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ABSTRACT.

This paper explores the features of the Weiland model as a gyro-Bohm Critical Gradient Model
(CGM). The characteristic feature of a CGM isthat whenever athreshold value in the temperature
gradient is surpassed the transport switches from alow to a high level. In CGM, the reformulated
Weiland diffusivitiesaregiven by x = %% 1 ((R/L1- RiL14)* + %% %0, where o = 1/2-3/2, roughly
depending on the height above threshold. In empirical CGM o = 1 isthe norm, which was shown to
hold also for the Weiland mode! for a wide range of R/L+ at constant threshold. In this paper the
critical gradient response of the Weiland model isstudied inrealistic scenarioswhereall temperatures
and thresholds respond to the increasing heating. It turns out that in this case we are sufficiently far
above the threshold to assume o = 1/2.

The simulations of the plasma response to increasing electron or ion heating, yield the Weiland
model asastiff model. Thechangein (R/Ly-R/Lty) Y2ismoderate compared to thelargevariation
in the heating powers. A correlation between higher ion stiffness and a stronger trapped electron
mode drive of theion diffusivity, was observed. Heat pinches were shown to distort the evaluation
of the background transport and give y <O.

1. INTRODUCTION

In thiswork we have chosen to numerically investigate the reaction of aplasmato increasing ion or
electron heating, in order to evaluate thecritical gradient behaviour of the Weiland model[1][2][3][4].
The increasing ion heating extrapol ates the common neutral beam heated plasma scenario at JET,
which pushes the plasma towards more beneficial hot-ion mode[5], from a confinement point of
view. In aburning plasmalike I TER however, the a-particles produced by the fusion reactions heat
the electronsand might create a hot-electron plasma. Thereof theinterest for adeeper understanding
of the effects of both higher ion and electron power depositions on plasma transport properties.

In the last couple of years a number of experiments have studied heat transport by scans of
power deposition profiles or by seeking arelationship between the radial variation of the heat flux
and the steepness of the temperature profile[6], [7], [8], [9]. Their findingsindicate the existence of
athreshold above which the heat diffusivity amplifies and thereby opposes further steepening of
the profiles. However, the quantification of these responsesis not straight forward in steady-state
experimentsas several plasma parameters, which are known to affect transport, vary simultaneously
with the thresholds and temperatures. Experimentally this can be avoided by power modulation
experiments[10], [11], [12]. It should be noted that the steadystate problems have been circumvented
inthiswork by the benefit of freezing parameters and doing numerous simulations. By probing the
outcome of each simulation at a specific radius it was made certain that all parameters except the
temperatures do not change inbetween simul ations when they are compared. The analysis presented
here will in other words reveal pure temperature effects.

Currently, athreshold at which the transport switches from aresidual to highly turbulent exists
in the majority of transport models like RLW [13], IFS-PPPL [14], GLF23[15], OHE [16], Multi-



Mode[17] and Weiland model. A review of these modelsisavailablein[18]. The threshold feature
istaken into account in empirical gyro-Bohm Critical Gradient Models (CGM) [19] [20]. Empirical
CGM was devel oped as an analysing tool for gauging the response of the heat transport to different
height above thresholds. The on-off mechanism of transport in CGM can lead to plasma parameters
staying closeto marginal stability, astheinduced transport relaxesthe plasmatowardsthe threshold.
The concept of stiffness is a consequence of this behaviour.

We have here reformulated the Weiland model according to the CGM formalism. This has an
interesting implication for the hei ght-above-threshold dependence of the heat diffusivity, asit varies
with the distance from the threshold in Weiland CGM. Normally the dependence is assumed to be
linear in the Weiland model close to the threshold [21], in conjunction with gyro-kinetics. In the
present case, the unstable modes are far from the threshold which instead renders the Weiland
diffusivities proportional to square root of the height above threshold. Thisis not a unique feature
of theWeiland model, the gyro-fluid model IFS-PPPL[14] hassimilar properties. Other relationships
than the linear gyro-kinetical have as well been proposed for the heat diffusivities[12].

Thisstudy relieson the Weiland model asimplemented in JETTO [22]. The effect of thethreshold
inthismodel isgenerally thought to be weaker than in other, similar models[23]. That the threshold
neverthelessisimportant in thismodel isclearly seen from the behaviour of theion temperaturefor
increasing electron heating. Indeed, it would not be wiseto try to evaluate the heat transport of the
Weiland model without knowing the thresholds.

A quantitative measure of stiffness can be calculated if the heat diffusivity and height abovethreshold
responsesto increasing heating are considered. If aplasmaisstiff therewill only beasmall changein
the height above threshold for asignificant changein the heating power. Thisnormally impliesalarge
variation in the heat diffusivity as well. Hence calculating the rate of change of the heat diffusivity
with respect to the height above threshold can give an idea of the level of stiffness.

In the electron heating case it is found that ion stiffness varies with the instabilities responsible
for thedriveof theiontransport (figure 5(b)). At low hesating powers, the drivefrom lon Temperature
Gradient (ITG) mode is dominant, followed by a phase of ITG and Critical Gradient Response of
the Weiland Model 3 Trapped Electron (TE) mode driven ion transport. This transition almost
triplesthestiffness. For the highest el ectron heating powers, theions becomewhat could be described
asinfinitely stiff. The TE mode then strongly drives the ion transport. For higher ion heating, the
ITG mode remains dominant and the stiffness is comparable to the case of low electron power
(figure 6). Analysis of the simulations using the empirical CGM gives evidence of the Weiland
model being quite stiff contrary to previous results [23]. That the Weiland model is capable of
satisfyingly reproducing stiff plasmas, has been shown by modelling of JET discharges [31].

In the Weiland CGM, extrapolation of the diffusivities down to the threshold gave negative
ambient diffusivities. Thisisnot an effect of the varying dependence on the height above threshold
in the Weiland model, but is rather due to pinches distorting the transport close to the threshold.
Hence, a CGM should be used with care close to the threshold.



We begin this paper by an introduction of the temperature dependent aspects of the Weiland model
in section 2. The CGM version is also derived in this section. The method and simulations are
presented in section 3, the results in section 4 with an evaluation of CGM responsein 5. This paper
ends with conclusionsin 6.

2. THEWEILAND MODEL

In this section we briefly describe theWeiland model. The equations displayed only holds the main
features of the model and are used asasimpletool to gain abetter understanding of how the plasma
responds to the heating scenarios of the next section. The various ways of how electron and ion
properties can influence the transport of the other species are also addressed.

2.1. THE INSTABILITYOF ITGAND TE MODES

In essence the reactive drift modes of the Weiland model are interchange modes arising from the
pressure inhomogeneity with gravity replaced by the centrifugal force experienced by the particles
asthey follow the twisted magnetic field lines. Reactive drift modes ariseif particletrapping inhibits
quasi-neutraity or if atemperature gradient causes acompetition between convection and thermalisation
[26] [27]. Herethe stability of Trapped Electron (TE) and lon Temperature Gradient (ITG) modesare
studied. The numerical version of the Weiland model used herealso includesimpurity TG modesand
electromagnetic effects. In the most basic version of the Weiland model for toroidal geometry and
circular, concentric magnetic surfaces the dispersion relation is given by [4],
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Above o isthe complex mode frequency, subscripts e and i denote electrons and ions respectively,
Tisthetemperature, o isthediamagnetic drift frequency, o« istheion diamagnetic drift frequency
of thefull pressure gradient, op, isthe magnetic drift frequency, kg isthe poloidal mode number, p
istheion Larmor radius at the electron temperature, f, is the fraction of trapped particles, Ris the
major radius, and
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with r asthe minor radius and n as the particle density.

The dispersion relation (1) of the ITG and TE modes decouple if the density profile is flat
enough, i.e. if R/IL, ¢ < 2. In this case the complex frequency of the ITG mode is given by the real
frequency,
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in which the finite Larmor radius correction has been neglected for smplicity. In thelimit RIL; = 2
the third term of the ion threshold vanishes. Thisis the case of the shot studied here, which has R/
L, = 1.8. Thus the effective threshold becomes,

- (7)

and its only remaining temperature dependence is inversely proportiona to T/T,. The threshold
will thus never start to increase and improve confinement at large TJ/T;. The trapped electron part
of the dispersion relation (1) yields in the uncoupled case the real frequency,
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and theratio of trapped to free electron, K, = f,/(1- f,).

The main thing to notice regarding the pure trapped el ectron mode depicted aboveisthat it only
depends on electron parameters. This is in contrast to the pure ion temperature gradient mode,
which depends on electron properties as well. Hence, if the TE mode responds to a change in the
ion part of the plasma, it has to be due to linear mode coupling from (1). For ITG modes the
amplitude factor of equation (5) and the threshold (7) can counteract each other when T; rises. The
higher threshold can suppress the growth of ¥ and resultsin the improved confinement properties
of the hot-ion mode.

2.2. ION TEMPERATURE RESPONSE TO ELECTRON HEATING

In the ensuing simulationsthe full Weiland model is used to predict the responses of the temperature
profilesto the stronger el ectron or ion heating. In JETTO, which isthe code used for the simulations,
the effective heat diffusivity isgiven by the summation over all unstable modes. Somewhat simplified
thissumisgiven by,

2m'? Y
o=t — 2 32y .

(11)

wheref, = f,, f, = 1, @ and yare normalised to the magnetic drift frequency of the electrons. It is
also assumed that the radial correlation length is of the same order asthe poloidal one, i.e. kr2 =~ k92
= 0-1/P32- This derives from k(,zpsz: 0.1 for the most unstable modes [23]. The employed JETTO
version uses this constant value and hence it is regarded as fixed in the analytical expressionstoo.
A recent version of the Weiland model includes the effects of magnetic shear on the correlation
length and changes the condition kezps2 = 0.1 accordingly[24].

The largest contribution to the sum (11) originates from the mode with the smallest resonance
factor, @, + ST 13T Theresonances usually occur at the I TG frequency for theion diffusivity and
at the TE frequency for the electron diffusivity. Neverthelessthe T; / T, factor in the resonance has
interesting implications for the ion transport as it allows more equal coupling to the TE mode at
large values of T; /T, where the second term of the resonance @, + 5T /3T, becomes negligible.
Thisis particularly true when the electron heating reaches considerable values. This boost of the
ion heat diffusivity without the heating to balanceit most likely leadsto adrop intheion temperature.

Ingeneral, X o« f/g, with o= 1 to 3 depending on the relative magnitudes of (@, + STej /3T9)2
and ffe“, [21]. It isthusimportant to investigate in which regime the transport is before determining
thevalue of . If the resonances in equation (11) are strong, a mixinglength estimation can be used
to evaluate the diffusivities which yields
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where H is the Heaviside function ensuring that only unstable modes drive transport in
conjunction with the sum in equation (11).

From equation (12) it is easy to see why T, drops when T, rises as the ion threshold (7) then
lowers. Together with the T, dependence of the amplitude, these effectsamplify x;. For constantion
heating power, more heat is expelled than absorbed and the ion temperature decreases, suppressing
the ITG threshold even further. Luckily, the increased transport also works to shrink R/Ly;, which
reduces the augmentation of transport. It is this stiffness feature of %; that prevents it from growing
out of proportion, completely depleting theion energy. Together with the TE modedrive of ion transport
this can explain the decrease of theion temperature for increasing electron heating, not only observed
in these simulations but also in experiments at DI11-D[28] and ASDEX Upgrade [29].

2.3. WEILAND CGM

For easy evaluation of transport in experiment, the empirical gyro-Bohm critical gradient model
was developed [19]. It basically determines the transport through three numbers describing the
instability threshold and the levels of anomalous and ambient transport. The number for the
anomal oustransport has been used to eval uate the stiffness of plasmas, giving aquantitative measure
for comparison between discharges and machines[20]. Rewriting equations (12) and (13) in CGM
manner while retaining the square root dependence of the height above threshold, yields
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for the fastest growing mode with k,2ps> = 0.1, and f, = { 2r/R/(1+r/R)} ¥? with r/R = 0.2. This
corresponds a normalised minor radius, r/a = p = 0.6 where the heat transport analysis will take
place. The second term in equations (14) and (15) representsthe contributions from the instabilities
far from the resonance o, + 5T; /3T, in equation (11). In the simulations X, and X also include
neoclassical transport.

Intheinvestigation of the (RIL - RiLy th)“ dependenceinthe original work by F. Imbeaux et al
[19], oo = 1 only gave a dlightly better fit to the experimental data than o = 1/2. As that study was
performed close to the threshold, it is not inconsistent with oo = 1/2 far from the threshold in the
Weiland CGM presented above. In IFS-PPPL the criterion for is given by the minimum value of
(RILt = RlLyyy,) and (RiLy - R/LT,th)]J 2 i.e for valueslarger than unity o= 1/2.

Since in empirical CGM was derived for o = 1, it is hard to compare the stiffness levels
obtained from experiment with the ones given by equations (14) and (15) above. We may
still compare the X4 numbers given by the slope of the curve x/ng vs (R/IL - R/LT,th)llz,
between simulations to get an idea of if electron or ion heating renders the model more stiff
and study how much (R/Ly - I'«’/LT,th)l/2 changes when more heating is applied.

3. SSMULATIONS OF PLASMA RESPONSE TO INCREASING HEATING

The simplest way of varying the height above threshold is to make a scan over the minor radius. The
problem with this approach isthat several parameters affecting transport are also radially dependent.
It might thusbe hard to separate different effectsfrom one another. To avoid this problem, the transport
can be evaluated at asingle radial value but it requires several similar, preferably identical plasmas.
Experimentally this can be hard to obtain, and hence two series of simulations have been carried out
varying either the electron or ion power of JET Pulse No: 50628 [30] at time = 10s (fig.1). Note that
in figure 1(a) the ion temperature decreases with higher electron heating and that in figure 1(b), the
electron temperature rises only dightly when the ion heating increases. Although the plasma current
was alowed to evolve in addition to the temperatures in the smulations, it was unaffected by the
increasing heating and hence the transport becomes a function of the temperatures only.

Usually theWeiland model in JETTO isconsidered to bevalid within 0.2 < p < 0.8, wherep isthe
normalised minor radius. The two bottom panels of figures 1(a) and 1(b) displaying R/L+,; , show
that the largest variation of the temperature inhomogeneities occurs outside p = 0:8. Thisregion is
dominated by non-stiff neoclassical transport. So, even if the outer boundary condition isfrozen at p
=1, theboundary changeswheretheWeiland validity region beginsat p =~ 0:8. Hence, it isnot expected
that the temperature profilesin each of the second and third panels of 1(a) and 1(b) haveto coincide,
as might be concluded from a stiff model. Moreover, in astiff model with a changing threshold, the
profiles have to adjust accordingly, like the dropping ion temperatures in figure 1(a).

4. PREDICTED HEAT FLUX RESPONSESTO INCREASING HEATING
In this paper the normalised value, p = 0.6, of the minor radius has been chosen to evaluate the
influence of the changing temperature profiles at constant plasma parameters. Most of the heating



power has been absorbed inside this radial value (uppermost panel of 1(a) and 1(b)), which iswell
within the validity region of the Weiland model.

The use of the mixing-length estimates (12) and (13) to determinethe CGM behaviour isjustified
for these simulations as (e, + 5Ty /I:’.TP)2 is sufficiently small compared to yz. Thisis especialy
true for the electrons and at higher heating powers.

The curvesin figures 2(a), 2(b), 3(a) and 3(b) show signs of the existence of athreshold above
which anomal ous transport becomes significant. In this case the threshold of each modeis extracted
by scanning L, or Ly; in astand-alone version of the Weiland code. When the growthrates exceed
acritical value, the thresholds in figure 4 are obtained. These figures show R/L; values well above
threshold, far from marginal stability. Similar observations were made in ASDEX Upgrade, with
comparison of experimental profiles and theoretical TE thresholds from the Weiland model[32].

The discontinuities in figures 2(d) and 4(b) are due to the fact that a stand-alone version of
theWeiland model is used for the calculation of the thresholdsin all R/L+ — R/Ly,. The thresholds
are not explicitly calculated and therefore they cannot be extracted directly from JETTO. For some
reason the stand-al one code overestimates the threshol ds and completely suppressesthe I TG mode
for strong el ectron heating whereasin JETTO, they only diminish (figure B1(b)). This descrepancy
between the two codesresultsin the discontinuitiesin figures 2(d) and 4(b). Although overestimated,
the thresholds in the stand-alone code, show the same trend as theory (figure 4(b)) and thus it
should not affect the evaluation of the CGM behaviour.

Figures 2(c), 2(d), 3(c) and 3(d) display the heat flux response to the height above threshold, for
increasing electron or ion heating power, respectively. The impact of the thresholds is important
and can be most easily observed in theion heat flux in the electron heating case. The strange shape
of 2(b), where R/L+; becomes smaller for higher values of qi is due the ITG threshold (7) which
decreseswith thelarger T,/T;. Thelower threshold amplifiestheion diffusivity. Since no heatingis
appliedtotheionsinthiscase, thisleadsto adepleation of ion energy and to that theion temperature
drops and flattens. The strange shape of i infigure 2(b) istherefore the consequence of aninfinitely
stiff ion response where R/L+; follows the lower thresholds in figure 4(b) and keeps R/Lt — RiLty,
constant in figure 2(d) for high electron heating.

From the basic model in section 2.1 the electron heat flux in figure 2(a) should not respond at all
to the ion heating. The reason ion heating affects the electrons is in this case due to thermal
equilibration, see Appendix A. Experimental findings at JET by P. Mantica et a [33] show higher
electron stiffness with increasing ion heating. There are two possible explanations to this. Firstly,
the density profiles in these experiments are peaked and this makes it impossible to separate the
dispersion relation (1) into pure I TG and TE modes. lon properties may then directly influence the
TE mode. Secondly the density in the experiments by Mantica et a islarger than here, 5x109m =3
compared to 4x10%°m~3, The thermal equlibration scales as the density squared, so it would be
likely it plays an even stronger role in the experiments by Mantica than in our modelling.



5. WEILAND CGM ANALYSIS
Aswas shown in the previous section the plasma response has stiff properties. In order to quantify
the stiffness in this study and enable a comparison between the two heating scenarios or even
within aheating scenario, the CGM introduced in section 2.3 was put to use. In figures 5 and 6 the
values of X are calculated. The major difference between thetwo heating schemes Critical Gradient
Response of the Weiland Model 9 isthat the plasma gets stiffer for higher electron heating with an
increasing X as a result. lon heating seems not to make the plasma stiff to the same extent as
electron heating. The change of s in the electron heating case coincides well with the type of
instabilities present and their influence on the diffusivities through equation (11). In figure 5(b) the
Xg = 10, 27 and 153 derives from situations when the diffusivity is ITG dominated, is driven
equally by ITG and TE and then becomes mostly TE excited, respectively. As discussed in section
2.2 and shown inAppendix B, theion diffusivity goesthrough these phases as T,/T; increases since
the ITG mode subsides and TE mode gains significance in theion part of the sum (11). The change
in sefrom 4.4 to 14 infigure 5(a) coincides with the TE mode dominance of i. It isinteresting to
note that for low R/L — R/Lyy, in the electron heating case, the stiffness numbers are comparable
to theion heating case in which the ITG mode dominates throughout the heating interval.
Although considered a non-stiff, the Weiland model has successfully reproduced power
modul ation experimentsin ASDEX Upgrade[25] and JET [31]. The X val ues quoted above behave
inaway consistent with what would be expected from a CGM model, but cannot be compared with
experimental s calculated with the empirical CGM. For alarge variation in the applied power the,
0-38.5MW and 0—-28MW in the electron and ion heating case respectively, only short ranges ( 0:6)
of (RILy - RiL1y) Y2 are obtained. The plasmaseems al so in most casesto react to higher deposited
power with smaller changesin the height above threshold. To get adefinite measure of the stiffness
of the Weiland model the empirical CGM was employed in Appendix C. With x§hP = 0.7 — 2 and
Xgmp= 2 — 31, these simul ations would have been regarded as stiff, had they been real experiments.

5.1. PINCH EFFECTS

The curvesin figures 5 and 6 imply that the diffusivities are negative at the threshold where they

are expected to be neoclassical. Thelarge negative values are partly dueto thefact that closer to the

threshold the diffusivities are more proportional to 73 thany. Hence, a cubic fit for the smallest

values of X should correct this. Figure 7 certainly shows an improvement, but X, is still negative.
Negativevauesof thediffusivitiesare usually dueto pinches, which add afactor to thediffusivities

in section 2 and, schematically,

Xpinch . R/LTi - (&r’ R/Ln) . (R/LT - R/LT,th)3/2 , ( 1 8)
R/Ly, R/Lt - R/Lpg, + AG R/L,)*?

wherethefunctionsp(w,, R/L,,) and A(w;, R/L,)) represent pinch effects and the resonancein equation



(11), respectively. For the ions, these functions also includes T./T; and R/L+, dependencies (see
e.g. reference [3]). Generally, larger pinch terms have a tendency to flatten the diffusivity for
small (R/Lt - R/LT,th)ll 2 and then make the diffusivity negative when p> R/L+. Bigger A'shavea
similar effect, except they cannot make X < 0. The influence of varying the thresholds is more
marginal, but can affect the importance of the pinch.

Figure8illustratesthe effects of the pinch for an electron-like 8(a) and anion-like case 8(b). The
electron-like case has a pinch, p = 3.25 and resonance term, A = 0.1, whereas the ion-like case has
p=0:25and A = 1:5. These figures are adjusted to the TE threshold used, R/L, = 1.9. Since we
from figure 7 expect the pinches to be important for the electrons and of less significance for the
ions, the values of p were chosen accordingly.

Thefigures 8(a) and 8(b) yield that the linear fits are inaccurate closer to the threshold. Also the
cubic fitsfail in thisregion, underestimating the diffusivity in the electron case and overestimating
it intheion case. This agrees qualitatively with the results from the cubic fitsin figure 7. It isthus
important to keep in mind that the ambient transport can be distorted by pinch effects when doing
CGM analysis.

CONCLUSIONS

Compared to an empirical gyro-Bohm Critical Gradient Model (CGM), the Weiland model have a
somewhat different behaviour. Thein CGM linear dependence on the height above threshold, R/L
— R/L+ ¢, becomes in theWeiland model (R/L+ — R/LT,th)O‘, with oo = 1/2 — 3/2 depending on the
distance to the threshold. The performed simulations show, in this case, that we are sufficiently
above the threshold to assume that square root dependence on the height above threshold is the
most accurate one.

Theimportance of the threshold when eval uating stiffnessthrough CGM, ismost easily perceived
in the ion heat flux response to electron heating. For high electron heating, the ion temperature
profile flattens to follow the shrinking I TG threshold. Without thisinformation on the threshold, it
might be concluded that the ion response is not stiff, when indeed the opposite is true. It is the
stiffness of the ion temperature that forces it to drop. To avoid rash conclusions, the threshold
always has to be taken into account when determining the stiffness of a plasma

Quite stiff features of theWeiland model were found in the analysis of simulations of the plasma
response to increasing electron and ion heating. This was not expected as previous comparison to
other transport models, especially gyro-kinetic or gyro-fluid, revealed the Weiland model as less
stiff and it has since been considered non-stiff. On the other hand, the Weiland model has performed
well in modelling heat modulation experiments. The plasmaresponse gets stiffer for higher electron
heating, with smaller changes in the height above threshold for larger variations in the heating
power. Thisisreflected in theincrease of the cal cul ated stiffnessnumbersfor higher el ectron heating.

A clear correlation between higher ion stiffness and stronger drive from the Trapped Electron
(TE) mode of theion diffusivity was observed. For low electrontoiontemperatureratios, T,/T;, the
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lon Temperature Gradient (ITG) modeismainly responsiblefor theion diffusivity. AST, /T, increases
the impact of the TE mode becomes non-negligible. This extra diffusivity drive pushes the ion
temperature profile down towards marginal stability which makestheionsreact in astiffer manner.

Caution isrequired when estimating the ambient, neoclassical transport by CGM analysis. The,
in CGM neglected, pinch factor in the anomal ous transport creates an offset between the real and
CGM diffusivities. Theresult of thisoffset isthat CGM analysi s underestimates the ambient transport.
According to the version of theWeiland model without pinches, the diffusivities should scale like
(RILt = RiLt4,)3=2 close the the threshold. Comparison of afit of thiskind to the full expression
with pinches, reveals that the electrons are influenced by a strong pinch, whereas the ions have a
more moderate pinch.

The drop and a flattening of the ion temperature profile is observed when the electron heating
increases at constant applied ion power. To begin with this effect is not significant as the thermal
exchange power providestheionswith asufficient amount of extraenergy. That theion temperature
decreasesisnot at all surprising sincethe I TG mode of the Weiland model contains afeedback loop
which continuously amplifies the ion heat diffusivity when the electron temperature rises. The
feedback loop is broken when theion diffusivity reaches such levelsit keepsthe I TG mode closeto
marginal stability. At this point the TE mode becomes significant for the drive of ion heat transport.

Contrary to expectations, the electron temperature respondsto increasing ion heating. Again this
isan effect of thethermal exchange power, effectively heating the el ectrons and haslittle to do with
a coupling of the TE and ITG modes. The latter is not expected in this case, as the plasma has a
density profile flat enough to decouple ITG and TE modes.

In summary the Weiland model has somewhat different featuresthan empirical CGM and contrary
to common belief it can be quite stiff. Two pointswould make it interesting to redo the experiments
that resulted in theempirical CGM usingioninstead of electron power modulation. Firstly, according
to theWeiland model theion gyro-Bohm diffusivity can contain both the electron andion temperature.
Thetemperature will still appear as afactor T2 but how it is divided between theion and electron
temperature depends on the distance from the threshold. That leads us to the second point. The
exponent of theion temperature isthe same asthe exponent for the height abovethreshold. Hence,
if for instance fitswith oo = 1/2 and o = 1 for the height above threshold give equal results, it would
be possible to distinguish them by the fit of the ion temperature. In the electron modulation case
thisisnot possible asthe electron gyro-Bohm diffusivity depends solely on the electron temperature.
Until now the capabilities of measuring the ion temperature in ion power modul ation experiments
have been too poor to give sufficient resolution, but with recent upgradesin JET the possibility of
asuccessful experiment is high.
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APPENDIX A. EFFECTSOF THERMAL EQUILIBRATION
As can be seen from figures 1(b) and 3(a) electron properties react to the increasing ion heating.
Although the absorbed electron heating is constant, the effective heating,

eff abs aWth e
e Pe - Prald - ot - - PTHX (A-l)

P

changes. Here P2 is the heating absorbed by the electrons, Prag ISthe impurity radiation, Wy, ¢ is
the thermal energy content of the electronsand Py o< T, — T;, arisesfrom thermal equilibration. In
the presented case, Py, is the source of variation in Pee which effect on the electron temperature
isshowninfigureA1(a). That the electrons and ions do not communicate widely through acoupling
effect of ITG and TE modes can be seen from figures 4(c) and 2(b) as neither the TE threshold nor
growth rate show any considerable dependenceon T, - T;.

Theeffect of higher T,on T, isnot very big for low electron heating. Thedifferencein T; between
the zeroth and 100th percent heating levels of figure 1(a) is negligible and only aminor drop can be
seen at the 300% level. At electron heating powers upto about 11MW (200%) the effect of thermal
equilibration is so strong it can counteract the ion temperature’s natural tendency to decrease. As
can be seen from figure A1(b) the effective ion power increases and keeps T, at aconstant level for
some time until the trapped electron drive forces it to drop.

APPENDIX B. MODE IDENTIFICATION

Asdiscussed insection 2.2, all unstablemodes are, to different degrees, responsiblefor the heat fluxes
in figures 2(a), 2(b), 3(a) and 3(b). To better understand the underlying physicsit isimportant to try
and resolve which modes drive theion and el ectron transport. Thismainly concernstheionsasx; (11)
contains a T,/T; dependence that can increase the influence of the TE mode. In a more up-to-date
version of JETTO thisis a straight forward task, since the real part of the frequency can be used to
distinguish modes from one another. Here a more rudimentary, but efficient, method is used.

In figures B1 and B2 a simple comparison between growthrates and diffusivities are made. The
diffusivities (12) and (13) are normalised using the el ectron temperature and should hence be directly
proportional to the growth rates (5) and (9). The case of ion heating in figure B2 is trivial. The
highest growth rate in B2(b) is a perfect match for x; = T, in B2(a) and the the lower growth rate
coincideswith .= T,. That the smallest growth rate showslittle dependence on T,/T; only strengthens
this conclusion.

For stronger electron heating there is one growth rate monotonically increasing with the
temperature ratio in figure B1(b) and it seemsto drive the electron diffusivity in figure B1(a). The
ion diffusivity which first increases and then flattens out, appears to be driven by a combination of
both growth rates. Thus the conclusion is that the monotonically increasing belongs to the trapped
electron mode, whereas the other belongs to the ion temperature gradient mode. As R/L 1, steepens
faster than the TE threshold rises in figure 4(a), 7, is expected to grow with T,/T;.
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The behaviour of the ITG mode in figure B1(b) can be understood from figure 2(d). The ion heat
flux increases steady with the height above threshold until it becomes extremely stiff. This first
phase derives from the slowly rising ITG growth rate, for which the threshold, figure 4(b), has
started to decrease but the ions are not yet stiff enough to follow. As the ions become stiffer R/Ly,
shrinks which accounts for the smaller growth rate at high T,/T;. It seems the transition from
moderately to extremely stiff ion response coincideswith the stronger influence of the TE mode. At
this point the ITG threshold is aso made higher than the theoretical value (6) asif to adjust the ITG
driven heat flux, see figure 4(b).

The conclusions drawn in both the electron and ion heating investigations of figuresB1 and B2,
are supported by the local code calculating the thresholds.

APPENDIX C. THE EMPIRICAL GYRO-BOHM CRITICAL GRADIENT MODEL
Theempirical gyro-Bohm critical gradient model in[19][20] was derived based on the assumptions
of aelectrostatic gyro-Bohm scaling law, and the existence of an instability threshold with afinite
transport below it. After comparison with experiment it was deduced that the best fit of these
parameters yielded the thermal diffusivity,

3/2 Tps
eBR

R R

L, L

R R

Lt LT,th

Tp,
H + %0 (C.2)

1= %4 ¢BR

T,th

where q isthe safety factor and H is the Heaviside function. Hence the transport is described by
the three parameters X, X and R/L+y,, which can be determined experimentally. It should be
noted that these parameters are not constants but dependsin turn on other plasma parameterslike
eg. T /T;.

The main differences between equation (C.1) and the Weiland versions (14) and (15) are the
dependence on g and the linear proportionality to the height above threshold. The former was
included in the empirical CGM as to account for improvement of confinement with the plasma
current. Thelinear height above threshold dependence was obtained experimentally studying electron
cases close to marginal stability. It isthus not in contradiction to theWeiland CGM in section 2.3,
which isvalid far above the threshold.

For easy comparison of the degree of stiffness in different plasmas, it is useful to have a
quantitative measure of it. In the case of the empirical CGM above, the stiffness number, %, is
used to gauge the stiffness of different plasmas[20]. Normally, a X > 1 is regarded as stiff.
Despite that equation (C.1) should give a poorer description of the performed simulations than
equations (14) and (15) it is an interesting exercise since we can directly compare the empirical
Xs number with the stiffness criterion.

Figure C1 showsthe obtained plasmaresponsesin empirical CGM for increasing el ectron heating
(to be compared with figure 5). The obtained stiffness numbersare x*™ =0.7 - 2and x*"P=2 -
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31, both large enough to be considered stiff. In experiment X, has been measured up to 4 [20].
Note that in this formalism, the background ion transport is positivegwhen extrapolatinggdown to
the threshold. This holds true also for the ion heating case, although not shown here.

— 0% Electron —- 500% —0% lon —-300%
-------- 100% —- 700% 100% —-400%
--- 300% 6 ---200%
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s T S B
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— ]
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() d L
g | 4
o g
- = 5
K 6
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103 (e\)
iy

JG05.307-1a
JG05.307-1b

Figure 1. Profile changesin shot 50628 at time=50sfor either increasing el ectron power at constant ion power (a) or
vice versa (b). The 100% levels of the heating are 5.5MW and 7MW for the electrons and ions, respectively. Not all
profiles are shown to improve visibility.
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Figure C1. Calculation of empirical X, for the electron heating case.
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