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Abstract

The first experimental campaigns of Wendelstein 7-X (W7-X) have shown that turbulence plays
a decisive role in the performance of neoclassically optimized stellarators. This stresses the
importance of understanding microturbulence from the theoretical and experimental points of
view. To this end, this paper addresses a comprehensive characterization of the turbulent
fluctuations by means of nonlinear gyrokinetic simulations performed with the code stella in
two W7-X scenarios. In the first part of the paper, the amplitude of the density fluctuations is
calculated and compared with measurements obtained by Doppler reflectometry (DR) in the
OP1 experimental campaigns. It is found that the trend of the fluctuations along the radius is
explained by the access of the DR system to different regions of the turbulence wavenumber
spectrum. In the second part of the article, frequency spectra of the density fluctuations and the
zonal component of the turbulent flow are numerically characterized for comparisons against
future experimental analyses. Both quantities feature broad frequency spectra with dominant
frequencies of O(1)-O(10) kHz.
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1. Introduction

Neoclassical transport has traditionally been a major source
of concern with regard to energy losses, particle transport
and impurity accumulation at the core of stellarators. In
generic stellarators, trapped particles experience large radial
excursions at low collisionality. In addition, ambipolarity is
preserved by the onset of a radial electric field that, in relev-
ant scenarios, leads to a strong inward convection of impur-
ities. As a consequence, turbulent transport, driven by fluc-
tuations with frequency much lower than the gyrofrequency
of the plasma species and length scale of the order of the
Larmor radius, has been explored in less detail in stellarators
than in tokamaks. Nevertheless, the first experimental cam-
paigns of the stellarator Wendelstein 7-X (W7-X) [1, 2] —
the first large stellarator optimized for neoclassical transport—
have demonstrated that turbulence is an essential ingredient
to understand how plasmas perform in this device. It has
been observed that, in standard plasmas heated via electron-
cyclotron-resonance-heating (ECRH), turbulent energy losses
exceed by an order of magnitude the neoclassical ones [3].
In addition, turbulent diffusion has been shown to underly
the practical absence of strong accumulation of impurities,
which, in general, exhibit a low peaking factor [4, 5]. The
shape of the density profiles, with no sign of hollowness pre-
dicted by neoclassical theory [6], is explained by a robust tur-
bulent pinch that manifests in broad regions of the parameter
space [7]. In parallel to these observations and partly as a res-
ult of them, the interest in modelling gyrokinetic turbulence
in stellarators has increased over the recent years. New codes
have been developed [8-10], verified against each other [11-
13] and applied to fundamental questions in W7-X and other
stellarators [14, 15]. Nonetheless, comparisons of numerical
gyrokinetic simulations against diagnostic measurements of
turbulent fluctuations are scarce in stellarators and, in particu-
lar, in W7-X [16, 17].

In this study, we present a numerical characterization of
the turbulent fluctuations in W7-X, comparing them with the
existing experimental measurements [18] obtained with the
Doppler reflectometer (DR) system [18-21]. This diagnostic
is capable of providing the amplitude of density fluctuations
(|0n|) and rotation velocity (u ) at a specific spatial location
in the plasma for a selected perpendicular wavenumber (k?_R).
In this work we use the gyrokinetic code stella [8] to sim-
ulate, in the radial range of measurement of the DR system,
two different ECRH discharges by means of flux tube nonlin-
ear simulations, considering both ions and electrons as kin-
etic species. The amplitude of the density fluctuations com-
puted with stella is compared against measurements by the
DR system. In addition, we provide other quantities for future
comparisons with the same diagnostic, in particular the zonal
component of the turbulent £ x B flow.

The rest of the paper is organized as follows. In section 2,
the features of the gyrokinetic code stella are briefly sum-
marized. The coordinates used by the code are introduced
and the equivalence between the wavenumber of measurement
of the DR system and that used in stella is presented.

In section 3, the plasma profiles of the simulated ECRH
discharges are described, as well as the configuration and para-
meters used in the simulations. In section 4, the squared amp-
litude of density fluctuations computed with stella for five
different radial positions is compared against the measure-
ments of the DR system analyzed in [ 18] for the two discharges
studied. In section 5, quantities suitable for future comparisons
with the DR system are predicted. In particular, in section 5.1,
the frequency spectra of density fluctuations expected to be
measured by the DR system are given. In section 5.2, the fre-
quency spectra of zonal flow fluctuations are obtained. Apart
from aspects related to DR measurements, in section 6, linear
and nonlinear simulations are presented in order to provide
a picture of the turbulence in the two scenarios considered
throughout this paper. Finally, section 7 contains the summary
and conclusions of this work.

2. The code stella, coordinate system and
correspondence with £}

The gyrokinetic formalism [22] is the theoretical framework
to study microturbulence in strongly magnetized plasmas. It is
based on the average over the gyrophase, removing the fast-
est degree of freedom of the system and retaining the effect
of the finite Larmor radius size, which is comparable to the
wavelength of turbulence. In this work we use the flux tube
version of the gyrokinetic code stella. The flux tube domain
fully exploits the scale separation between the typical vari-
ation lengths of the background magnetic field, plasma profiles
and turbulent fluctuations along the magnetic field line with
respect to the typical scales of the turbulent fluctuations in the
plane perpendicular to the magnetic field. The code solves the
gyrokinetic Vlasov and quasineutrality equations [8, 11] for
an arbitrary number of species using a Fourier spectral treat-
ment in the plane perpendicular to the magnetic field and a
mixed implicit-explicit method for the calculation of the paral-
lel streaming and acceleration terms in the gyrokinetic Vlasov
equation. This mixed algorithm allows to use larger time steps
than explicit methods, being this especially beneficial when
kinetic electrons are considered. Usually, standard twist-and-
shift boundary conditions [23] are defined in the direction par-
allel to the magnetic field in flux tube codes. When the global
magnetic shear of the device is small, these boundary condi-
tions impose severe restrictions on the minimum wavelength
considered in the direction perpendicular to the magnetic field
or, equivalently, on the size of the flux tube in that direc-
tion. In particular, in W7-X (the device considered in this
work), as one moves towards the magnetic axis, the global
shear becomes critically low as it is shown in section 3. To
avoid these restrictions and have control on the size of the flux
tube, the stellarator symmetric twist-and-shift boundary con-
ditions introduced in [24] have been implemented in stella
and applied to the analyses presented below.

The coordinates used in the code are denoted by
{%,9,¢, v, u}. We assume stellarator configurations with nes-
ted magnetic surfaces and define general spatial coordinates
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{r,a,(}, where r € [0,a] is aradial coordinate that labels mag-
netic surfaces, o € [0,27) is an angular coordinate labeling
magnetic field lines on each surface and ¢ € [(min, Cmax] 1S @
coordinate along magnetic field lines. Here, a is the minor
radius of the device and (i, and (yax are the ends of the flux
tube in the ¢ coordinate. In particular, for » we choose

|
= , 1
' . wl,a ( )

where 27,(r) is the toroidal flux enclosed by the surface
labeled by r and ¢, , := 1;(a). For the coordinate o, we take

a=10—., @

where 0 and ( are, respectively, the poloidal and toroidal PEST
or §* flux coordinates [25], where ( is coincident with the geo-
metric azimuth in cylindrical coordinates, and ¢(r) is the rota-
tional transform. In these coordinates, the magnetic field takes
the form

B= %Vr x Va. 3)
dr

If rp and o are the values of r and « that define the flux tube
(and, actually, the center of the simulation domain), the spa-
tial coordinates {x,y} in the plane perpendicular to B can be
expressed as

X:=r—rny )
and

yi=rp(a—a). (5)

Therefore, the modes k, and k, used in the Fourier treatment
of the equations can be expressed as

k| =k Vx+k,Vy, (6)

where k| is the wavevector perpendicular to B. Regarding the
velocity coordinates, the code employs {v, iz}, where v is
the component of the velocity parallel to the magnetic field
line and po = m;v* /2B is the magnetic moment, with v, the
component of the velocity perpendicular to the magnetic field,
B = |B| the magnetic field strength and m; the mass of the spe-
cies j.

On the other hand, the direction of measurement of the
DR system is perpendicular both to the radial direction and
to the magnetic field [18]. Thus, defining the unitary vec-
tor pointing along the direction of measurement as e"R =
B x Vx/|B x Vx|, the perpendicular wavenumber of meas-
urement is expressed as

B x Vx

B x Vx|’ ™

kJJ)_R:kJ_'eDR:kJ_'

Equation (7) can be written in the coordinates used in stella
as

Vx
pi = \/2miTi'e—B‘k’iR, ®

where we have taken into account that the wavenumbers
defined in stella are normalized with the ion thermal gyrora-
dius p;, given by

o Vith, il
i =
ZieBa ’

®

with Z; the ion charge number, e the proton charge, B, a ref-
erence magnetic field, whose explicit expression can be found
in [8, 11] and vy ; = +/2T;/m; the ion thermal speed, where
T; is the ion temperature. Expression (8) implies that, given
a certain set of plasma profiles and a certain wavelength of
the microwave beam launched by the DR system, the corres-
ponding value of the normalized binormal component of the
wavevector defined by the code changes with the spatial loca-
tion. This is due to the modification from point to point of the
geometric quantities |Vx| and B, as well as of T;(r).

3. Plasma scenarios and simulation settings

In this section we describe the input for the simulations,
including details about the flux tube choice, resolution, mag-
netic equilibrium and plasma profiles considered throughout
the present work. The selected plasma parameters correspond
to two gas puff-fueled ECRH scenarios, without NBI injec-
tion for heating, from the OP1.2b campaign of W7-X. They
belong to the discharges #180920.13 and #180920.17, both
using the same heating power of Pgcry ~ 4.7 MW without
electron cyclotron current drive and with the former featur-
ing a lower density than the latter. Hence, in this paper, they
will be referred to as ‘low density scenario’ (#180920.13) and
‘high density scenario’ (#180920.17). Analyses of the amp-
litude of the fluctuations measured with the DR system have
been presented for these two discharges in [18], which allows a
straightforward comparison of the calculations obtained with
stella and those already published. The profiles of density
(n), ion temperature (7;) and electron temperature (7 ) of these
two scenarios, obtained as fits to the experimental data, are
represented in figure 1.

In this figure, the normalized gradients of these quantities,
defined as

dInT; dInn
a/L,, = a( dr<e)>, ajL, = a( o > (10)

are also depicted. In order to cover the radial range of meas-
urement of the DR system reported in [18], five radial pos-
itions, labeled by ro/a = {0.5,0.6,0.7,0.8,0.9}, have been
considered. The values of the plasma profiles and their nor-
malized gradients for the selected radial locations are listed in
table 1. Finally, the magnetic geometry used as input for the
simulations is provided by the ideal MHD equilibrium code
VMEC [26]. This configuration is an example of a standard
(also known as EIM) W7-X equilibrium in which all planar
coil currents are set to zero and the non-planar coil current
are set to the same value (see [27] for a detailed description
of the different W7-X configurations) with effective minor
radius a=0.514 m, major radius Ry =5.513 m, magnetic
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Figure 1. Radial profiles for the low (light blue) and high (dark blue) density scenarios. From left to right: density (solid line) and its
normalized gradient (dashed line), ion temperature (solid line) and its normalized gradient (dashed line), electron temperature (solid line)

and its normalized gradient (dashed line).
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Figure 2. Radial profiles of ¢ (left) and § (right) of the standard (or
EIM) configuration considered throughout this paper.

6=0

Figure 3. Points belonging to the bean (blue dots) and triangular
(red squares) flux tubes of W7-X that lay on the plane { =0. The
measurement positions for the high density scenario, obtained with
TRAVIS for the radial locations considered in the gyrokinetic
simulations, are represented as stars.

field on-axis B, = 2.52 T, and, for normalization purposes,
see equation (9), B, =2.28 T. The global shear, defined as
s= —f%, and ¢ profiles corresponding to this configuration
are represented in figure 2.

During the first W7-X operational phase (OP1), a DR sys-
tem measured at locations nearby the bean-shaped toroidal
plane (¢ = 0) of the plasma. The system launches a microwave
beam whose cut-off determines the point of measurement of
the perpendicular flow of density fluctuations. Those positions
can be obtained applying ray-tracing techniques. In figure 3,

low density high density

20 8 20 8
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| |
g g g 1<
‘:&10 45 510 43
=N =

2 2
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
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Figure 4. Relation between kyp; and KSR as a function of the radial
position for a wide range of kiX. These plots are the result of
evaluating expression (8) at (6,¢) = (0,0) considering the T;
profiles represented in figure 1 for the low (left) and high (right)
density scenarios. The white squares represent the perpendicular
wavenumbers measured by the DR system at each radial location.

the measurement positions for the high density scenario® at
the radial locations considered in the gyrokinetic simulations,
obtained using the ray-tracing code TRAVIS [28], are repres-
ented with stars. The intrinsic restrictions of the flux tube
formalism and the boundary conditions used in this study to
access those measurement locations should also be noted. The
parallel boundary conditions implemented for this work [24]
restrict the selected flux tubes to stellarator symmetric ones,
i.e. those fulfilling B(6,¢) = B(—0,—().In W7-X, the suitable
flux tubes are then the ‘bean’ flux tube, which is centered with
respect to the position (6,¢) = (0,0) and the ‘triangular’ flux
tube, which is centered at (0, () = (0,7/5) [11]. The intersec-
tions of these two flux tubes, with an extension of approxim-
ately one turn in the poloidal direction, with the bean-shaped
toroidal plane of W7-X can also be found in figure 3. The
bean flux tube position (6, ¢) = (0,0) provides the spatial loc-
ation nearest to the positions of measurements of the DR sys-
tem. Therefore, the information to compare against the meas-
urements of the DR system will be extracted from that flux
tube at (0,¢) = (0,0). In addition, concerning the perpendic-
ular wavenumber of measurement, the relationship between
k[jR and k,p; (see expression (8)) is represented as a function
of the radial coordinate in figure 4 for a wide range of k<}X. The

3 The measurement positions for the low density scenario are very close to

those represented in figure 3.
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Table 1. Local parameters used in the simulations at each radial position for the low and high density scenarios. From left to right: density,
normalized density gradient, ion temperature, normalized ion temperature gradient, electron temperature, normalized electron temperature
gradient and perpendicular wavenumber measured by the DR system.

ro/a discharge n(10¥m=%) a/Ly, T; (keV) a/Lr, T. (keV) a/Lr, KR (em™")
0.5 low 4.23 0.22 1.11 1.41 1.62 3.35 8.9
high 5.63 0.25 0.96 1.70 1.04 3.20 10.1
0.6 low 4.14 0.23 0.93 2.18 1.13 3.78 8.5
high 5.51 0.22 0.78 2.33 0.75 3.23 9.7
0.7 low 4.01 0.43 0.70 3.75 0.75 4.51 8.1
high 5.36 0.34 0.59 343 0.54 347 9.3
0.8 low 3.75 1.02 0.42 6.70 0.45 5.97 7.7
high 5.09 0.76 0.39 5.32 0.37 4.37 8.7
0.9 low 3.21 2.25 0.17 11.81 0.22 8.73 6.8
high 4.52 1.73 0.20 8.48 0.22 6.63 8.1
KOR values selected in the experiment (included in table 1 and % 10-2
reported in [18]) are indicated in figure 4 with white squares. =
Finally, the simulations performed in this work have con- I_L
sidered a phase space grid of {92 x 36 x 12 x 59 x 45} points ;& 1073
in {¢,v|, .k, ky} and maximum and minimum values of S L
ke and ky, (k7 pi, k'™ p;) =~ (2.5,4.5), and (k™" pi, k™" pi) =~ TlO_J‘
(0.1,0.1), respectively. Regarding k™", it is indeed the bound- D?H
ary conditions considered [24] that allows us, through the =
adjustment of the flux tube length, control over k™", in con- ?3 1075
trast to the standard twist and shift boundary conditions [23]. O
In the present work, as mentioned previously, the length of the I _
flux tubes has been set such that extending them approximately = 10760 2000 4000
one poloidal turn ensures ™" ~ k;?““. The specific extension - tvmi/a

to meet this condition at each radial position has resulted in
the flux tubes extending between 6 field periods (each period
spanning 27 /5 in ¢ in W7-X) for the shortest flux tube and 6.4
field periods for the longest flux tube.

4. Radial dependence of density fluctuations:
comparison between stella results and DR
measurements

The DR system measures the backscattered power (S) of a
microwave beam launched into the plasma, which, for low
turbulence levels, is proportional to the squared amplitude of
the density fluctuations (S o< [dn|*) [29]. On the other hand,
the code stella provides, at each instant and each position
along the flux tube, the decomposition in Fourier space of
the density fluctuations (dn) on the plane perpendicular to the
magnetic field. The density fluctuations at ry and o can be
expressed as

on(x,y,C.t) =D om g, (C.0)expli (kux +ky)]
K yky

Y

As explained in section 3, the simulated positions nearest to
the measurement locations are those of the bean flux tube with
¢=0. Once |dn, 4 [*(¢ =0,1) is obtained from the simula-
tions, the quantity to compare against the DR system meas-
urements is post-processed as follows. First, for each pair of

Figure 5. Time evolution of (6n)?(kyp; = 0.8) at ro/a = 0.6 in the
high density scenario. The range considered for the time-average is
represented by the shadowed area and the mean value of this
quantity is indicated with the horizontal dashed line.

wavenumbers (ky, k), the spectrum in k, is obtained by sum-
ming over k, as

(0n)” (ky.t) = > |0y, s,

ke

2(¢=0,1).

12)

Second, we time-average each (0n)?(k,,t) over the saturated
nonlinear phase, obtaining the time-averaged squared dens-
ity fluctuations, ((dn)?),(k,). For illustrative purposes, figure 5
shows the time trace of (dn)? for the mode kyp; = 0.8, which
is the one with the largest amplitude at rp/a = 0.6 in the high
density scenario.

In figure 6, the results obtained for ((dn)?), for the five
scanned radial positions and for the two scenarios are repres-
ented as a function of kyp;. The values of k, that correspond
to the wavenumbers of measurement of the DR system, that
we denote by kDR =k, (kDR), are also indicated with vertical
dashed lines in these plots. It can be observed that the DR sys-
tem, depending on the radial location, measures very dispar-
ate values of k,p;. Whereas at ryo/a = 0.9 the system accesses
nearly scales with k,p; ~ 1, as ro decreases it explores differ-
ent regions of the spectrum, reaching up to kyp; ~ 3.5.
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Figure 6. k, spectrum of the time-averaged squared density fluctuations, ((dr)?),, obtained with stella for the low (left) and high (right)
density scenarios. The dashed vertical lines indicate the wavenumber measured by the DR system, k2R, at each radial position. The values of
KSR are normalized following the convention employed in [18], where p; := /Tim; /eB.
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Figure 7. Squared amplitude of the density fluctuations as a function of the radial coordinate for the low (light blue circles) and high (dark
blue triangles) density scenarios. Left: numerical results of (Jn)ZDR obtained with stella. The error bars represent the standard deviation
from the mean value evaluated over the saturated nonlinear phase. Right: backscattered power measured by the DR system.

Finally, considering the squared density fluctuations for
each radial location at the specific value of k, accessed by the
diagnostic,

(6n)pg = (7)), (ky = K%, (13)
the comparison against the backscattered power, S, can be
carried out. In figure 7(left), the numerical results obtained
with stella, (6n)3g, are represented as a function of the
radial coordinate, while in figure 7(right), the measurements
of S obtained with the DR system (reported in [18]) can be
found. It is important to note that the DR measurements rep-
resented in figure 7(right) are expressed in dB, but the ref-
erence normalization value is unknown. Hence, S [dB]
10log,,(0n)3g + C, with C an arbitrary constant. For this
comparison, C has been chosen to make S(ro/a=0.5) =
10log,,(6n)}g (ro/a =0.5) + C or, equivalently, to set the
lowest value of the numerical and experimental results at the
same level. It can be observed that the numerical results shown
in figure 7(left) and the measurements in figure 7(right) exhibit
a monotonic increase of the squared density fluctuations

with r/a. In addition, the difference between their minimum
and maximum values is approximately 15 dB in both cases.
Finally, the numerical and experimental results correspond-
ing to the low density scenario show lower turbulent fluctu-
ations than those of the high density scenario. These features,
in particular the monotonic increase of the density fluctuations
towards the edge, result, partially, from the fact that the DR
system measures, as the radial position changes, at different
locations of the k, spectrum, as we anticipated in figure 6 and
related discussion. Indeed, the density fluctuations integrated

both in k, and ky, i.e dn= /> ((dn)?

)?);, loses the mono-
tonic increasing behaviour with r/a, as figure 8 illustrates, for
the two discharges analyzed. In that figure, one can observe
that the integrated density fluctuations have a maximum at
nearly ro/a = 0.8 and ranges between 2 and 8 x 10" m~3,
This picture aligns remarkably well with what Phase Contrast
Imaging techniques and GENE [30] simulations have repor-
ted for similar plasmas in W7-X [16]. On the other hand,
returning to the comparison between stella calculations and
DR measurements of figure 7, the numerical results do not
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Figure 8. Amplitude of the density fluctuations integrated over k
and ky, computed with stella as a function of the radial coordinate
for the low (light blue circles) and high (dark blue triangles) density
scenarios.

exhibit the significant reduction that the measurements do for
the low density scenario in the range r/a ~ [0.6,0.7]. A pos-
sible source of discrepancy could be that the bean flux tube
at ¢ =0 does not correspond to the exact spatial measurement
position of the DR system (see figure 3). Nevertheless, as it
is explained in appendix, when the poloidal deviation from
the bean flux tube at ( =0 is considered, the numerical res-
ults do not change significantly. With respect to the model
used, possible extensions, such that accounting for the full flux
surface geometry [31] and, in that case, including the radial
electric field as well, might be worth addressing in order to
attempt a better agreement. With regard to collisions, which
have been neglected, the normalized ion collision frequency
between r/a = 0.5 — 0.8 (considering ions and electrons with
one thermal speed) is av; /vy ; & 1.3 x 1073 — 1 x 1072, This
value is significantly smaller than the growth rates of most
unstable electrostatic instabilities, typically of a few tenths
in units of a/vy ;. Exceptionally, at the position r/a =0.9,
avi /v, ~ 3.5 X 102 in both scenarios. Electron collisions
are higher though (av,/vi,; =~ 0.1 — 3, with the lowest values
at r/a =0.5), nevertheless electrons do not seem to play a
prominent role except at the innermost studied position (see
section 6). The impact of these factors will be addressed in
forthcoming works.

5. Numerical characterization of fluctuations in the
frequency domain

This section extends the analysis of the fluctuations, performed
for the two W7-X discharges described in section 3, to the
frequency domain. The aim is to complete the characteriz-
ation of the fluctuations with features that can be inferred
from the time evolution of S and u; measured by the DR
system. In particular, these features correspond to the fre-
quency spectrum of the squared amplitude of density fluc-
tuations, presented in section 5.1, and the frequency spec-
trum of the zonal component of the £ x B flow, discussed in

section 5.2. Future analyses, that automate the measurement of
highly time-resolved traces of S, will enable a straightforward
comparison against the fluctuation frequency spectra provided
in section 5.1. On the other hand, the installation in a different
toroidal sector of a second DR system—whose data acquisi-
tion and analysis will extend during the second W7-X oper-
ation phase (OP2)— will allow to identify oscillations in u
of zonal origin to be verified against the spectra presented in
section 5.2. For these future comparisons it will be necessary
to subtract the Doppler shift from the experimental measure-
ments of frequency spectra.

5.1 Frequency spectra of density fluctuations

In section 4, we have addressed the comparison between the
radial dependence of the squared amplitude of the density fluc-
tuations computed with stella and those measured by the DR
system. In that case, a time average of (6n)?(ky,t) was per-
formed. If, instead, the time dependent squared density fluctu-
ations, (6n)?(ky,t), are considered and a Fourier transform in
t is taken, we can write

kv,t

Z on,, (k

leading to the frequency spectrum of the squared density fluc-
tuations. Note that the obtained frequency spectrum differs
from the power spectral density of 6n. In this section, we
assume that once the time evolution of the backscattered power
S(#) of the beam launched by the system is known—since
S(#) is proportional to the (6n)?>— the comparison of the fre-
quency spectra of the experimental signal S and the numer-
ically obtained (6n)? is straightforward. In figure 9, the amp-
litude of (5~ncu is represented as a function of the frequency w
and k,. We define the amplitude of the Fourier harmonics dn,,
for k, = kPR as

(14)

v)exp (—iwt),

Snpg (w) = ‘57%,‘ (ky = KPR). (15)

y

Figure 10 shows &DR(W) for the two scenarios under con-
sideration. In general, for all radial positions, the spectrum is
broad and extends a few hundreds of kHz. Above frequencies
of that order of magnitude, an abrupt drop of the amplitude is
observed. Below w /27 ~ 100 kHz, the spectra are rather flat.
However, for some radial positions —ry/a = {0.5,0.6,0.7}
in the low density scenario and ry/a = {0.6,0.7} in the high
density one—peak values of the amplitude are observed for
frequencies such that w/27 < 10 kHz. After a similar Fourier
analysis of S(7), the experimental frequency spectra could be
compared against those represented in figure 10.

5.2. Frequency spectra of zonal flow fluctuations

Zonal perturbations of the electrostatic potential ¢ are con-
stant on flux surfaces and have radial structure. In the flux tube
scheme, they correspond to the components of the potential
with ky, = 0 and finite k.. With a second DR looking on the
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same flux surface as the first one but at a different toroidal
location, it would be possible to identify zonal oscillations.
Specifically, common frequencies found in the time evolution
of u (¢) obtained by each DR could be identified with zonal
E x B flow fluctuations projected along the measurement dir-
ection of the system, ePR_ In this subsection we address the
characterization of these frequencies.
The fluctuating E x B velocity can be written as

dve = —B x Vo, (16)

where the fluctuating electrostatic potential can be expressed,
for each radial position r(, in Fourier series as

2 (x,ya Cv t) = Z @kx,ky (C’ t) exp [1 (kxx + kyy)] .
ke, ky

a7

We consider the modes of the potential with k, = 0, for which
expression (16) becomes

B
ovg (xv C? t) = %yﬂ Zikx(ﬁkx,kyzo (Cv t) exp (lkxx) - (18)
kx

Considering the projection of dvg along the direction of meas-
urement of the DR diagnostic, e°R, we can compute the zonal
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flow fluctuations expected to contribute to the total perpendic-
ular flow measured by the DR system, du4" = (§vg - €PR) 4.
Explicitly

5”Z¢F(X,t):ika<|vx|@khk o((,t)> exp (ikx). (19)
ky ¢

Taking a Fourier transform of du%"
)= St

allows us to obtain the frequency spectrum, Su 1w, for each
x position of our flux tube. To improve the statistics of our
results, we perform an average along x, defined for each fre-
quency of the spectrum as

(x,1) int,

x)exp (—iwr), (20)

~ZF
oul,, = —Z&uw x;), Q21

where N, is the number of grid points along the x dir-

ection. Figure 11 shows the amplitudes of (5~uipw normal-
ized to their maximum value, eliminating the mode w =0
(which corresponds to the time-averaged value). For the
radial positions ry/a = {0.7,0.8,0.9} dominant frequencies
cluster in the range w/2m ~ [5,10] kHz. For the innermost
positions, ry/a ={0.5,0.6}, dominant frequencies group

4Here the field line average is defined as

Je=Jo b

around the lower boundary of w with no clear peak in the spec-
tra. In figure 11, we have also depicted with vertical dashed

lines the frequency wo above which the amplitude \5~uiFw| is
always smaller than half the maximum value in each case.
It can be observed that, for all radial positions, frequencies
wo/2m <20 kHz dominate the spectrum of the fluctuating
zonal E x B flow.

6. Comparisons between linear and nonlinear
calculations of ¢

The analysis presented in this work has focused, so far, on
numerical quantities that can be directly compared against
DR measurements. Nevertheless, aspects beyond that compar-
ison, like the nature of the background turbulence, its localiz-
ation along the flux tube or its linear properties have not been
discussed. In the present section we briefly address some of
these characteristics, comparing the linear and nonlinear fre-
quency spectra of the electrostatic potential in order to assess
to what extent linear frequencies remain during the nonlinear
phase.

In linear simulations, the time evolution of each <g2kn k}.> ¢ (1)
is assumed to be proportional to exp|[(y — iw, )], with w, and y
the linear frequency and growth rate. On the other hand, from
the saturated phase obtained from nonlinear simulations, we
can calculate the frequency spectrum for each k, mode of (¢ ),
summing over all k, components as

Z D k) Z Pu (k
ky

y) exp (—iwr). (22)
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assuming k, = 0.

This Fourier decomposition allows a direct comparison
between the nonlinear frequency spectrum of () and the fre-
quencies obtained from linear simulations. Figure 12 shows, as
a function of w, the amplitude of ¢, normalized to the largest
value found (at a certain w = w™) for each k,, i.e.

[P (k)

|§0w| (ky) |<5w=wM| (ky) . (23)

In addition, this figure also depicts the linear frequencies
obtained from k, scans for a fixed k, = 0. Since the modes
@k, x, are complex, we do not expect a symmetry in |@,,| with
respect to w = 0 and, in contrast to section 5, we have repres-
ented both positive and negative values of w in figure 12. It
can be seen that at high k,, the frequency spectra broadens and
a dominant frequency in the nonlinear spectra is lacking. It is
interesting though that for the wavenumbers measured by the
DR system, changes in the sign of the linear frequency take
place. Specifically, for the two analyzed scenarios, the linear
frequency is negative for ro/a = 0.5 at ky, = kX, whereas it is
positive for all other radii, which points out to a change in the
propagation direction of the drift waves driving the instabil-
ity. On the other hand, for low k,, the linear frequency val-
ues are reasonably close to those of the dominant nonlinear
ones, which correspond with the darkest regions of the maps in
figure 12. This fact can be more clearly observed in figure 13,
where the normalized amplitudes |, |(k,) are represented as a
function of w for k,p; = 0.6. In that case, the linear frequency,
indicated by a triangle in the figure, is located fairly close to

the peak of the nonlinear frequency spectrum for every radial
position analyzed. Similar agreements have been reported for
the ASDEX Upgrade tokamak in [32], comparing linear and
nonlinear simulations carried out with GENE.

Finally, we analyze the localization of the fluctuating elec-
trostatic potential along the flux tube for the wavenumber
explored by the DR system. In particular, in figure 14 we rep-
resent the time-averaged squared amplitude of ¢ evaluated at

ky, = k]ij, this is
Q)= <

To assess the correlation between the structure of nonlin-
ear modes at k]y3R and those computed for the most lin-
early unstable mode for the same k]y)R (generally located and
obtained at k, = 0), we have depicted the parallel structure
of the electrostatic potential from these linear simulations in
figure 15. It is observed that both linear and nonlinear res-
ults exhibit similar structures, with slight differences pos-
sibly due to the contribution of every k, mode considered
in the nonlinear analysis and, of course, nonlinear effects.
In particular, (p)3y is strongly localized around the center
of the flux tube, ( =0, for every radial position except at
ro/a =0.5. That localization in ¢ overlaps with regions of
bad curvature in this configuration of W7-X. This suggests
that ion-temperature-gradient (ITG) modes [33] p4g role at
ro/a > 0.5. In addition, we can conclude that the linear modes
atk, = k;)R propagate in the ion diamagnetic direction, which

(©)or

E ‘onx,ky:k?R

Ky

2
(CJ)> : (24)
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in the present work correspond with positive values of w (see
white dots in figure 12), as it is expected for ITG modes. On
the other hand, the fluctuating electrostatic potential for the
position ryp/a = 0.5 is localized at regions of magnetic field
wells (see the insets of figure 14, where the structure of this
fluctuating electrostatic potential is represented together with
the magnetic field strength). This fact, and the change in the
sign of the linear frequency, points out to a prominent role
of trapped electrons on the turbulence at ro/a = 0.5. In sum-
mary, looking at k, = k?R, where the standard linear stability
analysis finds a change in the sign of the frequency, a very
different localization of the turbulent electrostatic potential is
found nonlinearly.

7. Summary and conclusions

In the present work we have used the electrostatic flux tube
version of the gyrokinetic code stella with the aim of calcu-
lating important turbulent quantities that can be directly com-
pared with DR measurements in the W7-X stellarator. Five
radial positions of two ECRH discharges corresponding to the
first operation phase (OP1) of W7-X have been considered
throughout the paper.

In the first place, nonlinear simulations have been carried
out to compute the amplitude of the density fluctuations at
the spatial region and perpendicular wavenumbers explored
by the DR system. Numerical results and DR measurements
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of the squared density fluctuations cover a range of about
15 dB and feature in both cases a monotonic increase with
the radial coordinate. This is due to the different regions
of the wavenumber spectrum accessed by the diagnostic at
each radial location. Discrepancies between the numerical and
experimental results in the different fluctuation levels between
the two scenarios have also been observed. To expand the
numerical characterization of the turbulence towards other
quantities measurable by DR, the frequency spectra of the
density fluctuations and of the zonal flow fluctuations have
been provided. With regard to the density fluctuations, in gen-
eral, the largest amplitudes are found for frequencies around a
few tens of kHz. For higher frequencies, a slight decrease fol-
lows up to approximate w/2m ~ 500 kHz, where an abrupt fall
of the amplitude is found. Concerning the frequency spectra of
the zonal flow fluctuations, they are dominated by frequencies
with w/27 < 20 kHz and find their peak values for w/27 < 10
kHz at most radial positions. Future highly time-resolved char-
acterization of the backscattered power and measurements of
u | fluctuations at distant locations over the same flux surface
will allow to validate these numerical findings. Finally, the tur-
bulent electrostatic potential has been provided and compared
against linear simulations, showing, for low k, values, that the
dominant frequencies of the nonlinear spectrum cluster nearly
around the frequency of the most unstable mode linearly. In
addition, these results have also shown that, at ry/a = 0.5,
trapped electrons seem to play a leading role on the back-
ground turbulence.
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Appendix. Poloidal profiles of (én)f)R

The numerical study presented in this work has been per-
formed considering the position (6, ¢) = (0,0), with respect to
which the bean flux tube is centered. However, as it is shown in
figure 3, that position does not correspond to the exact location
where the beam launched by the DR system reflects and, con-
sequently, where the measurement is performed. In order to
assess the impact of this deviation in the results presented in
section 4, we have obtained poloidal profiles of (6n)2DR, that are
represented in figure A 1. For this, (6n)3 has been interpolated
considering its value at the points of the plane ( = 0 crossed by
the bean and triangular flux tubes (see figure 3) The maximum
poloidal deviation of the DR measurement points with respect
to @ =0, which is found at the innermost radii, is also indicated
as a shadowed region in figure Al. Although the interpolation
performed considering the points of the bean and triangular
flux tubes in the plane ( =0 may appear somewhat arbitrary,
it is worth emphasizing that in the measurement region we are
referring to, radially global [13] and full flux surface [34] sim-
ulations also do not report abrupt changes in the amplitude of
the fluctuations. These fluctuations are generally less localized
on the surface than has traditionally been thought. From these
results, deviations >20% between (dn)py evaluated at the
exact measurement location and that at (6,¢) = (0,0) are not
expected, although more complete simulations, covering the
entire flux surface to evaluate the predictions at the exact meas-
urement positions, will be carried out in future work in order
to assess the validity of this assertion. Such differences are
negligible compared to the quantitative discrepancy between
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the simulations and the experimental measurements shown in
figure 7. Hence, considering the position (6,¢) = (0,0) is a
good approximation to the real location where the DR system
measures.
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