.25

m which is a general feature of all these discharges, assisduater. The logarithm of the
amplitude behaves as expected: it decreases about lifeartythe centre to the edge and
the amplitude at 20 Hz is lower than that at 8 Hz. However tipeeted steeper slope at 20
Hz does not appear clearly, mainly due to the poorer S/N tinkgh the lower amplitude
at high frequency. In contrast, the profile of the phase delasirly exhibits the expected
steeper slope at 20 Hz in the regiBn> 3.3m. In contrast, the phase delay in the centre of
~ 60 is the same for both cases and this absence of frequencydkpEnis not in agreement
with the expectation. Indeed, due to both collisional tfanef B o (Fig. 9) and transport
properties, one would expect a larger phase delay at 20 Haldition, even at 8 Hz, this value
of 60° appears to be too low, as will be discussed below in compasibetween modelling
results. We also note that both amplitude and phase exhsteegp gradient in a narrow region,
between the two adjacent measurement poinB=at3.2 m andR ~ 3.28 m. This feature is
reproducible in this series of discharges from 2006, asagih more recent studies, [17], but
not in the 2002 and 2003 data. The fact that it appears in bofilimde and phase suggests
that this is not an artefact of the measurement. In additios;T; profile also exhibits an
increase of gradient in this region. This feature, which alé“steep gradient dR~ 3.25 m”,

is discussed in detail later. We underline again here treptbpagation of the temperature
perturbation, reflected by'® which depends solely on the slope of the amplitude and phase
profiles at each radial position (see Sect. 2.2), is detedlwcally by the transport properties.
Therefore, the determination of the transport propertighé confinement zone, i.e. at about
mid-radius, does not depend on the modulation data in trer@Eacentre. This topic will be
addressed in more detail later in this section.

In our modelling with CGM, the values fo(j s, R/Lr; ., anda; yielded by GYRO serve as
starting point for the coefficients used in the ASTRA simiolas of the different transport

channels. These coefficients are then adjusted to achievbest match of the different
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profiles with experimental data. The agreement betweenrgmpet and theory is made by
comparing these values of the different coefficients wittsthyielded by GYRO. It should
be underlined that in adjusting the coefficients, it is esakto keep the time-averaged
temperature profiles as close as possible to the experihoer@a to avoid the influence of the
strong gyro-Bohm dependendg,q®2T3/2. Note that the transport model cannot take into
account the influence of the density modulation in the vegeeghd the modelling results are

compared to the data fét < 3.65m.
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Figure 12. Effect of boundary condition on the simulated amplitude phdse of the
Ti modulation forx; s = 1.1. Amplitude profile in a scan of the amplitude'ﬁ)jg for

a fixed phase delay d?,B equals to12C. Profile of the phase delay in a scan of the
phase delay of; g at a fixed amplitude of 5 eV.

However, modelling temperature modulation experimentgires an adequate time-
dependent boundary condition for the edge temperaturecdih@ition used here is provided
by a sine modulation of the edge temperatire, with prescribed amplitude and phase delay

with respect to the modulated ICRH input power. Due to therispg effect of the edge



Analysis of lon and Electron Heat Transport by Power Modolain JET 25

density modulation, amplitude and phase cannot be modghmataneously in the very edge.
The amplitude and phase TﬁfB are adjusted to fit the data Bt~ 3.65m, where the density
modulation has a weak effect at 8 Hz and higher frequencyetibet of'ﬁB on the modelling
results has been assessed in a scan of its amplitude and phas@ in Fig. 12 for the 8 Hz
case. The amplitude d~T7B affects mainly the amplitude profile of tigmodulation whereas
its phase influences mainly the phase delay profile. Figuiedi2ates that the effect dﬁiB

is small forR < 3.65 m. It should be kept in mind that the radial extent of theeadgion in
which the choice of the boundary condition influences thelteslecreases with increasing
modulation frequency.

For the ion heat channel, the gyro-kinetic results preskemtsove suggesgis = 2.25,
R/Lticrit = 3.2 anda; = 0.54. To study the sensitivity to stiffness, we also use loyear
values of 1.1 and 0.6, while higher values are not usefulferdiscussion, as shown below.
In the following we present modelling results in which we tinijmprove the agreement with
the experimental data making different assumptioRglor; it andy; s. In particular, it turns
out that assuming these two coefficients constant with sadines not reproduce properly the
strong peaking of th& profiles towards the center. The three following assumpgtare then
presented:

i) R/LTicrit @andy; s constant over the radius,

ii) R/Licrit peaked towards the center,

i) Xi s lower in the plasma center and fRtLT; crit

5.1. Assuming flat Rti crit andi s

Assuming constant coefficient over the radius and insettiam in the critical gradient model
yields the results plotted in Figs. 13 and 14. For all thrdeesofy; s, the time-averaged
T; profile is not peaked enough and cannot reproduce the ceagiain,R < 3.2 m: bothT,
andR/Ly, are too low. Further out in radius, for the cage = 0.6 T; is clearly too steep,
whereas the two cases with highgsk, 1.1 and 2.2, are close to the experimefigbrofile,
respectively just above and just below. The amplitude mrafilthe modulated;, plotted in
Fig. 14, is very roughly reproduced by all thrge values, within the error bars, but does not
allow to determine the best case because the variationsxyythre clearly smaller than the
experimental uncertainties. In the central regiBrs 3.2 m, the amplitude from modelling

seems somewhat too low. However, increasing arbitraréyniodulation amplitude d# o,
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to match the central experimental points, using for instaaother value of*He], would
vertically shift the curves upwards, leading to an overaimmatch. The higher amplitude in
the central part would require lower transport in this regias discussed below. Further out,
in the regionR > 3.2 m, the modelled amplitude lies within the error bars, buhwigeneral
trend for the slope from modelling to be steeper than thdi®éxperimental data. In addition,
as our experiments were carried out atHe concentration value close to the maximum for
ion heating, an increase of tAemodulation in the required magnitude due t61¢] seems
excluded.

In contrast, the phase delay exhibits clearly the best aggaeforis = 1.1 whereas the
mismatch for 2.2 and 0.6 is consistent with that of Th@rofile. Forx;s= 1.1, the match
of both absolute phase value and slope is very good 8 & R < 3.65 m. However,
as anticipated above, the phase lag in the central redton,3.2 m, is higher than the

experimental one by about 2@nd the steep gradient Rt~ 3.25 m is not reproduced by
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Figure 14. Modulation data for 8 Hz, amplitude and phase delay with egsgo
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Xis values.

the modelling. In the modelling, the phase delay consis&8otlue to the collisional transfer
(Fig. 9) and about 50caused by the plasma reaction. The latter must be at leas{38,
and the values of 50ies within the expectations. Therefore, the experimephalse delay of
about 60 in the centre is a rather low value considering that half &f due to the collisional
delay. Changing the central phase will be discussed at tthefethis section.

In an attempt to improve the shape of tleprofiles and test the sensitivity of the
modelling we assume a higher value for the threshBld,ticrit = 5.0 instead of 3.2. As
shown in Fig. 15, the casg s = 0.6 is clearly too high. Assumingis= 1.1 is somewhat
too high in the outer part of the profile and in rough agreenmetite central part, whereas
Xi,s = 2.2 matches the experimenfRlrather well forR > 3.2 m. Here also, none of the three
cases is able to match profile over the whole radius including its peaked centrat.phn

comparison to Fig. 14, modulation amplitude and phase gdskaywn in Fig. 15 are almost
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unchanged, yielding here also a better match for the gase 1.1. This indicates that th§
profile is sensitive t&R/Lti crit Whereas the propagation of the modulated perturbatiorigeac
weakly to changes iR/Lri crit-

For 20 Hz, the same simulations have been carried out Rittyi ¢t = 3.2 only. For the
time-averaged; profile the results are very similar as at 8 Hz, as expectedisocharges with
comparable controlled parameters and are not shown.

The modulation data at 20 Hz, plotted in Fig. 16, exhibit thme features as at 8 Hz
and lead to the same conclusions. Please note here thesdtffarales for the phase delay at
8 Hz and 20 Hz. For the amplitude at 20 Hz, the simulations areersensitive to the value
of Xis, and the agreement improves frggs = 0.6 to Xi s = 2.2. As for the 8 Hz case, the
phase delay clearly favouygs = 1.1. Here also, in the plasma centre, the phase delay from
modelling is clearly larger than the experimental one.

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

Xi,s = 1.1 yields a satisfactory agreement in the confinement redidhneoplasmaR > 3.25
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Figure 16. Amplitude and phase of; Tnodulation at 20 Hz, modelling with flat
threshold RLri it = 3.2 and threey;; s values.

m for both modulation frequencies. This stiffness value 4f i about a factor of 2 times
lower than that yielded by the GYRO calculations which wesg@rmed aR ~ 3.4 m. The
thresholdR /L crit = 3.2 yielded by the GYRO calculations is adequate in the reBiom.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, radiallyedéent profiles of threshold or
stiffness factor can be investigated. The first attempt idengsing a flak; s and a “peaked
threshold”, with the shape illustrated in Fig. 17, which idé®s from the “nominal value of
3.2”in the central part of the plasma.

As clearly exhibited by Fig. 18 which shows the modellingutess the central part of the
Ti profile can indeed be well matched by increadiyd.ti crit towards the centre. This leads

to higher values of botfi; and[IT; in the central part of the plasma, such that the required
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Figure 17. Flat and peaked Rt profiles used in the modelling described in the
text.

value of the ion heat flux can be driven with a lower heat diffitag x;, as shown in Fig. 19 by
the solidx; curve to be compared with the dashed line. This correspandsé¢duced value
of the differenceR/Ly, — R/Ly, ., as shown in Fig. 18.

In contrast, the modulation data using the peaked threskbtavn by Fig. 20 for 8 Hz
and 20 Hz, are weakly affected in comparison with the flatshoéd case of Figs. 14 and 16.
The reduction of; in the central plasma causes only a slight increase of amlgliand phase
delay in this region. The steeper gradients aroRrd 3.25 m observed in the experimental
amplitude and phase profiles are not reproduced. Consdguemier these conditions, the
valuey; s = 1.1 yields here also the overall best agreemen&for3.2 m.

5.3. Assuming reduced stiffness in the centre

The second attempt to improve the agreement between muglelid experiment in the
central plasma has been carried out wijl gprofile exhibiting a lower central value, whereas
the nominal value is reached for abdit> 3.4 m. We label this ¥; s hollow”, for which an
example for the nominal value 1.1 is shown in Fig. 21. Noteetkteemely low value o s
in the centre required to provide good results.

The time average® yielded by this hollow; s reproduces rather well the experiment as
shown by Fig. 22.

Overall, they; s values 2.2 and 1.1 yield comparable agreement with the empst. The

profile of R/Lt, does not match the experimental profile as well as the pehkesttold in the
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Figure 18. Time-averaged jTand R/Ly profiles for a peaked R it profile.
Experiment and modelling using peakedLR crir profile with nominal value 3.2 for
different values of; s, symbols and lines defined in legend.
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Figure 20. T; modulation amplitude and phase delay for 8 Hz in the left fmaed 20
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Figure21. Flat and hollowy; s profiles for the nominal value 1.1.

central part, the casg s = 1.1 is somewhat closer to the experiment. Here also, the higher
centralT; andR/Ly, correspond to a lower value ®gf, as indicated by Fig. 23
The modelling results of the modulated data for 8 Hz and 20rdzhown in Fig. 24. In
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Figure 22. Time-averaged jTand R/Ly, profiles. Experiment and modelling using
hollow profiles of; s similar to that of Fig. 21 with three nominal values, symbols
and line types defined in legend where the indicgacare the nominal values.
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Figure23. x; profiles corresponding to flat and holloyys cases for the nominal value
1.1.
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contrast to the above results with the peaked threshol@dsemption of lower stiffness in the

central plasma has a significant impact on the modulated d#ta is mainly due to the the

low Xi s, confirming that this quantity dominates the behaviour eftieat pulse propagation.
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Figure 24. Profiles of T modulation amplitude and phase delay at 8 Hz (left panels)
and 20 Hz (right panels). Experiment data (symbols), modglising hollow profiles
of Xi s with different nominal values, lines according to legend.

The amplitude in the plasma centre is clearly larger thaméngrevious examples and

agrees well with the experimental one. Its steeper slopgai@ ~ 3.25 m is also rather well

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

and the slope somewhat better reproduced ugigg- 2.2. At 20 Hz, the agreement is good

from the centre ulR ~ 3.4 m but further outside the slope is too steep and the amplitud

increasingly too low towards the edge, with a trend sugggdtiere alsgj s = 2.2 as best

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

7 eV in the regiorR > 3.4m, it is possible that our error bars are underestimatedeasdo

not include systematic uncertainties or contribution dier@nt noise. Considering now the

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

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

is somewhat too steep. The cgge = 2.2 yield the best agreement with the experimental
data, the slope is only a bit flatter than the experimenta.dat

In summary, under the assumption of a hollow profile(of, the nominal values 1.1 and 2.2
yield the best results with a weak trend for better modeNinttp 2.2. In comparison with the
results from the previous sub-section, a slight preferermedd be given to the assumption
of a peaked threshold witki s = 1.1 for its more consistent agreement simultaneously with

time-averaged; and modulated data, at the two frequencies.

5.4. Discussion of the amplitude and phase profiles arouad@RF power deposition

The absence of steep gradient in the phase delRya8.25 m, even assuming a hollgyy s
profile, is due to the fact that the profile Bfo extends in radius up B~ 3.3 m wherey; s
has almost reached its nominal value of 2.2. The phase deldneiregion within the width
of the P, cqi profile is dominated by the presence of the modulated powetti@n prevents
the phase delay to exhibit the steep gradient which wouléretise reflect the lovy; s in
this region. Note that assuming a hollgys profile with a broader region with low value
induces in the phase profile a steep gradient region whiaboidar out. Consequently, the
steep gradient in the phase profile requires a somewhatwermrofile ofP, o in addition
to a low value ofy; s in this radial region.

To examine this aspect, we performed simulations with thiéowoy; s profile with
nominal value 2.2 and a narrower profileR®to, plotted in the lower panels of Fig. 25. We
also attempted to achieve a better match of the phase dellag Wrery center and we assume a
shorter time delay foP, o For this we se®(P, ¢o1) = 0° for the two frequencies, instead of
D(R coll) = 28 at 8 Hz andP (P, o) = 35° at 20 Hz. This leads to the following four cases:
original and narroweP, o with either original value ofP(PR, o)1) or P(R con) = 0°. The
latter is expected to provide a better agreement with theraxgntal phase lag in the centre.
As the total heating power is kept the same, the small chahd®g, profile has almost
no influence on the time-averag&dprofiles, which are almost unaffected and therefore not
shown. The profile of the modulation amplitude, plotted ie tipper row of Fig. 25, is

narrower in the centre for the cas@ ¢o narrow”. It reflects directhyp o because, at such
low values ofy; s, the broadening of the amplitude profile by heat pulse prapag has a

weak effect. Consequently, the agreement with the expetamhamplitude profile is worse
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Figure 25. Amplitude and phase of Todulation at 8 Hz and 20 Hz. Holloyy s for
different phase lag of modulateddg)

for the narrowp ¢o), With increasing discrepancy at high&r.q. The phase delay profiles
for the four cases, shown in the middle row of Fig. 25, indidhiat the narrov?, o) indeed
allows the slope to be steeper in the region aroBrd3.25 m and that setting (P, ¢o)1) = 0°
yields a good agreement in the centre for both frequencies.combination ofp(B, coi) =0
and narrowR ¢ Yields for the phase, at both 8 and 20 Hz, a very good agreewiémt
the experimental data, but the not for the amplitude. Thesalts indicate that the best

agreement with the data cannot be achieved simultaneaudtpth amplitude and phase with
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our assumptions, because the widtltaf, has opposite effect on these profiles in the central
part. Furthermore, although(P, o) yielded by PION certainly has some error bars, the fact
that good agreement in the centre requidg® o) = 0°, for the two frequencies, seems
well outside these uncertainties. It should be underlited & reduction of the phase delay
would require less energetitle ions which could be provided by a significantly higRele
concentration. However, adHe] is close to the ion heating maximum, this would strongly
reduce the ion heating and cause a stronger mismatch of ttiell®dT; profile and amplitude
compared to the experiment. Non-linear effects of the IC&¥heating as a function of
powerin transients might induce small collisional phase delay at low power/andtrong
saturation of the heating efficiency with increasing RF poamd are candidates to explain
the observations. Note that such effects, which are link&l the power density, would
be radius-dependent and affect the phase delay within tbthwif P o. In other words,
®(PR ¢col1) could be close to zero in the centre, but increase with ragiu® about the value
yielded by PION at the edge of thi&q profile and therefore also induce the steep slope of
the phase delay arouri®l= 3.25 m. This would reconcile amplitude and phase behaviour
with the nominal width of® ¢o;. Such effects depend on tRkele concentration and would
vary between the different discharge series. Finally, wiatpzut that there is no reason to
attribute these effects to an artefact of the measuremsitniated to the central area.

In the simulations presented above, the profile of the maeeldian heating poweR, ¢,
has the shape illustrated by Fig. 8 for which the power is zerte regionp > 0.4, i.e.
R > 3.3m. However, even a small amount of modulated power in theraagionR > 3.3m,
could significantly modify the profiles of the modulated daffa investigate the sensitivity to
this effect, we repeated some of the above simulations assognewhat broadé o profile.
A 'tail’ for R> 3.3m has been implemented, while keeping the total heatingepof\P, ¢
constant, as illustrated in Fig. 26 lower plots. In this epéanthe tail corresponds to about
15% of the total power. The effect on the modulation resudis lbeen investigated with the
case peakeR/Lr ., andx;s=1.1at8 Hz and 20 Hz. Figure 26 shows the resulting amplitude
and phase profiles. As the total power is not changed, thetamgls only somewhat affected
in the centre but not further out. In contrast, the phasetate flatter profile and the effect is
stronger at 20 Hz than at 8 Hz because the modulation amelisusmaller at high frequency
and the effect of the "tail” correspondingly stronger. Hoe 20 Hz case, the phase profile for

the broad?, o is out of the error bars and corresponds about to the)gase 2.2 of Fig. 20.
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Figure 26. Amplitude and phase of Thodulation at 20 Hz, for original and broader

PI,COH-

The fact that the simulations presented above, using thénabprofile ofP, ¢, and the same
transport model, yield good agreement at both 8 and 20 Hagilysuggests that the nominal
Pi.con profiles are realistic and a significant broadening can egrali.

5.5. Influence of stiffness curvatuxe

In the simulations presented so far, we used the stiffnessture coefficienty; = 0.54 as
suggested by the GYRO results. However, as mentioned afmmying the results of the

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

adjusted to yield the same values(pat mid-radius. The; profiles are plotted as well

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

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

made simulations witki; = 1 whereas the stiffness factgis was adjusted such that the ion

transport at about mid-radius is the same for the two assangptThe results are shown in

Fig. 27 where fom; = 0.54 i s = 1.1 was chosen which requirggs = 0.6 for thea;j = 1

case. The profile of; are somewhat different, in particular towards the edgethmitmpact

onTj, amplitude and phase delay are small. This is due to theHatt dncey; s is adjusted

to provide the required transport at about mid-radius, tygeddence induced ly; has a

rather weak effect in the range &Ly of our discharges. This is illustrated in Fig. 28
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where the normaliseg; is plotted versu®/Ly.. The different dependences &jiLy. due to
a; are clearly visible, but the induced variationsgrremain below 30%, therefore within the
experimental error bars in the plasma confinement Z8&re3.2 — 3.7 m. The valugj s = 0.6

is in agreement with those reported for NBl-heated plasmd&1], wherea; = 1 has also

been assumed.
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Figure 28. Simulation results with 2 values of (0.54 and 1.0) ang; s respectively
1.1 and 0.6. Diffusion coefficiegi normalised by #2 and ¢/? versus RLr,.

5.6. Summary of the results on ion heat transport

Some of the modelling results presented in this sectionothpre the experimental data
rather well, but none of them yields an excellent agreemenflif amplitude and phase
simultaneously. In an attempt to provide some clarity, thiétg of the different assumptions

to reproduce the experimental data are summarised as ®llow

o flatx; sandR/Ly ., bestvalues (1.1, 3.2]; profile clearly too flat, amplitude and phase

crit?
profile acceptable.

o flatxjsand peaked/Lr, ., bestvalues (1.1, 3.2); well matched, amplitude and phase
profile similar to above case.

e hollow;sand flatR/Ly, ., , best values (2.2, 3.2); profile in centre not as good as with
peakedR/Lr ., amplitude profile in very centre well matched but much tow &i 20
Hz in outer region.

e Match of low phase value in the very centre and steep gratliethter out requires very

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

Overall, one might favour the case flats and peaked?/Ly, ., but also a combination of
different hypotheses is not excluded. We will show in thetrsection that ion transport
impacts on electron heat transport and that a general assessf the best assumptions must
take the results of both channels into account. This willHentdiscussed in the conclusion

section.

6. Analysisof electron heat transport

The processes involved in the modulation of the electrorpegature are more complex than
those of the ion channel and the results presented here atiearpt to assess the contribution
of the different effects by comparing experimental reswith different assumptions for
modelling. The complexity of the situation is caused by thespnce of at least two heat
sources and two contributions to heat transport. The mtidulés, for sure, excited by the
two heat sources described abo¥g,o andPe girect, Which have different radial profiles and
time constants, Figs. 8 and 9 respectively. We remind hetdtRirect has no time delay with
respect to input ICRF power wherels.q is delayed by the collisional time, which is longer
than that of?, ¢q). In the3He ICRF scheme, a third electron heating source might beptes
in the form of off-axis mode conversion power whose magratadd radial position depends
on the®He concentration, [26]. The power is deposited furtheraod as $He] is increased.
On the electron heat transport side, as indicated by the-lgyetic calculations, both the
usual diffusion, diagonal terrge driven by the TEM, and the off-diagonal terme induced
by the ITG, may contribute. In the following, we first deserithe electron experimental
data for the same two discharges for which ion transport bas Ipresented in the previous
section. We then discuss the interpretation on hand of pabhsimulations using the CGM

under different assumptions.

6.1. Experimental data

Whereas the variations of the experimental time-averdgeduring one discharge and from
discharge to discharge are small, significant changes initaicip and phase delay of thie
modulation are revealed by the FFT. For our cases at 8 Hz ahtt 2is is illustrated in Fig.

29 where the experimental data are plotted for 2 time inteimeeach discharge, labelléd1
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andAt2. The time intervals are about 1.5 second laktd, starts about 1 second after the begin
of the ICRH power modulation, where tRle concentration has reached its pre-programmed

value, andAt2 about 3 seconds later, towards the end of the ICRF pulse.

8

I Pulse No: 66404, 66407 A At 1} 8Hz

S
(0]
=<
(o]
'_
s
Q,
3
=
o
1S
<
=
| | | |
8 0 3.2 3.4 3.6 3.8
180
Pulse No: 66404, 66407 8
150 A At1 8Hz & { 3
mAt2 é&

120~ At 1
RS2 o At 2} 20Hz

Phase delay T, (deg)
(e}
?

JG11.57-29¢

3.0 3.2 4( 3.6 3.8

3.
R (m)

Figure 29. Experimental data for electrons for the discharges wiig4f8 and 20 Hz:
time-averaged d amplitude and phase delay of modulated The two time intervals
(see text) and frequencies are represented by the symtdoiedén the legend.

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

discharges and do not exhibit any particular feature. Thdutadion amplitude profiles, on
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natural logarithmic scale, exhibit the commonly observedpg, decaying roughly linearly
towards the edge. The effect of the density modulation dised in the previous sections is
also visible here, on the amplitude profile which is non-nton and increases f& > 3.7
m, accompanied by a decrease of the phase delay. The anegbtimver at 20 Hz than at 8
Hz, as expected, but the slope is not clearly steeper athiigdrgiency. At 8 Hz, the amplitude
profile almost does not depend on the choice of the time iatemhereas, at 20 Hz, it is quite
different for the two time intervals. Finally, the profiletbe phase delay are all very flat in
the regionR < 3.55 m. In addition, they exhibit a very unusual non-monotatiape with
a minimum is aR =~ 3.45 m, or further insideR ~ 3.3 m), depending on the time interval.
Note that the radial position of the phase minimum is notdliydinked to the fact that the
corresponding time interval is chosen earlier or later endischarge: data fadxt1 at 8 Hz and
At2 at 20 Hz exhibit the same shape with the clear off-axis mimmatR ~ 3.45 m, whereas
the other 2 intervals also exhibit similar profiles with theaker minimum aR ~ 3.3 m.
These differences are not due to the experimental unceesin the FFT analysis. One may
conjecture that they are caused by changes of the heatipgnies linked with variations of
the local®He concentration, but this cannot be confirmed experimigniBihe changes in the
time-averaged, being weak, the corresponding variations in heating powastrbe small,
as also supported by the modelling results which will be gmesd below. In the outer part of
the plasmaR > 3.55 m, the phase delay increases clearly and the slope at 26 s$fedper
than at 8 Hz, as expected from heat pulse propagation bagieries.

It must be underlined that the non-monotonic, or very flahawsour of the phase delay in
the core can only be explained by the existence of an offsxisce-like effect at about the
position of the minimum, with smaller phase delay than thieievaf the phase minimum
itself at this position. There are at least two possibditie introduce a source-like term:
the existence of an actual third modulated electron heatsgtfor instance through mode
conversion, or the effect of the off-diagonal ITG texm. We discuss these two options in the
following subsection in simulations with the critical gradt model.

These observations are valid for the electron data of treetexperimental series. THeg
profiles vary little, whereas the modulation data are moresisige to changes which are
probably linked to the electron heating power depositisrdiacussed later in this section.
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6.2. Modelling with purely diffusive electron heat trangpo

As presented in the previous section, the ion transportre#ladriven by the ITG, is described
with the diffusion only,x;, there is no off-diagonal term. For the electron heat trartsghe
GYRO calculations indicate that both diffusiqg, driven by the TEM, and the off-diagonal
term ¥je, driven by the ITG, should be considered. As introduced abtese transport
coefficients are written in the form of Eq. 3 for electrgn ) for xe whereasye is given by
Eq. 4.

Investigations of electron heat transport have been caoig in JET previously by means
of Te modulation provided byHe ICRF mode conversion, [40]. The interpretation with
the CGM yielded a rather high stiffnesgs ~ 1 for ae = 1, in the presence of ion heating
provided by NBI. For comparison with these results, we cattythe modelling of the present
discharges under two different assumptions: firstly assgrpure diffusion in the electron
heat channel, as done in [40], secondly including both giiffn and off-diagonal term.

In this sub-section, we assume that electron heat transpardmpletely driven by the
diffusion coefficientiKe, as for JET simulations with the CGM in the previous stud4@]. We
anticipate that the non-monotonic shape of the phase cgrbeneproduced if one assumes
that modulated electron heating power is deposited at abmstadius with a low phase delay.
This might be qualitatively attributed to mode conversibt(), as revealed by our TORIC
calculations. This is a direct electron heating and the @lia$ay of this deposited power is

then zero. The simulations have been carried out accorditigetfollowing assumptions:

e the value oPSELFCis correct and kept fixed for all simulations;

e the value oPSELF Ois correct or multiplied by 1.5, the two options are compared

e there is the possibility for off-axis electron heating poveeie to mode conversion,
denotedPyc. Its value is adjusted to match the flat or non-monotonicattar of the

experimental phase delay.

This leads to four cases to be modell@ée'ﬁkei?or 1.5 x Png”LeFC? with or withoutPyc.
We also check the influence of choosing a high and a low valueléatron stiffnessyes =1
andxes= 0.1 respectively. For each stiffness value, the thresholdevialadjusted to obtained
a good match of the time-averag&d This yields the two couple&es = 1,R/Lt,;; = 6.4)
and(Xes= 0.1,R/Lr,,; = 4.8). The values okes andR/Lr,; are constant over the radius.

Finally these simulations have been performedffggq = 8 Hz andfy,og = 20 Hz. It should
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Figure 30. Time-averaged [ amplitude and phase of the modulation at 8 Hz (left
panels) and 20 Hz (right panels). Symbols are experimerata @ith same coding as
in Fig. 29. Modelling using pure diffusion wite only, high stiffness casggs = 1.0
and different assumptions oR d&ect and off-axis Ric: line types defined in legend.

be underlined that the modelling of the ion channel has aimosnfluence on the electron
modelling in this case.

The results fo(Xes = 1,R/Lt,; = 6.4) atthe two frequencies are shown in Fig. 30. The
Te profiles of the two discharges are perfectly matched forae &ssumptions. In contrast to

the ion case, a flat threshoRfLy, ; yields good agreement. The match depends neither on
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the variation ofP girect Multiplied by 1.5, nor on the addition &},c. This is due to the fact
that the contribution of these heating powers to the totdtebn heat flux are small. For the
modulation amplitude, the most striking difference resiaethe rather good match between
modelling and experiment fdxt2 at 20 Hz, but about 50% lower than datafbt, whereas at

8 Hz, the modelled amplitude is too low by a factor of 2 to 3.dpendently of the comparison
with the data, it should be noted that the amplitude profileklgd by the modelling depend
only weakly on the four assumptions. Afoq= 8 Hz, the differences are very small, at 20 Hz,
the increase of the amplitude forSPS('irLe'i?appears clearly. The influence Bic is visible
but weak. Therefore, none of the cases can be favoured ondfidimel amplitude profile.

In contrast, the phase profiles are more sensitive to thargasns and therefore provide
more information to assess their validity. It should firsturelerlined that the phase delay
in the central regionR < 3.2 m, results from the combination &% girect and Pe ol With
respectively zero and long time constant and differentalagiofiles. Therefore, if the
modulation induced bYPe girect iS t00 large, the phase delay in the central region may be
too small and if that due tB. o is too large, the phase delay may be too large. The modelled
phase delay in the central region has about the correct vdligh suggests that the calculated
power modulations and phase lagRfcq are realistic. For the initial caseOP;'irLeFC? and
Pvc = 0, the agreement of the phase delay is rather poor, only tralbglope agrees roughly
with the experiment. Using.ﬁPe%('firLeF(:? reduces the phase in the central part because this
heating power has no time delay and this yields a somewhtdrtmterall agreement. As
already mentioned above, multiplyi@?('fiﬁeito by 1.5 is overall in better agreement with the
experiment. This trend will be confirmed in the remainingtostsection. As expected, the
non-monotonic shape is not reproduced. Adding the modiliRje, with average power of
only of 0.2 MW and 0.15 MW for the 8 Hz and 20 Hz cases respdgtibeings the phase
delay at mid-radius very close to the experimental data. Vidiee of thePyc power has
been adjusted to achieve this match of the phase. The phafde [ very flat and therefore
the agreement with the data much better than witliydt, but the non-monotonic character,
expected here &~ 3.45 m, is not reproduced at 8 Hz and only weakly at 20 Hz. Herasgle
compare modelling to data fét1 at 8 Hz andit2 at 20 Hz. This is due to the high stiffness:
the fast propagation of the induced perturbation does ril#ctethe localised deposition of
the heating power. Similar results are obtained for ther@time intervals witHPyc located

atR~ 3.3 m (not shown).
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The discrepancy between experimental amplitudes and théow modelled ones at 8 Hz
has been tested in simulations where we increased the adwlif the power modulation.
There are three possibilities: the modulatiorPefiirect is too small, or that oPe ¢, Or both
are too small. This yielded the following results. The needd larger power modulation
of Pedirect requiresPe girect itself to be correspondingly larger, because for directihgahe
amplitude of the power modulation is directly proportiot@the time-averaged power. The
amplitude exhibits then a better agreement, but, as thigpmanjected with zero phase, the
simulated phase delay decreases and becomes clearly ti@asmpared to the experimental
points. This hypothesis is therefore not realistic. Altgively, one can assume that the
modulation ofP. ¢ is larger than predicted by the calculations. This increéise modulation
contribution with long time scale and therefore the phadayderhich becomes too large.
Therefore, assuming the modulation Bf.y being larger implies that the time constant
should simultaneously decrease which seems in contradiafith an increase of collisional
heating power provided by RF-accelerated ions. Conselyyenty an adequate increase of
the modulation amplitude of both girect and Pecon Would allow to increase the amplitude
while keeping the phase delay at the same value, which ddeserm to be explained by
simply changing théHe concentration. Therefore, under the assumptige 9= 1,we could
not find a realistic assumption which would provide a goodamaf both amplitude and phase
at the 2 frequencies.

The results for the low stiffness cagges = 0.1,R/L,, = 4.8), are shown Fig. 31.
Here also, the match of thR profile is perfect and does not vary for the different casése T
overall features are very similar to those exhibited forhigh stiffness case. The modelled
amplitude is somewhat higher than fggs = 1.0, as expected for lower stiffness, but still
lower than the data at 8 Hz. The effect Bfic are stronger than foges = 1 which is in
agreement for transport with lower stiffness: in fact, dadfhe slower propagation of the
perturbation, the modulation profiles reflect more cleanlyalised heating powers. This is
particularly well illustrated by the phase profiles. Wheréa Pyc = O the agreement is very
poor, the slope is too steep as expected for low stiffnessryagood agreement of the phase
can be achieved with modulat&ic set at the required radial position w1l at 8 Hz and\t2
at 20 Hz, with respective averaged power of 0.2 MW and 0.15 VIvé. non-monotonic shape
of the phase is well reproduced for both frequencies, a bieraocurately at 20 Hz because at

higher foq the effect remains more localised. Setting the radial posif Pyc at the value
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Figure 31. Time-averaged [ amplitude and phase of the modulation at 8 Hz (left
panels) and 20 Hz (right panels). Symbols are experimerata @ith same coding as
in Fig. 29. Modelling using pure diffusion witke only, low stiffness casggs = 0.1
and different assumptions oR d&ect and off-axis Ric: line types defined in legend.

corresponding to the other time interval also yields goadilts (not shown). The hypothesis
15PGie. Yields somewnhat better results in the centre at 8 Hz, wheteedifferences are
within the error bars at 20 Hz. Finally, it should be undeztirthat the square modulation of
Puc excites ale modulation at the "8 harmonic which, according to the simulations, reaches
1 -2 eV at the deposition ddyc and is just buried in the noise of the measurement which

has the same magnitude. This indicates g, if it exists, is not much larger than that
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required by the match of the simulation to the experimetitentise the 8 harmonic would
be detected in the experimental data, which is not the case.

In conclusion, assuming that the electron heat transpeninsly diffusive and that it follows
the critical gradient model, as done in earlier studiesathelitude is significantly too small,
in particular at 8 Hz which is clearly outside of the uncertti&s on the power deposition
calculations. The very flat and even non-monotonic shapéefphase delay implies the
existence of modulated electron heating power depositedxas, with zero phase delay.
The required averaged power lies between 0.1 MW and 0.2 MWWwisi small compared
to the total heating power and within the range predicted ®RIC for mode conversion
under our experimental conditions. The modelling cleantjicates that, in the frame of this
hypothesis, electron heat transport as described by the @@81 have a low stiffness, which

is compatible with the previous JET results with dominaat#&bn heating [40].

6.3. Modelling of electron heat transport with ITG-induagttdiagonal contribution

In this subsection we take into account the contributio@ @ to electron heat transport which
is predicted by the GYRO calculations. This situation is ptex because the electron heat
transport is then also strongly influenced by the ion chatimelugh the ITG off-diagonal
term. This affects both time-average and modulatiodof Therefore, the ion transport
must be simulated well enough to ensure a realistic modgtiirthe electron channel. For
electron heat transport we take into account batland ;e in the simulation, according to
Egs. 3 ( =€) and 4 respectively. The values of the coefficients, derivech the GYRO
calculations, arexes = 0.05 ,ae = 2.5 with R/Lt,, = 7) for Xe of the TEM (Fig. 10 panel
4) and those listed in Table 2 foge. For this channel, low values afie, as those of the
two upper rows of Table 2, induce a very strong contributmmlectron heat transport just
above the threshold which then saturates for larger vali®lor.. Using in the modelling
aje = 0.12, yielded by the free fit on the GYRO points without any adf-sorrection linked
to the TEM, yields extremely poor agreement with the expentror the time-averagett,
which is much too low in the centre, and for the modulatiorades well. Much better results
are obtained with values ofie corresponding to the upper range of those listed in Tabla 2. |
fact, good modelling results are achieved égs ~ 0.5, i.e. the same dependence as for ion
transport. A andyie are both driven by the ITG instability, this is a logical hypesis and

we also assume the same threshold. In the modelling of efeti@nsport in the presence of
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the off-diagonal term, the ion transport must be propenysated. Therefore, the simulations
were carried out with some of the best cases for ion trangpesiented in the above section.
These are: iXjs= 1.1 flat andR/Ly, ., = 3.2 flat; ii) Xj s = 1.1 flat andR/Ly; ., peaked with
nominal value 3.2; iii)x; s hollow with nominal value 2.2 an&/Ly, ., = 3.2 flat. For the
electron transport simulations, three valuexgk are used: 0.8, 0.6, 0.4. These are lower
than that yielded by GYRO, but we also use gk a lower value, 1.1 instead of 2.25. For
the hollowy; s case Xies is also hollow with the same shape. The TEM contribution,olhi
is small in the core as shown above, is kept fixed and detethbigehe coefficients yielded
by the GYRO results. The modulated heat source®gkg ©and 15P25;F P while we first
assumePyc = 0. Here also, multiplyingSgr2. by 1.5 yields better results. For all the
simulations, the results for the ions are of course the santiecse presented in the previous

section and we do not show them again.

6.3.1. Assuming flag sand R/Lr, ., profiles: The modelling results for the electron channel
for the first caseyis = 1.1 and flatR/Ly,, are shown in Fig. 32 for 8 Hz and 20 Hz.
The time-averaged, profile is in good agreement for the lowest ITG-induced tpamt
Xies = 0.4, whereas electron heat transport is obviously too highifervalues 0.6 and 0.8.
TheTe modulation amplitude agrees very well with the data at 8 HacWis in strong contrast
to the cases assuming pure diffusion, see Figs. 30 or 31. AtZGhe agreement is less
good than at 8 Hz, in particular the slope is too steep, whiatomparable to the cases with
diffusion only. As for the pure diffusion cases, the agreenod the phase delay in the centre
is rather good and depends weakly)a#s, but further out the slope is much steeper than the
experimental data. In the central region, the phase delapigx a non-monotonic behaviour
which is roughly comparable to the experimental data. Thisairticularly clear at 8 Hz for
Xie.s = 0.6, to be compared to the data of interdaP.

This non-monotonic behaviour is caused by the modulatidghefon heating which acts
on Te throughye as follows. The off-diagonal terrgie is modulated byR/Lt.. This means
that, during each modulation cycle, the electron heat pamgriven byy;e increases and
decreases in phase wiRyLt. It is well-known, [41, 42], that, at constant heating power
a modulation of heat transport, here throygk induces a modulation of the temperature
which is such that the temperature increases when trandporéases and vice-versa. In our

situation, theR/Lt. modulation induces @ modulation which is out of phase and has the
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Figure 32. Time-averaged ¢ amplitude and phase of the modulation at 8 and 20
Hz. Modelling with ITG contributiory;e for ion transport parameterg; s = 1.1 and
flat threshold RLy, ., = 3.2.

profile of the modulation ofje.

This is illustrated in Fig. 33 by the profiles of amplitude aithse delay ofje for the
three different values gfie s. The modulation amplitude ¢fie exhibits a maximum aR~ 3.2
m. It occurs wherdR/Lt. has the largest oscillation and this is dominated by thaiBf It
is located off-axis because the modulationx@f close to the plasma centre is very small as
0T tends to zero there. Note also that, logically, the ampditofk ;e increases witlxje s. The
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Figure 33. Modelled modulation amplitude §fe for three values ofe s, for the case
Xis = 1.1. That of Tis also shown to illustrate the different radial profiles.fferent
contributions to the phase delay of, Bs labelled in the legend and explained in the
text.

modulation amplitude ofje at its maximum reaches about 10% of the time averaged value
of Xje at this location. For comparison, we also plotted in Fig. 3 amplitude of thd;
modulation which depends gq only and is therefore the same for all three valueg;f.

The profiles of the different contributions to the phase ylelaTe due to thexje modulation

are also plotted in Fig. 33. They weakly depend on the valtigg 9and are therefore plotted
here foryije s = 0.6 only for clarity. The phase delay of tiyg. modulation is somewhat smaller

than that ofT; becauselT; reacts faster to a perturbation thgntself. The phase of th&
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modulation resulting from thg;e modulation and out of phase compared to it is also plotted.
The modulation offe results from the interference of three “heat waves”: theitvitial ones
excited byPe ol and Pe girect t0 Which that due tgie combines. The relative amplitude of
these three contributions and the phase difference bettheam determines the final phase
delay ofTe. The non-monotonic behaviour of the phase delay:08 due to the fact that the
amplitude and phase profiles of the modulation inducegibsre quite different from those of
the Te modulation induced bfe coil andPe girect. This is why, in contrast to the effect induced
on the phase delay by the presence of an off-axis sd®jgeas discussed above, the position
of the minimum of thél phase delay, here Rt~ 3.3 m, does not correspond to the position of
the maximum of the amplitude of thg modulation aR~ 3.2 m. This is very schematically
and only qualitatively illustrated in Fig. 34 which showsthlhe contribution due to thge
modulation can reduce the phase delay compared to theigitwath a perturbation induced

by Pecoil @ndPe girect ONly.

P

e,coll T Pc.dlrcct
.

o Total

Pe,direct

Xie - induced

Figure 34. Polar coordinate plot showing schematically the combimatof the three
different contributions to thesImodulation.

6.3.2. Assuming flag s and peaked Ry, profiles: The second modelling study with off-
diagonal term was performed with the cagg = 1.1 flat andR/Ly , peaked with nominal
value 3.2. Here also we considered the three values 0.4n0.6.8 forxjes. The results are
shown in Fig. 35. Thd, profile is well reproduced byje s = 0.6, whereas 0.4 and 0.8 are
respectively above and below the experimental data. Theadeon with the previous case,
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Fig. 32, indicates that the peaked shap&gty, ,; also influences the shape @f. Apart
from this, the overall features of amplitude and phase datayquite similar to those of the
previous case. The amplitude is insensitive to the valugeaf The phase delay is sensitive
to the value ofyjes in the centre of the plasma. In agreement with Tagrofile, the case
Xies = 0.6 yields the results which are closer to the data, includigged match of the non-
monotonic part. It should be underlined that the best matabtained with values fox; s
andyie s Which are about two times lower than those yielded by the GYtRlOulations, but

that the ratioy; s/Xie s ~ 2, corresponds to that of the GYRO calculations.

6.3.3. Assuming holloy; s and flat R'Ly, ., profiles: Finally we also present in Fig. 36
the results forgj s = 2.2 hollow andR/Ly, ., = 3.2 flat. In this case we also modelled with
Xies = 1.1 to include the casg s/Xies = 2. Overall the results are comparable to the previous
ones, but somewhat poorer. The best agreemeftistyielded byxie s = 0.6 or 0.8, whereas
with Xje s = 1.1 transport is too high . The amplitude at 8 Hz is not as good #sa previous
cases and at 20 Hz the slope is by far too steep, reminiscehé df modulation amplitude

in Fig. 24. The best phase delay in the central part is yielteglies = 1.1, which is in
disagreement with the lower value required for Tagrofile. Here also, in the outer part of
the plasmaR > 3.4 m), the agreement is very poor at 8 Hz, clearly better at 20 Hze

results yielded by this case are overall poorer than thosepeiaked threshold.

6.3.4. Influence of stiffness curvaturg: The above simulations have been carried out with
the stiffness curvature coefficierds = aje = 0.54. We have shown at the end of Sect. 5 that
this dependence is not crucial for thigsimulations, Fig. 27. However, it plays a key role
for the electron modulation data, as illustrated in Fig. 3iicl displays amplitude and phase
delay for different values oftie between 0.54 and 1.0, while the other parameters are kept
constant.

We chose the casgs = 1.1 with peakedR/Ly, ., and selectege s = 0.65, instead of
0.6, because the results are somewhat closer to the dataani@éude is weakly affected
by the value ofnje and the results are similar to those of Fig. 35. The most gsi@riation
induced by the scan afje appears in the phase delay at 8 Hz: the non-monotonic shape
changes such that the maximum is shifted outwards for laaees ofae while the depth of
the oscillation decreases and better matches the datatiNatide outer part of the profile is
also closer to the data ag increases. Fanie = 0.9, the modelled phase delay at 8 Hz agrees
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Figure 35. Time-averaged I amplitude and phase of the modulation at 8 and 20
Hz. Modelling with ITG contributiory;e for ion transport parameterg; s = 1.1 and
peaked threshold Ry, nominal value 3.2.

well with the data of intervaht2. However, we could not match the phase delayMdrin the
central plasma. At 20 Hz, the phase delay is well matche®far3.45 m, but as previously
the slope is too steep further outside. Therefore, a peni@tth cannot be reached, but this
scan illustrates how sensitive the modulated electronatatavith respect to the dependences
of Xie, in particular in the central region. This is due to the slopgie with respect tdR/Lr..

For low values ofaie, this slope is large for low values &/Ly, — R/Ly, ., and therefore
electron heat transport driven Iy very sensitive to th& modulation wherdr/Lt; is close
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Figure 36. Time-averaged ¢ amplitude and phase of the modulation at 8 and 20
Hz. Modelling with ITG contributiork;e for ion transport using hollovy; s profile,
nominal value 2.2, and flat threshold/ R, ., = 3.2.
toR/Lt ., i-€. in the central plasma. Ase increases, the sensitivity decreases in the plasma

centre but increases further outside.

This is illustrated in Fig. 38 which shows the amplitude af thodulation ofx;e, reminding
that this quantity contributes to tiig modulation. The phase ¢fe is almost not influenced
and therefore not shown. The shift of the maximunygfmodulation away from the plasma
and the change of the profile shape with increasigare clearly seen. The reduction of the
amplitude in the plasma centre and its increase at larg@rfoadncreasing values ofije are

the reasons for the phase behaviour of Tthenodulation in thexje scan.
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Figure 37. Amplitude and phase of the modulation at 8 and 20 Hz. Modelling as
case)ies = 0.65 and scan ofxje lon transport parameters arg; s = 1.1 and peaked

threshold RLr, ,, nominal value 3.2.

Jcrit

In summary, for three different hypotheses on ion heat paristhe simulations for
electron heat transport including the ITG-induced contidn exhibit similar features. They
all yield better results than the simulations which do n&etthis contribution into account.
However, none of the cases yields really satisfactory te$oi all three quantitiesl, profile,
amplitude and phase delay, at the two frequencies. The dés@eakedR/Ly, ., = 3.2 and
Xi,s = 1.1 may be considered as overall the best, but the amplitudibepaib20 Hz is too steep,

as well as the phase profile in the outer region, for the twgueacies.

6.3.5. Adding off-axis mode conversion power depositidine poor match of the phase
delay in the outer part of the plasma, in particular at 20 ldggests to consider, as above, the
possibility of off-axis electron heatingyc. We investigate this hypothesis for the best cases
of the above Figs. 35 and 37i{s = 0.6 ; aje = 0.54) and Kjes = 0.65 ; aje = 0.90), while

for the ions we keepjs= 1.1, peakedR/Ly, ., = 3.2. As above, the value dyc has been

adjusted to match the phase delay at the off-axis positigis aleposition. For the first case,
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Figure 38. Amplitude of thexje modulation at 8 and 20 Hz. Modelling as case
Xies = 0.65 and scan ofaje lon transport parameters arg;s = 1.1 and peaked
threshold RLr, ,, nominal value 3.2.

Jcrit

the results are illustrated in Fig. 39. Here also, low vahfd3,c, 0.1 MW at 8 Hz and 0.075
MW at 20 Hz, are sufficient for good agreement. Tagrofile is not affected and therefore
not shown. The amplitude is quite good for both frequenci@bereas the presence Bfic
has almost no influence on the amplitude at 8 Hz, we undetbnery positive effect at 20 Hz
due to the low amplitude at this frequency and therefore bagtsitivity to additional power.
The phase delay can also be very well reproduced for botluémecjes. At 8 Hz the phase
delay forAt2 is well matched, but we could not match thatwi. The 20 Hz case shows very
convincingly that the good agreement for amplitude and @isachieved simultaneously for
the same time interval, hef&2.

None of the simulations presented above is able to reprotigckigherTe modulation
amplitude of the the time intervditl at 20 Hz and its corresponding very flat phase profile

in the centre up tdR ~ 3.35 m. A good match of both amplitude and phase delay can be
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Figure39. Time-averagedel amplitude and phase of the Modulation at 8 and 20 Hz.
Modelling with)Xies = 0.6 aje = 0.54 with additional Ryc at R~ 3.45. lon transport
parameters are; s = 1.1 and peaked threshold /Ry, ., nominal value 3.2.

achieved withPyc = 0.25 MW deposited aR ~ 3.25 m with a broad profile, Fig. 40. Itis
worth underlying that amplitude and phase are reproducedi&neously with good accuracy
under this assumption, a convincing argument supportiadgtpothesis of electron heating
being deposited there with about zero phase delay. In comgrie a good match of the
amplitude in the very centre requirBsgirect to be higher, Png,rLch? which does not affect
the phase. A higher value &hc might imply a reduction oP. ¢, represented here by
0.75x Pgcon and indeed compatible with the data, including the timerayedT, profile.
Finally, modelling of the cases wittlie = 0.9 including off-axisPyc to improve the
phase profile in the outer part of the plasma is presentedyirddi. The quality of the results
is similar to the above cases. The amplitude profiles aresigbad as the previous ones. A
good match of the phase profiles in the central part of thenas obtained, as expected from
the scan ofije. However, in the outer part, the agreement is good at 8 Hzpbaiter at 20
Hz. In particular, at 20 Hz, the best match of the amplitudebigined forAt2, but the phase

delay forAt1 is not consistent. Here also, the time intei¥&l at 8 Hz cannot be matched.
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Figure 40. Time-averaged ] amplitude and phase of the modulation at 20 Hz.
Modelling with Xjes = 0.6 aje = 0.54 as in Fig. 39 but with Rc = 0.25 MW at
R~ 3.3 m. lon transport parameters ang s = 1.1 and peaked threshold R,
nominal value 3.2.

6.3.6. Summary of the electron heat transport resul&ummarising, the interpretation of
electron heat transport in these experiments is complextaluke different heat sources

described above. Heat transport can occur through diffuaia off-diagonal term driven
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Figure 41. Amplitude and phase of the modulation at 8 and 20 Hz. Modelling with
Xies = 0.65 and aje = 0.9 as in Fig. 37 but with additional f&c at R~ 3.45. lon
transport parameters arg; s = 1.1 and peaked threshold /Ry, ., nominal value 3.2.

by the ion turbulence.

The modelling including only diffusion with an adequate ideoof stiffness and threshold
yields good match of the experimental time-avera@gprofile. However, for the modulation
data in the casByc = 0, while the amplitude at 20 Hz matches the data of the tinexvat
At2 quite well, the amplitude at 8Hz is much too low, as well & &t 20 Hz compared to
the Atl data, in addition the phase delays at 8 and 20 Hz are notaotigrreproduced. It is
important to underline that even a high stiffness does rmuioduce the flat phase profile in
the centre. Adding off-axis modulated pow8yc, yields good phase profiles at low stiffness,
but poorer at high stiffness. The amplitude at 8 Hz remaiosdw, whereas the amplitude at
20 Hz provides the same results as in the dadge= 0. Overall, modelling of electron heat
transport assuming diffusion (diagonal term) only, yigddsr results.

In contrast, including the contribution by the ITG non-dagl contribution, as suggested by

the GYRO calculations, yields an overall better agreemaéttt tive experiment. In particular,
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the modulation amplitude, even at 8 Hz, reaches the corraghitude and the phase profiles
in the central part of the plasma are flat enough and tend ibieitie experimentally observed
non-monotonic behaviour, even wiyc = 0. TheTg profile can be well reproduced, whereby
the agreement depends on the hypothesis for ion transp@twvorth underlying that the ion
channel parameters yielding a good match offherofile are necessary for a good match of
the Te profile. The best agreement is obtained assuming for theeahthansporkj s = 1.1

for peakedR/Ly ., with nominal value of 3.2. This value §f s is lower than that yielded by
GYRO by a factor of 2 and the stiffness of the ITG off-diagoteain must also be 2 times
lower than the GYRO value to yield good electron results.sTikia general observation in
our modelling that the ratig; s/Xie s Must be kept the same to obtained acceptable results for
the electron channel. This is in agreement with the factttiege heat flux contributions are
driven by the same turbulence.

It should be emphasised that the different phase lag ofalitbdulated ion and electron heat
sources contribute to the central phase delay offighmeodulation and that the best agreement
between simulations and experiment is obtained with the ttionstants and profiles yielded
by the ICRH power deposition calculations. The profile of pixase delay in the outer part
of the plasma seems to require a small amount of off-axis matellielectron heating power
which is compatible with mode conversion in thée scheme.

Finally, the modelling study indicates that in these disghsa, in contrast to the situation for
the ion channel, for the electrons the classical heat pulag/sis deduced directly from the
experimental datgX P, is not valid due to the lack of a reliably well-defined soufiee radial

region.

7. Conclusion

The main goal of the experiment, which consisted in invesitng) ion heat transport with
power modulation, has been achieved. The validity offh@odulation approach for trans-
port studies has been demonstraggtl,, as well as values of stiffness and threshold could be
deduced.

The critical gradient model applied to ion heat transpoense to be a good hypothesis to
interpret the data of our modulation experiments. This h@snbconfirmed by non-linear
gyro-kinetic calculations based on the experimental daltart at mid-radius. They yield, at

this radial position, threshol/Lr, ., = 3.2 and stiffnesg; s= 2.2, as well as an almost linear



Analysis of lon and Electron Heat Transport by Power Modolain JET 63

increase of the ion heat flux above the threshaldy: 0.5. The interpretation of the ion data
with the critical gradient model provides results which oficse depend on the assumption.
Whereas flat profiles ofj s andR/Ly, ., yield the poorest agreement with the experiment,
peakedR/Lt, ., or hollow x; s improve the match in different ways, but none of them can
be clearly favoured compared to the other. Assuming forhhesholdR/Ly ., = 3.2 yields
good agreement with the experiment and corresponds to tHeAE¥ésult. The stiffness val-
ues, at mid radius, yielding an acceptable match with theexent are 1.1 for flag; s and
2.2 for hollowy;s. This is respectively 2 times lower than and close to the GYBSits.
These stiffness values correspond to the lower boundaryeofange reported in [17], with
which they are in agreement considering the experimentadliions and in particular the
finite toroidal rotation. In addition, our non-linear gykaaetic calculations indicate that the
presence ofHe and the situatioR/Lt, > R/Ly, tend to reduce the stiffness.

This value of the ion stiffness could be measured corregtlthe modulation method in our
range of modulation frequency because it is not too high. ghéi stiffness would require
higher modulation frequencies than used here to avoid thi@gmatic influence of the edge.
Using high modulation frequencies is expected to severtiyce thel; modulation ampli-
tude, and therefore the signal-to-noise ratio, due to thiessimmal time constant, in addition
to the usual amplitude dependence on frequency which isgntrto the method. However,
it should be underlined that a scan fpoq covering frequencies above 20 Hz would also
yield precious information for a better assessment of tlesmmal time constants of the RF-
accelerated ions.

The 3He ICRH scheme in deuterium plasmas works well for ion matihrsand is, to our
knowledge, the best possibility for such experiments, desipe accompanying electron heat-
ing. The®He concentration was perhaps somewhat too high in some afasas, leading to
slow time variation of the heating and/or transport prapsrt Therefore, for future experi-
ments, it seems desirable to keep the concentration at wex lsoundary of the range pre-
dicted for good ion heating. In our experiments, thie concentration profile could only be
measured in one discharge. The availability of more profifeae *He concentration would
significantly improve the ICRH power deposition calculago

The situation in the electron channel is complex becauseatves up to three heating sources
with different time scales and radial profiles. In additionthese discharges with comparable

levels of ion and electron heating power, electron heatspart is dominated by the off-
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diagonal term caused by the ITG instability, driven®yLr.. In comparison, the diffusion
due to the TEM instability is weak in the plasma core. Due is tomplexity, our results
do not yield an absolutely definitive answer on electron hiesatsport and ICRH electron
heating under such conditions, but the following conclasioan be drawn. We consider the
non-monotonic shape of the phase profile as an importantiexgetal feature which must
be, at least qualitatively, reproduced by the modelling.d&lbng with CGM assuming pure
diffusion partially reproduces this aspect only if off-sx@lectron heating is added and low
stiffness assumed. However, the modelled modulation anagiat low frequency is much
too low. Taking the off-diagonal term into account yieldschibetter results, including the
non-monotonic shape of the phase profile and the correctimmglat the two frequencies.
Solely, the phase in the outer plasma region is clearly ®epstThis can be significantly im-
proved with off-axis modulated heating power, in the ranfy®08%6 of the total ICRH electron
heating power. Therefore, our results strongly supporofhieliagonal ITG contribution to
electron heat transport predicted by GYRO, whereas thdéegxie of a small off-axis mode
conversion contribution to electron heating power seemaired. It is important to empha-
sise that good modelling results are obtained with valuegpatible with those yielded by the
gyro-kinetic transport results from GYRO (e B/Lr, ., = 3.2 anda;j = 0.5) and require the
ICRH power deposition as calculated by SELFO.

Using Te modulation provided by théHe ICRH mode conversion scheme, electron heat trans-
port has been previously investigated in JET dischargdswaitious fractions of electron and
ion heating. The interpretation of the electron heat trartspith CGM assuming pure dif-
fusion (diagonal term only) required an increase of botidres transporieo and electron
stiffnessyes, With increasing ion heating, [40]. The non-diagonal IT@Gdution to electron
heat transport revealed by our study agrees with the higkevailxe 0, as underlined by the
authors in Ref. [40] page 1159. The increasg&f might also be due to it, caused by a con-
comitant (small) modulation dF;, or of Xje, which could not be evidenced with the available
sensitivity of the CXRS diagnostic. Clarifying this questiin future experiments would be
highly desirable.

The mode conversion power deposition depends otteeconcentration which might have
varied somewhat in our study. Its contribution is probalshaf but it cannot be ignored, as
shown by its strong influence on the phase profile offqimodulation, as indicated by our

modelling results. This effect could not be assessed djrécm the experimental data in
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our study. This could be done in future experiments usinggh modulation frequency for
which theT; and Pe o contributions toTe modulation would be completely smoothed out
due to their long time constants. The remaining contrilmgito theTe modulation would
be the central direct heating and the off-axis contributidnich could then be identified in
the amplitude and phase profiles of tfhgmodulation. Data at such a high frequency are not
available in the existing discharges, but would be a usefi@resion in future experiments.
Future experiments, similar to those presented here, @sidtake advantage of further im-
provements made to tAigmeasurement in the recent years and from the @dgeasurement
which was not available for our study.

The ITG-driven electron heat transport plays a crucial mlpresent, as it also will in fu-
ture devices, but has been rarely investigated becausepleeimental possibilities are very
limited. JET offers, at present, a worldwide unique oppaitiuto investigate this important
aspect of transport through the ICRHe minority scheme. Due to the constraints of the fu-
ture JET experimental programmg,modulation experiments will be possible earliest from
2012 onwards. The importance of the topic and the resulsepted here strongly support
the wish for future studies dedicated to ion transport ar@-tFiven electron heat transport,

along the lines suggested above.
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