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For exploring tokamak operation regimes that deliver both high β and good energy on�nement,

power sans at JET with ITER-like wall have been performed. Relatively weak degradation of the

on�nement time oinides with inreased ore temperature of the ions at high power. The hanges

in ore turbulene harateristis during a power san with an optimized (broad) q pro�le are an-

alyzed by means of nonlinear gyrokineti simulations. The inrease in β is ruial for stabilizing

ion temperature gradient driven turbulene, aompanied by inreased ion to eletron temperature

ratio, the presene of a dynami fast ion speies, as well as the geometri stabilization by inreased

thermal and suprathermal pressure. A sensitivity study with respet to the q pro�le reveals that

eletromagneti e�ents are more pronouned at larger values of q. Further, it is on�rmed that tur-

bulene suppression due to rotation beomes less e�etive in suh strongly eletromagneti systems.

Eletrostati simpli�ed models may thus provide poor extrapolation towards low rotation devies.

Impliations for ITER and reator plasmas are disussed.

I. INTRODUCTION

For realizing adequate fusion power in magnet-

ially on�ned plasmas, a su�iently large energy

on�nement time τE is mandatory. At the same

time, a high (thermal) normalized plasma pressure

βth = 2µ0pth/B
2
must be reahed. Experimental

ralization of both requirements is often aompa-

nied by an optimized (broad) shape of the q pro-

�le and low ollisionality, in plasma senarios var-

iously desribed as 'improved H-mode, 'advaned

indutive' or 'hybrid' (e.g. [1�3℄). With the aim

of understanding the on�nement saling in prepa-

ration for ITER, a series of four power sans are

performed at JET [4℄, overing low and high tri-

angularity δ, as well as Carbon(C) and ITER-like

metal wall (ILW) materials. Applying a 'urrent

overshoot' [3℄, the 'hybrid' regime is aessed at

high power. In the high-δ ILW ase, τE remains

below the value obtained with C-wall at low heat-

ing power. However, the plasma stored energy in-

reases more rapidly with power, so that suitable

on�nement regimes an be reahed also with ILW.

In low-δ shaping, the inrease of stored energy

with absorbed power is similarly strong for both

wall materials. Power degradation of the order of

τE ∼ P−0.3
is muh weaker than the ITER physis

base result τIPB98y2 ∼ P−0.7
[5℄. Detailed stud-

ies exist for high-power C-wall 'hybrid' plasmas at

JET, where high plasma β plays a ruial role for

explaining the measured bene�ial power saling

[6, 7℄. Eletromagneti (EM) e�ets�assoiated

to �nite β� suppress turbulent heat transport in

the plasma ore and thus allow steeper tempera-

ture pro�les. In addition, enhaned pressure in-

reases pedestal MHD stability by the geometri

e�et of �ux ompression. These two β e�ets on

ore and pedestal an reinfore themselves [4, 7℄,

and sine both pro�t from an inreased ontribu-

tion of fast partiles (βfast) at higher power, a pos-
itive feedbak loop may be initiated.

Regarding ore turbulent transport, the e�e-

tiveness of EM stabilization is found to be indi-

ated by the ratio β/βcrit, where β inludes ther-

mal and suprathermal pressure, [6, 8, 9℄. This β
stabilization is more pronouned in nonlinear than

in linear simulations [10℄ as thoroughly on�rmed

by benhmarks between several gyrokineti odes,

[11℄. The threshold for Alfvéni EM instabilities,

βcrit, generally dereases at low magneti shear, so

that this e�et an be favoured by the �at q pro�les
in the inner half-radius of 'hybrid' disharges. Low

power degradation has been found also in base-

line power sans [12℄, though, whih indiates that

good on�nement and high β an also be reahed

with relaxed q pro�le, possibly for similar reasons.
For reahing high β, the JET-ILW power sans are

mainly heated by neutral beam injetion (NBI),

whih tends to produe plasmas with Ti > Te and
simultaneously generates a fast ion population and

plasma rotation. All of these physis e�ets are

known to in�uene turbulent transport. Fortu-

nately, various tehniques are available to partially

disentangle them experimentally, suh as torque

balaned NBI at DIIID [13℄, the use of ion/eletron

ylotron resonane heating (ICRH/ECRH) at AS-

DEX Upgrade [14℄, or ICRH at JET [15℄, for exam-

ple. The WEST tokamak [16℄ will use ICRH and
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lower hybrid heating (LH), while JT60-SA [17, 18℄

will install negative ion NBI and ECRH. However,

sine the onditions of future devies annot ex-

atly be mathed, it is essential to gain improved

understanding also on a theoretial level.

In this paper, we present a detailed gyrokineti

study for two disharges of the low δ power san

in ILW on�guration. Employing the gyrokineti

turbulene ode GENE [19℄, we spei�ally address

turbulene in the inner ore, where inreased power

is observed to yield a steeper ion temperature pro-

�le. The omputations are performed in realisti

geometry, taken from an interpretative CRONOS

[20℄ analysis of experimental data. For the high

power ase, a q pro�le sensitivity study is per-

formed.This is important for determining whether

the real time ontrol of q is essential for the tran-
sition to the advaned regime, or just for having

a safe operation. The experimental parameters

are summarized in Se. II. Details of turbulene

modelling are reviewed in Se. III, and simulation

results are presented in Se IV. Turbulent �uxes

are then ompared to CRONOS power balane re-

sults, whereby turbulene regime transitions are

haraterized by omparing the results for low and

high power disharges. This proedure enables to

identify key aspets of turbulene redution meh-

anisms at inreased power and forms the basis of

extrapolation to future tokamaks. Some onlu-

sions are drawn in Se. V.

II. EXPERIMENTAL PARAMETERS

For the low δ disharges JET84798 (P = 6MW)

and JET84792 (P = 13MW), interpretative in-

tegrated modelling with the CRONOS suite of

odes is performed to self-onsistently extrat the

parameters for thermal and suprathermal plasma

speies, as well as the magneti geometry. The

seleted time window t = 45.2s-45.5s is the same

as in Ref. [4℄, where these experiments are do-

umented in great detail. For linear and nonlin-

ear gyrokineti analysis, we fous on the inner

ore region ρtor = 0.33, where the measured data

indiates a steeper ion temperature gradient in

the high power disharge. The orresponding pa-

rameters from CRONOS are summarized in Ta-

bles I and II. The main quantity ompared to

gyrokineti simulations is the total power 〈QsV
′〉

transported through the ρtor = 0.33 �ux surfae

of the area V ′
. Here, 〈Qs〉 is the time-averaged

turbulent energy �ux density for plasma speies

s. The radial oordinate ρtor is normalized to

Lref = (ψtor,sep/πB0)
0.5

with ψtor,sep being the

toroidal �ux at the separatrix. Thus, the nor-

malized inverse gradient length of a �ux-funtion

A is de�ned as R/LA = −R̂A−1dA/dρtor with

R̂ = R/Lref . The eletron beta is de�ned as

βe = 8πneTe/B
2
0 and α = −q2R

∑

s β
′
s is the nor-

malized pressure gradient (with respet to ρtor)
summed over all speies. The instability thresh-

old for EM modes suh as KBM or Alfvéni modes

is often approximated by the in�nite-n balloon-

ing limit αcrit, or β
′
crit = αcrit/q

2R, respetively,
[21, 22℄. While at large magneti shear ŝ > 0.6, one
�nds αcrit ∼ 0.6ŝ, the threshold beomes largely in-
dependent of ŝ at lower shear, whih is in line with

our observations in the plasma ore. While kineti

orretions are to be expeted, this result already

points out that the EM threshold is strongly sensi-

tive to q and the total pressure gradient. For this

reason, we add an alternative equilibrium (84792

alt.) with lower entral safety fator q = 0.915
(similar ŝ) and thus lower α for the high power

disharge, whih is obtained from the EFIT ode

onstrained by MSE measurements. Realisti val-

ues of q may be found in between these limits of

q = 1.238 and q = 0.915, sine the absene of MHD

ativity (measured by magneti pikup oils) indi-

ates that q does not drop far below q = 1 through-
out the plasma ore.

We note that for both geometry �les we have

used the same ρtor grid from CRONOS for map-

ping measured pro�les and omputing gradients,

whih are then input into GENE. Di�erenes in

the gradient parameters and β thus origin from the

fat that the numerial traing of the two equilibria

[23℄ yields a slightly di�erent referene length Lref

and magneti axis �eld strength B0. In a way, this

re�ets the unertainties in the simulation param-

eters in Tables I and II due to equilibrium map-

ping. Further, no measurement of the Zeff pro�le

are available for the present disharges. This poses

unertainty to the plasma omposition and to the

q pro�le evolution, and stresses the importane of

the sensitivity study.

III. SETUP FOR GYROKINETIC

SIMULATIONS

We use the gyrokineti ode GENE in the �ux-

tube framework (loal in the radial oordinate

x). For ion-sale turbulene, the maximum bi-

normal wavenumbers ky over is about kyρs ∼ 4,
where ρs = cs/Ωi is the referene gyroradius,

cs = (T0e/mD)
0.5

is the referene (sound-) veloity

and Ωi is the ion Larmor frequeny. Some ele-

tron sale simulations have been performed with

kyρs < 64, in order to determine potential on-

tributions to eletron transport. The main fous

of this work is put on ion-sale turbulene, how-

ever, and extremely expensive multisale simula-

tions have been avoided. The domain size for typ-

ial ion-sale turbulene simulations is lx=240ρs,
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JET 84798 84792 84792 alt.

ν⋆i 0.0645 0.0176 0.0106

1/ρ⋆ 305.2 245.1 242.4

βe[%℄ 1.236 2.09 2.00

q 1.1814 1.2380 0.9152

ŝ 0.1445 0.1447 0.1762

R/m 2.9977 3.0578 2.9855

α 0.1753 0.4748 0.2545

γE×B/(cs/R) 0.1320 0.1522 0.2311

Zeff 1.1590 1.2600 1.2600

T0e/keV 2.0846 3.1663 3.1663

〈QeV ′〉/MW 0.408 1.4 1.4

〈QiV ′〉/MW 1.40 2.8 2.8

Table I: Nominal loal parameters at ρtor = 0.33 from

CRONOS. For disharge 84792, mapping to the equi-

librium �les with q = 1.24 and q = 0.915 (alt.) are

shown. whereby the parameters γE, α and ν⋆
i are di-

retly a�eted by a hange in q.

84798 e D(i) W f

T0/T0e 1.000 0.852 0.852 7.889

n0/n0e 1.000 0.981 2.6E-5 0.017

R/LT 4.371 3.628 3.628 4.820

R/Ln 0.750 0.657 0.294 6.327

84792 q = 1.24 geom e D(i) W f

T0/T0e 1.000 1.180 1.180 6.380

n0/n0e 1.000 0.946 4.8E-5 0.050

R/LT 3.968 4.582 4.582 3.863

R/Ln 1.498 1.327 1.327 4.732

84792 q = 0.915 geom e D(i) W f

T0/T0e 1.000 1.180 1.180 6.380

n0/n0e 1.000 0.946 4.8E-5 0.050

R/LT 4.070 4.698 4.698 3.961

R/Ln 1.536 1.361 1.361 4.852

Table II: Speies parameters at ρtor = 0.33. For dis-

harge 84792, mapping to the equilibrium �les with

q = 1.24 and q = 0.915 are shown.

ly = 120ρs and lv‖ = 3vT , lµ = 9T0e/B0 in veloity

spae, resolved with nx = 192, ny = 96, nv = 48,
nµ = 16 grid points, respetively. In the parallel

diretion, 32 grid points are used. Convergene

tests show that trends are aptured orretly and

no qualitative hanges of the simulated plasma tur-

bulene is expeted.

Four speies are inluded by default: eletrons,

thermal deuterium, beam deuterium ions and a

tungsten impurity, whih is assumed to be fully

ionized. In aordane with the relative unimpor-

tane of radiation losses in CRONOS analysis and

the extremely low tungsten density, tungsten plays

virtually no role for miroturbulene and is often

ignored. Nevertheless, the e�etive ion harge Zeff

from Table I is then kept in the Landau-Boltzmann

ollision operator for the gyrokineti simulations.

A fully eletromagneti (EM) response is onsid-

ered, inluding perpendiular and parallel mag-

neti �utuations. Some runs are performed in

the eletrostati (ES) limit by arti�ially redu-

ing βe to 0.05%, whih is essentially equivalent

to negleting A‖ and B‖ �utuations. Employ-

ing the δf method, the distribution is split into

a stati Maxwellian part F0 and a small, �utu-

ating part f1. Fast beam ions are modelled as a

fully kineti speies and thus (i) dilute the main

ion speies, [24℄, (ii) add to the Shafranov-shift

[25℄, and (iii) dynamially ontribute to the φ,
A‖ and B‖ �utuations, [26, 27℄. The latter an

have signi�ant impat in nonlinear simulations,

[10℄. Here, their bakground distribution is ap-

proximated as a Maxwellian with equivalent tem-

perature pro�le Tf = pf/nf . The fast ion pressure

is aounted for in the Grad-Shafranov solver by

default (ptot geom). When it is deliberately ne-

gleted for dediated tests, this will be indiated

(pth geom). Curvature and ∇B-drifts are om-

puted from this CRONOS magneti equilibrium.

The pressure ontribution to the magneti drifts

(see e.g. Ref. [28℄ ) is always kept self-onsistent

with β′
, even if the kineti pressure of some speies

is hanged in parameter sans. The experimentally

determined toroidal rotation pro�le is aounted

for by means of inluding a parallel �ow shear rate

γpfs, and a E × B shearing rate γ̂E = ρtor/qΩ
′
tor,

[29℄, whih is modelled by ky-dependent periodi
shifts in kx. Furthermore, a GyroLES model for

energy transfer to smaller sales determines the

magnitude of hyperdissipation in x, y spae [30℄.

In linear simulations, γE and GyroLES are deati-

vated, but γpfs is always inluded.

IV. SIMULATION RESULTS

Here, we analyze turbulent transport at the ra-

dial position ρtor = 0.33 in the two seleted dis-

harges 84798 (low power) and 84792 (high power).

Besides reoniling power balane heat �ux lev-

els with gyrokineti simulation results, our main

goal is to identify physis e�ets that may lead

to inreased ion temperature gradient in the high

power ase. For that reason, we perform nonlinear

gyrokineti simulations. Supportive linear simula-

tions are used to explore the parameter spae in

more detail.
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Figure 1: Miroinstabilities in the low power disharge

84798: ITG is marked by lines, KBM/BAE by addi-

tional symbols (a) β san at �xed equilibrium (min-

imum βcrit around ky ∼ 0.35) (b) linear growth rate

spetra

A. Analysis for the low power 6MW NBI

disharge

Beginning with the low power disharge, lin-

ear simulations show that ion temperature gradi-

ent driven (ITG) modes are most unstable. Their

growth rate at �nite β is redued when ompared

to the eletrostati limit. The experimental β is at

about 50% of the threshold for the onset of Alfvéni

modes, whih are identi�ed in Fig. 1(a) by a sharp

inrease of the growth rate with βe above a ritial
value βcrit. This signature is typial for kineti bal-
looning mode (KBM) and β indued Alfvén eigen-

modes (BAE). In our ase, the instability is driven

by thermal and suprathermal pressure gradients,

and its real frequeny is lose to the one of the

geodesi aousti mode (GAM)�whih is expeted

for BAE. Thus, the label KBM/BAE is used. The

lowest ritial β for destabilizing KBM/BAE is

found around kyρs = 0.35, the wavenumber ho-

sen in the �gure. The full spetrum of Fig. 1(b)

furthermore shows that the impat of fast NBI

ions on the geometry is negligible, but their on-

tribution as a dynami speies is slightly stabiliz-

ing. Nonlinear GENE simulations yield turbulent

transport levels, whih in Fig. 2 are shown to be

onsistent with the CRONOS power balane anal-

ysis around the measured value of the normalized

ion gradient R/LTi ∼ 4.2. The presented simula-

tions are restrited to ion sales (kyρs < 4.8), but
it has been veri�ed in a separate simulation with

extended range kyρs < 40 that (for the present pa-
rameters) higher-k modes ontribute little to heat

and partile transport. Thus, at low power, trans-

port is governed by ITG turbulene and is barely

in�uened by fast ions. However, sine β/βctit is
already at 50%, EM stabilization already sets in

and yields an up-shift of the temperature gradient

by about 20% from R/LTi = 3.5 in the ES limit

to R/LTi = 4.2.

B. Linear analysis for the high power 13MW

NBI disharge

At higher power (and thus higher β) EM ef-

fets are expeted to be more pronouned. Fur-

thermore, the ontribution of fast ions is expeted

to be stronger, due to the inreased beam ion den-

sity. Indeed, for the high power ase, the nomi-

nal parameters are very lose to the KBM/BAE

threshold, as seen in the β san of Fig. 3(a). Most

linear simulations are performed at R/LTi = 5,
sine the turbulene level vanishes below that value

(see Se. IVC). More details beome visible in

Fig. 3(b), where all ion-sale ky wave numbers are

resolved. As a �rst observation, the eletrostati

limit yields muh larger ITG growth rates. In the

nominal ase, even small variations in β′
hange

the dominant instability from ITG (smaller β′
) to

KBM/BAE (larger β′
). We have modi�ed β′

by

a 10% redution of β, a 30% redution of the fast

ion pressure gradient ∇pf , or a hange of the ther-
mal pressure gradient (not all are shown). The role

of fast ions is twofold: The ontribution of the fast

ion pressure gradient to β′
dynamially destabilizes

KBM/BAE (and stabilizes ITG), while the fast

ion pressure ontribution to the equilibrium pro-

vides some stabilization of the KBM/BAE branh.

Although KBM growthrates inrease quikly, one

the threshold is overome, we on�rm earlier ob-

servations that geometri stabilization (for exam-

ple due to fast ion pressure) only shifts βcrit by 5%
to 10%, [6, 8℄. In order to study these fast ion ef-

fets on ITG, R/LTi = 4.3 is taken in Fig. 3(b).

At R/LTi = 5, Fig. 3() shows that most parts of
the spetrum are dominated by EM modes instead.

For lari�ation, we note that due to the strong

EM stabilization at nominal parameters, the par-

allel �ow shear drive is essential to destabilize the

mode that has been labeled as ITG, for simpliity.

In a less e�etive manner, the parallel �ow shear
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Figure 3: Miroinstabilities in the high power disharge

84792 (a) β-san at �xed equilibrium (minimum βcrit

around ky = 0.1 (b) growth rate spetra at R/LTi =

4.3. ITG modes are marked by lines, KBM/BAE by

additional symbols.

also drives the KBM/BAE branh.

For aessing the in�uene of the q pro�le on

miroinstabilities, the alternative CRONOS equi-

librium with redued qmin (and slightly inreased

ŝ q Eq. (1) R/LTi,crit,ES R/LTi,crit,EM

0.175 0.915 3.7 2.75 2.9

0.145 1.24 3.38 2.75 3.25

Table III: Critial gradient for the two q pro�les. EM

and ES gyrokineti results use ky = 0.35, whih yields

minimum R/LT,crit for ky ∈ {0.35, 0.3, 0.25, 0.2}.

ŝ) is used (see Table I). Fig. 4 shows the that the

KBM threshold is very sensitive, sine α ∝ q2 is

the relevant parameter. In fat, the KBM/BAE

growth rates are on top of eah other, when plot-

ting against α. Beause ŝ is very small, the slight

hange in ŝ does not matter for the value of βcrit.
Also the ITG branh is a�eted by the equilibrium

hange. In Ref. [31℄ a formula for the gradient

threshold

R/LTi,crit =

(

1 +
Ti
Te

)(

1.33 + 1.91
ŝ

q

)

× G (1)

is given, whih is based on ES gyrokineti sim-

ulations with adiabati eletrons. For our JET

ases at ρtor = 0.33, the geometri fator G =
(1 + 0.3ǫ(∂κ/∂ǫ)) ∼ 0.998 does not play a role.

As the authors of Ref. [31℄ assume, our low-q
low-ŝ JET parameters lie outside the appliabil-

ity regime. In Table IVB we �nd R/LTcrit to be

slightly lower than Eq. (1), with reversed trend

in terms of ŝ/q. However, our results are on-

sistent with the observation of inreased gradient

threshold at larger β/βcrit, [9℄. Probably more im-
portantly, the linear ritial gradient is found well

below the experimental gradient (and the nonlin-

ear thresholds). It is thus essential that in the

q = 0.915 ase, the growth rate is less sensitive to

R/LTi at the same wavenumber ky = 0.35. Fur-

thermore, the instability overs a broader range in

ky, as shown in Fig. 4().
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Figure 4: 84792: sensitivity to q pro�le (a) β-san at

�xed equilibria (b) gradient san for ky = 0.35 ()

growth rate spetrum at R/LTi = 5. ITG modes are

marked by lines, KBM/BAE by additional symbols.

βcrit is larger at lower q, the ritial gradient is simi-

lar and the degree of EM stabilization is muh greater

with q = 1.24.

A notable di�erene between the high and low

power ases is given by the inreased temperature

ratio Ti/Te at inreased NBI heating. Large Ti/Te
is well known to stabilize ITG turbulene quite ef-

�iently. This an be inferred from Eq. (1) and is

also seen in the linear simulations of Fig. 5. Re-

ent experimental results on�rm this e�et in a

regime of lower β, [32℄. Inreased Ti also on-

tributes to the total pressure and thus KBMmodes

are destabilized at Ti = 1.4 above the nominal

value. Interestingly, when observing the maximum

growth rate, Ti/Te stabilization is stronger for the

q ∼ 1.24 equilibria (both at high and low power)

as ompared to the q = 0.915 equilibrium. From

Eq. (1) one would expet the opposite, but EM

e�ets appear to be deisive. Indeed, Fig. 5() re-

veals that the strength of EM stabilization dra-

matially redues with dereasing Ti/Te (at �xed

Te and βe), as the KBM/BAE threshold is pushed

further away. Note, however, that βcrit appears to
sale with βi = Ti/Te βe, but the ITG stabilization

is not that easily parameterized. Sine EM e�ets

are weaker in the q = 0.915 senario, Ti/Te stabi-
lization is thus onsistently less e�etive also. In

Fig. 5(), redued ∇pf is used, whih moderately

inreases the KBM/BAE threshold with respet to

the full ∇pf ase, but does not generally a�et the

physis. Besides α, also the normalized ollision

rate ν⋆i and the �ow shear rate γE are sensitive

to hanges of q. While ollisions are weak in both

ases, the impat of �ow shear is expeted to be

slightly larger in the low-q senario. This is subjet
of Setion IVC, where nonlinear simulation results

are presented.

C. Nonlinear analysis for the high power

13MW NBI disharge

Combining our insights from the linear analysis

is very helpful to interpret nonlinear simulations

for the high-power ase, whih are presented in

the following. Turbulent heat �uxes from GENE

are depited in Fig. 6 for the q = 1.24 equi-

librium, whereby R/LTi is varied. The eletro-

stati limit agrees with power balane heat �ux

at R/LTi ∼ 4.1, whih is slightly larger than the

gradient in the low-power senario. This an be at-

tributed to inreased Ti/Te, geometri α stabiliza-

tion and slightly inreased E ×B shear. Adopting

the more realisti eletromagneti model at nom-

inal βe an even greater up-shift of the nonlinear

ritial gradient is found, but turbulene has tran-

sitioned from the ITG regime to the KBM/BAE

regime (the red dots in Fig. 6). These turbulene

regimes an be distinguished by monitoring the

φ × n1 ross-phase angle, whih is lose to zero

for ITG in the driven range, but lose to π for

the KBM/BAE. Notably, this is di�erent from gy-

ro�uid ideal ballooning turbulene, from whih a

ross-phase of π/2 is expeted, [33℄. Together with
the relatively larger eletron thermal transport Qe

(with a strong magneti �utter omponent), this

observation points towards a stronger role of ele-

tron dynamis in the KBM/BAE ase. The transi-

tion from ITG to KBM/BAE is visualized in Fig. 8,

by showing histograms of the φ × n1 angle for se-

leted nonlinear simulations. For the present pa-

rameters, these KBM/BAE simulations are stable

in time and develop a regular turbulent spetrum.
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for both low and high power (only ITG shown). ()

Consistently, β-stabilization is less e�etive at smaller

Ti.

For other setups, a runaway-phenomenon (see e.g.

[34, 35℄) has been found, or turbulene develops a

sharp peak about a single binormal wavenumber,

[36℄. However, when the ion �ux is mathed at

R/LTi ∼ 5.2, the eletron transport levels are 5-

10 times larger than power balane, and the fast

partile transport is also very large. Assuming a

quasi-stationary state, in whih heat soures are

balaned by turbulent transport at onstant bak-

ground pro�les, the KBM regime is thus inonsis-

tent with the experiment in terms of Qe/Qi.

Reduing β by 10% brings us bak to an ITG

turbulene regime at R/LTi = 5. This ITG regime

84792, q=1.24, R/LTi=5 〈QiV ′〉 Qe/Qi φ× ni1 type

β×0.9 no f.i. pth geom 3.79MW 0.87 π KBM

β×0.9 no f.i. ptot geom 2.70MW 0.31 0 ITG

β×0.9 w/ f.i. ptot geom 0.89MW 0.51 0 ITG

CRONOS 2.86MW 0.49

Table IV: Impat of fast ions in nonlinear simula-

tions with q = 1.24 equilibrium (with E × B). ITG

is stabilized by dynami fast ions in ptot geometry.

With pth geometry this is masked by the transition

to KBM/BAE turbulene.

is di�ult to resolve numerially, beause the tur-

bulene level is very low. At higher R/LTi the ITG

gradually transitions to KBM/BAE, as monitored

by a φ × n1 ross-phase shift from zero to π in

Fig. 8(iii)→(iv) and the inrease in Qe above the

experimental level. Thus, it is di�ult to math

power balane heat �uxes q = 1.24. The impat

of fast ions is nevertheless investigated in this 10%

redued β setup, sine it allows to aess the EM

stabilized ITG turbulene regime. Nonlinear simu-

lation results are olleted in Table IVC. Already

from the linear simulations of Fig. 3 we expet to

�nd a KBM-type regime when fast ions are ne-

gleted in dynamis and equilibrium pressure, even

at 10% redued β. Indeed, at R/LTi = 5, the
heat �ux is around the experimental value with

strong inrease at higher gradients, KBM-like ross

phase and large Qe/Qi. Removing fast ions only

from the dynamis, but not from the equilibrium

yields approximately the same ion heat �ux around

R/LTi = 5, but turbulene is of ITG harater.

Comparing this to the very low turbulene level

in ase of fully inluded fast ions, the redution of

ITG turbulene due to a dynami fast ion speies is

on�rmed by nonlinear simulations. In all �nite-β
simulations in the q = 1.24 ase, we �nd similarly

to Ref. [6℄ that swithing o� E ×B �ow shear has

a very little e�et on the turbulene level and thus

on the gradient threshold (not shown). In fat,

E×B �ow shear an inrease transport, espeially

the magneti �utter omponent.

Turning now to the q = 0.915 geometry, we

have seen βcrit to be signi�antly inreased. In-

deed, here we observe ITG turbulene of a less ele-

tromagneti harater, far from the KBM regime,

whih mathes the experimental �ux at a relatively

high R/LTi ∼ 5.5. A fasinating interplay between

the turbulene redution due to β e�ets and due

to rotation (E × B shear) are observed in Fig. 7:

While the ES simulations without E × B predit

R/LTi ∼ 4.2, swithing on EM e�ets at no E×B
shear yields a signi�ant up-shift to R/LTi ∼ 5.1.
Adding E × B shear to this EM simulation yields

a further 10% up-shifts to R/LTi ∼ 5.5. Inter-

estingly, the ES simulation with E × B oinides
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Figure 7: Nonlinear simulations for the high power disharge 84792 with q = 0.91 equilibrium: The role of EM

and E ×B stabilization.

with full-physis ase (EM with E ×B). This has
important rami�ations for widely used simpli�ed

(e.g. quasi-linear) models: An eletrostati ap-

proah with E ×B shear may sueed to desribe

the present JET 'hybrid' plasmas, just as a sophis-

tiated eletromagneti model (orretly mimik-

ing nonlinear β-stabilization) does. However, this
oinidene with the experiment would our for

the wrong reason: The e�ieny of E×B suppres-

sion in ES simulations an mask the EM harater

of the system. Extrapolations will thus fail for ma-

hines like ITER, where rotation is low, but β an

still be high.

D. Disussion of q pro�le sensitivity

For the q = 1.24 equilibrium, one �nds either

KBM turbulene, whih yields Qe/Qi inonsistent

with the experiment, or ITG turbulene (at re-

dued β), whih yields a very low turbulene level.

We note that In suh ases of marginal ITG sta-

bility and su�ient eletron temperature gradient

(ETG) drive at small-sales, ross-sale-oupling

has been identi�ed to hinder the generation of

zonal �ows , [37, 38℄, and thus potentially inreases

the ion-sale ITG transport by some fators. How-

ever, in the proess of varying the equilibrium by

hanging mainly the q pro�le, the ITG turbulene

regime is found to be further away from marginal-

ity. Here, ETG turbulene may ontribute some

fration of the eletron �ux [39℄ but is not ex-

peted to strongly reat bak to ion sales. In this

q = 0.915 equilibrium, the experimental �uxes are
suessfully reovered at inreased R/LTi.

The two investigated ases an be onsidered as

upper and lower limits, between whih realisti q
pro�les an exist. This is beause the absene of

signatures for large-saleMHD modes in the exper-

imental diagnostis indiates that q does not drop

signi�antly below q = 1 throughout the plasma

ore. On the other hand, q > 1.24 appears to
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Figure 8: Histograms of φ×n1 ross-phase angle for seleted disharges with inreasing β/βcrit from left to right:

(i) ES q = 1.24 geom, R/LTi = 5 (ii) EM q = 0.915 geom. R/LTi = 6 (iii) EM q = 1.24 geom, β×0.9, R/LTi = 5

(iv) EM q = 1.24 geom, β×0.9, R/LTi = 5.5 (v) EM q = 1.24 geom, R/LTi = 5.2

favour KBM turbulene too strongly, whih is ex-

luded by the large Qe/Qi �ux-ratio. Assuming

the intermediate value of q = 1.1, for example, we
obtain β/βcrit ∼ 0.74 from the simple q2 saling

found in our linear simulations. Having in mind

that the low power disharge (at q = 1.23) was al-
ready a�eted at β/βcrit ∼ 0.5, this estimate sug-
gests that EM stabilization (supported by dynami

fast-ions) ontributes signi�antly to an inreased

ion temperature gradient, and thus to the bene�-

ial on�nement saling. For the low power dis-

harge, no q pro�le sensitivity study has been per-

formed, beause hanges are expeted to be less

prominent for two reasons: (i) the original param-

eters at q = 1.24 are already quite far from βcrit
and (ii) the impat of E × B shear, whih ould

mask EM stabilization, is smaller due to lower ro-

tation.

V. SUMMARY AND CONCLUSIONS

We have performed gyrokineti simulations

for two JET-ILW disharges of nearly idential

(broad) q pro�le, but a fator-of-two di�erene in

absorbed power. By diret omparison we were

able to identify some of the key physis e�ets that

are believed to ontribute to the relatively good

τE ∼ P−0.3
power-saling behavior of the experi-

mental power san. In the inner ore ρtor = 0.33,

gyrokineti simulations mathed CRONOS power

balane at values of R/LTi that are signi�antly

up-shifted at high power, whih orresponds to

a steeper ion temperature pro�le. Sine turbu-

lent transport inreases rapidly above the gradient

threshold (pro�le sti�ness), the steeper gradient

an not be attributed to the larger soure alone.

Improved ore on�nement rather origins from the

hange of plasma parameters. In both disharges

we found ITG turbulene to be the best andidate

for explaining the experimentally determined heat

�uxes. Finite β e�ets begin to redue the turbu-

lene level already at low power. At high power, we

have studied a set of two q pro�les, whih an be

viewed as upper and lower limit within the mea-

surement unertainties. The �rst one (q = 1.24)
yields inreased R/LTi and is lose to the tran-

sition between strongly EM-stabilized ITG turbu-

lene and KBM/BAE turbulene, the latter be-

ing exluded by its high eletron thermal trans-

port level. In the seond equilibrium (q = 0.915),
ITG turbulene of less eletromagneti harater

on�rms the experimentally determined gradient

up-shift. The absene of large-sale MHD modes

indiates that q does not drop muh further below

one, though. Also intermediate q pro�les are sup-
ported by our simulations: Assuming q = 1.1, for
example, an ITG turbulene regime is expeted to

yield signi�antly inreased R/LTi with respet to

the low-power disharge.
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This R/LTi up-shift has been identi�ed to origin

from an interplay between multiple e�ets: Larger

dynami EM stabilization due to higher (thermal

and fast ion) β, inreased thermal and suprather-

mal equilibrium pressure (Shafranov-shift), and

stabilization due to larger Ti/Te. Finally, E × B
�ow shear suppression may be non-negligible as

well, but the assoiated gradient up-shift is ex-

peted to be 10% (found for fully EM q = 0.915
ase) or smaller. With respet to the interplay

of rotation e�ets with eletromagneti physis,

we on�rm earlier C-wall results that E × B �ow

shear suppression beomes less relevant, the more

eletromagneti the system is. In this ontext, it

is important to note that for the q = 0.915 ge-

ometry, the impat of E × B �ow shear yields a

very large R/LTi up-shift in the eletrostati limit.

This an mask the importane of �nite-β e�ets

and has important rami�ations for widely used

simpli�ed (e.g. quasilinear) models: While ele-

trostati models with E×B shear may sueed for

the urrent JET plasmas, their extrapolations to

low-rotation devies like ITER will fail, sine β an

still be high.

Conerning q-pro�le optimization in present ma-
hines, we onlude from our simulations that el-

evated q at low shear generates strong eletro-

magneti stabilization of ITG turbulene, whih

ould allow steeper gradients. On the other hand,

above the KBM/BAE limit, strong transport is

expeted. However, KBM/BAE turbulene yields

a larger eletron to ion �ux-ratio than CRONOS

interpretative power balane, from whih we on-

lude that the KBM/BAE threshold is not sur-

passed in the present experiments. It is not en-

tirely lear, whether higher q would lead to the un-
desirable instability of large-sale MHD ballooning

modes, or if rather the plasma pro�les will be lim-

ited by turbulene before a disruption takes plae.

Previous gyrokineti results indiate that the tur-

bulene threshold is indeed lower than the ideal

ballooning limit. If those turn out to be orret in

the present regime, interesting experiments ould

attempt to elevate the q pro�le, while maintaining
low magneti shear. Taking the present high power

low q ase as a starting point, we have identi�ed

the E × B shear e�et to only ontribute at most

10% to the gradient up-shift, whih may not be

deisive, at least in the inner plasma ore. When

the system beomes even more eletromagneti at

larger q, the stabilizing impat of E ×B shear de-

reases further, or even turns to enhaning trans-

port. Disentangling rotation and eletromagneti

e�ets for better predition high-performane plas-

mas an be subjet of dediated experiments. Low

rotation an be obtained at DIII-D with balaned

NBI, at ASDEX Upgrade and JET by mixing in

ICRH heating, or at WEST (ICRH+LH), provided

that the installed heating is su�ient to reah the

required high β values.

We now turn to disussing the relevane and the

impliations of our results for future devies, like

ITER. Sine the heating methods apply muh less

torque to the plasma, E × B shear is expeted to

be muh lower in ITER. While this lak of E ×B
suppression is expeted to yield larger turbulene

levels in eletrostati systems, no big e�et is ex-

peted in strongly eletromagneti ases found in

the inner ore of JET 'hybrid' disharges. In on-

trast, thermal EM stabilization is expeted to di-

retly transfer, provided that βcrit is losely ap-

proahed. However, the ratio Ti/Te sales less

favourably, beause ITER will dominantly gener-

ate eletron heating (by fusion-born α partiles, for

example) and thus likely operate at Te >∼ Ti. Lin-
ear simulations have revealed an interplay between

βe and temperature ratio, whereby EM stabiliza-

tion is less e�etive for Te > Ti. These �ndings

indiate that it may be more ompliated to a-

ess highly EM-stabilized regimes, but they are yet

to be on�rmed in nonlinear simulations. Valuable

experimental insights in this diretion are expeted

from high β plasmas with Te ∼ Ti at JT60-SA.

Fast ions are found to provide signi�ant stabi-

lization in the strongly eletromagneti senario

both in terms of their equilibrium pressure and

their dynamial role in the miroturbulene. A

aveat for saling towards ITER is that the latter

e�et is presently studied best for NBI beam ions

of the temperature Tf <∼ 10Ti, while fusion α par-

tiles are muh more energeti. Sine dynamial

e�ets are likely linked to ertain phase-spae res-

onanes, future simulation studies will have to ad-

dress the dependenes on temperature, mass, and

harge of the suprathermal speies, as well their

non-Maxwellian veloity distribution. Atual fu-

sion α partiles will be generated and studied dur-

ing the sheduled JET D-T ampaign, but already

today, fast ion parameters an be aessed by using

ICRH heating, possibly in addition to beam inje-

tion. At the same time this redues the E×B �ow

shear. Suh experiments would be extremely help-

ful to �nally determine, whether the eletromag-

neti and fast-ion stabilization senarios desribed

in this paper an be expeted in the plasmas of

future mahines.
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