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Additional electron cyclotron resonance heating (ECRH) is used in an ion-temperature-gradient instability

(ITG) dominated regime to increase R/LTe
in order to approach the trapped-electron-mode instability (TEM)

regime. The radial ECRH deposition location determines to a large degree the effect on R/LTe
. Accompanying

scale-selective turbulence measurements at perpendicular wavenumbers between k⊥ = 4 – 18 cm−1 (k⊥ρs = 0.7

– 4.2) show a pronounced increase of large-scale density fluctuations close to the ECRH radial deposition loca-

tion at mid-radius, along with a reduction in phase velocity of large-scale density fluctuations. Measurements

are compared with results from linear and non-linear flux-matched gyrokinetic (GK) simulations with the gy-

rokinetic code gene. Linear GK simulations show a reduction of phase velocity, indicating a pronounced change

in the character of the dominant instability. Comparing measurement and non-linear GK simulation, as a central

result, agreement is obtained in the shape of radial turbulence level profiles. However, the turbulence intensity

is increasing with additional heating in the experiment, while gyrokinetic simulations show a decrease.

PACS numbers: 52.70.Gw, 52.25.Os, 52.35.Ra, 52.55.Fa

I. INTRODUCTION

The efficiency of a future fusion experiment such as ITER

or DEMO will be determined largely by two factors: its sus-

ceptibility to magnetohydrodynamic (MHD) instabilities and

the transport caused by microturbulence [1]. The design sce-

nario for ITER operation is based on MHD stability and good

confinement provided by the H-mode [2, 3]. The latter is char-

acterized by steep gradients in the plasma pressure in the edge

region, often called the pedestal. The resulting pedestal top

values for density and temperature set the boundary condition

for the bulk profiles, whose properties are determined further

inside by the core turbulence. Together, these factors set the

confinement and the efficiency of a fusion reactor. Hence, tur-

bulence and its associated transport has not only to be under-

stood from a basic physics point of view, but it is of particular

importance to develop good confidence in predictions of tur-

bulent transport. In view of ITER, which will start in L-mode

operation where no strong MHD activity is expected, reliable

predictions are crucial for an efficient start and fast interpreta-

tion of first results.

The main fluctuating quantities in a magnetic confinement

fusion plasma are the density ñ, electron and ion temperatures

T̃e,i, plasma potential ϕ̃ and the magnetic field B̃. However,

strong fluctuation amplitudes do not necessarily cause strong

radial transport, since the cross-phase between the above

quantities also plays a major role. As yet, a complete char-

acterization is impossible since it would require measurement

of fluctuation amplitudes, i.e. power spectra, cross-phases be-

tween fluctuating quantities and phase velocities vph, and all

of these for different structure sizes at the same location. It

is self-evident that in order to validate gyrokinetic codes, as

many of the above quantities as possible must be measured.
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In general, core turbulence can exist over a large interval of

characteristic size scales perpendicular to the magnetic field

(k⊥ρs = 0.1 – 50 with ρs =
√

miTe/(eB)). Taking ρs = 2 mm,

which is typical for magnetic confinement fusion plasmas at

mid-radius, structures are about 0.1 mm to 10 cm large. Dom-

inant instabilities at these structure sizes are ion temperature

gradient modes (ITG) and trapped electron modes (TEM) at

large scales (k⊥ρs ≈ 0.1−2) and electron temperature gradient

modes (ETG) at small scales (k⊥ρs ≫ 1). Further potentially

confinement degrading instabilities mainly found in spherical

tokamak configurations are microtearing modes (MTM) and

parallel velocity gradient (PVG) modes. Experimentally, it is

challenging to cover the whole range of structure scales [4–7].

Diagnostics such as Doppler reflectometry, far-infrared scat-

tering, beam emission spectroscopy or phase contrast imag-

ing exist, but these are not necessarily available on all exper-

iments, and do not cover the whole minor plasma radius in

devices where they are installed.

Nowadays, to understand turbulent core transport and pre-

dict plasma performance, gyrokinetic codes have been and are

actively being developed, such as gene [8], gs2 [9], gkw [10],

gyro [11], gysela [12], gkv/gkv-x [13, 14]. They have been

successfully applied to describe core transport properties like

profile stiffness [15–20] and (internal) transport barriers [21].

However, while substantial effort has been dedicated to the

verification of the codes [22–27], a careful validation includ-

ing measurements of microturbulence and non-linear simu-

lations, which has to be applied to many different plasma

regimes, has only started in the last years [15, 28–34]. The

definition of the terms verification and validation are used as

in Refs. [30, 35], where verification assesses the degree to

which simulations correctly implement a physical model while

validation assesses the degree to which a physical model cap-

tures “reality” through comparison to experimental measure-

ments.

While good agreement has been found between electric

field fluctuations in both frequency and amplitude in global
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simulations [32] and density turbulence level in both direc-

tions perpendicular to the magnetic field [29], mixed results

have been obtained when comparing the radial dependence of

density and temperature fluctuation levels [6, 15, 28]. The

scarcity of results, in particular of scale-resolved compar-

isons [6, 15], indicates that these studies are demanding on

both experimental and simulation sides, all the more reason

to dedicate more effort into validation of gyrokinetic mod-

els and their predictions through comparison with microtur-

bulence measurements.

In this paper the properties of density fluctuations and their

reaction to changes in the driving terms of microinstabilities

are specifically investigated. The information obtained is used

to compare with the accompanying gyrokinetic simulations,

for which the gene code [8] is used in its flux-tube version.

This comparison of experimental density fluctuation measure-

ments and gyrokinetic simulations is done for the first time in

ASDEX Upgrade (AUG). Particular interest is attributed to

the reaction of the fluctuations as the turbulence is modified

from the ITG towards the TEM regime, which is achieved

by applying additional electron cyclotron resonance heating

(ECRH) at mid-radius. In this context it has to be noted that

although the acronyms ITG and TEM are widely used in liter-

ature to distinguish between the two modes, there is no clear

boundary where ITG disappears and TEM is excited or vice

versa (except for obvious cases like switching off the ITG by

using ∇Ti = 0 in simulations, for example). In contrast, ITG

and TEM instabilities can co-exist [17, 36–38], and one can

instability can evolve smoothly into the other [36, 38]. More-

over, the ITG instability can be amplified by trapped elec-

trons [39, 40]. Hence in a real plasma, there is a multitude

of effects influencing dominant and subdominant instabilities,

and one will not find a black-and-white situation as in theo-

retical literature. Nevertheless, for the sake of simplicity, the

terms ITG and TEM will be used in the present paper. The in-

stabilities will be distinguished based on the sign of their real

frequency: the ITG instability propagates into the ion diamag-

netic direction while the TEM propagates into the electron

diamagnetic direction. In this sense, there is a difference of

instability characteristics, which is helpful when discussing

experimental and numerical observations.

The experimental technique to investigate the turbulence

used in this work is Doppler reflectometry, which has become

an increasingly important diagnostic to measure the perpen-

dicular velocity of density fluctuations u⊥, radial electric field

Er and density turbulence level ñ. The Doppler reflectometry

measurement is scale-selective, i.e. the measurement depends

on the turbulent structure scale k⊥, such that the turbulence

response to a change in plasma parameters can be monitored

for a variety of different structure sizes, such that measure-

ments of wavenumber spectra become possible [41–46]. In

the experiments reported here, the diagnostic scale selectivity

has been varied to measure turbulent structures from about 0.3

mm to 1.5 cm in a radial range of ρpol = 0.5 – 1.0, where ρpol

is the normalized poloidal flux radius, such that about half of

the AUG minor radius has been monitored.

This paper is organized as follows: section II introduces the

Doppler reflectometry technique and the diagnostic, sections

FIG. 1: Schematic drawing of an oblique microwave beam launched

into a slab plasma with corrugated cutoff layer (white dashed line),

where apart from a direct reflection at order m = 0 (dashed arrow),

scattering occurs at orders m > 0 (solid line). The grey background

indicates the density profile, its gradient points towards positive z. N

is the refractive index of the microwave probing beam.

III and IV present the plasma discharge and the turbulence

measurements, respectively. The comparison to gyrokinetic

numerical simulations is described in section V, followed by

a discussion in section VI. Section VII presents a summary

and outlook into future work.

II. MEASUREMENT TECHNIQUE

Figure 1 shows the principle of Doppler reflectometry [47–

49] on a plasma in slab geometry. A microwave beam is

launched at an angle θ0 with respect to the normal to the

isoindex-of-refraction surface. It travels up the density gra-

dient ∇n, which points in positive z-direction. Due to the

oblique incidence, the beam reflected at the cutoff-layer (or-

der m = 0) is not measured. If the cutoff layer is not smooth

but corrugated, due to turbulent density fluctuations, the mi-

crowave beam is scattered at the cutoff layer (orders m > 0).

The antenna is used as a transceiver that selects the Bragg

backscattering in the order m = −1. The intensity of the wave

backscattered under θ0 depends on the spectral Fourier com-

ponent of the density fluctuations with a wave vector perpen-

dicular to the magnetic field k⊥ following Bragg’s law

k⊥ = 2k0 sin θ0, (1)

where k0 is the microwave vacuum wavenumber. In addition,

the spectrum of the backscattered signal is Doppler shifted

due to the propagation velocity of density fluctuations u⊥ and

their perpendicular wavenumber k⊥ through fD = u⊥k⊥/2π.
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Hence with the measurement of the Doppler shift fD and the

knowledge of the perpendicular wavenumber k⊥, the perpen-

dicular propagation velocity of the turbulent fluctuations can

be inferred. The formula for the plasma slab (1) is not valid

for plasmas with curved cutoff-layers. In these cases ray or

beam tracing has to be used to calculate both the radial posi-

tion of the backscattering volume ρpol and the probed turbu-

lence wavenumber k⊥. In this work, the beam tracing code

torbeam [50, 51] was used to calculate the above quantities.

It should be emphasized here that the index “⊥” refers to

the direction perpendicular to the magnetic field B and tan-

gential to the flux surface. Hence, the Doppler reflectometry

measurement selects fluctuations with kr = 0. This defini-

tion is different from the one often used in the gyrokinetics

community, where the index “⊥” denotes the direction per-

pendicular to the magnetic field, and not necessarily parallel

to the flux surface, with k2
⊥ ∝ gxxk2

x + 2gxykxky + gyyk2
y , where

gi j are the metric coefficients. For the remainder of the paper,

the index “⊥” will be used as stated above, perpendicular to B

and parallel to the flux surface.

The perpendicular velocity u⊥ is composed of the plasma

background E × B velocity vE×B and the phase velocity of

turbulent fluctuations vph:

u⊥ = vE×B + vph. (2)

When the phase velocity of turbulence is small compared

to the E × B velocity, vph ≪ vE×B, the radial electric field

can be deduced from Er = u⊥B, where B is the magnetic

field strength. Comparison of Er from Doppler reflectom-

etry with Er from heavy ion beam probe measurements at

the TJ-II stellarator showed good agreement in the core [52].

Furthermore, comparisons with Er from spectroscopy in W7-

AS [49] and AUG [53] as well as Er from a ball-pen probe

in AUG [54] confirmed that vph ≪ vE×B holds, at least in

the edge and scrape-off layer regions. In DIII-D, Er was

inferred from beam emission spectroscopy, which also mea-

sures the turbulence propagation velocity. Comparison with

charge exchange recombination spectroscopy measurements

also confirm the above statement [55]. However, there are

also examples where a non-negligible vph has been observed

with Doppler reflectometry. One of them is Ohmic plasmas

in AUG [56], the other is Tore Supra ion cyclotron resonance

heated plasmas [43].

The Doppler reflectometer used in this work is operated in

X-mode polarization in a frequency range of f0 = 75 – 105

GHz (W-band) [57], giving access to a density range of 2 – 6

×1019 m−3 for the magnetic field used in this work (B = 2.27

T on-axis). A central element in the present studies is the pos-

sibility to scan the probed perpendicular wavenumber of the

turbulence k⊥ via a change in θ0, cf Eq. (1). A schematic of

the system in the poloidal cross section of the AUG tokamak is

shown in Fig. 2 [58]. Closed and open flux surfaces are shown

as solid and dashed lines, respectively. The microwave enters

from the right through an oversized ∅38 mm waveguide. Af-

ter emission from one antenna of the bistatic antenna system,

the beam is redirected via a plane mirror towards an ellip-

soidal mirror. The action of the latter is twofold: first, it con-

trols the tilt angle θ0, and second it serves to focus the beam

FIG. 2: Poloidal cross-section of the AUG tokamak. The microwave

enters through oversized smooth-bore ∅38 mm waveguides (TX:

transmit) and is emitted by an optimized antenna. After reflection on

the lower plane mirror, the beam is steered towards the plasma via

the ellipsoidal mirror, where it backscatters off density fluctuations.

The m = −1 order Bragg-backscattering returns to the ellipsoidal

mirror, and is received through RX (receive) by the microwave elec-

tronics (not shown). Note the “Controller” for the piezo motor drive,

which can steer the ellipsoidal mirror, thus selecting different k⊥ of

the turbulence via (1).

roughly at ρpol = 0.9 in the plasma, where the wave is partly

reflected (m = 0) and also scattered (m , 0). The Bragg-

backscattered wave travels back via the ellipsoidal mirror to

the lower plane mirror and into the receiver antenna. The lat-

ter feeds the beam into the oversized waveguide, which directs

it out of the vacuum vessel and into the reflectometer electron-

ics. The rotation of the ellipsoidal mirror is achieved via an

in-vessel linear piezoelectric drive, indicated in green along

with the double arrow. The linear motion of the piezoelectric

stage is converted to a rotation of the ellipsoidal mirror via a

linkage incorporating eight ball-bearings. The angular range

achieved via rotation of the mirror is ∆θ ≈ 35◦, corresponding

to a perpendicular wavenumber range of roughly k⊥ ≈ 0 – 25

cm−1. Since the wave is focussed to the cutoff layer with an

optimum beam size [49, 59, 60], the spectral resolution is opti-

mized and typical values of ∆k⊥ ≈ 2.0−2.2 cm−1 are obtained,

depending on the probing beam frequency f0. For more details

on the Doppler reflectometer hardware, the reader is referred

to Refs. [57, 61].

III. PLASMA DISCHARGE DETAILS

All the discharges reported in this paper were performed

in the ASDEX Upgrade (AUG) tokamak and operated in the

high-confinement regime (H-mode). Both plasma density and

magnetic field strength (on-axis B = 2.27 T) were chosen

such that the spatial coverage of the Doppler reflectometer
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FIG. 3: Time traces of shot #28245. (a) Heating power Pheat, (b)

core to edge line-averaged density 〈ne〉, (c) divertor currents showing

ELMy behavior at high PECRH, (d) electron temperature Te at ρpol =

0.7, 0.8 and 0.9.

was between ρpol = 0.5 and 1.0. The main objective was to

study the turbulence characteristics in both the ITG and the

TEM microinstability regime. The transition can be achieved

by changing the deposited electron cyclotron heating (ECRH)

power to modify the normalized logarithmic electron temper-

ature gradient R/LTe
= −R∇Te/Te locally [6, 62, 63], which

is a driving term for the TEM instability.

A. Experiment Description

Figure 3 shows time traces of a representative plasma dis-

charge for the discharge series reported in this paper. Neu-

tral beam injection with heating power of 2.5 MW is used

throughout the discharge to obtain a steady state H-mode

plasma (a). In order to modify the temperature gradient,

ECRH power steps between 0 and 1.8 MW are used. The

ECRH power is deposited at ρECRH
pol

= 0.5 from 2.0 – 4.0 sec-

onds, while from 4.6 – 6.6 seconds, the deposition location is

ρECRH
pol

= 0.8. The two respective time windows are shaded

grey.

As can be seen in Fig. 3(b), no pronounced changes are

observed in the line-integrated density 〈ne〉 when the heating

power changes, apart from a slight increase and decrease of

the core chord at high ECRH powers at ρECRH
pol

= 0.5 and

0.8, respectively. This effect is related to density peaking and

will be discussed later. In Fig. 3(c), the divertor shunt cur-

rent, a monitor for ELM activity, shows that the ELM activ-

ity increases with heating power. Therefore all analyses in

the following are ELM synchronized, meaning that for both
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FIG. 4: (a) Electron temperature profiles without (blue) and with

(red) additional 1.8 MW ECRH at ρECRH
pol

= 0.5. Note ∇Te is in-

creased at ρpol > 0.5, resulting in an increase of R/LTe
in that region,

depicted in (b). (c) and (d) are the same as (a) and (b) for ρECRH
pol

= 0.8.

Since Te increases and ∇Te remains unaffected, R/LTe
decreases al-

most in the whole radial range.

background profile and Doppler reflectometry data analysis,

only the inter-ELM phases are taken. The electron temper-

ature Te is depicted in the lower plot, where the influence

of the stepped heating power can be clearly observed. Note

that for ECRH deposition at ρECRH
pol

= 0.5, the change in Te at

ρpol = 0.5 is larger than for ρECRH
pol

= 0.8.

B. Impact of additional ECRH on Te and R/LTe

In Fig. 3(d) it is observed that change in Te is stronger if

ECRH is deposited at ρECRH
pol

= 0.5 than 0.8. The effect of ad-

ditional ECRH on the electron temperature profiles measured

by ECE is shown in Fig. 4. In (a) the radial Te profiles are

shown for the cases without ECRH (t = 2.5 – 3.0 s in Fig. 3)

and with 1.8 MW ECRH at ρECRH
pol

= 0.5 (t = 3.5 – 4.0 s

in Fig. 3). As additional ECRH is switched on at mid-radius

(red points in (a)), a Te increase across the whole profile is ob-

served. The driving term for TEM turbulence, R/LTe
, is cal-

culated via a polynomial fit to the Te profile and shown in (b)

for the case without ECRH (solid) and with 1.8 MW ECRH

(dashed). It can be observed that R/LTe
can be increased sub-

stantially around the ECRH deposition radius. Further inside,

at ρpol < 0.4, R/LTe
decreases. This is due to the fact that in-

side the ECRH deposition radius, the Te profile rises such that

the gradient observed in the profile without ECRH is main-

tained. This effect becomes more clear for ECRH deposition

at ρECRH
pol

= 0.8 ((c-d), cf t = 5.1 – 5.6 s and t = 6.1 – 6.6 s

in Fig. 3), where the whole profile is lifted by ECRH. Conse-

quently, in (d), R/LTe
is decreased almost in the whole radial

region. Note the similarity of R/LTe
for the respective cases

without ECRH (solid lines in (b) and (d)), which shows that

no history is kept in the plasma discharge.

Figure 5 shows the time window from 2 to 4 seconds, where

ECRH steps (a) are applied at ρECRH
pol

= 0.5. The electron

temperature at different radii follows PECRH (b). In (c), the

temporal evolution of the main driving term of TEM and ETG
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FIG. 5: Time traces of (a) ECRH power, which is deposited at

ρECRH
pol

= 0.5 (b) Te and (c) R/LTe
at different radial positions. At

ρpol = 0.58, the turbulence drive increases with increasing ECRH

power, while further outside, it is unaffected. The dips in (b) (spikes

in (c)) are due to type I ELMs, which are excluded from the analysis.

turbulence, R/LTe
, is shown for different radial positions in the

plasma. The derivative used in R/LTe
has been calculated by

the difference between neigboring ECE channels. Although

the absolute value obtained with this method is subject to

a rather large uncertainty, the trend observed is reliable and

serves to give an impression of the effect of ECRH on the tur-

bulence drive term. R/LTe
is most affected by PECRH at the

innermost position (ρpol = 0.58), while further outside it re-

mains roughly constant. Hence the most prominent change in

direct turbulence measurements – if any – is to be expected

at radial positions close to ρpol = 0.58. Note the dips in Te

are due to type I ELMs. This temporary decrease of Te during

the ELM cycle causes an immediate rise in R/LTe
(spikes). As

mentioned above, these phases are excluded from the follow-

ing analysis.

Equivalent time traces, but for ECRH deposition at ρECRH
pol

=

0.8, are shown in Fig. 6. Without additional ECRH (t = 5.1

– 5.6 s), the same value R/LTe
≈ 4 at ρpol ≈ 0.6 is found as

in Fig. 5, which shows that no memory from previous heat-

ing phases in the discharge is kept. For the ρECRH
pol

= 0.8

case, however, the additional ECRH has a reverse effect on

R/LTe
: the driving term is reduced as ECRH power is added

to the discharge. This is consistent with the observations in

Fig. 4, where additional heating at ρECRH
pol

= 0.8 increases Te

but not ∇Te for ρpol < 0.8, reducing R/LTe
. The onset of the

TEM instability is at R/LTe,crit ≈ 5 (cf Sec. V A), such that no

pronounced changes in turbulence activity are expected with
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FIG. 6: Same as Fig. 5 for ECRH deposition at ρECRH
pol

= 0.8. In

(c), R/LTe
is reduced inside of the ECRH power deposition radius

(ρpol = 0.69 and 0.59)

ρECRH
pol

= 0.8, while for ρECRH
pol

= 0.5, an increase in TEM ac-

tivity might be observed due to a stronger driving term R/LTe
.

This will be investigated in more detail in Sec. V.

C. Impact of additional ECRH on plasma profiles

As described before, additional ECRH has been deposited

at ρECRH
pol

= 0.5 and 0.8 at different power levels (0.5, 1.2 and

1.8 MW). For simplicity, in this section only the extreme cases

(PECRH = 0 and 1.8 MW) are considered. Fig. 7(a) shows

density profiles before and after switching on of 1.8 MW ad-

ditional ECRH at ρECRH
pol

= 0.5 corresponding to time win-

dows 2.5 – 3.0 s (blue, no ECRH) and 3.5 – 4.0 s (red, 1.8

MW ECRH) in Fig. 3. The data shown is from the intervals

2.65 – 2.95 s and 3.65 – 3.95 s in order to only investigate the

plasma once it has reached the new equilibrium. The circles

are calculated mean values of the individual measurements at

each Thomson scattering (TS) channel [64]. The TS channel

at ρpol = 0.7 was not properly calibrated and thus shows a

slightly elevated value. Hence, in the following, it is excluded

from the profile analysis and from the determination of gy-

rokinetic code input parameters. For the edge profiles, data

from the edge TS and the Lithium beam systems [65] were

used.

As ECRH is added to the discharge at ρECRH
pol

= 0.5, a pro-

nounced increase of density at radii inside of the ECRH depo-

sition radius can be observed. Towards the edge, the density

profiles overlap. Fig. 7(b) shows the difference between the
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FIG. 7: (a) Density profiles without (blue) and with (red) addi-

tional ECRH at ρECRH
pol

= 0.5. The circles are the mean values

for each Thomson scattering measurement channel. (b) The differ-

ence between density profiles with and without additional ECRH at

ρECRH
pol

= 0.5 shows an increase in central density while the edge den-

sity remains the same, hence density peaking is observed, as shown

in (c). Panels (d), (e) and (f) are the same as (a), (b) and (c), but with

ECRH at ρECRH
pol

= 0.8. No change in peaking is observed as ECRH

is added (f).

density profiles with and without additional ECRH, ∆ne. The

increase of core density, accompanied with a slight edge den-

sity reduction, indicates that the discharge is moving from a

clear ITG regime towards a situation with increased impor-

tance of the TEM instability [66]. The normalized logarith-

mic gradient R/Lne
is depicted in (c), where an increase with

ECRH deposition can be observed (dashed line).

Figure 7(d) shows density profiles for the time windows

5.25 – 5.55 s and 6.25 – 6.55 s, which is the analogue to (a),

but the ECRH deposition location is now ρECRH
pol

= 0.8. In

this case, no density peaking is observed. On the contrary, the

profile with ECRH has slightly reduced core density. The dif-

ference of both density profiles, ∆ne, is depicted in fig. 7(d).

No changes in R/Lne
are observed between the two heating

regimes (f).

It is important to note that for ρECRH
pol

= 0.5, the density

profile is more peaked than without ECRH (cf Fig. 7(b)),

meaning that R/Ln increases with additional ECRH. This can

have an influence on the prevailing microinstability: R/Ln is a

stabilizing term for temperature gradient driven modes (ITG,

ETG) [67, 68], provided it is comparable to R/LT , which is not

the case here. However, R/Ln is also a destabilizing term for

TEMs [21, 69–71]. Hence, with increased heating power and

the changes reported to both R/LTe
(cf Sec. III B) and R/Ln,

a more pronounced influence of TEMs can be expected for

ρECRH
pol

= 0.5, but not for ρECRH
pol

= 0.8.

Figure 8 shows radial profiles of the toroidal plasma rota-

tion vtor measured with charge exchange recombination spec-
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FIG. 8: Toroidal rotation profiles without (blue) and with (red) 1.8

MW ECRH. For both heating locations (ρECRH
pol

= 0.5 (a) and 0.8 (b)),

vtor decreases when ECRH is added. The effect is stronger for the

inner ECRH deposition location (a).
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FIG. 9: (a) Ion temperature profiles without (blue) and with (red)

additional 1.8 MW ECRH at ρECRH
pol

= 0.5. Note ∇Ti is reduced and

Ti is increased at ρpol > 0.5, resulting in a decrease of R/LTi
, depicted

in (b). (c) and (d) is the same as (a) and (b) for ρECRH
pol

= 0.8, where

an effect of the additional ECRH is hardly visible.

troscopy (CXRS) on boron ions [72]. In all cases vtor is peaked

and decreases monotonously towards the plasma edge. For

ECRH at locations ρECRH
pol

= 0.5 (a) and 0.8 (b), a decrease of

vtor is observed. This decrease is more pronounced in (a), in-

dicating that higher central Te leads to a stronger reduction in

vtor. This is consistent with studies of the influence of ECRH

on toroidal rotation in H-mode discharges in AUG [73].

The effect of additional ECRH on the ion temperature pro-

files measured by CXRS on boron ions is shown in Fig. 9.

The profiles without additional ECRH (t = 2.5 – 3.0 s and

t = 5.1 – 5.6 s) are similar. As additional ECRH is switched

on at mid-radius (red points in (a)), an increase of Ti at

ρECRH
pol

< ρpol < 0.9 is observed. At the same time, its gradient

decreases around and outside of the heating deposition radius.

Hence R/LTi
is reduced, which is depicted in (b). It is inter-

esting to note that the flat Ti in this region must be caused by

an increased transport. This is counterintuitive to the fact that

ITG turbulence is driven by R/LTi
= −R∇Ti/Ti. However, the

critical ion temperature gradient R/LTi
|crit ∝ 1 + Ti/Te [67],

such that ITG turbulence is more unstable as ECRH is added,

which reduces the second term on the rhs. This could explain

the increase in χi and the related flattening of Ti. For the case

of added heating at ρECRH
pol

= 0.8 (c), a slight Ti increase over
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the whole plasma radius is visible without any strong changes

to ∇Ti. Hence, R/LTi
is barely affected (d).

Finally, in the radial range of interest for this work (ρpol =

0.5 – 0.8), the ratio of electron to ion temperature is Te/Ti ≈
1.0 without additional ECRH, while it increases up to Te/Ti ≈
1.4 with PECRH = 1.8 MW. In the same radial region

the electron-ion collision frequency νei is found between

νei/(cs/R) = 1.0 and 2.5 at ρpol = 0.5 and 0.8 for PECRH = 0,

where cs and R are the ion sound velocity and major radius,

respectively. For PECRH = 1.8 MW, νei/(cs/R) is between 0.5

and 1.5, hence it is reduced by approximately a factor of two

when 1.8 MW ECRH is added. The impurity density pro-

file has been measured for boron and carbon impurities and

is roughly constant over the plasma radius with values around

1.5 × 1017 m−3, giving a value for Zeff = 1.2 for the above

radii, which is used in the section on simulations (Sec. V).

IV. TURBULENCE MEASUREMENTS

In order to monitor scale-resolved turbulence changes with

different ECRH powers, the ellipsoidal mirror of the Doppler

reflectometer was moved on a shot-to-shot basis, changing the

probing beam tilt angle and thus the measured k⊥ (cf Sec. II).

Moreover, in each shot, scans in probing beam frequency

between f0 = 74.7 and 103.5 GHz were performed within

100 ms time windows, such that profile measurements from

ρpol = 0.5 to 1.0 are available for each probing beam tilt an-

gle [74]. Altogether, this gives experimental radial profiles

of u⊥ and ñ for the different electron temperature logarithmic

gradients as obtained by changing the ECRH positions and

heating powers.

A. Perpendicular propagation velocity of the turbulence

As introduced in Sec. II, through measurement of the

Doppler shift ωD ≈ u⊥k⊥, the perpendicular velocity of den-

sity fluctuations u⊥(k⊥) = vE×B + vph(k⊥), where vE×B is the

E × B-velocity and vph is the phase velocity of the turbulence,

can be measured. It is important to note that the dependence of

u⊥ on k⊥ originates exclusively from vph, and thus is a direct

consequence of the turbulence propagation. For the plasma

discharges presented in this paper, u⊥(k⊥) has been obtained

for all the ECRH power steps at both heating locations, result-

ing in a total of eight profiles. For each profile, the measure-

ments are available at different structure sizes ranging from

k⊥ = 4 – 18 cm−1.

Figure 10 shows u⊥ for different additional ECRH heating

powers at ρECRH
pol

= 0.5 (indicated by the magenta arrow, with-

out ECRH (a), 0.5 MW (b), 1.2 MW (c) and 1.8 MW (d)) and

different turbulence scales (color-coded). All profiles range

from approximately ρpol = 0.5 to the separatrix and show pos-

itive u⊥ from mid-radius to the pedestal top and a well in the

edge gradient region with a minimum around ρpol = 0.99.

Assuming u⊥ is dictated to a large degree by Er, the pro-

file shape is consistent with previous observations in AUG H-

modes [53] and also other tokamaks [75]. The perpendicular

flow in the edge region AUG has been shown to be in agree-

ment with neoclassical theory [76]. The positive values in the

core result from the toroidal NBI momentum input while the

edge well is caused by the ion pressure gradient [77]. The

u⊥-minimum has also been observed further inside in smaller

experiments [42, 52, 78], and it has been proposed that the

absolute distance to the separatrix (roughly 3 cm) is the main

player rather than a distance in normalized magnetic flux [52].

In Fig. 10(a) (no additional ECRH), large, intermediate and

small structure sizes (blue, green and red) propagate with the

same u⊥, such that vph ≪ vE×B can be assumed. Another

explanation could be an independence of vph on k⊥. This is

the case for a linear dispersion relation ω(k⊥), which can-

not be excluded here. Adding 0.5 MW ECRH power barely

changes the u⊥-profile, only the u⊥ well becomes marginally

deeper. With the addition of 1.2 MW ECRH power (c), the

situation changes: while small and intermediate scales con-

tinue to propagate with roughly 5 km/s around mid-radius,

large structures experience a deviation and propagate slower,

an effect which is increased for PECRH = 1.8 MW (d). This

change in u⊥ at ρpol < 0.8 with PECRH > 1 MW could be re-

lated to a change in phase velocity vph of large-scale turbulent

structures, which would point into the electron-diamagnetic

direction, consistent with the usual propagation direction of

TEMs. The change in u⊥ can be compared to the expected

phase velocity of the turbulence, which is generally of the or-

der of vph ≈ 3ρscs/R [56, 79]. At ρpol = 0.6 this gives a value

of vph ≈ 1.6 km/s. This is less than, but of the same order

of magnitude, as the experimentally observed difference of 3

km/s, showing that the observed effect could indeed be due to

a modification of vph of large structures.

Corresponding u⊥ profiles for ρECRH
pol

= 0.8 are shown in

Fig. 11. As in Fig. 10, u⊥ is roughly 5 km/s at mid-radius and

decreases to values of roughly −7 km/s at the u⊥ well, which

is again located at roughly ρpol = 0.99. In contrast to the

ρECRH
pol

= 0.5 case, no effect in the u⊥ profile can be seen when

adding ECRH power at ρECRH
pol

= 0.8 on any scale, the profiles

remain comparable even when adding 1.8 MW ECRH. Note

that no small scales (k⊥ > 14 cm−1) have been measured at

the highest power (d), which is due to a loss of signal from

the Doppler reflectometer. This is caused by the combina-

tion of two different effects: first, with additional ECRH at

ρECRH
pol

= 0.8, the density profile becomes very flat, making re-

flectometry measurements in general more challenging. Sec-

ond, the turbulence level for small scales is rather low, such

that the combination of flat density profile and low turbulence

level causes the backscattered signal to drop below the diag-

nostic limit.

B. Radial profiles of density turbulence level

Figure 12 shows turbulence levels ñ for the four differ-

ent ECRH heating levels (color-coded) for ρECRH
pol

= 0.5 (cf

Fig. 5). Although no absolute turbulence levels are measured

by Doppler reflectometry, relative changes are meaningful. In

(a), ñ is shown for the largest investigated turbulence struc-
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FIG. 10: Perpendicular velocity of density fluctuations for different heating powers. Additional ECRH is deposited at ρECRH
pol

= 0.5.

tures with perpendicular wavenumbers of k⊥ = 4 – 8 cm−1.

As a general observation, from the core towards the edge, ñ

increases up to roughly ρpol = 0.98, which has been observed

in many tokamaks and stellarators [80, 81]. In the very edge

(ρpol = 0.99) a significant reduction of turbulence is observed

close to the position of the Er shear layer, consistent with ob-

servations in H-mode on many devices [42, 81–84]. An influ-

ence of the additional ECRH power on the turbulence level is

observed around mid-radius, close to the ECRH deposition lo-

cation. For ECRH powers less than 1 MW (circles), no differ-

ence in the turbulence level profiles can be detected. However,

at PECRH > 1 MW (R/LTe
> 5), an increase in turbulence level

in a radial region from ρpol ≈ 0.50 – 0.75 is detected. Towards

the edge, the influence of additional ECRH decreases and the

turbulence level profiles are indistinguishable at ρpol > 0.75.

The increase in ñ close to the ECRH deposition radius could

be related to the increase in R/LTe
as observed in Fig. 5(c),

where the largest R/LTe
increase is at the innermost observed

radius (ρpol = 0.58) at PECRH > 1 MW.

As noted before, smaller turbulence scales were also inves-

tigated in the discharge series. The turbulence level profiles

for k⊥ = 8 – 13 cm−1 and k⊥ = 13 – 18 cm−1 are shown in

Fig. 12(b) and (c), respectively. Similarly, the general shape

shows an increase of ñ from the core towards the edge. At

comparable radii, ñ decreases from large turbulence scales to-

wards smaller scales ((a) to (c)). For the smallest scales in-

vestigated, close to the Er shear layer measurements were not

possible due to a loss of the Doppler shifted component.

For neither (b) nor (c) an influence of the additional ECRH

power on the turbulence level profile can be detected. The

growth rates of ITG and TEM instabilities tend to peak around

k⊥ρs = 0.4 – 0.7 (cf Sec. V A), which corresponds in these ex-

periments to k⊥ = 2 – 4 cm−1, dropping to larger k⊥. Since

the turbulence level changes observed at k⊥ = 4 – 8 cm−1
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FIG. 11: Perpendicular velocity of density fluctuations for different heating powers. Additional ECRH is deposited at ρECRH
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= 0.8.

are strong, but weaker for smaller scales (k⊥ = 8 – 13 cm−1

and k⊥ = 13 – 18 cm−1), this could point to a change in the

properties of the energy cascade with collisionality and turbu-

lence drive, as has been observed both theoretically and nu-

merically [85–87]. To make a clear statement on this point,

detailed measurements of wavenumber spectra are necessary,

which are not available for the discharges discussed here.

Figure 13 shows density turbulence level profiles ñ for

ρECRH
pol

= 0.8, corresponding to t = 4.6 – 6.6 s in Fig. 3 and

Fig. 6. As a general observation, for all structure sizes the ra-

dial and spectral dependence of turbulence level is the same

as in Fig. 12, i.e. an increase from core towards edge with

a reduction close to the Er shear layer and a decrease of ñ

from large towards small scales. In contrast, an influence of

additional ECRH at ρECRH
pol

= 0.8 on the turbulence level is

not observed. This is consistent with Fig. 6(c), where only

at ρpol = 0.8 an almost negligible increase in R/LTe
is seen,

whereas the general trend is a reduction of R/LTe
. Since in this

case R/LTi
is the dominant turbulence driving term (ITG dom-

inant), the source of free energy for the turbulence is barely

affected for ρECRH
pol

= 0.8, and correspondingly no change in ñ

in Fig. 13 is observed.

To summarize, an effect of additional ECRH on the turbu-

lence quantities u⊥ and ñ is only detected for ECRH with suf-

ficient power (P > 1 MW) deposited at mid-radius for large-

scale turbulence (k⊥ = 4 – 8 cm−1). The effect is a more nega-

tive phase velocity of turbulent fluctuations vph along with an

increase in the fluctuation amplitude.
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FIG. 12: Radial turbulence level profiles for different structure

scales. Large structures ((a), k⊥ = 4 – 8 cm−1) show an increase

in core turbulence level with increasing ECRH heating power at

ρECRH
pol

= 0.5 (indicated by magenta arrow), while smaller structures

((b), (c)) are barely affected by ECRH. Close to the Er shear layer,

the turbulence level drops. At small turbulence scales (c), it even

drops below the diagnostic limit.

V. ASTRA AND GENE MODELING FOR ECRH

DEPOSITION AT ρECRH
pol

= 0.5

Since the strongest effect on all quantities investigated

(R/Ln, R/LTi
, R/LTe

, u⊥ and ñ [cf Figs. 7, 9, 5, 10 and 12])

was observed for ρECRH
pol

= 0.5 at 1.8 MW additional ECRH

power, this case and the one without ECRH will be used

for comparison with linear and non-linear simulations using

the gyrokinetic plasma turbulence code gene [8]. To iden-

tify the underlying microinstabilities linear simulations were

performed. The experimental ion and electron heat fluxes

(Qi,e) and diffusivities (χi,e) were obtained through power bal-

ance analysis with the astra code [88], to be subsequently

compared to results from non-linear gene simulations. Apart
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FIG. 13: Same as Fig. 12 for ECRH deposition at ρECRH
pol

= 0.8 (in-

dicated by magenta arrow). Note that no effect of additional electron

heating is visible on the density turbulence level profile.

from heat fluxes which are flux-matched to the power balance

analysis results, gene non-linear simulations yield the turbu-

lence level ñ, which will be compared to the experimental re-

sults from Sec. IV B. For all linear simulations presented, the

resolution is {31 × 32 × 48 × 16} in {x, z, v‖, µ} coordinates,

where µ is the magnetic moment (non-linear: {256 × 128 ×
32 × 48 × 16} in {x, y, z, v‖, µ}). The non-linear simulation

box sizes are {125ρs, 125ρs, [−π, π], [−3, 3]vth,α, [0, 9]Tα/B} in
{x, y, z, v‖, µ}. Here, α denotes the species (electrons or ions).

Convergence tests for several cases with double resolution in

the perpendicular direction have been done and show no dif-

ference to the results presented. Similarly, perpendicular box

sizes including several turbulence correlation lengths are used

and have been checked for convergence. The results presented

are time averaged values after the simulations are converged

and have subsequently been run for several autocorrelation

times of the turbulence. The experimental equilibrium is pro-

cessed through the Tracer-Efit interface [89]. The effective
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=
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quency of the fastest growing mode. Positive and negative frequen-
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respectively.

charge is Zeff ≈ 1.2. Two kinetic species (ions and elec-

trons) are used with realistic mass ratio
√

mi/me ≈ 60, and

electromagnetic effects are included by solving for the paral-

lel component of Ampère’s law. Since it has been observed

that including impurities as a third kinetic species can impact

growth rates even at low Zeff [31], test cases with three ki-

netic species were run but yielded only small differences to the

two-species results (less than 10% deviation in growth rates

and heat fluxes). Furthermore, it was ascertained in linear and

non-linear test cases that the dilution effect from the fast ion

density can be neglected. The E × B shear is approximated

from the toroidal velocity of boron impurities (cf Fig. 8) via

γE = ρt/q (∂ωtor/∂ρt), with ρt the normalized toroidal flux

and ωtor the toroidal rotation frequency. This method neglects

contributions from the boron poloidal velocity and from the

boron pressure gradient (with atomic number Z = 5) to calcu-

late Er. For all cases considered, γE/γmax . 0.25, with γmax

the growth rate maximum. Although γE has been found to be

negligible – even an increase of 40% showed no significant

impact on neither growth rates nor heat fluxes – it is included

in all simulations presented. For a more extensive description

of the simulations and a detailed analysis of parameter scans

for the presented discharges, the reader is referred to Ref. [87].

A. Linear gyrokinetic simulations

In order to identify the fastest growing microinstability

(ITG or TEM), linear gyrokinetic simulations have been con-

ducted for normalized structure sizes kyρs = 0.1 – 2.85 and

logarithmic temperature gradients R/LTi
and R/LTe

spanning

the range 1.2 – 9.8 each. Figure 14 shows a representative
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FIG. 15: Maximum growth rate (color coded) for scales

kyρs = 0.2 – 1.0 and its dependence on normalized ion- and electron

temperature gradients, R/LTi
and R/LTe

, respectively, for the cases

without (a-c) and with (d-f) ECRH. The thick white line denotes the

boundary between TEM (upper left) and ITG (lower right) sections,

identified via a change of sign of frequency. The yellow and magenta

crosses indicate the experimental gradients for the case without and

with ECRH, respectively. At the innermost radii ρpol = 0.60 and

0.70, adding ECRH brings the discharge close to the TEM regime,

while further outside ρpol = 0.80, it does not.

result of one linear simulation for ρpol = 0.60 and R/LTe
=

R/LTi
= 4.9. The growth rate of the fastest growing mode is

shown in Fig. 14(a). It is positive for large scales (kyρs < 1)

and small scales (kyρs > 2), and there is a gap for intermedi-

ate scales where no unstable mode is found. To identify the

dominant microinstability, the frequency of the fastest grow-

ing mode has to be considered, as depicted in Fig. 14(b). In

gene, positive and negative frequencies correspond to the ion-

and electron-diamagnetic drift directions, respectively. For

kyρs < 1 the propagation in the ion-diamagnetic direction

identifies the ITG mode. For kyρs > 2, propagation is in the

electron-diamagnetic direction. Considering the wavenumber

range, this instability can be identified as an electron temper-

ature gradient driven mode (ETG).

Figure 15 depicts the growth rate maximum γmax for

ITG or TEM instabilities color-coded for different radii

(ρpol = 0.60, 0.70 and 0.80) for the case without ECRH (a-

c) and with 1.8 MW ECRH (d-f). Background parameters

(R/Ln,Te/Ti, q, ŝ, . . . ) are taken from the respective experi-
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mental situation (without and with ECRH). γmax is calcu-

lated in the range kyρs = 0.2 – 1.0. The largest structures

at kyρs = 0.1 have been excluded because they were found

to contain contributions from microtearing modes (MTMs).

Since, in the presence of ITGs, MTMs may not contribute sub-

stantially to heat transport [90], and the corresponding large

perpendicular scales are not measured by the Doppler reflec-

tometer, the choice to exclude kyρs = 0.1 does not influence

the conclusions. In the line-filled region in the lower left cor-

ners, both ITGs and TEMs are stable, i.e. their growth rates

are negative. For largest R/LTi
and R/LTe

the highest growth

rates are observed (upper right corner). The thick white line

indicates where the frequency of the fastest growing mode

changes sign, it thus describes the boundary between ITG

(lower right) and TEM (upper left) instabilities. A general

observation is that ITG is the preferred instability, in that for

R/LTe
= R/LTi

, the ITG is the fastest growing mode. This

is also observed in studies of impurity transport and intrinsic

rotation on Alcator C-Mod [33, 91]. The crosses localize the

gradients in the experiment. Their sizes indicate the error bars

in the respective quantities, which are assumed to be 20% of

the measurement. The growth rate maximum increases with

radius for both without and with ECRH.

Comparing the cases without and with ECRH, it becomes

apparent that the boundary between TEM and ITG turbulence

becomes steeper with ECRH, at least for ρpol = 0.60 and 0.70.

This means that with ECRH, the ITG mode is more dominant

in comparison to the case without ECRH. This is a particularly

interesting effect which can be explained by the fact that both

Te/Ti and R/Ln increase substantially with electron heating,

such that the ITG mode becomes more unstable, which is also

reflected in the smaller stable region in the lower left parts of

(d) and (e). Still, since with ECRH the logarithmic gradients

R/LTe
and R/LTi

are changed (yellow and magenta crosses),

the experimental situation is now closer to a regime with pos-

sible influence of the TEM instability, at least for ρpol = 0.60

and 0.70 ((d) and (e)). It is important to note that while a dis-

tinction between ITG and TEM is certainly adequate for prac-

tical reasons, in reality they can co-exist, even with a smooth

transition from one to the other [38]. Furthermore, trapped

electrons are not exclusively related to the TEM instability.

Instead, they have been shown to play a major role in the ITG

instability [39, 40]. For more details on the simulation results,

the reader is referred to Ref. [87].

Figure 16 shows vph color-coded without (a) and with 1.8

MW ECRH (b) for ρpol = 0.60, corresponding to the simula-

tions from Fig. 15(a) and (d). Again, the experimental point

in R/LTe
- and R/LTi

-parameter space is marked by the yellow

and magenta crosses. In general, vph is of the order of several

100 m/s and negative and positive for the TEM and ITG insta-

bility, respectively. In the case without ECRH (a) and for the

experiment parameters, vph ≈ 580 m/s, while for the case with

ECRH (b), vph ≈ 340 m/s. Hence from linear gyrokinetic sim-

ulations a reduction of vph is expected, which is qualitatively

consistent with the experimental observation (cf Sec. IV A,

Fig. 10(d)). However, quantitatively, the observed change of

roughly 3 km/s from the experiment is not recovered here.

Furthermore, the simple estimate of vph ≈ 3ρscs/R ≈ 1.6
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FIG. 16: Phase velocities vph obtained via linear gyrokinetic simu-

lation at ρpol = 0.60. The yellow and magenta crosses indicate the

experimental gradients for the case without and with ECRH, respec-

tively. In both cases without (a) and with 1.8 MW ECRH (b), vph is

of the order of several 100 m/s. A reduction of vph with additional

ECRH is observed.

km/s [56, 79] seems to overpredict vph compared to the gy-

rokinetic simulations.

Concluding, it can be observed that adding 1.8 MW ECRH

to the discharge has the effect of approaching the boundary

between TEM and ITG turbulence. However, through the

changes in parameters other than ion- and electron tempera-

ture gradients, the parameter space changes such that it be-

comes difficult to reach a situation in which the TEM is the

dominant instability. From the present linear gyrokinetic sim-

ulations, it can be inferred that a clear transition into a domi-

nant TEM regime can only be achieved if R/LTe
and R/LTi

are

changed without strongly modifying Te and Ti. Experimen-

tally, this is a challenging task since an increase in ∇Te re-

quires a change to Te, which affects the ITG stability through

Te/Ti and thus destabilizes the ITG mode.
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FIG. 17: astra power balance analysis (lines) and non-linear gyroki-

netic simulation results (plus symbols and crosses). (a) Ion heat flux,

(b) electron heat flux. The gyrokinetic simulation results at ρ ≥ 0.7

(indicated by the gray shaded box) are from runs in which R/LTi
is

decreased by 20% in order to match the heat fluxes from power bal-

ance analysis. For details refer to the text.

B. Non-linear gyrokinetic simulations

In order to evaluate and interpret non-linear gyrokinetic

simulations, a two-step approach has been taken: first, the ex-

perimental heat fluxes are calculated via power balance analy-

sis with the astra code [88]. Then gene non-linear simulations

are conducted, modifying the ion temperature gradient R/LTi

within error bars such that a good match to the experimental

heat fluxes is obtained. Only R/LTi
has been modified since in

all cases investigated with linear simulations, ITG is predicted

as the fastest growing mode (cf Sec. V A). Due to the fact that

ITG drives both ion and electron heat fluxes, both channels

are reasonably well matched to the experiment. In the sec-

ond step, the density fluctuation level ñ from the gyrokinetic

simulations is compared with the measurements from Doppler

reflectometry. A more detailed analysis with emphasis on the

theoretical part of the non-linear gyrokinetic simulations in-

cluding parameter scans and the analysis of spectral proper-

ties and cross-phases between turbulent quantities is out of

the scope of this paper and will be presented elsewhere [87].

For the different heating powers used in the experiment,

Fig. 17 shows the ion- and electron heat fluxes as obtained

from power balance analysis (lines). Note that with PECRH =

1.8 MW deposited at ρECRH
pol

= 0.5, Qe (b) increases substan-

tially at that radial position. Apart from the ASTRA calcu-

lations, results from non-linear gyrokinetic simulations in the

fluxtube limit are shown as plus symbols and crosses for zero

and 1.8 MW additional input power, respectively. Simula-

tions were performed for scales k⊥ρs < 3. For the present

comparison, the restriction to larger scales than the character-

istic scales of the electron temperature gradient (ETG) mode is

justified because in the experiment only the large-scale turbu-

lence is affected by the changes to the background gradients.

In order to match the heat fluxes, R/LTi
had to be reduced

by 20% at radii ρpol ≥ 0.7 for both the PECRH = 0 and 1.8

MW cases. These results are indicated in Fig. 17 by the gray

shaded box shown in both frames. Since ITG modes cause the

main heat transport, no changes in R/LTe
have been applied.

However, for the (not shown) outer radius at PECRH = 1.8

MW, linear results show that small-scale turbulence (ETG)

could be important. It has been observed recently that if small

scales are important for heat transport, they can have an effect

on heat fluxes derived from large scales [92], which would

add a source of uncertainty to the simulations. Furthermore,

for this radial position even large-scale simulations take an or-

der of magnitude longer to converge than all the other points.

Therefore, and due to limited resources, it was decided to fo-

cus on the other seven radial points. In general, good agree-

ment is obtained between gene heat fluxes and the power bal-

ance result from astra for the PECRH = 0 case, while the

PECRH = 1.8 MW case is somewhat overpredicted. Taking

into account the stiffness of the profiles, the overprediction is

not very pronounced, since a further minor change to the gra-

dients would match the experimental heat fluxes. The phase

velocities obtained from the turbulence fields of the non-linear

simulations have been compared to the linear phase veloci-

ties. In all cases, propagation in the ion-diamagnetic direction

is observed as in linear simulations, and also the reduction of

vph for PECRH = 1.8 MW with respect to the PECRH = 0 case

is recovered (cf Fig. 16). However, the absolute vph values

from non-linear simulations are consistently below the linear

results. This point is not understood and may be related to in-

sufficient statistics for this particular post-processing purpose.

A final answer in this context is hence left for future work.

To visualize the above changes in R/LTi
necessary to ob-

tain realistic heat fluxes, Fig. 18 shows the Ti profile (against

the normalized toroidal flux radius ρtor) for the PECRH = 0

case. Light blue are the measurements from CXRS [72] (10

ms time resolution), while the black circles give the mean of

each channel in the whole time window and error bars are the

standard deviation of the respective measurements. The fit to

the experimental data is shown in blue, the final gene input

gradients to obtain the heat fluxes from Fig. 17, PECRH = 0, in

red. The inset shows a zoom to the radial position ρtor = 0.56

(equivalent to ρpol = 0.70). Locally, a change of −20% in

R/LTi
is within the degrees of freedom available to the pro-

file fitting routine. Note that although a change to R/LTi
can

be obtained by changing both Ti and ∇Ti, in this work only

a change to ∇Ti is considered, since the measurement of the
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Experimental turbulence levels have been scaled by a common factor

to match gene absolute turbulence levels.

absolute value of Ti is assumed to be more reliable than its

gradient.

It should be emphasized that although a change of −20% to

R/LTi
at a specific location in the Ti profile required to match

experimental heat fluxes might be inside the experimental un-

certainties, it is certainly not if it has to be applied continu-

ously to a large fraction of the profile.

Figure 19 compares the radial turbulence level profile for

the largest scales investigated (k⊥ = 4 – 8 cm−1) with results

from the corresponding gyrokinetic simulations (plus symbols

and crosses). Note that a good k⊥-selectivity of the diagnostic

is given by the fact that the spectral resolution is ∆k⊥ ≈ 2 cm−1

(cf Sec. II and Ref. [61]). The gene results have been ana-

lyzed on the low-field side in the outer midplane at the height

of the magnetic axis, where the Doppler reflectometer mea-

surements are taken (cf lower arrow in Fig. 2). The poloidal

variation of measurements (different k⊥ are measured at dif-

ferent launch angles) is sufficiently small for k⊥ = 4 – 8,

such that no poloidal dependence in the analysis of the tur-

bulence fields is considered. However, the gyrokinetic results

have been filtered in k⊥-space to match the scales which have

been measured by the Doppler reflectometer diagnostic. The

experimental points, which are measured in arbitrary units,

have been multiplied by a common factor to give a reasonable

match to the absolute ñ values obtained with the gene simu-

lation. At first sight, the basic trend measured with Doppler

reflectometry, i.e. an increase of turbulence level from core

towards edge, is reproduced. From ρpol = 0.5 to 0.9, both the

measurement and the simulations show roughly an increase of

a factor of five in ñ, which is a remarkable achievement. How-

ever, the gene simulation with PECRH = 1.8 MW yields lower

turbulence levels than the one with PECRH = 0, which is in

contradiction to the measurement. Although for these simula-

tions ñ decreases with increased heating, T̃i and T̃e increase,

which explains the increased heat fluxes and diffusivities from

Fig. 17. It should be noted that in general the Doppler re-

flectometry measurement is linear with fluctuation amplitude

only for low turbulence levels [93]. As the turbulence level

increases, the Doppler reflectometry response eventually be-

comes non-linear and can even saturate [93]. It has been ob-

served on many experiments that the radial turbulence pro-

files are low (ñ/n < 1%) in the core and several percent in

the edge [80, 94]. In agreement with these results, the radial

turbulence level profile in Fig. 19 shows a radial increase of a

factor of roughly 50 from the core to the edge. Hence, no sat-

uration of the measurement is expected for the core measure-

ment, while the edge data at around ρpol = 0.96 could pos-

sibly be affected by saturation. Hence, saturation effects do

not affect the comparative studies presented here, which focus

specifically on the low-turbulence core part of the plasma.

VI. DISCUSSION

Focusing on the case with ρECRH
pol

= 0.5, the main re-

sults obtained experimentally show the following picture:

when ECRH is switched on, both R/LTe
and R/Ln increase

while R/LTi
decreases. Accompanying turbulence observa-

tions show that large-scale turbulence is most affected in that

u⊥ decreases (points more into the electron-diamagnetic di-

rection) and ñ increases, while smaller scales (k⊥ > 8 cm−1)

are unaffected. These results partly resemble measurements

on trapped electron modes from DIII-D by DeBoo et al.,

who observed a predominant reaction of density turbulence

at kθ ≈ 4 − 8 cm−1 in response to decreasing R/LTe
[6]. In

their experiments, ñ first decreased with decreasing R/LTe
. As

R/LTe
was further decreased, ñ increased substantially. Simi-

lar experiments as in [6], also from DIII-D, were analyzed in

substantial detail in various works [17, 95–97] investigating

profile stiffness and responses of turbulence and heat fluxes

to changes in a/LTe
. These works found a critical gradient

a/LTe
, above which both heat fluxes and Te fluctuations in-
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creased [95, 96] and the propagation of turbulence changed

towards the electron diamagnetic direction, visible in a change

of Doppler spectral shape [97]. Also non-linear gyrokinetic

simulations were compared with power balance results and

Te flucutations [17]. In the present paper, the combined de-

crease of R/LTi
and increase of R/LTe

with additional ECRH

at ρpol > 0.5 brings the discharge closer to the transition re-

gion between ITG and TEM instabilites, defined here as the

point where vph changes sign. In contrast to the DIII-D ex-

periments above, no transition into a clear TEM dominated

regime is achieved. Both experiment and simulations point to

a transition from a plasma in the ITG regime towards a situa-

tion in which ITG and TEM instabilities might co-exist [38],

or at least the ITG character changes substantially.

Furthermore, the mixing length estimate states that ñ/n ∝
1/(krLn), which can be written ñ ∝ ∇n/kr. In the experi-

ment it has been observed that for highest ECRH power at

ρECRH
pol

= 0.5, ∇n at mid-radius increases substantially (cf

Fig. 7), such that the increased ñ is in accordance with this

simple picture. Although no increase of ñ at high k⊥ is

observed experimentally, the trend predicted by the mixing

length estimate is at least recovered for small k⊥.

In a broader context, the scales observed experimentally

with Doppler reflectometry (k⊥ρs = 0.7 – 4.2) are smaller

than the scales where the growth rates peak in the gyrokinetic

simulations (k⊥ρs ≈ 0.4 – 0.7). This means that experimen-

tally, the observations are at turbulence scales which are con-

nected to the drive scale via an energy cascade. To be able

to assess the question whether changes in the measured turbu-

lence levels are due to changes in the drive or in the spectral

energy transfer properties [85–87], detailed measurements of

wavenumber spectra are necessary, which are not available for

the discharges presented here.

The different u⊥-reaction of large and small scales to strong

mid-radius ECRH (cf Fig. 10(d)) is believed to be due to a

change in phase velocity, since vE×B is independent of k⊥. In

the experiment, a difference of approximately 3 km/s is ob-

served, while a simple assumption for the phase velocity of

core turbulence is vph ≈ 3ρscs/R = 1.6 km/s [56, 79]. Both

linear and non-linear gyrokinetic simulations show vph . 500

m/s, which is clearly below the measured value. An interpre-

tation of the experimental observation of the different u⊥ at

different k⊥ could be that, without ECRH, all scales propa-

gate with vph,ITG. As ECRH is added, large structures are at

the transition to TEM (or in the TEM regime), such that the

measured vph includes contributions from ITG and TEM and a

net vph ≈ 0 is measured. Unfortunately, with the present mea-

surements, it is not possible to confirm or refute this specula-

tion. Detailed core Er measurements, which will be possible

thanks to an upgrade to the charge exchange recombination

spectroscopy system [98], are necessary in order to calculate

the absolute value of vph.

VII. CONCLUSIONS

Turbulence investigations comprising Doppler reflectome-

try, power balance analysis and non-linear gyrokinetic simula-

tions have been presented for an H-mode discharge with four

different ECRH power steps at two different radial locations in

the AUG tokamak. Radial profiles of the perpendicular prop-

agation velocity of density fluctuations and the density fluctu-

ation level have been measured at different k⊥ for all heating

levels at both radial heating locations.

In general, the perpendicular velocity of density fluctu-

ations in the core is NBI-driven and positive (measured at

ρpol > 0.5) and it exhibits a negative u⊥-well in the edge re-

gion. Accompanying density turbulence level profiles show

an increase from the core towards the edge, with a strong tur-

bulence suppression close to the (strongly sheared) u⊥ well.

The effect of adding PECRH > 1 MW is a reduction of the

large-scale core turbulence velocity with a concomitant in-

crease in large-scale core turbulence level. The effects ob-

served are consistent with a transition from a clearly ITG

dominated plasma towards the TEM regime, either driven by

the increased R/LTe
or R/Ln.

Linear gyrokinetic simulations show that the ITG is the

fastest growing mode without ECRH. As ECRH is added, the

changes in R/LTi
and R/LTe

change the character of the in-

stability, resulting in a decrease of phase velocity. However,

propagation is still in the ion-diamagnetic drift direction, indi-

cating substantial ITG activity remains. Power balance anal-

yses have been performed using the astra code, the resulting

heat fluxes have been used as a constraint for non-linear gene

simulations in the fluxtube limit. The heat fluxes can be re-

produced if changes of R/LTi
used for gene simulations of at

most 20% are used. Although such a change is locally well

within the error bars of the measurement, it is not if it has to be

applied in a large fraction of the profile. More detailed stud-

ies are necessary in order to make a clear statement on that

point. A central result worth pointing out is the agreement

between experimental and gyrokinetic radial turbulence level

profile, an investigation which has been done for the first time

in AUG. Not only is the radial increase of ñ reproduced quali-

tatively, also the relative increase from mid-radius towards the

edge is reproduced quantitatively. Still, a discrepancy is found

in the plasma response to additional ECRH heating: while

the Doppler reflectometry turbulence level increases, the one

from the gyrokinetic simulation slightly decreases. This will

be investigated in further studies in which multi-dimensional

parameter scans are to be included.

For the future, further experiments are planned to modify

R/LTe
even more strongly to achieve a clear TEM dominated

plasma. Furthermore, in-depth analysis of non-linear gyroki-

netic simulations is planned in order to understand the dis-

crepancy in response to additional heating power between ex-

periment and simulation [87]. Apart from that, synthetic diag-

nostics employing a two-dimensional full-wave code will be

developed to better understand the diagnostic response func-

tion [99]. Moreover, spectral power laws will be investigated

in detail: experimental fine-resolution k⊥ measurements are

already at hand and will be compared with non-linear gyroki-

netic simulations with applied synthetic diagnostics. These

studies will provide more insight into the nature of the turbu-

lence.
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