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Abstract

The importance of using a comprehensive suite of tools for the validation of a gyrokinetic code is de-

scribed. This is detailed by presenting experimental wavenumber spectra which show pronounced differ-

ences, although they are measured at the same toroidal, poloidal and radial location. They are obtained

via Doppler reflectometry and the differences are due to the probing beam polarization. These differences

are reproduced convincingly using turbulence from a gyrokinetic simulation as input for two-dimensional

full-wave simulation. It is demonstrated that the application of synthetic diagnostics is indispensable if

non-trivial diagnostics are used in the experiment. Furthermore, the measurement of wavenumber spectra

via Doppler reflectometry with X-mode probing beam polarization might be problematic due to nonlinear

wave-plasma interactions and should be regarded with care when used for quantitative statements or the

validation of gyrokinetic codes.
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I. INTRODUCTION

A profound understanding of plasma turbulence is of major importance for magnetically con-

fined fusion plasma research and projections toward next-step fusion devices such as ITER or

DEMO. Since turbulence impacts the transport properties of a fusion plasma, it is a key player

for determining the energy and particle fluxes and thus dictates the shape of the final density and

temperature profiles, which – together – set the confinement and thus the efficiency of the fusion

reactor.

Hence, not only for the understanding and interpretation of observations from today’s magnet-

ically confined plasmas, but also for predictions for future devices, numerical simulations have

become one of the most important tools. While the verification of the mathematical validity of

codes is in an advanced state today [1–6], a careful validation including turbulence measurements

and their comparison to nonlinear simulations, is an ongoing effort. [7–17].

Fluctuation wavenumber spectra contain a variety of information about underlying linear mi-

croinstabilities and energy transfer mechanisms. In magnetic confinement fusion research, typi-

cally two-dimensional (2D) turbulence is observed due to the strong anisotropy in perpendicular

and parallel directions to the magnetic field, k⊥ ≫ k‖ [18]. In a simple, yet instructive 2D neutral-

fluid Navier stokes turbulence picture, energy is injected into a 2D system at a spatial scale ki. The

“pool”, into which energy can be distributed, is determined by the boundaries set by the system

size ksys at large scales and by the dissipation scale kdiss at small scales, such that for standard

considerations ksys < ki < kdiss holds. In this simple picture, the initially energy-free scales be-

tween the characteristic scales are called inertial ranges. As energy is injected into the system, it

is transferred toward ksys (energy cascade or inverse cascade) and kdiss (enstrophy cascade). The

efficiencies of these cascades differ for neutral-fluid Navier-Stokes turbulence, such that the iner-

tial ranges can be characterized by different spectral indices. For a review on 2D turbulence and

wavenumber spectra, see Ref. [19].

However, different from neutral-fluid Navier-Stokes turbulence, in magnetic confinement fu-

sion research, several species (ions, electrons, impurities) are fluctuating, which interact due to

their charges, in a magnetic field which can also become fluctuating. The dimensionality of

plasma turbulence is higher than in Navier-Stokes turbulence. Hence, dissipation channels and

cascades can also exist in velocity space. Furthermore, more than one energy injection scale can

exist if several unstable modes are present. It is thus not surprising that the simple neutral-fluid
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picture is not expected to carry over exactly to the wavenumber spectra of a magnetic confine-

ment fusion experiment. In fact, several theories have been put forward that result in a variety

of spectral indices. These theories are based on many different mechanisms such as nonlinear

phase mixing [20], three-dimensional effects [21], nonlinear energy transfer into damped eigen-

modes [22], disparate scale interactions (non-local in k-space) [23], predator-prey dynamics [24],

or the coexistence of dissipation or damping and turbulence drive [25, 26]. The wavenumber

spectrum of a magnetic confinement fusion experiment has many degrees of freedom, and it is a

very challenging (and potentially very rewarding) task to validate gyrokinetic simulations through

wavenumber spectra [27]. It is important to stress that heat fluxes, which are normally used to

consider whether a gyrokinetic simulation describes an experimental situation sufficiently well,

are 1D quantities and as such much less stringent than the wealth of information obtained when

measuring a wavenumber spectrum. Note that research into wavenumber spectra and validation of

gyrokinetic simulations is also an active field in astrophysical plasma research [28–30].

The fluctuation wavenumber spectrum can be measured with a variety of diagnostics; the most

direct measurement is based on wave scattering [31–36]. Another advanced method is Upper

Hybrid Resonance backscattering [37]. This work concentrates on the wavenumber-resolved

measurement of density turbulence, obtained with Doppler reflectometry (also called Doppler

backscattering) [38, 39]. By scanning the perpendicular wavenumber of density fluctuations, this

diagnostic is suited to measure wavenumber spectra [38, 40–53]. However, it has been pointed

out that the validity of turbulence amplitude measurements could be affected by the microwave

polarization. In particular, for a given density gradient length, theory predicts that nonlinear ef-

fects are encountered for X-mode polarization at lower turbulence levels than for O-mode polar-

ization [54, 55]. Since the diagnostic response can be linear, nonlinear, or even saturated, it is

indispensable to use a reliable synthetic diagnostic for validation studies. In the present paper, this

is done via 2D full-wave analysis, which has been applied since more than a decade to study the

complex plasma-wave interactions pertaining to Doppler reflectometer measurements [56–61].

Experiments have been conducted on the ASDEX Upgrade tokamak (AUG). The experimen-

tal wavenumber spectra are measured with Doppler reflectometry in X-mode and O-mode wave

polarizations at the same toroidal, poloidal and radial location. To our knowledge, this is the first

time such a study has been conducted with Doppler reflectometry. Different spectral shapes were

observed on Tore Supra in O- and X-mode at different locations, overlapping not being possible

due to the strong magnetic field [62, 63]. The experimental wavenumber spectra are compared to
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corresponding ones obtained via local nonlinear gyrokinetic simulation of the respective position

in the plasma with the flux-code version of the Gene code [64]. The simulated density turbu-

lence field is used as input to the 2D version of the finite difference time domain full-wave code

IPF-FD3D [59], which has been adapted to the ASDEX Upgrade geometry [65]. The resulting

wavenumber spectra are then compared to the experimental spectra.

This paper is organized as follows. Sections II and III introduce the experiment and the mea-

sured wavenumber spectra, respectively. These results are followed by the corresponding numeri-

cal simulations in Sec. IV, which are put into context in a discussion in Sec. V, followed by a short

summary and conclusions in Sec. VI.

II. EXPERIMENTAL SETUP

In order to have the most reliable wavenumber spectra comparison from Doppler reflectometers

measuring in X- and O-mode, three different reflectometer channels were connected to the same

steerable Doppler antenna front-end [66]. The two channels used in X-mode configuration with

frequencies in the W-band ( f = 75 – 110 GHz) have a different backend [41, 67]; the V-band

channel (( f = 50 – 75 GHz) installed in O-mode has a scheme similar to one of the W-bands [67].

Since the cutoff-density of X-mode polarization is lower due to the magnetic field dependence of

the X-mode cutoff, the different frequency ranges, in combination with the polarization configu-

ration, enables the measurement of wavenumber spectra at the same toroidal, poloidal and radial

position, but with X- and O-mode configuration.

Since different frequencies are employed, the beam sizes at the cutoff layer are different be-

tween O-mode and X-mode probing. In particular, the beam sizes (1/e radius of electric field

amplitude) are 2.8 cm and 1.9 cm for O-mode and X-mode, respectively. The radius of curva-

ture of the cutoff layer at the measurement position is 62 cm, which results in spectral resolutions

of ∆k⊥ = 2.1 cm−1 (O-mode) and ∆k⊥ = 2.3 cm−1 (X-mode). These estimates have been ob-

tained following Ref. [68]. The spectral resolutions are not substantially different, such that the

wavenumber spectra obtained in the following can be compared without further complications. In

the full-wave simulations in Sec. IV B, the above beam sizes (and thus spectral resolutions) are

included.

The discharges analyzed in this work have been obtained in upper single null (USN) config-

uration. Auxiliary heating has been provided by both neutral beam injection (NBI, 1 MW) and

4



X-mode

O-mode0

2

4

6

0.0

0.4

0.8

1.2

Wavenumber
spectra &
GK comp.

X-mode 1

X-mode 2

O-mode

0.6 0.7 0.8 0.9 1.0 1.1
ρpol

0

5

10

15

20

n e
 (

10
19

 m
-3
)

T
e 

(k
eV

)
k ⊥

 (
cm

-1
)

(a)

(b)

(c)

AUG #31259,64,66

FIG. 1: Radial profiles of (a) electron density and (b) electron temperature. Measurements are shown in grey

and fits are drawn as solid lines. (c) Perpendicular wavenumber space covered by Doppler reflectometry

measurements in O-mode and X-mode. For details refer to the text.

electron cyclotron resonance heating (ECRH, 0.45 MW). With USN configuration, these plasmas

usually stay in L-mode, since the input power is below both I-mode and H-mode power thresh-

olds [69, 70].

Fig. 1(a) shows the electron density profile. Grey points indicate measurements obtained via

the Thomson scattering (TS) [71] and lithium beam [72] diagnostics. The solid line shows the fit

to the data, which is also used as input density profile for the Torbeam beam-tracing code [73]
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and the gyrokinetic simulations presented in Sec. IV A. For the fit, a modified tanh was used, and

the resulting radial uncertainty is ∆ρpol < 0.01. The electron temperature profile is depicted in

Fig. 1(b). Measurements are shown in grey and were obtained with TS and electron cyclotron

emission (ECE) [74] systems. The fit (solid line) is a polynomial of third degree.

The perpendicular wavenumbers of turbulence k⊥ probed by the Doppler reflectometer are plot-

ted in Fig. 1(c). They are obtained using Torbeam, their uncertainties due to the density profile

uncertainties are smaller than 0.2 cm−1. The radial extent is mostly due to the frequency sweeps

in the reflectometers while the k⊥ variation is achieved by scanning the angle of incidence of the

probing beam, which is done through a steerable mirror. Both X-mode (red, black) and O-mode

(blue) measurements are indicated. To get a radial overlap of measurements, the frequencies used

were 94.9 – 99.8 GHz (X-mode) and 62.0 – 66.8 GHz (O-mode). It can be observed that al-

though the X-mode frequency span is comparable to the one of the O-mode, the radial extent of

the measurement points is smaller, which is due to the magnetic field dependence of the X-mode

cutoff. Furthermore, the O-mode covers a smaller wavenumber space, which is explained by the

fact that k⊥ probed by Doppler reflectometry depends on the vacuum wavenumber of the probing

beam k⊥ ∝ k0, which is lower for the O-mode measurements due to the lower frequencies em-

ployed. The best combination of overlap in radius and k⊥-space is obtained in the radial region of

ρpol = 0.80 – 0.85, which will be used for further analysis of wavenumber spectra and numerial

simulation in the remainder of this paper.

Figure 1(c) shows the spectral distribution of the Doppler reflectometer measurements. In

order to compare to gyrokinetic simulation and to setup the 2DFW simulations, the position of

measurements in the poloidal plane is important. In Fig. 2, the poloidal cross-section of AUG is

shown. Closed and open flux surfaces are shown as solid and dashed grey lines, respectively. The

distribution of measurements is depicted for both X-mode and O-mode measurements. Again, all

points are the result of beam-tracing calculations with the Torbeam-code on the density profile

presented in Fig. 1(a). Furthermore, the radial region determined in Fig. 1(c) is indicated in green.

The fact that the measurements are located in the upper part, roughly 30 cm above the midplane,

has to be considered when comparing results to numerical simulations, which are presented later.

Typical frequency spectra obtained in X-mode and O-mode probing beam polarization are de-

picted in Fig. 3(a) and (b), respectively. Both spectra are measured at the same radial position with

comparable wavenumbers (ρpol = 0.848, k⊥ = 5.9 cm−1 (X-mode) and ρpol = 0.847, k⊥ = 5.6 cm−1

(O-mode)). In both cases, the Doppler shifted component is clearly visible and roughly four or-
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FIG. 2: Poloidal section of AUG. Closed flux surfaces are shown as solid grey lines, open flux surfaces

are dashed. The Doppler reflectometer measurement positions are indicated in black and red for X-mode

and blue for O-mode measurements. The radial range used for the estimation of wavenumber spectra is

indicated in green. The inset shows a zoom to the measurement region.

ders of magnitude above the system noise level. Gaussian fits to the Doppler peaks (indicated in

gray) are used to obtain the relevant information on Doppler shift fD, Doppler peak width ∆ fD

and amplitude S D. Since the turbulence level is proportional to the area under the Doppler peak,

it is estimated as δn2 ∝ S D∆ fD, which is used for the calculation of the wavenumber spectra pre-

sented in Sec. III. Since both X-mode and O-mode measure at the same position, the velocities
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FIG. 3: Example frequency spectra for X-mode (a) and O-mode (b) polarization. Measurements are taken

in the same plasma discharge at the same position with comparable wavenumber k⊥. While the Doppler

shift is comparable, a slightly wider Doppler shifted component is observed for the X-mode case.

v⊥ = 2π fD/k⊥ obtained should be comparable. Calculation yields v⊥ = 2.94 ±0.10 km/s (X-mode)

and 2.87 ±0.10 km/s (O-mode). An interesting observation is that although the spectral resolution

is comparable, the X-mode Doppler peak is about 50% wider than the O-mode peak. This could

be indicative of the X-mode probing in nonlinear regime and will be commented on in Sec. V.

III. WAVENUMBER SPECTRA

The wavenumber spectra obtained with the measurements presented above are shown in Fig. 4.

The values are obtained by fitting a Gaussian to the asymmetric part of the power spectrum [75].

This gives the area under the Doppler shifted peak, which is proportional to the turbulence level.

The probing beam frequencies used are 96.9 – 99.8 GHz (X-mode) and 62.0 – 66.8 GHz (O-mode).

It should be pointed out that all spectra are from independent reflectometer electronics which
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FIG. 4: Wavenumber spectra obtained for X-mode and O-mode polarizations with the same antenna system

in the radial range ρpol = 0.80 – 0.85, as indicated in Figs. 1 and 2. For comparison, the spectra have been

offset vertically. Spectra obtained in X-mode and O-mode polarizations show pronounced differences.

share the same antennas for emission and reception. Since the Doppler channels do not deliver

absolute density fluctuation levels, the spectra have been offset vertically in order to facilitate their

comparison. The two spectra obtained in X-mode are shown in red and black, the one in O-mode is

shown in blue. The first salient feature is the difference between the measured spectra, especially

between O-mode and X-mode, although they still display a common behavior: the power spectral

density falls off at a higher rate in the high k⊥ range than at low k⊥. Two power laws can roughly

be fitted to the measurements on both sides of a ’knee’, which appears at different positions for

O-mode and X-mode. The X-mode spectra exhibit a flat region at low k⊥ up to about k⊥ = 9 cm−1

with spectral indices of α = −0.3 ± 0.1 and −0.4 ± 0.2. At k⊥ > 9 cm−1, a spectral fall-off is

observed with spectral indices α = −3.6 ± 0.2 and −3.1 ± 0.1. Note that the uncertainties are

the statistical uncertainties obtained via the fitting routine. Systematic uncertainties, which arise
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by the ad hoc choice of the ’knee’ position and the density profile used for the ray tracing, are

not taken into account here. Hence, although strictly speaking the spectral indices at high k⊥ are

different when considering their statistical uncertainties, it is assumed that the two X-mode spectra

are identical and the differences are caused by systematic but small uncertainties. It has to be

noted that some measurements at low k⊥ for X-mode 1 have been obtained with a partly saturated

data acquisition system, which can be observed by the flat upper boundary of the measurements

and the smaller data spread. This spread comes from the fact that with slightly higher probing

frequency, the reflectometer measures slighlty further inside the plasma, where the turbulence

level is lower. Since measurements here are taken from a radial range of ρpol = 0.80 – 0.85, this

effect is indeed visible. Nevertheless, the acquisition saturation is minimal and should not affect

the wavenumber spectrum measurement by more than 2 dB. It should be stressed again that two

different reflectometer back-ends have been used, one designed by IPP [41] and one by LPP [67].

The fact that the spectral shape is similar gives confidence in the reliability and reproducibility of

the measurement.

In O-mode, two different spectral indices are observed, which are separated at a wavenumber of

k⊥ ≈ 8 cm−1. Interestingly, the region at low k⊥ is not flat as for the X-mode measurements, but it

exhibits a spectral index of α = −2.2± 0.2. The spectral index in the high-k⊥ region (k⊥ > 8 cm−1)

is with α = −7.2 ± 0.3 significantly more pronounced than in the X-mode spectra.

The flat region at low k⊥ in the X-mode measurements seems to result from a saturation of

the scattering response in X-mode, supported by the fact that the O-mode spectrum shows a finite

spectral index of α = −2.2 in the same low k⊥ range. Nonlinear processes are indeed expected to

appear for lower turbulence levels when probing fluctuations with X-mode polarization [54, 76].

This should also result in a shift of the knee position to higher k⊥. More details and quantitative

statements can be found in Sec. V.

The knee position, separating the regions of different spectral index, appears indeed at lower

k⊥ for the O-mode than for the X-mode, that is, slightly lower than k⊥ρs = 1 for the O-mode,

larger for the X-mode spectra. This spectral fall-off around k⊥ρs = 1 has been observed previ-

ously in infrared laser scattering measurements [36], with spectral indices going from −3 at low

k to −6 and more at higher k. In these experiments, the scattering efficiency is not expected to be

affected by refraction processes during the wave propagation. This knee could suggest that while

the linear growth rates might peak at larger scales, the fully developed turbulence could obtain

its energy from the gradients through vorticity dynamics, which results in energy input close to
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k⊥ρs = 1 [77]. This is the case when the turbulent structures themselves extract energy from den-

sity and temperature profiles. Another possible explanation could be a transition from one regime

of spectral energy transfer, incorporating critical balance between parallel and perpendicular char-

acteristic times at scales k⊥ρi < 1 [21] or energy transfer into damped eigenmodes [22], to another

regime dominated by nonlinear phase mixing at k⊥ρi > 1 [20]. Here, ρi is the characteristic ion

gyroradius. However, instead of the piecewise power law, the data could be fitted by continuous

functions, such as exponential [36, 78] or modified power law k−3/(1 + k2)2 [23]. Indeed in toka-

mak plasmas, the turbulence drive is not expected to be well localized in k-space because of the

rich spectrum of instabilities. Wavenumber spectra can significantly depart from usual power laws

observed in fluid dynamics, when taking into account the interaction between large scale zonal

flows and small scale turbulence [79].

In the measurements presented in this paper, the higher spectral index at k⊥ > 8 cm−1 for the O-

mode spectra than for the X-mode spectra might also be due to the O-mode measuring in the linear

regime while X-mode is measuring in the nonlinear or possibly the saturation regime [54, 55]. The

interpretation of the above results in terms of linear and nonlinear probing regimes is supported by

the fact that the corresponding 2D full-wave simulation results show the same trend, cf Sec. IV B.

A detailed discussion and evaluation of the so-called nonlinearity parameter γ [54] is given in the

discussion (cf Sec. V).

IV. NUMERICAL RESULTS

Since both X- and O-mode spectra were measured on the same plasma at the same position,

it is highly probable that the pronounced difference of experimental wavenumber spectra in the

two probing beam polarizations is a diagnostic effect. In order to prove this statement, turbulence

has been generated by gyrokinetic simulation [80], which is nowadays the most advanced tool

for describing core plasma microturbulence. The resulting turbulence field then serves as input for

two-dimensional full-wave simulation, which includes all relevant wave physics for the description

of the backscattering process used in Doppler reflectometry measurements. As in the experiment,

the 2D full-wave simulations are performed in O- and X-mode polarization and then compared to

the experimental findings.
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A. Wavenumber spectra from gyrokinetic simulation

The theoretical description nowadays considered most appropriate for assessing core plasma

microturbulence is the so-called gyrokinetic theory [80]. Over the last decades, a number of

numerical implementations of the underlying set of equations has been developed [64, 81–86].

Here, the tool chosen for the further evaluation is the gyrokinetic code Gene [64] that can be

used either in (local) flux-tube geometry, as a full torus code or considering a flux surface. As

the latter two operational modes can be quite expensive in terms of computational time, flux-tube

simulations local to the flux surface around ρtor = 0.75 have been performed to characterize the

underlying microinstabilities and produce turbulence fields for further processing with the full

wave code and direct comparison with the experimental measurements. Here, ρtor =
√

Ψtor/Ψtor,sep

denotes the normalized toroidal flux surface label with the toroidal fluxΨtor and its separatrix value

Ψtor,sep.

The simulation physics input parameters evaluated from the ASDEX Upgrade discharge

#31260 at t = 3 s and this radial position can be summarized as follows. The reference values

are given by the magnetic field on axis Bref = 2.5 T, the electron temperature Tref = Te = 319 eV,

the electron density nref = ne = 4.62 · 1019 m−3, the unnormalized ρtor value at the separatrix

Lref = a = 0.646 m, the deuterium mass mref = mD and the background toroidal angular velocity

Ωtor,ref = 6 · 104 rad/s. This choice determines the reference velocity vref = cs = 123.92 km/s

and the gyroradius normalization, ρref = ρs = 1.03 mm, and hence the finite-size parameter

ρ∗ = ρs/Lref = 1/628. With the latter being very small, further confidence in the validity of

the local approach for the scenario at hand is gained. The reference values are furthermore used to

consistently determine the parameters associated with co-moving-frame effects, collisions (mod-

eled via a linearized Landau-Boltzmann collision operator) and (perpendicular) electromagnetic

fluctuations which are all considered in the Gene simulations. Furthermore, (external) E × B flow

shearing and parallel flow shear effects are included in the nonlinear simulations. The relevant

input is here γE = −
ρ

q0

∂Ωtor

∂ρ
a
cs
= 4.64 · 10−2. For now, only deuterium as the main ion species

and electrons are explicitly considered in the simulations while impurities are only taken into

account through the Zeff = 1.5 factor in the collision operator. Due to the quasi-neutrality con-

dition, ni is assumed to be equal to ne and consistently both logarithmic density gradients are

given by a/Ln = −∂/∂ρ ln ne = 0.94. Due to a lack of ion temperature measurements, a sim-

ilar assumption for Ti is the most reasonable choice for this situation. Therefore, Ti = Te and
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a/LTi = a/LTe = −∂/∂ρ ln Te = 4.60. Finally, the metric coefficients are directly extracted from

the equilibrium code Cliste [87] via a field line tracing algorithm [88]. The flux surface of interest

is characterized by a safety factor of q0 = 2.19 and a magnetic shear of ŝ =
ρ

q0

∂q

∂ρ
= 1.61.

The numerical grids have been chosen as follows. In velocity space, 48 and 16 grid points

have been considered in the v‖ velocity along the magnetic field direction and for the magnetic

moment µ. The associated boxes are given by −3 vth, j to 3vth, j in the first and 0 to 9T0 j/Bref for the

second direction. Here, vth, j =
√

2T0 j/m j denotes the thermal velocity of the j-th species ( j = i, e)

with mass m j and temperature T0 j. In configuration space, 24 grid points for one poloidal turn

are considered in the (z) direction parallel to the magnetic field line. Based on convergence tests,

(512, 192) grid points and a size of (Lx, Ly) = (182.5, 123)ρs have been found sufficient along the

remaining radial (x) and binormal (y) directions for the nonlinear simulations. Less grid points

can be used in linear simulations since the box sizes can be adjusted to the individual modes here.

Such linear runs are typically performed to identify the main microinstabilities at play. In the given

context, parameter scans within the error bars of the temperature and density gradients and the Zeff

value showed robust ion temperature gradient (ITG) driven modes in the low-k (ion-gyroradius

scale) range while trapped electron (TEM) and electron temperature gradient (ETG) driven modes

become dominant in the sub-ion-gyroradius scale regime. One such spectrum of the linear growth

rates and the real frequencies can be found in Fig. 5(a-c). ITG modes propagate in ion-diamagnetic

direction (positive frequencies) and ETG modes propagate in electron-diamagnetic direction (neg-

ative frequencies). Note the different frequency axis ranges in Fig. 5(b-c). The density gradient

and Zeff are only weakly affecting the linear growth rates and frequencies while a/LT is found to

introduce quantitative changes – qualitatively the modes stay unchanged.

Initial nonlinear simulations with the nominal gradients yield a total heat flux about two times

larger than the expected value from the experiment of P
exp

tot ≈ 2.1 MW. With the linear findings

in mind, a scan along a/LT has hence been performed in order to achieve flux matching. The

best results have been achieved with a 20% reduction (a/LT = 3.68) where the heat flux from

Gene evaluates to PGENE
tot ≈ 2.15 ± 0.50 MW. It should be noted that these simulations did not

include the ETG range but had to be cut around kyρs ≈ 4.85. An artificial spectral pile-up at this

wave number due to finite turbulence drive at these scales is avoided by gyro-LES methods [89].

The corresponding density spectrum at zero radial wavenumber and (R,Z) = (2.019, 0.321) m

(cf Fig. 2) which is a lowest-order approximation of a synthetic Doppler reflectometry can be

found in Fig. 5(d) with a zoom to the part relevant for the experiment comparison depicted in
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FIG. 5: Results from gyrokinetic simulation. (a) Linear growth rate of fastest growing mode, (b,c) corre-

sponding real mode frequencies (note the different y-axis ranges), (d) density wavenumber spectrum from

nonlinear simulation, (e) zoom to experimentally relevant range. The density wavenumber spectrum ex-

hibits two distinct power laws with a transition point (’knee’) at k⊥ ≈ 9 cm−1.

Fig. 5(e). The turbulence level (integrated over all radial wavenumbers kx) resulting from this

simulation is δnRMS/n0 = 2.1% for the full flux surface and δnRMS/n0 = 2.7% at the corresponding

measurement location. The higher value at the measurement location (on the low-field side) is due

to the ballooning character of the turbulence. At the measurement location and only taking into

account small kx, δnRMS/n0 = 0.9%. This value has been obtained by integrating the wavenumber

spectrum around kx = 0 with limits [−kx,min/2, kx,min/2], where kx,min = 2π/Lx ≈ 0.33 cm−1.
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Since the Doppler reflectometer beam has a non-negligible radial size, it will measure the k⊥-

spectrum around kr = 0 [8, 16, 48, 51]. The closest approximation to that without using a synthetic

diagnostic or advanced filtering is the k⊥ spectrum at kx = 0, which is plotted in Fig. 5 (d-e).

As in the experiment, two distinct power laws are found with a spectral break that closely re-

sembles the ’knee’ point of the O-mode measurement. Investigation into the nature of this knee

is ongoing at the moment. As mentioned in Sec. III, it could be a transition from one regime of

spectral energy transfer, incorporating critical balance between parallel and perpendicular charac-

teristic times at scales k⊥ρi < 1 [21] or energy transfer into damped eigenmodes [22], to another

regime dominated by nonlinear phase mixing at k⊥ρi > 1 [20]. Although the values of the spectral

indices do not agree with the ones derived in the above references, the physics could still play a

role and manifest itself in the spectral shape. The spectral indices in Fig. 5(e) are in good quali-

tative agreement with the experiment, i.e. the one at higher wavenumbers is about twice as large

as the one at low wavenumbers. Quantitatively, some disagreement is left. The power law from

gyrokinetic simulation is slightly steeper at low-k⊥ (-2.2 / -3.6) and more shallow at high-k (-7.2,

-6.3) compared to the measurements. In order to assess a possible impact of nonlinearities and

saturation on these results, the simulated density fluctuations, which are considered as the “real”

spectrum, have been mapped on a torus and translated to the lab frame. They are used as input for

further analysis with a full wave code, which produces a synthetic spectrum to be compared with

the experiment, as will be detailed in the next section.

B. Two-dimensional full-wave simulation results

The turbulence field obtained via gyrokinetic simulations in Sec. IV A serves as input to the

two-dimensional version of the three-dimensional full-wave code IPF-FD3D [59, 65]. As before,

to do a meaningful comparison, the same region of the poloidal cross-section as in the experiment

has to be probed by the full-wave code.

The simulation domain is R = [1.800 m, 2.265 m], Z = [0.120 m, 0.640 m], covering the region

where the wave propagates. At the R = 2.265 m boundary, virtual transmitter and receiver antennas

were placed, according to the antenna patterns at that location. IPF-FD3D is a finite difference

time domain (FDTD) code that solves the Maxwell curl equations and the cold plasma electron

current on a cartesian grid with fixed time step ∆t = 0.5∆x/c using a Crank-Nicolson scheme. The

maximum frequencies injected into the grid were 103 GHz for X-mode and 75 GHz for O-mode
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with spatial steps ∆xX = 0.2221 mm and ∆xO = 0.1617 mm, respectively.

Beams for all angles between −7◦ and 7◦ with half-degree stepping are injected simultane-

ously. Their frequencies have been chosen using Torbeam for a turning point at ρpol = 0.825,

according to the central point of the radial window from the experimental observation. Because

of the different frequencies, the relative cross talk between different beams at the receiver is less

than 10−7. Therefore, in one simulation run, all wavenumbers are probed simultaneously against a

fixed background of density fluctuations (turbulence snapshot). The simulation is then repeated for

each available density fluctuation field. All 512 turbulence snapshots were used in the simulation,

yielding a received amplitude and phase for each beam and each snapshot. The spectral power for

each beam was estimated using the variance of the amplitude for each beam.

Figure 6 shows the spatial setup of the two-dimensional full-wave simulation with O-mode

wave polarization. The density turbulence field calculated from gyrokinetic simulation is color-

coded, while the contours of the wave electric field E are overlayed. Most scattering of the wave

takes place in a region corresponding to the experimental situation (cf Fig. 2). Furthermore, the

whole study is repeated for the X-mode case in order to have the best possible comparison to the

experimental results detailed in Sec. II.

The wavenumber spectra resulting from the full-wave simulations in both O- and X-mode po-

larization are depicted in Fig. 7. While the backscattered power is comparable between X-mode

and O-mode at low k⊥ ≈ 3 – 4 cm−1, the wavenumber spectra differ substantially at k⊥ > 4 cm−1.

The X-mode spectrum is comparably flat (α = −0.6 ± 0.1) up to a value of k⊥ ≈ 11 cm−1, where

a weak spectral fall-off with a spectral index of α = −2.3 ± 0.2 starts. In contrast, the O-mode

spectrum shows a spectral fall-off at low k⊥ (α = −1.5 ± 0.1), and exhibits a pronounced fall-off

with a spectral index of α = −8.8 ± 0.1 at k⊥ > 6 cm−1. Hence, the scales where the spectral

fall-off starts (marked ’Knee’ in Fig. 7) are larger than k⊥ρs = 1 for O-mode and smaller than

k⊥ρs = 1 for X-mode. The spectral ’knee’, observed in gyrokinetic simulation at k⊥ ≈ 9 cm−1 (cf

Fig. 5(d)), is recovered in 2D full-wave simulation, but at smaller k⊥ for O-mode and larger k⊥ for

X-mode. While the knee position at larger k⊥ in the X-mode case could possibly be explained by a

saturation of the measurements at low k⊥, it is unclear why the knee is observed at lower k⊥ for the

O-mode case. The origin of this difference between the wavenumber spectrum from gyrokinetic

simulation and the one obtained via full-wave analysis is investigated at the moment.

It is obvious that neither the wavenumber spectrum measured with O-mode nor the one mea-

sured with X-mode wave polarization reproduces directly the wavenumber spectrum of the in-
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FIG. 6: 2D full wave simulation setup for O-mode. The turbulence field calculated by the gyrokinetic code

is color-coded while contours of the wave electric field E are overlayed. Darker contours correspond to

stronger ER. Close to the probing beam turning point, the maximum in the wave electric field is observed

and backscattering takes place.

put (cf Fig. 5). The synthetic X-mode spectrum underestimates the spectral fall-off substantially,

which is at least in part due to an overestimation of power related to the so-called regimes of

nonlinear and saturated probing [55, 76, 90]. Multiplication of the turbulence field by 0.5 and

repetition of the simulation run (pink circles) results in slightly less power at high k⊥, while low

k⊥ are not affected because they are deeply in the saturated regime. While the spectrum measured

in O-mode polarization is not in perfect agreement with the input spectrum either, it gives at least

results which are closer to the input spectrum than the spectrum measured in X-mode. For the O-

mode spectrum, the spectral fall-off at low k⊥ is underestimated while it is overestimated at high
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k⊥.

Recalling the experimental results (cf Fig. 4), the synthetic diagnostic reproduces a variety of

effects. It is important to point out again that in both experiment and simulation, the wavenumber

spectrum measurement is at the same location, and measurements take place simultaneously, i.e.

the density turbulence probed with O- and X-mode is the same. Several aspects observed exper-

imentally are reproduced in the full-wave simulation: first, the spectral ’knee’ is at larger scales

for O-mode than for X-mode. Second, a flat part is seen in the X-mode spectrum up to a value of

k⊥ ≈ 12 cm−1, where the steep spectral fall-off starts. Third, the spectral indices in both low-k⊥

and high-k⊥ regions are more pronounced in O-mode than in X-mode. These points convincingly

show that the wavenumber spectra measured in the experiment in X- and O-mode are different due

to a diagnostic effect, which is intrinsic to Doppler reflectometry, hence directly reproduced in 2D

full-wave simulations.
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V. DISCUSSION

The reliable measurement of wavenumber spectra is of highest importance not only for exper-

imental turbulence investigations, but also for the validation of gyrokinetic codes. However, the

results of this paper show that care must be taken when interpreting experimental wavenumber

spectra obtained by Doppler reflectometry. The experimental observation of a pronounced differ-

ence between wavenumber spectra measured in O- or X-mode polarization from the same antenna

at the same toroidal, poloidal, and radial location questions at least the validity of wavenumber

spectra measured via Doppler reflectometry in nonlinear probing regimes, which is more likely

the case for X-mode probing wave polarization. The measurements presented in this paper have

been obtained in the core plasma at ρpol = 0.80 – 0.85. Taking into account that core turbulence

levels are expected to be significantly lower than edge turbulence levels, the results of this paper

should also be valid for edge Doppler reflectometry measurements.

Using a comprehensive suite of tools for the validation of gyrokinetic codes is important. This

is true in particular in cases when diagnostics are subject to non-trivial effects such as plasma-wave

interactions, nonlinearities or saturation. In these cases, it is mandatory to use synthetic diagnostics

which can model to sufficient degree the complexities of the measurement. In the optimum case,

the synthetic diagnostic is able to capture all physics effects with impact on the measurement.

Due to computational time, it is counterproductive to incorporate more into the simulation than

needed. In this paper, this situation has been detailed by presenting experimental wavenumber

spectra with pronounced differences due to the probing beam polarization. These differences have

been reproduced using turbulence from a gyrokinetic code as input for two-dimensional full-wave

simulation.

An evaluation of whether measurements were taken in linear or nonlinear regimes can be ob-

tained via the so-called nonlinearity parameter [54]

γ =

(

δn

n

)2 G2ω2xclcx

c2
ln

xc

lcx

. (1)

Measurements are taken in the linear regime for γ ≪ 1 or in the nonlinear regime for γ > 1.

Here, δn/n is the turbulence level, ω = 2π f is the probing wave frequency, xc is the distance from

plasma periphery to the cutoff layer, lcx is the radial correlation length, and c is the speed of light

in vacuum. The quantity G is the polarization-dependent enhancement factor and can be found in

Ref. [91]. Values used for the evaluation of (1) are δn/n = 0.9% and lcx = 0.031 m (both from

gyrokinetic simulation, see Sec. IV A), xc = 0.25 m, fO = 64.4 GHz (O-mode), fX = 97.4 GHz
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(X-mode), GO = 1 and GX = 3.9. Resulting values are γO = 2.4 (O-mode) and γX = 81.6 (X-

mode). This is a pronounced difference of more than one order of magnitude and it shows that

the measurements have been obtained close to the transition from linear to nonlinear regime in the

O-mode while X-mode is more likely to be in the nonlinear or even saturation regime. Hence, it

is a parameter regime where strong differences between O-mode and X-mode are to be expected.

An extension to the above formula to include Doppler reflectometry has been proposed [55] which

yields a comparable result, with γX ≈ 10γO.

A more direct indication that the X-mode system is measuring in the nonlinear regime is pro-

vided by the fact that the Doppler shifted component in the X-mode spectrum is wider than the one

obtained with O-mode probing beam polarization. This can be seen in Fig. 3, where the X-mode

Doppler peak is about 50% wider than the O-mode peak, although both systems measure at the

same radial position and the spectral resolutions of both systems are comparable. This broadening

of the Doppler peak in the nonlinear regime has been predicted theoretically and is strongest for

sheared velocity profiles [92]. For the case at hand, the velocity profile is not strongly sheared

(dv⊥/dR ≈ 22 · 103 s−1). Hence, it should be noted that although existent, the difference in spec-

trum width is not very pronounced and should be regarded as indicative. The parameter γ and the

flatness of the X-mode spectrum at low k⊥ are clearer signs for the nonlinearity of the measure-

ments.

It is interesting to estimate the required turbulence level δn/n, for which (1) would yield a

transition to linear regime for the X-mode measurements. The assumption is made that, apart

from the turbulence level, quantities like density profile and magnetic field are fixed, which results

in G, ω and xc unchanged with respect to the considerations above. Also lcx is assumed to be

fixed. For the X-mode to measure close to the linear regime, i.e. γX = 1, a turbulence level

of δn/n = 0.1% would be necessary, which is a factor 9 lower than the one predicted by the

gyrokinetic simulations in Sec. IV A. In principle, one can imagine such low turbulence levels in

the core region or in H-mode edge plasmas. It should be emphasized that an estimation of (1) to

determine the reliability of wavenumber spectra measurements is strongly recommended.

However, this does not mean that turbulence level measurements with Doppler reflectometry in

the nonlinear regime are futile. Important effects such as relative changes can be measured even

if a Doppler reflectometer measurement is done at γ > 1. While quantitative statements might

be difficult to make, at least qualitative conclusions, such as a reduction of turbulence level at a

specific wavenumber or a qualitative comparison of turbulence levels at different wavenumbers, is
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possible. This is exemplified with the X-mode spectra of Fig. 4 at k⊥ > 9 cm−1: the decay with

k⊥ indicates that the measurements are not saturated (assuming the real wavenumber spectrum

decays with k⊥, which is a reasonable assumption). Although not saturated, these measurements

could still originate from the nonlinear regime, which can result in shallower spectral indices

compared to the input wavenumber spectrum [55]. In the extreme case of saturation (γ ≫ 1,

treated in Ref. [92]), other effects such as spectrum broadening due to multiple forward scattering

or wave trapping can even lead to an inverse response of the Doppler reflectometer [55], and even

qualitative statements cannot be made anymore. This could be the case for the X-mode spectra in

Fig. 3 at k⊥ < 9 cm−1. These parts of the spectra should be regarded with particular care due to

their flatness, which seems to indicate that they are saturated.

It should be pointed out that these results apply to backscattering experiments in which the

refractive index approaches zero close to the cutoff layer, where strong plasma-wave interactions

take place. These effects are nonexistent in scattering experiments with refractive indices close

to unity, as e.g. in far-infrared laser scattering experiments [36]. These diagnostics should not be

affected by the issues detailed in this paper.

VI. SUMMARY AND CONCLUSIONS

The process for meaningful wavenumber spectrum analysis, which can contribute to the vali-

dation of gyrokinetic codes, has been detailed from measurement, through gyrokinetic simulation,

and the application of a synthetic diagnostic. These ingredients are required in order to do mean-

ingful validation studies. This paper details the intricacies when using wavenumber spectra for

validation.

In detail, wavenumber spectra have been measured in the ASDEX Upgrade tokamak via

Doppler reflectometry in X-mode and O-mode wave polarization. The main experimental find-

ings are a pronounced difference between X- and O-mode spectra and the confirmation of the

existence of a knee in the spectra at k⊥ρs ≈ 1.

Accompanying linear and nonlinear local gyrokinetic simulations with the Gene code have been

performed. The ion-temperature-gradient mode is the fastest growing mode in the scenario, and the

resulting density turbulence wavenumber spectrum is dominated by fluctuations at k⊥ < 2 cm−1.

Two regions in the wavenumber spectrum with different spectral energy transfer behavior have

been observed. The boundary between these two regions is at k⊥ ≈ 9 cm−1. The reason for the
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existence of these two clearly separated regions is investigated at the moment.

Two-dimensional full-wave simulations are in good qualitative agreement with the experimen-

tal measurements, reproducing the experimental observation that X-mode spectra tend to be com-

parably flat while spectra measured with O-mode wave polarization show a clear spectral fall-off.

Estimation of the nonlinearity parameter γ shows that while the O-mode measurements have been

done close to the transition from linear to nonlinear regime, the X-mode measurements have been

made in the nonlinear or even saturation regime. When measurements are expected to be in the

saturation regime, which can result in flat wavenumber spectra, such measurements should be

treated with particular caution.

For experimental turbulence investigations and the validation of gyrokinetic codes in terms of

wavenumber spectra, these findings show that Doppler reflectometry in O-mode wave polarization

is better suited than in X-mode, which is because of the polarization-dependent enhancement factor

G in the nonlinearity parameter (1). However, the better spatial localization makes X-mode better

suited for perpendicular propagation velocity measurements. Therefore, the predominant use of

a future Doppler reflectometer should be taken into account during its design phase. Diagnostics

allowing for both O- and X-mode polarizations are preferable due to their optimum applicability

to both wavenumber spectra and turbulence propagation velocity studies.

In terms of gyrokinetic code validation, the most important task of the experimentalist is to

provide measurements of different quantities which give the maximum number of restraints on the

gyrokinetic code output. These quantities are, apart from wavenumber spectra, density and elec-

tron temperature fluctuations and the cross-phases between them, radial and poloidal correlation

lengths, and the tilt angle of turbulent structures. To advance these validation studies, a “turbu-

lence comparison discharge” comprising the aforementioned measurements is planned for the next

ASDEX Upgrade campaign and will be used as a gyrokinetic code validation discharge.
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