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Abstract
A linear response, local model for the DBS amplitude applied to gyrokinetic simulations shows
that radial correlation Doppler reflectometry measurements (RCDR, Schirmer et al 2007
Plasma Phys. Control. Fusion 49 1019) are not sensitive to the average turbulence radial
correlation length, but to a correlation length that depends on the binormal wavenumber k⊥
selected by the Doppler backscattering (DBS) signal. Nonlinear gyrokinetic simulations show
that the turbulence naturally exhibits a nonseparable power law spectrum in wavenumber space,
leading to a power law dependence of the radial correlation length with binormal wavenumber
lr ∼ Ck−α⊥ (α≈ 1) which agrees with the inverse proportionality relationship between the
measured lr and k⊥ observed in experiments (Fernández-Marina et al 2014 Nucl. Fusion 54
072001). This new insight indicates that RCDR characterizes the eddy aspect ratio in the
perpendicular plane to the magnetic field. It also motivates future use of a nonseparable
turbulent spectrum to quantitatively interpret RCDR and potentially other turbulence
diagnostics. The radial correlation length is only measurable when the radial resolution at the
cutoff location Wn satisfies Wn ≪ lr, while the measurement becomes dominated by Wn for
Wn ≫ lr. This suggests that lr is likely to be inaccessible for electron-scale DBS measurements
(k⊥ρs > 1). The effect of Wn on ion-scale radial correlation lengths could be nonnegligible.

8 See the author list of ‘Overview of JET results for optimising ITER
operation’ by J Mailloux et al to be published in Nuclear Fusion Special
issue: Overview and Summary Papers from the 28th Fusion Energy
Conference (Nice, France, 10–15 May 2021).
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1. Introduction

Decades of development in fusion energy research have
provided strong experimental evidence [1, 2] and theoretical
support [3, 4] for microscale turbulent fluctuations being ulti-
mately responsible for driving anomalous transport in the core
of magnetic confinement devices. The turbulence is driven
by the large density and temperature gradients in the toka-
mak core, which provide free energy to drive microscale
instabilities that ultimately develop into turbulence. First-
principles nonlinear gyrokinetic simulations of the turbulence
have routinely been successful at predicting the experimental
levels of anomalous transport in some plasma scenarios [5].
These numerical and theoretical studies yield an understand-
ing of the turbulent processes, but can only provide indir-
ect evidence of the turbulence. The most definitive experi-
mental evidence can be provided by fluctuation diagnostics,
which measure fluctuations in density, temperature, magnetic
field and flows that are produced by the turbulence. Making
quantitative interpretations of the fluctuation measurements
has proven to be a great challenge for the validation of exist-
ing turbulence and transport models [6–8]. The highly soph-
isticated nature of the measurement process has motivated the
development of synthetic diagnostics to understand not only
the turbulent fluctuations, but also the measurement process
taking place in fluctuation measurements.

The radial correlation length is an important intrinsic char-
acteristic of the turbulence with a direct relation to transport.
Several diagnostics have been successful at measuring tur-
bulence radial correlation lengths in the core plasma, such
as beam emission spectroscopy (BES [9–11]), phase-contrast
imaging/interferometry [12–16], correlation electron cyclo-
tron emission [17–19] and radial correlation reflectometry
(RCR [20–24]). Measurements using radial correlation reflec-
tometry have proven particularly challenging to interpret,
often yielding unphysically large or small values [23, 25–30].
In the literature, the unusually short correlation lengths are
often attributed to the nonlinear response of the reflectometer
to the density fluctuation amplitude [31], while the unusually
large values have mostly been attributed to the presence of a
small angle forward-scattering contribution due to long radial
scale turbulent fluctuations [32].

A more recent evolution of radial correlation reflectometry
is radial correlation Doppler reflectometry (RCDR [33]),
implemented via radial correlation of Doppler backscattering
signals. Doppler backscattering [34, 35] is a standard and ver-
satile diagnostic capable of measuring the turbulent wavenum-
ber spectrum [36, 37], zonal and equilibrium flows [38–40],
as well as the turbulent correlation length [33]. As in standard
reflectometry, the Doppler backscattering technique launches

a microwave beam into the core plasma, but with a finite incid-
ence angle with respect to the horizontal. The beam propagates
in the plasma until it encounters a cutoff surface, where the
forward beam is refracted away from the detector and only
the backscattering contribution is collected. This scheme is
believed to remove, or greatly reduce, the small angle forward
scattering contribution to the radial correlation in the linear
regime [41, 42] that hinders standard reflectometry. The finite
incidence beam launch angle makes the backscattered signal
sensitive to a specific turbulence wavenumber k⊥ that is selec-
ted by the scattering process, which is related to the central ray
wave-vector value ki (taken at the cutoff location) by the Bragg
condition for backscattering at the cutoff k⊥ =−2ki [34, 35]
(ki is a function of the incident beam launch angle).

Experiments measuring the radial correlation length
via the RCDR technique have provided radial correla-
tion lengths characteristic of ion-scale eddies lr ≈ 3–10 ρs
[33, 43–48, 109], which are more consistent with theory than
its reflectometer counterpart (ρs = cs/ωci is the ion-sound
gyro-radius computed using the local toroidal field B= |Bφ|
and electron temperature Te, cs =

√
Te/mi is the sound speed,

ωci = eB/mic is the gyro-frequency,mi is the main ion mass, e
is the proton charge and c the speed of light). However, open
questions still remain about the interpretation of the measured
values. The ‘common wisdom’ is that experimentally-relevant
values of the selected k⊥ by DBS lie on the intermediate to
electron-scale range, that is k⊥ρs ≳ 1. This would imply that
the fluctuations measured by DBS are in fact intermediate-to-
electron scales in the binormal k⊥ direction, but exhibit radial
correlation lengths that are of the order of the ion gyroradius.
Part of the present work seeks to clarify the origin of this result
of DBS measurements.

Careful analysis of DBS systems in different magnetic con-
finement devices shows that disparate values of k⊥ are access-
ible via DBS, ranging from electron to ion scales, as shown in
figure 1. The measured k⊥ρs is shown to scale closely with
the local value of electron beta to the 1/2 power, k⊥ρs ∝
β0.5
e , which can be explained as follows. Due to the backs-

cattering Bragg condition, the measured k⊥ scales with the
incident ki of the microwave beam k⊥ρs ∼ kiρs. In turn, the
incident ki is related to the frequency of the cutoff surface
ω due to the cutoff condition, that is ki ∼ ω/c. To simplify
the argument, we assume ω ≈ ωpe the electron plasma fre-
quency (strictly valid for normal incidence, O-mode polariz-
ation). Thus, k⊥ρs ∼ ωpeρs/c, which is rewritten as k⊥ρs ∼
(mD/me)

0.5β0.5
e for a deuterium plasma. Although seemingly

simplistic, this relationship between the selected k⊥ρs and the
local value of βe is shown to perform fairly satisfactorily when
contrasted with DBS measurements from different machines
in figure 1. Figure 1 is constructed using values of k⊥ρs and
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Figure 1. Measured k⊥ρs from a series of magnetic confinement
devices vs. the local values of βe [33, 37, 40, 43–46, 49–59, 109].
The scaling of k⊥ρs with βe can be explained by the Bragg
condition for scattering and the cutoff condition, yielding
k⊥ρs ∼ (mD/me)

0.5β0.5
e (O-mode). In plasma regimes characterized

by low βe (βe ≈ 10−5−10−4 at the pedestal, high-field machines or
low performance discharges) DBS will predominantly measure
ion-scale wavenumbers k⊥ρs < 1, while in high βe scenarios
(βe ≈ 10−2−10−1 in high performance regimes or spherical
tokamaks), it will likely be sensitive to intermediate to
electron-scales k⊥ρs ≳ 1. ITER values correspond to pedestal
projections from [59]. The figure is not an accurate representation of
the measurement capabilities of specific devices, but indicative of
the measured k⊥ρs for a specific value of βe.

βe that are either provided or computed using alternate quant-
ities provided in [33, 37, 40, 43–46, 49–59, 109]. There is
natural scatter in the values. There are likely errors in the
measurement and in the computation of k⊥ρs and βe. Perhaps
more importantly, this scaling does not take into account the
dependence on the incident launch angle of the microwave
beam in a specific scattering experiment, which can admit-
tedly yield differences in the order of ∼1–10 in the measured
k⊥. However, when spanning four orders of magnitude in βe,
these important factors appear not to have a dramatic effect
on this scaling, as suggested by a least-squares power law fit
k⊥ρs ∼ 61.95 β0.53

e , which remains close to the naive scaling
k⊥ρs ∼ (mD/me)

0.5β0.5
e presented.

This dimensionless scaling is not an equality relating k⊥ρs,
(mD/me)

0.5 and βe. Figure 1 does not represent the measured
k⊥ range achievable by a specificmachine (except possibly the
range reported for JET9). However, when looking at the global
range of DBS measurements and not at specific plasma con-
ditions or machines, figure 1 shows that DBS measurements
taking place in low βe plasma regimes (βe ≈ 10−5−10−4) will

9 Low βe values for JET are from low performance edge measurements
[40, 57, 58], while the high βe values are taken from the inner core of ref-
erence discharges 94 042 and 95 274 (ΨN ≈ 0.1–0.2, βN ≈ 1.8).

likely be sensitive to ion-scale wavenumbers k⊥ρs < 1 (at the
pedestal, high-field machines or low performance discharges),
while high βe scenarios (βe ≈ 10−2–10−1 as in high perform-
ance regimes or spherical tokamaks) will likely be sensit-
ive to intermediate to electron scales k⊥ρs ≳ 1. This confirms
that DBS measurements can in fact be sensitive to ion- and
electron-scale wavenumbers k⊥, and motivates the separate
study of ion- vs. electron-scale turbulence, and their differ-
ing implications on radial correlation length measurements via
RCDR.

In this work, we seek to discover: the dependence of the
radial correlation length on the measured k⊥, and the potential
diagnostic resolution effects on radial correlation length meas-
urements via RCDR in the linear response regime [41, 60, 61].
The rest of this manuscript proceeds as follows. Section 2
describes the modelling approach employed.We use nonlinear
gyrokinetic simulations and a synthetic model DBS developed
for gyrokinetic simulations. In section 3 we study the syn-
thetic and average radial correlation lengths lr of electron-
scale turbulent fluctuations computed from a strongly-driven
ETG regime in the NSTX core [63–66, 69] using the GYRO
code [67, 70]. In section 4 we carry out a parallel study of
the synthetic and average radial correlation lengths lr of ion-
scale turbulent fluctuations computed from a fully developed
ITG-driven turbulence regime in the JET core [71, 72] using
the GS2 code [68]. In section 5 we discuss the implication
of employing separable turbulence spectra to model the DBS
response. We conclude in section 6.

2. Modelling approach

In this section, we describe the modelling approach developed
to calculate synthetic RCDR correlation lengths from sim-
ulated turbulence output from nonlinear gyrokinetic simula-
tions. We also present the description of a model DBS suitable
for filtering the density fluctuation field from gyrokinetic sim-
ulations.

2.1. Gyrokinetic simulations and wavenumber definitions

Owing to the disparate wavenumber range accessible by DBS
measurements (figure 1), we analyze two different plasma tur-
bulence conditions: a highly unstable ETG turbulence regime
(k⊥ρs > 1) in the outer core of a modest-beta NSTX NBI
heated H-mode (section 3, analyzed in [63–66]), and a fully
developed ITG turbulence regime (k⊥ρs < 1) from the mid-
core of a JET NBI heated L-mode plasma (section 4, [71, 72]).
Seeking generality in the approach, we have implemented and
deployed a model DBS valid for both nonlinear gyrokinetic
simulations from the GYRO code [67, 70] corresponding to
the NSTX ETG regime, and GS2 [68] simulations for the JET
ITG regime.

Local, nonlinear gyrokinetic simulations from GYRO and
GS2 solve the nonlinear, gyrokinetic equation [73] in the
local limit (ρs/a→ 0), where a is the plasma minor radius.
While GYRO and GS2 use different definitions for the ref-
erence magnetic field (Bunit [67, 70] for GYRO and Bref
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Figure 2. Schematic representation of the model DBS. (a) Poloidal plane cross section. (b) Flux-surface plane showing the orthonormal
vectors b along B, normal direction en and binormal eb. Bφ and Bp are the toroidal and poloidal magnetic field directions, schematically
shown for reference. (c) Density fluctuation field δn plotted in terms of real-space perpendicular directions en and binormal eb. Wn and Wb

are the filter characteristic length scales along en and eb (Wb ≫ 2π/kb0). The lengths in figure (c) are lengths as would be viewed by an
external observer. Accordingly, ρs is the ion-sound gyro-radius evaluated at the local toroidal field B= |Bφ|.

for GS2, appendix A), in this manuscript the quoted ρs is
computed using local toroidal magnetic field magnitude B=
|Bφ| (figure 2(b)) and electron temperature Te values at the
outboard midplane (unless otherwise specified). The elec-
tron density fluctuation field δn calculated from nonlinear
gyrokinetic simulations is used in this analysis to calculate the
scattered amplitude and radial correlation lengths.

Both GYRO and GS2 use a field-aligned coordinate sys-
tem in which the fluctuating field δn exhibits a slowly varying
dependence along the field line, described by the coordinate θ,
and rapidly varying components perpendicular to the field line,
described by (x,y). Here x is the physical distance in the radial,
normal direction to the flux surface, and y is in the binormal
direction (on the flux surface and perpendicular to the mag-
netic field B). In this work, the coordinates (x, y) represent real
lengths in the laboratory frame, and are transformed from the
internal GYRO and GS2 coordinates perpendicular to B (resp.
(kr,kθ) in GYRO, (kx,ky) in GS2, details in appendix A). In
this manuscript, we restrict ourselves to fluctuations taken at
the outboard midplane (θ= 0), which is the location where
traditional electrostatic drift-wave ballooning-type instabil-
ities tend to exhibit the highest amplitude and where the
vast majority of fluctuation measurements take place. Off-
midplane locations might exhibit lower fluctuation amplitudes
for ballooning instabilities, and tilted turbulent eddies in the
perpendicular plane for finite magnetic shear. These effects are
not considered here for simplicity. For the purpose of analyz-
ing the electron density field δn that predominantly contributes
to scattering, we decompose the perpendicular wave-vector

into its normal and binormal components k⊥ = knen + kbeb.
Here we note the normal direction en as the perpendicular dir-
ection to the flux surface (x-direction), and the binormal dir-
ection eb as the perpendicular direction to the magnetic field
B and to en (y-direction), which lies in the flux surface (addi-
tional details in appendix A).

Given the wavenumber definitions for (kn,kb) [m−1] and
the physical space (x, y) [m], we use the expansion of the dens-
ity fluctuation field δn(x,y,θ, t) typical of a local flux tube
(applicable to GYRO and GS2 in particular), given by:

δn(x,y,θ = 0, t) =
∑
kn,kb

δn̂(kn,kb,θ = 0, t)eiknx+ikby. (1)

Equation (1) states that (kn,kb) and (x, y) are simply Fourier
conjugate variables (note the distinction between Euler num-
ber e and the electric charge e made throughout the manu-
script). An example density fluctuation amplitude is given in
figure 2(c).

The use of the (x, y) coordinates and the normal kn and
binormal kb wavenumber components of k⊥ has two main
motivations in this work. First, kn and kb [m−1] are routinely
provided in experimental measurements via ray-tracing or
beam-tracing methods (at the cutoff location), and corres-
pond to real inverse lengths in physical space (the difference
between the binormal kb and poloidal component of kmight be
small in conventional tokamak scenarios, but is substantial at
the outboardmidplane in spherical tokamak plasmaswhere the
field-line pitch angle can reach∼45◦). Correspondingly, (x, y)
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[m] are real lengths in physical space. This should make the
content of the present manuscript accessible for interpretation
to the experimental plasma physicist and diagnostics expert.
Secondly, the components kn and kb are independent of the
internal wavenumber definitions in a specific gyrokinetic code.
This makes kn and kb a general point of reference for syn-
thetic diagnostics deployed in different gyrokinetic codes. In
this manuscript, we assume a measurement at the outboard
midplane, and we normalize kn and kb by the local value of
the ion-sound gyro-radius, denoted ρs from now on, which is
also independent of the reference magnetic field definitions
used in gyrokinetic codes. For reference, ρs takes the value
ρs ≈ 0.7 cm in the NSTX ETG case, while ρs ≈ 0.33 cm in
the JET ITG case analyzed.

2.2. Model DBS

The model DBS implemented for gyrokinetic simulations can
be derived from a first principles, linear response, beam-
tracing DBS model developed by Hall-Chen et al [74], and
is in line with previous synthetic DBS diagnostics imple-
mented for GYRO [75–77]. In this work, our model assumes
fixed wave polarization of the scattering process (O-mode or
X-mode), beam localization modelled via a Gaussian filter
(response localized to the cutoff), no scattering along the beam
path (kn = 0) and nomismatch angle between the binormal dir-
ection and the microwave beam wave-vector ki [37, 74, 78].
The model is only applicable in the linear response regime
[41, 60, 61] of the DBS reflectometer. The scattering amp-
litude is modelled by:

As(r0,k0, t) =
ˆ

d3r δn(r, t)U(r− r0)e−ik0 ·r

= e−ik0·r0
∑
k⊥

δn̂(k⊥,θ, t)W(k⊥ −k0). (2)

The function U is the filter in real space, while W is the
filter in k-space. These are related to each other via a Four-
ier transform. The sum

∑
k⊥

is made over the perpendicular
wavenumbers kn and kb. The dot product k0 · r= kb0y only

exhibits a component in the binormal y-direction, emphasiz-
ing that no finite kn corrections to the DBS signal are retained
in the model. Here kb0 is the measured k⊥ routinely quoted
in experiments, modelling and simulation of Doppler backs-
cattering. We take the filter U to have a Gaussian shape in
the perpendicular directions (x, y), while no structure is given
along the field line (expressions are evaluated at the outboard
midplane θ= 0). As a result, the filter W is also Gaussian in
k-space, namely:

U(r− r0) =
1

πWnWb
e−(x−x0)

2/W2
ne−(y−y0)

2/W2
b ,

and

W(k⊥ −k⊥0) = eikby0+iknx0e−(kb−kb0)
2/∆k2be−k2n/∆k2n , (3)

where (x0,y0) is the location of the scattering. The radial spot
size Wn in the normal direction en is generally known as the
radial resolution of the diagnostic. Its Gaussian shape is the
result of assuming that the microwave field pattern is accur-
ately represented by a Gaussian beam [74]. The Gaussian
shape in y can be interpreted as the localization of the DBS
signal at the cutoff location. As we will see, the specific shape
of the filter U in the y-direction is unimportant in this work
as long as Wb ≫ 2π/kb0, which is largely satisfied in all DBS
experiments. The model also assumes a localized signal at the
cutoff, that is, Wb is much smaller than a typical equilibrium
length scale, which neglects scattering contributions along the
beam path and is consistent with the selected wavenumber
component kn = 0. ∆kb is known as the wavenumber resol-
ution of the diagnostic (commonly noted ∆k⊥ in the literat-
ure), and is related to the filter spot-size Wb at the cutoff via
∆kb = 2/Wb. The radial filter size Wn, or radial resolution, is
related to the normal wavenumber resolution via∆kn = 2/Wn.
The radial resolution Wn includes a combination of the phys-
ical beam width and phase surface curvature.

For the purpose of studying the radial correlation properties
of the turbulence via RCDR, we define three different cross-
correlation functions (CCF):

CCFavg(∆x) =
⟨δn(x+∆x,y)δn(x,y)⟩x0,y0,T

⟨|δn(x,y)|2⟩x0,y0,T
= Average turbulence CCF,

CCFkb(∆x) =
⟨δñ(x+∆x,kb)δñ(x,kb)∗⟩x0,T

⟨|δn̂(x,kb)|2⟩x0,T
= Scale-dependent CCF forkb

CCFsyn(∆x) =
⟨As(r0 +∆x en,kb0eb)As(r0,kb0eb)∗⟩x0,y0,T

⟨|As(r0,kb0eb)|2⟩x0,y0,T
= CCF of synthetic DBS, (4)

where the θ and t coordinates are omitted from δn for
clarity (recall θ= 0). The field δñ is Fourier transformed
in y but not in x (appendix B). The subscripts ⟨.⟩x0,...

denote the ensemble averaging performed in x0,y0 within the
perpendicular simulation domain, and in time t during an
interval T. Specifically, ⟨.⟩x0 = 1/Lx

´
dx0(.), and equivalently

5
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for y0 and t (Lx is the simulation radial box-size). In what fol-
lows, we define the radial correlation length lr by the 1/e value
of the corresponding CCF.

We call the quantity CCFavg the average turbulence
cross-correlation function, computed via radial correlation of
the full density field δn from the gyrokinetic code for differ-
ent radial separations ∆x. As a result, CCFavg knows about
the full turbulence spectrum. It is independent of any experi-
mental factor and is intrinsic to the specific turbulence under
consideration. The quantity CCFkb in equation (4) is the scale-
dependent correlation function corresponding to a specific tur-
bulence wavenumber kb, and informs about the characteristic
radial correlation of turbulent eddies with binormal wavenum-
ber kb. This quantity does not know about the full turbulence
spectrum, but is intrinsic to kb. This means that each binor-
mal wavenumber kb in the turbulence, or equivalently each
binormal wavelength, has a specific radial structure associ-
ated with it, and it is given by CCFkb . CCFkb is not related to a
diagnostic effect. In this manuscript, we argue that this is the
quantity that can be measured via RCDR under the right con-
ditions (when the resolutionWn ≪ lr(kb0), where lr(kb0) is the
radial correlation length of wavenumber kb0). The last quantity
in equation (4) is CCFsyn, the synthetic cross-correlation func-
tion, computed via radial correlation of the scattered amplitude
As (equation (2)). Notably this cross-correlation function is
directly dependent on specific experimental parameters, which
in this model are kb0,Wn and Wb (recall here Wb ≫ 2π/kb0).
Part of the work that follows seeks to explain how the meas-
ured kb0 andWn affect the synthetic cross-correlation function
CCFsyn. This should prove highly useful for the interpretation
of the radial correlation length measured via RCDR.

3. Interpreting lr from electron-scale turbulence

In this section, we analyse the radial correlation properties of
electron-scale turbulent fluctuations (k⊥ρs > 1). A strongly-
driven ETG regime is chosen to perform local, electron-
scale nonlinear gyrokinetic simulations using the GYRO code.
The simulations represent the outer-core (r/a≈ 0.7) of an
NSTXNBI-heatedH-mode plasma (NSTXdischarge 141 767,
PNBI ≈ 2MW). This radial location has been the object of thor-
ough analysis of turbulent transport and high-k density fluctu-
ations in previous works [63–66, 69], where it was referred to
as the ‘strong ETG’ regime. Ion thermal transport was close to
neoclassical levels as computed by NEO [79] and subdomin-
ant to electron thermal transport, consistent with ion-scale tur-
bulence being stabilized by strong E×B shear. Importantly,
electron-scale simulations were shown to reproduce the exper-
imental electron heat flux estimate computed via TRANSP
[80], as well as the wavenumber spectrum shape and fluctu-
ation level ratio [64], demonstrating the experimental relev-
ance of the current ETG-driven turbulence simulations.

Simulations were performed at r/a≈ 0.7 (r is the minor
radius coordinate normalized to the last closed flux sur-
face value a), resolving three gyrokinetic species (e−, D,
C), including electron collisions (νei ≈ 1 a/cs, but not ion
collisions), background flow and flow shear (Mach number

M≈ 0.2, E×B shearing rate γE ≈ 0.1–0.2 a/cs, and parallel
velocity gradient γp ≈ 1 a/cs), and fully electromagnetic
fluctuations including electrostatic potential δϕ, shear δA||
and compressional δB|| magnetic field perturbations. Linear
background profiles were simulated employing nonperiodic
boundary conditions in the radial direction with typical buf-
fer widths ∆b ≈ 1 ρs,unit. The simulation domain is character-
ized by radial and poloidal box sizes of dimensions (Lr,Lθ)≈
(7,7)ρs,unit, equating to radial and poloidal wavenumber res-
olutions krρs,unit ϵ [0.9,62], kθρs,unit ϵ [0.9,65]. Here, kr and kθ
are the radial and poloidal wavenumbers internally defined in
GYRO, which are related to kn and kb as shown in appendix A,
and ρs,unit uses the GYRO internal Bunit definition ([67, 70],
appendix A). Parallel resolution employed 14 poloidal grid
points (× 2 signs of parallel velocity), 12 energies and 12
pitch-angles (6 passing+ 6 trapped). This choice of numerical
grids was made according to previous convergence and accur-
acy tests for the GYRO code simulating micro-instabilities in
the core of NSTX [81], and were also tested for convergence
in the present conditions [64]. The flux surface geometry is
described by a Miller equilibrium [82].

3.1. Scale-dependent, physical correlation length

Before applying themodel DBS to gyrokinetic simulations, we
discuss some important correlation properties in the electron-
scale turbulence by analyzing the ‘raw’ electron density fluctu-
ating field δn output from the gyrokinetic simulation. We start
by considering the case where the background E×B shear is 0
(γE = 0, shown in figures 3(a) and (b)). Figure 3(a) shows the
average turbulence radial correlation function CCFavg (black
empty circles) overlaid on a series of scale-dependent correla-
tion functions CCFkb corresponding to different wavenumbers
kbρs = 3.22,6.43,13.67,20.1, computed using the definitions
from equation (4). The radial correlation function correspond-
ing to each individual kb is different from the average turbu-
lence correlation function, and it becomes wider for smaller
kb. This indicates that smaller turbulent kb (larger eddies in
the y direction) exhibit wider radial correlation functions, that
is, larger radial correlation lengths. This can be more quantit-
atively assessed in figure 3(b).

Figure 3(b) shows the scale-dependent radial correlation
length lr computed from each individual kb in the gyrokin-
etic simulation (blue curve) along with the average correlation
length of the turbulence (green dashed line), both computed
as the 1/e value of the corresponding CCF. The radial correl-
ation length is largest for a finite kbρs ≈ 1.6, and it becomes
a decreasing function of kb for larger wavenumbers. A power
law ∼Ck−αb is fitted to the lr curve for larger wavenumbers
(kbρs ≳ 7), giving an exponent α≈ 1.04. This fit characterizes
the scale-by-scale dependence of the radial correlation length
corresponding to each binormal wavenumber kb (or binormal
wavelength). Together, figures 3(a) and (b) show that the aver-
age turbulent correlation length is different from the correla-
tion length corresponding to each kb. For the purpose of under-
standing radial correlation lengths measured via RCDR, this
discussion shows that it is of crucial importance to take into
account the scale by scale dependence of the radial correlation
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Figure 3. (a) Average turbulence cross-correlation function CCFavg (open black circles) and scale-dependent cross-correlation function
for different kb CCFkb in the electron-scale gyrokinetic simulation with γE = 0 (definitions in equation (4) and appendix B).
(b) Scale-dependent radial correlation length lr(kb) corresponding to each binormal wavenumber in the simulation (blue curve) along with
the average correlation length of the turbulence (green dashed line). This curve describes the scale-by-scale dependence of lr on kb (no
synthetic DBS is applied). The ion sound gyro-radius ρs ≈ 0.7 cm is calculated with the local B and Te.

length as only one wavenumber kb is selected by a Doppler
backscattering system.

The relationship lr ∼ Ck−αb with α≈ 1 implies that the
radial characteristic length lr and binormal wavelength are
proportional to each other scale-by-scale, that is, turbulent
eddies in the power law fitting region (inertial range of the
turbulent cascade) preserve their aspect ratio in x and y scale-
by-scale. Larger kb indicates smaller eddies in the binormal
direction, which are also proportionally smaller in the radial
direction. The constant of proportionality C can be interpreted
as a rough measure of the eddy aspect ratio in the perpendicu-
lar (x, y) plane. We define a ‘binormal correlation length’ lb as
the 1/e value of the sinusoidal oscillation corresponding to kb,
that is lb/ρs = arccos(1/e)/kbρs ≈ 1.19/kbρs (appendix B).
A power law relationship of the form lr ∼ Ck−αb amounts to
lr ∼ Crlαb (lr/lb ≈ Cr = Carccos(1/e)−α). Forα≈ 1, the coef-
ficient Cr ≈ lr/lb can be interpreted as the aspect ratio of the
turbulent eddy between the radial and binormal directions. In
this case, we find C≈ 1.86, yielding lr/lb ≈ 1.54 ≈ 3/2. This
suggests that ETG-driven eddies hypothetically measured by
DBS would exhibit an aspect ratio lr/lb ≈ 3/2 in the (x, y)
plane (at the outboard midplane of this specific NSTX condi-
tion). In RCDR experiments, a good approximation to the eddy
aspect ratio is lr/lb ≈ lrkb/arccos(1/e)≈ lrkb/1.19, where lr
and kb can be easily obtained via the standard experimental
analysis and tools.

The strong ETG drive of the present condition seems to
contrast with the rather tight aspect ratio of lr/lb ≈ 3/2. At
first sight, this appears not entirely consistent with the radi-
ally elongated and poloidally thin ETG ‘streamers’ [83–85],
and corresponds to lower aspect ratios than those inferred from
ETG-driven turbulence in realistic gyrokinetic simulations of

MAST lr/lb ≳ 5 [86, 87] and reported in NSTX lr/lb ≈ 4
[88], as well as for the cyclone base case lr/lb ≈ 2 [89] and
early simulations for the W7-AS stellarator [90] lr/lb ≈ 2. In
fact, the eddy aspect ratio in real, physical space (x, y) can
be strongly deformed when using the internally defined field-
aligned coordinates of local flux tube simulations. The dif-
ference between the physical space (x, y) and the flux tube
coordinates is accentuated in strongly shaped flux surfaces
characteristic of the spherical tokamak. Using the GYRO
internally-defined field-aligned coordinate system, one finds
an aspect ratio ≈9 for the present condition, which would be
characteristic of a radially elongated ETG ‘streamer’ (a factor
of ×6 difference). However, we emphasize that internally-
defined field-aligned coordinates do not yield a real aspect
ratio in physical space, due to geometric effects such as flux-
surface elongation, Shafranov’s shift, etc. (details in table 1,
appendix C). This realization further motivates the use of
the normal and binormal (x, y) coordinates and the (kn,kb)
wavenumber components for the purpose of quantitatively
interpreting and projecting experimental measurements using
gyrokinetic simulations.

Using the lr(kb) relationship for calculating the aspect ratio
of the turbulent eddies is accurate in the case where eddies
are aligned with the radial direction x. For up-down sym-
metric flux-surface geometries, this can be the case at the
outboard midplane θ= 0 when the background E×B flow
shearing rate γE is zero. It is well known that finite back-
ground E×B shear flow can stabilize (ion-scale) turbulence
by tilting eddies in the perpendicular direction (x, y) and indu-
cing radial decorrelation [91, 92]. Theoretically, a finite back-
ground E×B shear can break an underlying symmetry in
the gyrokinetic equation, manifesting itself in an asymmetric
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Figure 4. (a) 2D average turbulence correlation function corresponding to an ETG simulation with γE = 0 (figures 3). (x, y) are
perpendicular to B and represent real lengths in the laboratory frame (they are not flux tube coordinates; details in appendices A and C).
(b) 2D average turbulence correlation function for the same ETG simulation run with the experimental value of γE ≈ 0.13 cs/a. Note the
different tilt angle in (a) vs. (b). (c) Scale-dependent radial correlation length computed for each binormal wavenumber kb corresponding to
simulations in (a) and (b).

turbulent wavenumber spectrum [93] and yielding an eddy tilt.
Accordingly, BES measurements in the core of DIII-D [94]
have tilt angles θtilt ≈ 10◦, while in the MAST core θtilt ≳ 45◦

have been reported [95, 96] in the presence of finite E×B
shear. The effect of E×B flow shear on electron-scale tur-
bulence is expected to be reduced due to the smaller correla-
tion times. Even so, eddy tilt can be non-negligible in ETG-
dominated regimes where ion-scale turbulence is suppressed
by strong E×B flow shear, such as in low-to-modest βe spher-
ical tokamak scenarios. This has been suggested by nonlin-
ear gyrokinetic simulations of ETG turbulence in the MAST
and NSTX spherical tokamak core [87, 88]. An example of the
ETG tilted eddies can be seen in figure 2.

In order to understand the effect of the background E×B
shearing rate γE on the correlation length, an additional
electron-scale simulation was performed, with identical input
parameters and only differing by the finite, experimental value
of the E×B shearing rate γE. Figure 4(a) shows the 2D cor-
relation function CCFavg

2D in (x, y) computed from the dens-
ity field δn corresponding to the γE = 0 case of figure 3.
CCFavg

2D (∆x,∆y) is the generalization of the 1D CCFavg from
equation (4) (details in appendix B). As expected, the 2D cor-
relation function exhibits no tilt in the (x, y) direction (noted by
the black dashed line), showing that eddies tend to be aligned
along x in the absence of E×B shear. The 1D radial cross-
correlation function CCFavg from figure 3(a) (black empty
circles) can be read in figure 4(a) along the black dashed line
(∆y= 0). Note that the 2D CCFavg

2D becomes negative in the
binormal y direction, which is indicative of the oscillatory
nature of turbulence with finite kb.

Figure 4(b) shows the 2D correlation function computed
from the simulation using the experimental value of the E×B
shearing rate (γE ≈ 0.13 cs/a). Notably, the 2D correlation
function exhibits a finite tilt on the (x, y) plane, attributed to
the finite γE. The eddy tilt can be further quantified by cal-
culating the preferred direction of inclination on the (x, y)
plane (details in appendix C). This yields a value of θtilt ≈ 50◦

in the present ETG condition. As in the discussion of the

eddy aspect ratio, this tilt angle value is the physical angle,
in the real space laboratory frame, made by turbulent eddies
at the outboard midplane, which is again enabled by the use
of the (x, y) coordinates in this work. Using the GYRO field-
aligned coordinate system at the outboard midplane would
erroneously yield a tilt of θtilt ≈ 11◦. This emphasizes once
more the need to map field-aligned, flux tube coordinates to
real, physical space to directly compare to experimental meas-
urements. Previously reported eddy tilt angle values in the core
of MAST using a BES diagnostic [95, 96] seem to be in agree-
ment with the value of θtilt ≈ 50◦ reported here.

The lr(kb) curves corresponding to figures 4(a) and (b) are
shown in figure 4(c). The blue curve corresponds to the γE = 0
case, which exhibits a larger correlation length than the finite
γE case (red curve). A power law fit to the lr(kb) curve with
finite γE shows that lr ∼ 0.8 k−0.82

b , yielding an inferred eddy
aspect ratio Cr ≈ 0.67. As shown in appendix C, this value is
different by a factor ×2–3 with respect to the aspect ratio cal-
culated along the tilted axes (black dashed lines in figures 4(a)
and (b) and the corresponding perpendicular direction). The
average aspect ratio of the turbulence in (x, y), computed as
the ratio between the 1/e length-scales along the tilted axes
increases by ∼20% from γE = 0 to the finite γE case. The
disagreement with the lrkb estimate for finite γE (finite tilt)
can be explained by the tilt of the eddies. A horizontal cut
(∆y= 0) of the CCFavg

2D (∆x,∆y) will yield a one dimensional
correlation function that is affected by the oscillatory nature
of the correlation function in the y-direction (with character-
istic positive and negative values of the CCF). This decreases
the value of the turbulence average correlation length lavgr as
well as the scale-dependent correlation length lr(kb), translat-
ing into a different value of the aspect ratio from the estimate
given by ≈lrkb/1.19.

The main lesson to retain from this discussion is that the
eddy aspect ratio could be measured in RCDR experiments
from the quantity lrkb/arccos(1/e)≈ lrkb/1.19when the eddy
tilt θtilt ≈ 0. For finite eddy tilt, lrkb is not a good measure
of the shape of the eddies, but it is related to their radial
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Figure 5. (a) Scale-dependent correlation function corresponding to electron-scale kbρs = 1.42 (CCFkb , black dots), synthetic correlation
function for varying values of the radial resolution Wn (CCFsyn, colored curves), and average turbulence correlation function (CCFavg, black
circles). (b) Dependence of the synthetic radial correlation length computed as the 1/e value from the synthetic radial correlation function
CCFsyn, for different values of Wb (Wb ≫ 2π/kb). The radial correlation length from the selected wavenumber kbρs = 1.42 is only
measurable when lr(kb)≪Wn.

extent. In appendix C we provide additional details support-
ing and confirming these conclusions. A combination of the
estimate proposed here to characterize the eddy aspect ratio
(lr/lb ∼ lrkb/1.19) and that proposed by Pinzón et al to meas-
ure the eddy tilt angle [97, 98] could be used in future studies
to characterize the 2D eddy shape. Note that up-down asym-
metric flux-surface geometries could introduce tilts in the (x, y)
plane similar to those shown here, as well as off-midplane loc-
ations due to the effect of magnetic shear ŝ, but these are not
the object of the present study.

3.2. Influence of the diagnostic resolution Wn

The previous section has highlighted the importance of taking
into account the scale-by-scale variation of the radial correla-
tion length of turbulent eddies for different wavenumbers kb,
encapsulated in the lr(kb) relation in figure 3(b). Importantly,
the analysis was independent of the synthetic DBS diagnostic,
and was merely a discussion of the correlation properties of
the turbulence. In this subsection, we turn to understanding
how a DBS measurement can affect the interpretation of the
measured radial correlation length.

We deploy the model DBS (equation (2)) to compute syn-
thetic radial correlation lengths corresponding to the strongly
driven ETG condition. We seek to understand the effect of
the filter’s radial dimension Wn, and fix the binormal dimen-
sion Wb = 6.8 ρs (the specific value is unimportant as long as
Wb ≫ 2π/kb0 but is in accordance with existing DBS systems
[37]). For this study, we use a simulation with a larger spa-
tial domain (Lr,Lθ)≈ (20,20)ρs,unit to be able to scan real-
istic values of Wn. Figure 5(a) shows the cross-correlation
functions CCFavg, CCFkb and CCFsyn computed using the
formulas from equation (4), corresponding to the specific
binormal wavenumber kbρs = 1.42 which exhibited the largest

correlation length in the simulation. The empty, black circles
show the average turbulence correlation function. The black
dots show the scale-dependent correlation function CCFkb for
kbρs = 1.42. The colored curves show the synthetic cross-
correlation functions CCFsyn computed for the same selec-
ted wavenumber, for varying values of the radial resolution
Wn = 0.04,0.2,0.59,0.98 ρs (and fixed binormal spot size
Wb = 6.8 ρs). Once more, the average turbulence correlation
function is different from all the other correlation functions.
In the case of small radial resolution (Wn = 0.04 ρs), the syn-
thetic correlation function converges to the scale-dependent
correlation function CCFkb for kbρs = 1.42. This suggests that
RCDR measurements are sensitive to the correlation function
(and correlation length) of the specific, measured kb0 by DBS
(routinely denoted k⊥ in the literature), but not to the aver-
age turbulence correlation function CCFavg as previously dis-
cussed. This is relevant for interpreting correlation lengths
measured via RCDR. Additionally, the synthetic correlation
functions for increasing values of Wn are shown to become
wider. Figure 5(b) shows the correlation lengths correspond-
ing to the correlation functions in (a) as a function of Wn.
Here, synthetic correlation lengths are also computed for dif-
ferent experimentally relevant values of the binormal spot size
Wb = 3.4,6.8,13.5 ρs. Importantly, figure 5(b) shows that the
correlation length for large Wb ≫ 2π/kb0 and small Wn con-
verges to the correlation length for kbρs = 1.42 (red dashed
line). However, for increasing Wn, the synthetic correlation
length is shown to asymptote linearly to the purple dashed line,
which is the radial resolution Wn. This suggests that the dia-
gnostic radial resolutionWn can itself strongly affect the value
of the ’measured’ correlation length in DBS experiments if the
resolution is large enough, in agreement with previous work
[33, 47]. The synthetic correlation length becomes dominated
by the radial resolution when Wn > lr(kb0).
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This discussion has emphasized the significant impact that
the diagnostic resolution Wn can have on the measured DBS
correlation length, where Wn has been artificially varied. The
value of Wn remains an open question for Doppler backscat-
tering. Previous work seems to suggest values in the order of
the width of the Airy lobeWAi or the beamwidth, whichever is
larger. It is well known that standard normal incidence reflec-
tometry experiments are characterized by a radial spot size
WAi ≈ 0.5 L1/3

ϵ λ2/3 [23, 30], corresponding to the width of the
Airy lobe in the vicinity of the cutoff. Here Lε is the permittiv-
ity scale length, equal to the density gradient scale length Ln in
linear profile, slab geometry and O-mode polarization, while λ
is the vacuum wavelength of the incident microwave beam. In
the case of Doppler backscattering, it is possible that the Gaus-
sian beam dimension near the cutoff might affect this reflecto-
metry estimateWAi. The issue of thewidth of the beam near the
reflection point is discussed analytically in [99, 100], which
showed that the exact solution of the Helmholtz equation for
linear profile, slab geometry and O-mode polarization exhib-
its a Wn at the cutoff location that becomes independent of
the launching beam width for small incident launch angles,
suggesting wave-effects can dominate, whereas beam width
effects are more important for larger incidence angles. Ray
tracing, beam tracing and full-wave simulations carried out in
[101, 102] for realistic toroidal geometries of AUG seemed
to agree with [99, 100], additionally suggesting that the Airy
widthWAi should be considered as a minimum value ofWn in
experimental measurements.

Motivated by these works, we calculate the value of the
width of the Airy lobe WAi for the present experimental con-
dition in NSTX, yieldingWAi ≈ 2−4 ρs. This value is notably
larger than the largest correlation length in this strongly-driven
ETG simulation condition (recall lr(kb0ρs = 1.4)≈ 0.4 ρs).
Importantly, this suggests that radial correlation length meas-
urements carried out for electron-scale k⊥ DBS measure-
ments are likely to be dominated by the radial resolution Wn,
that is lsynr →WAi, since the condition Wn ≫ lr(kb0) is easily
fulfilled.

These conclusions are reached using a highly simplified
model for the DBS scattered amplitude (equations (2) and (3)),
based on a Gaussian filter in the normal x and binormal y direc-
tions. However, the specific shape of the filter envelope func-
tion (Gaussian, Ai or other) should not affect the conclusion
presented here, namely that measuring lr(kb0) using RCDR
requires Wn ≪ lr(kb0), and that condition is likely not satis-
fied for electron-scale DBS measurements. In other words,
here we still expect the condition Wn ≫ lr(kb0) to hold for
non-Gaussian radial spot sizes, such as an Airy function.
A resolution limit to the radial correlation measurement via
RCDR was already observed in [33], and recent full-wave
simulations using a Gaussian turbulence spectrum [47] have
also shown that the synthetic radial correlation length can be
increased by diagnostic effects. A more detailed explanation
is given in appendix B. Having studied the radial correlation
from an electron-scale turbulence simulation, the following
section addresses whether Wn is also larger than lr(kb0) in
conditions when a DBS reflectometer is sensitive to ion-scale
wavenumbers.

4. Interpreting lr from ion-scale turbulence

In this section we apply the previous analysis to a fully-
developed, ion-scale ITG-driven turbulence regime in the mid-
core of a JET NBI-heated (PNBI = 17 MW) L-mode plasma,
which is the object of recent momentum transport studies
[71, 72]. Local, flux tube ion-scale nonlinear gyrokinetic sim-
ulations using the GS2 code [68] can simultaneously repro-
duce the ion thermal and momentum transport from the
experimental estimates computed via TRANSP [80], while the
electron heat flux was under-predicted but subdominant to the
ion heat flux.

The gyrokinetic simulations were performed at r/a≈ 0.5,
resolving two gyrokinetic species (e−, D), including collisions
(νee ≈ 0.02 a/vtr,νii ≈ 0.00026 a/vtr), background flow and
flow shear (M≈−0.08,γE ≈−0.05 a/vtr, γp ≈ 0.2 a/vtr) and
electrostatic fluctuations. The r subscript in vtr refers to the
reference species values, which was chosen to be deuterium
in these simulations. Periodic boundary conditions were
employed in the perpendicular dimensions x and y, while the
twist-and-shift boundary condition [103, 104] was employed
using a newly developed wavenumber-shifting method [71,
72]. A typical simulation domain for ion-scale turbulence
was employed, with radial and poloidal box sizes on the
order of (Lx,Ly)≈ (77,70)ρr, equating to radial and poloidal
wavenumber resolutions kxρr ϵ [0.08,4.79], kyρr ϵ [0.09,2.07].
Here kx and ky are the radial and poloidal wavenumbers intern-
ally defined in GS2, which are related to kn and kb as shown
in appendix A, and ρr is the GS2 internally defined gyroradius
(appendix A).

Parallel resolution employed 33 poloidal grid points in a
2π domain, 16 energies and 37 pitch-angles (20 passing, 17
trapped). This choice of numerical grids was made according
to convergence and accuracy tests performed for the present
condition [71, 72]. The flux surface geometry is described by
a Miller equilibrium [82].

4.1. Scale-dependent, physical correlation length

In the case of ITG-driven, ion-scale turbulent fluctuations
(k⊥ρs ≲ 1), one naturally expects larger radial correlation
lengths than for electron-scale turbulence. This begs the ques-
tion whether the condition lr(kb0)>Wn could be satisfied in
these conditions.

Similar features to the electron-scale turbulence can be
observed in these ion-scale turbulence simulations. We con-
sider the more realistic γE = γexp

E case first. Figure 6(a) shows
the average turbulence correlation function CCFavg (black,
empty circles) vs. the correlation function for a subset of
binormal wavenumbers kbρs = 0.15,0.34,0.64,1.13 (colored
curves) corresponding to this ITG-driven turbulence condi-
tion. The average turbulence correlation function differs from
the scale-dependent correlation function of each kb, which
becomes narrower for larger kb, similar to what was observed
analyzing electron-scale turbulence in figure 3(a). The 1/e cor-
relation length for each kb is plotted in figure 6(b), showing a
peak correlation length for kbρs ≈ 0.14, and a decrease for lar-
ger kb. Fitting a power law to the correlation length for kbρs ≳
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Figure 6. Similar to figure 3 for ion-scale turbulence with γE = γexp
E . (a) Average turbulence cross-correlation function CCFavg (open black

circles) and cross-correlation function for different kb CCFkb in the ion-scale gyrokinetic simulation. (b) Radial correlation length lr
corresponding to each binormal wavenumber in the simulation. Note that the radial correlation length corresponding to ion-scale kb
(ITG-driven turbulence) exhibits a very similar dependence with kb as ETG-driven turbulence (figure 3). In this condition, ρs ≈ 0.33 cm.

Figure 7. Similar to figure 4 for ion-scale turbulence simulation in JET. (a) 2D average turbulence correlation length run with value of
γE = 0. (b) 2D average turbulence correlation length run with the experimental value of γE. (c) Radial correlation length computed for each
binormal wavenumber kb corresponding to simulations in (a) and (b).

0.5 yields lr ∼ 1.98 k−0.93
b . Inferring an eddy aspect ratio

from such a measurement would yield Cr ≈ 1.68, although
we now know that the lrkb0 estimate is not the same as the
one found using tilted axes in the finite γE, finite θtilt case. A
more detailed analysis of the 2D correlation function yields an
aspect ratio of lr/lb ≈ 3.1 along the tilted axes (appendix C).
The scale-dependent correlation length in figure 6(b) exhibits
a ‘plateau’ for kbρs ≈ 0.3−0.5. This could be a physical signa-
ture of the specific turbulent state, or it could be an artefact of
the eddy tilt induced by the background E×B shear. For this
reason, we chose to fit the function for kbρs ≳ 0.5.

As in the electron-scale case, an additional nonlin-
ear gyrokinetic simulation was performed with GS2, only
differing from the first one by the zero E×B shearing rate
value (γE = 0). The 2D correlation functions in the (x, y) plane

for both conditions are shown in figures 7(a) and (b), showing
once more the tilting induced by the background E×B shear
on the turbulence, while the simulation with zero γE exhibits
no appreciable tilt. Figure 7(c) shows the corresponding radial
correlation length lr(kb) from each binormal wavenumber kb
in each simulation. The simulation without E×B shear (blue)
exhibits a larger correlation length. The power law fit lr ∼
2.49 k−0.95

b suggests an eddy aspect ratio lr/lb ≈ 2.11 when
γE = 0. This aspect ratio is consistent with the average turbu-
lence aspect ratio computed from the 2D correlation function,
which yields lr/lb ≈ 1.88 in this γE = 0 case (appendix C).
This value is in a similar range to previously measured eddy
aspect ratios of ion-scale turbulent fluctuations using BES,
showing lr/lb ≈ 2−3 in conventional tokamaks such as DIII-D
[94, 105] and TFTR [10]. Interestingly, BESmeasurements in
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Figure 8. Similar to figure 5 for ion-scale turbulence simulation in the JET core. (a) Scale-dependent correlation function corresponding to
electron-scale kbρs = 0.15 (CCFkb , black dots), synthetic correlation function for varying values of the radial resolution Wn (CCFsyn,
colored curves), and average turbulence correlation function (CCFavg, black circles). (b) Dependence of the synthetic radial correlation
length computed as the 1/e value from the synthetic radial correlation function CCFsyn, for different values of Wb (Wb ≫ 2π/kb). The
condition lr(kb)≳Wn is more easily satisfied for ion scales than for electron scales, but suggests that the diagnostic radial resolution still
likely affects lsynr . The estimated width of the first Airy lobe WAi is indicated for reference.

the MAST spherical tokamak [95, 96, 106, 107] have yielded
inverted aspect ratios lr/lb ≈ 1/4−1/2, which could be related
to the suppression of ion-scale turbulence in MAST, and are
also likely affected by the strongly shaped nature of spherical
tokamak flux surfaces (inducing radial compression and pol-
oidal elongation at the outboard midplane). As in the previ-
ous section, the quoted aspect ratio lr/lb ≈ 1.88 corresponds
to the real, physical aspect ratio perpendicular to B. Using the
internal, field-aligned coordinates in GS2 for the present case
would have yielded a value lr/lb ≈ 2.99, a ∼60% difference
with respect to the physical aspect ratio (for γE = 0). The dif-
ference is lower than the factor of ×6 error in the previous
NSTX case due to the lower flux-surface shaping in this JET
L-mode case. However, this suggests that quantitative com-
parisons of the eddy aspect ratio between experiments and
simulation of conventional tokamaks require carefully consid-
ering physical (x, y) coordinates (or equivalent), and not the
internally defined field-aligned coordinates characteristic of
gyrokinetic codes.

It is worth noting that the radial correlation length (along
the physical x-direction) is reduced by the effect of flow shear
(figures 4(c) and 7(c)). Conversely, the eddy aspect ratio lr/lb
along the tilted axes is enhanced by the effect of flow shear:
lr/lb ≈ 1.88 for γE = 0, while lr/lb ≈ 3.1 for γexp

E . This is con-
sistent with the induced eddy tilt and the effect of the binormal
structure of the turbulence: the oscillatory nature of the cor-
relation function in the y-direction has the effect of reducing
the effective correlation length along the physical x-direction
(figures 4(c) and 7(c)), even when the aspect ratio along the
tilted axes increases for finite γE. This effect is qualitatively
observable in figures 7(a) and (b), as well as for the electron-
scale case in figures 4(a) and (b) from section 3, where the

aspect ratio along the tilted axes takes the values lr/lb ≈ 1.54
for γE = 0, while lr/lb ≈ 1.98 for γexp

E .
Analysis shows that the eddy tilt for the experimental

value of E×B shear in this JET mid-core plasma is
θtilt ≈−(40◦–45◦). In the previous section we saw that the
eddy tilt in physical space can be strongly affected by the
strong shaping characteristic of a spherical tokamak (by a
factor×5–6 in the previous NSTX condition), which is not the
case for the present JET condition. The tilt is also affected by
the characteristic length and timescales of the particular eddy
under consideration, which differs between electron and ion
scale turbulence.

4.2. Influence of the diagnostic resolution Wn

In the case of ion-scale turbulence, the effect of finite dia-
gnostic radial resolutionWn is similar to electron-scale turbu-
lence, meaning lsynr →Wn for Wn ≫ lr(kb0). However, given
ion-scale fluctuations exhibit larger correlation lengths, the
condition Wn < lr(kb0) for a realistic Wn ∼WAi is now more
easily satisfied. Figure 8(a) shows the average turbulence cor-
relation function (black circles), the scale-dependent correla-
tion function for kbρs = 0.15 (black dots), which exhibits the
largest correlation length in the simulation, and the synthetic
correlation function for varying values of the radial resolution
Wn, at fixed binormal spot sizeWb = 53.0 ρs. As in figure 5(a),
the synthetic correlation function for smallWn = 0.13 ρs con-
verges to the scale-dependent correlation function for kbρs =
0.15, while for higher Wn, the synthetic correlation function
gets wider and wider. Figure 8(b) shows the variation of the
1/e synthetic correlation length withWn. Once again, the cor-
relation length converges to the correlation length of kb0ρs =
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0.15 for all values of Wb when Wn ≪ lr(kb0) (Wb ≫ 2π/kb),
and it asymptotes to the radial resolutionWn forWn ≫ lr(kb0).
Note, however, that now the conditionWn ≈ lr(kb0) occurs for
a larger correlation length lr(kb0ρs = 0.15)≈ 5 ρs. Evaluating
the reflectometry estimate for the radial spot sizeWn ∼WAi ≈
0.5 L2/3

n λ1/3 for the current conditions gives WAi ≈ 4–6 ρs.
This suggests that experimentally relevant Wn are likely to
affect a measured RCDR correlation length, but in a less dra-
matic way than for electron-scale fluctuations. The effect is not
completely negligible, as demonstrated by figure 8(b).

5. Discussion of the use of separable turbulence
spectra

In the previous sections, we have used a simple model DBS
(equations (2) and (3)) and realistic turbulence spectra from
nonlinear gyrokinetic simulations to understand the turbulence
properties and the diagnostic effects relevant to RCDR meas-
urements. Realistic turbulence spectra naturally yield a rela-
tionship lr(kb)∼ Ck−αb , illustrated in figures 3 and 6. In this
section, we discuss the consequences of modelling RCDR
using turbulence spectra that are unable to capture the depend-
ence of the radial correlation length on the binormal scale.
Such flawed spectra has become a common practice in the
community [33, 41, 42, 47, 60–62, 97, 98].

The dependence of the radial correlation length on the
binormal scale is encoded in the ensemble averaged tur-
bulent wavenumber spectrum of the density fluctuations
⟨|δn̂(kn,kb)|2⟩T. Importantly, previous theoretical and numer-
ical studies [41, 62] (as well as many other works [33, 42,
47, 60, 97, 98]) used a separable turbulence wavenumber
spectrum in the kn and kb components, written as a product
of two independent functions hn and hb, ⟨|δn̂(kn,kb)|2⟩T =
hn(kn)hb(kb). This results in lr(kb) = lavgr , which does not
accurately represent magnetized plasma turbulence in the
tokamak core. To understand the consequences of using a sep-
arable turbulence spectrum in kn and kb, we use the character-
istic expansion of the density fluctuation field δn(x,y,θ, t) =∑

kn,kb
δn̂(kn,kb,θ, t)eiknx+kby as treated in a local flux tube

(equation (1), applicable to GYRO and GS2 in particular). We
substitute this expression for δn into the expression for the
model scattered amplitude As from equation (2), and use that
to compute the synthetic CCFsyn from equation (4), yielding
equation (5):

CCFsyn(∆x)

=

∑
kn,kb

e−k2nW
2
n/2e−(kb−kb0)2W2

b/2⟨|δn̂(kn,kb)|2⟩Teikn∆x∑
kn,kb

e−k2nW
2
n/2e−(kb−kb0)2W2

b/2⟨|δn̂(kn,kb)|2⟩T
, (5)

which is valid for general Wn and Wb. Next we set the exper-
imentally relevant value of Wb ≫ 2π/kb0, we place ourselves
in the best possible scenario whereWn ≪ lr(kb0), and we neg-
lect the effect of the varying kb0 between the different DBS
diagnostic channels. This yields:

CCFsyn(∆x)→
∑

kn
⟨|δn̂(kn,kb0)|2⟩Teikn∆x∑
kn
⟨|δn̂(kn,kb0)|2⟩T

≡ CCFkb0(∆x)

for

Wb ≫ 2π/kb0
and

Wn ≪ lr(kb0). (6)

Equation (6) analytically shows that the synthetic radial
correlation function CCFsyn will be a good representation
of the scale-dependent CCFkb under these assumptions. This
was already observed in the previous sections, particularly in
figures 5 and 8. Importantly, this correlation function CCFsyn

depends on the measured kb via the turbulence spectrum,
which is not in general separable into its kn and kb coordin-
ates (we have omitted the θ= 0 and time t variables for clarity
in equation (6)). Expression (6) contains the dependence of
lr with kb encoded through the turbulence spectrum. Using a
separable turbulence spectrum ⟨|δn̂(kn,kb)|2⟩T = hn(kn)hb(kb)
(Gaussian, Lorentzian, top-hat, etc.) will yield a radial cor-
relation length lr that becomes independent of kb (substi-
tute hn(kn)hb(kb) into equation (6)). This means that a sep-
arable turbulence spectrum of the form ⟨|δn̂(kn,kb)|2⟩T =
hn(kn)hb(kb) cannot contain the scale-by-scale variation of
realistic turbulence spectra, which can have important implic-
ations for interpreting and projecting RCDR measurements.
The average correlation length lavgr (computed from CCFavg)
and the scale-dependent correlation length lr(kb) become
identical for separable wavenumber spectra.

A proposed analytical expression for nonseparable, dens-
ity fluctuation wavenumber power spectra inspired by the
power law spectra characteristic of gyrokinetic simulations,
andwhich contains the scale-by-scale dependence of the radial
correlation length, is:〈∣∣∣δn̂

n
(kn,kb)

∣∣∣2 〉
T

=
D

1+

(
|kn|
wkn

)γ
+

(
|kb− kb∗|
wkb

)β . (7)

In this expression, the spectral exponents γ in kn and β
in kb are allowed to differ. wkn and wkb represent the spec-
tral widths of the turbulence wavenumber spectrum, and are
related to the average turbulence radial and binormal correl-
ation lengths by wkn ∝ 1/lr and wkb ∝ 1/lb. The spectrum in
kb is allowed to peak at a finite kb = kb∗, consistent with the
linear drive for typical micro-instabilities in the tokamak core
peaking at finite values of kb, and representing the injection
driving scale of the turbulence (typically kb∗ρs ≈ 0.1–0.6 for
ITG, kb∗ρs ≈ 2–30 for ETG, etc.). The spectrum from equation
(7) is chosen to represent spectra in the absence of tilt angle
θtilt (γE = 0 and up-down symmetric flux surfaces at the out-
board midplane θ= 0). This results in a symmetric spectrum
in kn, which is enforced by the absolute value |kn|. Represent-
ing the effect of flow shear or nonsymmetric spectra with a
finite tilt angle could easily be obtained via a rotation of the
k⊥ = (kn,kb) perpendicular wave-vector, which would result
in a finite peak at normal wavenumber kn∗.
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Figure 9. (a) Time-averaged density fluctuation power spectrum ⟨|δn̂/n(kn,kb)|2⟩T from electron-scale nonlinear gyrokinetic simulation in
section 3 (γE = 0). (b) Bidiminensional fit in (kn,kb) to the simulated ⟨|δn̂/n(kn,kb)|2⟩T using the analytical spectral shape from equation
(7).

Figure 10. (a) Comparison between the time-averaged, gyrokinetic density fluctuation power spectrum (blue dots) and the analytic fit to the
simulation spectrum using formula (7), plotted against binormal wavenumber kbρs. (b) Gyrokinetic spectrum and analytic fit with respect to
normal wavenumber knρs. Both correspond to the electron-scale, ETG-driven condition in section 3.

In order to illustrate the characteristics of the proposed
analytic spectrum, the spectral shape from equation (7) is
fit to the time-averaged spectrum computed from nonlinear
gyrokinetic simulation corresponding to the strongly-driven
ETG condition of section 3. The 2D spectrum in (kn,kb)
from gyrokinetic simulation is compared with the analyt-
ical fit in figures 9(a) and (b). The analytical fit is shown
to qualitatively represent the dominant spectral features of
the 2D spectrum in (kn,kb). In order to quantitatively assess
the fit, the simulated spectrum is compared to the analyt-
ical fit separately in the kn and kb directions in figures 10(a)
and (b). The spectral dependence with kb (for kn = 0) is
shown to satisfactorily reproduce the main characteristics
of the gyrokinetic spectrum, capturing a peak wavenumber

kbρs ≈ 5−7, and also the expected power law dependence of
larger wavenumbers kbρs ≳ 10. The spectral dependence in kn
(kb = 0) is monotonously decreasing, and the analytic expres-
sion is once more shown to recover the power law depend-
ence in this dimension. The fitted analytical expression (7) for
this specific strongly driven ETG simulation yields the follow-
ing fit parameters: γ ≈ 2.88,β ≈ 3.14,wknρs ≈ 3.71,wkbρs ≈
4.97,kb∗ρs ≈ 5.60,D≈ 6.3 10−3 (ρs/a)2.

To test how well the proposed spectral shape represents the
dependence of the radial correlation length with kb, we com-
pute the scale-dependent correlation function CCFkb directly
from the spectrum (equations (6) and (16) in appendix B), and
then compute the scale-dependent correlation length lr(kb) as
in the rest of the manuscript. The analytic expression of the
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Figure 11. (a) Scale-dependent correlation function CCFkb directly computed from gyrokinetic simulation (thick lines) from two
wavenumbers kbρs = 3.22,13.67, compared to the scale-dependent correlation function computed using the analytic fit to the wavenumber
spectrum from equation (7) (colored dots). (b) Scale-dependent correlation length for all wavenumbers kb in the simulation, using
gyrokinetic spectrum (blue) and analytic fit from equation (8) (red).

spectrum gives an analytic expression for lr(kb), which has the
following functional dependence:

lr(kb)∼
const.
wkn

1[
1+

(
|kb− kb∗|
wkb

)β ]1/γ
. (8)

Similarly to the spectrum in equation (7), the analytic
expression for lr(kb) exhibits a peak correlation length at
kb ≈ kb∗. The correlation length is shown to be inversely
proportional to the spectral width wkn , which follows from
the Fourier transform relationship between ⟨|δn̂(kn,kb)|2⟩T
and CCFkb(∆x) (equation (6)). Equation (8) also exhibits the
power law dependence lr ∼ k−β/γb for large kb. Recalling that
the turbulent eddies have a scale-invariant aspect-ratio when
lr ∼ k−1

b , this shows that the density fluctuation wavenumber
power spectrum in equation (7) will result in scale-invariant
eddy aspect-ratios when γ = β. In this specific condition, we
find β/γ ≈ 1.1, which is reasonably close to 1. The eddy
aspect ratio here can be calculated as lr/lb ∝ wkb/wkn ≈ 1.34,
which is reasonably close to the value lr/lb ≈ 1.54 reported for
this same condition in section 3. In figure 11(a) we compare
the scale-dependent correlation function CCFkb of the gyrokin-
etic (thick lines) and analytic spectra fit (colored dots), cor-
responding to two different wavenumbers kbρs = 3.22,13.67.
The scale-dependent correlation functions are shown to be
satisfactorily reproduced by the analytic expression for the
spectrum. The scale-dependent correlation length lr(kb) com-
puted for all kb is also shown to be well reproduced by the
analytic spectrum in equation (7), as shown in figure 11(b).
This discussion motivates a preferential use of realistic spec-
tra, gyrokinetic or analytic expressions as in equation (7),
above the use of separable spectra (Gaussian, Lorentzian,

top-hat, etc.) in future modelling works of RCDR. For ref-
erence, similar analysis carried out for the ion-scale ITG-
driven turbulence condition in section 4 gives the follow-
ing fit parameters: γ ≈ 3.90,β ≈ 3.24,wknρs ≈ 0.17,wkbρs ≈
0.28,kb∗ρs ≈ 0.24,D≈ 0.0395 (ρs/a)2. In this condition, we
find the exponent β/γ ≈ 0.83, while lr/lb ≈ wkb/wkn ≈ 1.65,
which is consistent with the aspect ratio calculated from the 2D
correlation function lr/lb ≈ 1.88 in section 4. These paramet-
ers might be more relevant to predominantly ion-scale driven
turbulent fluctuations (ITG/TEM) in the core of conventional
tokamak scenarios, while the previous ETG case might be
more relevant to predominantly ETG-driven and suppressed
ion-scale turbulence, as in some plasma scenarios in the core
of spherical tokamaks.

It is interesting to contrast the relationship lr ∼ C k−αb with
other works, from experiments to modelling and theory. In
this work, this is a mere consequence of the scale-by-scale
dependence of the radial and binormal length scales of the tur-
bulence, which is itself a consequence of the non-separable,
power law character of the turbulent spectrum (equation (7)).
The first RCDR radial correlation length measurements were
performed by Schirmer et al for an ASDEX-U discharge in
[33]. These pioneering measurements, coupled to full-wave
simulations argued that the measured radial correlation length
is independent of the measured k⊥ (although only a restric-
ted range of k⊥ was analyzed). The same dependence is also
observed in the nonlinear response regime [108] as shown
by full-wave simulations [62] and experimental measurements
[109], but was not the object of the present work. Analyt-
ical theory by Gusakov et al [41, 61] and full-wave simula-
tions by Blanco et al [62] suggested that the radial correlation
length is a monotonically decreasing function of the antenna
tilt angle when operating in the linear response regime. This
is a similar observation to what we find. The incident angle
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of the launching microwave antenna with respect to the hori-
zontal is directly related to the measured kb at the cutoff
location (kb = 2 ki sinθi in slab geometry, where ki is the
microwave wavenumber and θi the vertical incident antenna
angle). In [41, 61, 62] it was argued that the poorly local-
ized forward scattering contribution is suppressed once the
antenna tilt angle surpasses a critical launch angle, which
should result in correlation length measurements by RCDR
similar to the true radial correlation length. Experiments by
Fernández-Marina et al [109] performed at the TJ-II stellarator
seemed to confirm the theoretical and full-wave simulation
results [41, 42, 61, 62] in the linear response regime. Import-
antly, these works used a separable turbulence wavenumber
spectrum in the kn and kb components (top-hat, Gaussian
or Lorentzian in shape), which do not contain the scale-by-
scale dependence characteristic of the turbulence, and result
in lr(kb) = lavgr , which does not accurately represent magnet-
ized plasma turbulence in the tokamak core. Therefore, the
proposed explanation for the observed inverse proportionality
of lexpr with the incidence angle was the poorly localized for-
ward scattering contribution of the microwave beam along the
path, which can increase themeasured radial correlation length
at small antenna incidence angles, that is small kb. This effect
disappears for large enough antenna incidence angles (large
kb), therefore yielding an inverse proportionality relationship
between lr and kb. With our results, we suggest another pos-
sible explanation. The observed inverse dependence of lexpr on
kb could be a characteristic of the turbulence.

The proposed relationship lr(kb)∼ k−αb appears to be a uni-
versal, robust characteristic of the turbulence, as shown by
nonlinear gyrokinetic simulation of ETG and ITG-driven tur-
bulence in sections 3 and 4 and many other similar simula-
tions. This may explain, or contribute to the explanation of, the
observed decrease of the measured radial correlation length
with the kb selected by DBS [109] (denoted k⊥ in the liter-
ature). The fact that analytical work [41, 61] and full-wave
simulations [62] show that separable spectra (Gaussian, top-
hat, Lorentzian, etc.) yield a measured lr dependent on kb
suggests that a combination of two effects, the scale-by-scale
variation of lr with k⊥ and a diagnostic effect (forward scat-
tering) may explain the experimental observations [109]. For
this reason, an analytic, realistic power law spectrum (equation
(7)) is proposed in this section, which could be used in future
works to model the DBS response using full-wave or analyt-
ical calculations.

6. Conclusions and discussion

In the present manuscript we have highlighted several import-
ant considerations to be taken into account when perform-
ing radial correlation measurements via the RCDR technique.
The conclusions are reached by using a simplified model DBS
for the scattering amplitude and deploying it on two specific
tokamak core conditions: a highly unstable ETG regime in
the outer core of an NSTX moderate-βe plasma, and a fully
developed ITG turbulence regime in the mid core of a JET L-
mode plasma.

The two conditions are chosen as representative of elec-
tron and ion-scale turbulent fluctuations for potential RCDR
measurements. The measured k⊥ρs from different DBS sys-
tems around the world [33, 37, 40, 43–46, 49–59, 109] (illus-
trated in figure 1) are shown to exhibit a close correlation with
the local value of electron beta βe. The correlation is shown to

agree with a simple scaling k⊥ρs ∼ (mi/me)
1
2β

1
2
e , which can be

explained by assuming O-mode polarization of the incoming
microwaves and ignoring the important effect of the incident
antenna tilt angle in the measured k⊥. However, when scan-
ning approximately four orders of magnitude in βe, in very
different plasma conditions (and different antenna incidence
angles), the ‘analytic’ scaling seems to agree fairly well with
the DBS measurements as shown in figure 1. This highlights
that DBS can be sensitive to ion- and electron-scale density
fluctuations: the former will likely take place in low-βe con-
ditions (low performance plasmas, at the pedestal or in high-
field devices), while the latter will preferentially take place
for larger βe values (high performance plasmas, at the deep
core or in spherical tokamaks). Perhaps the clearest example
of this comes from the JET data points, where the low-βe cases
correspond to edge measurements in low performance plas-
mas [57, 58], while the high-βe cases correspond to deep core
measurements in high βN discharges. This scaling is not inten-
ded to be accurate for predicting the measured k⊥ρs in specific
experiments, and is not intended to be an equality between
k⊥ρs and βe, but merely seeks to illustrate how the measured
k⊥ρs can be affected by large variations in βe.

This work has also highlighted that RCDR measurements
are not sensitive to the average correlation length of the tur-
bulence, but are sensitive to the scale-dependent correlation
length lr(kb0) corresponding to the measured kb0 (in conditions
where lr(kb0)≫Wn). Notably, this is a different quantity from
the radial correlation length measured by other core fluctu-
ation diagnostics such as BES [10, 11], PCI [14–16], CECE
[18, 19] and conventional reflectometry [22, 23]. This con-
clusion is reached by using a simple DBS model applied to
realistic gyrokinetic simulations. We show that the separable
turbulence spectra (Gaussian, top hat, Lorentzian, etc.) used
in previous theoretical and modelling works [33, 41, 42, 47,
60, 62, 97, 98] do not contain the variation of lr(kb0) with kb0.
For those turbulence spectra, the average correlation length is
equal to the scale-dependent correlation length by construc-
tion, lavgr = lr(kb0), which may be the reason why this has not
been emphasized in the literature until now. This is an import-
ant realization for interpreting RCDR measurements and for
potential future cross-diagnostic comparisons. An analytical
expression for the density fluctuation turbulence wavenum-
ber spectrum is proposed. The use of analytic, nonseparable
power law spectra to model magnetized plasma turbulence in
tokamaks is not new (see, for example, [110]), but it is new
in the context of RCDR modelling. Fit to gyrokinetic simula-
tion spectra, the proposed analytic spectrum is able to capture
the dependence lr ∝ k−αb with α≈ 1, exhibit a peak correla-
tion length lr(kb) for a finite kb, and reasonably reproduce the
eddy aspect ratio by the ratio of the spectral widths lr/lb ≈
wkb/wkn . The functional shape for the spectrum (equation (7))
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could be used in future studies to more accurately represent
intrinsic turbulence characteristics, as well as to differentiate
these from effects due to the diagnostic measurement (forward
scattering).

The variation of the correlation length with the binormal
wavenumber lr(kb)∼ Ck−αb (∼Ck−α⊥ in conventional nota-
tion, α≈ 1) appears to be an intrinsic characteristic of the
turbulence emanating from the non-separable, power law
character of the turbulent spectrum (equation (7)). This is
particularly true in the core of magnetic confinement fusion
devices, as suggested by the ETG and ITG driven turbulence
conditions analysed here. This relationship shows how the
radial and binormal characteristic lengths of individual eddies
vary scale by scale, and is independent of a particular Dop-
pler backscattering measurement. This work only discusses
the scale dependence of lr(kb) with kb obtained from local,
flux tube turbulence simulations and in ITG/ETG turbulence
driven regimes. However, we expect the scale dependence of
lr(kb) with kb to characterize regimes where global effects
are important, as well as in conditions where other turbu-
lent modes are predominantly driving turbulence. The par-
ticular spectral parameters and turbulence characteristics will
likely be quantitatively different (e.g. the spectral exponents,
the spectral widths, the spectral peak, etc. from equation (7)),
but the nonseparable, power law character of the turbulent
spectrum (and not its specific parameter values) is expected
to carry over into other turbulent regimes. This issue could
be addressed in detail in future works. The dependence of lr
on kb found here agrees with previous experimental RCDR
measurements carried out at the TJ-II stellarator [109] when
measuring in the linear response regime. Previous works poin-
ted to a diagnostic effect, the poorly localized forward scatter-
ing contribution along the beam path [41, 62], as an explana-
tion. The forward scattering contribution to the DBS signal is
absent in the present DBS model, and we cannot discriminate
its importance compared to the variation of the turbulent char-
acteristics with binormal wavenumber as an explanation for
the observations in [109]. The idea that the dependence of lr on
kb may be physical has already been mentioned in [109]. Our
results suggest that the variation of lr should at least be con-
sidered important in order to quantitatively interpret RCDR
measurements.

The scale-dependent correlation length is only accessible
when it satisfies lr(kb0)≫Wn, that is, for very small values
of the radial resolution Wn. This applies to ion-scale RCDR
measurements, and is consistent with the agreement between
the experimental, simulated and synthetic correlation lengths
obtained from low βe, ion-scale measurements at the FT-2
tokamak [43, 44, 48]. For Wn ≳ lr(kb0), the measured lexpr

becomes dominated by the radial resolution Wn. This will
likely happen for electron-scale measurements. These con-
clusions are reached using a local model for the scattered
amplitude and a Gaussian filter shape (equation (3)), which
can contain a combination of beam width and phase surface
curvature affecting the radial resolution. This conclusion is
independent of the specific shape of the Gaussian scattering
filter, and applies to other non-Gaussian filters. Additional
effects such as high amplitude turbulent fluctuations at the

plasma edge are expected to produce microwave beam broad-
ening, as is the case for electron cyclotron heating and current
drive microwave beams [111–122]. Accurately taking these
effects into account might be necessary for a quantitative inter-
pretation of experiments, which will require more sophistic-
ated beam-tracing, wave-kinetic or full-wave models.

Interestingly, when lr(kb0)≫Wn and the eddy tilt angle is
negligible, this work has highlighted the possibility of meas-
uring the eddy aspect ratio in the perpendicular dimensions to
the backgroundmagnetic fieldB. Since one expects lr ≈ Ck−αb
with α≈ 1, the aspect ratio can be approximated by lr/lb ≈
Carccos(1/e)−α ≈ lrkb/1.19, suggesting that the eddy aspect
ratio could directly be inferred from specific RCDR experi-
ments by computing the radial correlation length by cross-
correlation of the nearby DBS slave signals, and the meas-
ured kb from ray- or beam-tracing calculations. This estimate
is shown to agree with the average eddy aspect ratio computed
from the 2D correlation function CCFavg

2D (∆x,∆y) (details in
appendix C). However, the eddy aspect ratio can only be accur-
ately measured when there is negligible eddy tilt in the per-
pendicular plane to B. As shown in sections 3 and 4, the
background E×B shear can induce a strong eddy tilt, mak-
ing it difficult to measure the aspect ratio by this method.
Interestingly, both the ion- and electron-scale conditions show
that the intrinsic eddy aspect ratio along the tilted axes lr/lb
increases for finite tilt (γexp

E ) with respect to the untilted case
(γE = 0), while the radial correlation length along the phys-
ical x-direction is reduced by γE, as expected. Although not
shown here, additional effects such as off-midplane RCDR
measurements (effect of magnetic shear ŝ) and up-down asym-
metric geometries are expected to induce eddy tilt [93], which
should be taken into account when performing RCDR exper-
iments. In conditions of finite eddy tilt, a combination of the
estimate proposed here to characterize the eddy aspect ratio
(lr/lb ∼ lrkb/1.19) and that proposed by Pinzón et al to meas-
ure the eddy tilt angle [97, 98] could be used in future studies
to simultaneously characterize the eddy aspect ratio and eddy
tilt angle.

In this manuscript, we have strived to make the gyrokin-
etic simulation work easily interpretable to the experimental
RCDR community by working in real-space coordinates (x, y),
representing real lengths [m] in physical space. Obtaining
quantitative comparisons between experimental turbulence
measurements and direct numerical simulations is known
to be a challenge for the validation of turbulent transport
models [6–8], and the gap often lies in nontrivial geometry
considerations between experimental measurements (which
often operate in conventional cylindrical coordinates) and
gyrokinetic simulations (which operate in field-aligned geo-
metry). The normal x and binormal y components can be eas-
ily mapped from the internal radial and binormal compon-
ents from specific gyrokinetic codes (appendix A). Interest-
ingly, inferring the eddy aspect ratio and the eddy tilt angle
(although not extensively analyzed here) using the internal
field-aligned coordinates in GYRO for the NSTX case yields
error factors of ×5−6. This is due to the strongly shaped
flux-surface geometry characteristic of spherical tokamaks,
where parameters such as elongation and Shafranov’s shift
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can strongly deform the field-aligned flux tube at the outboard
midplane. Although not as dramatically, inferring eddy tilt and
aspect ratios for the JET L-mode case from the GS2 field-
aligned coordinates can yield factors of ≈30%–60% error.
This suggests that achieving quantitative comparisons of the
eddy tilt and aspect ratio between experiments and simula-
tion of conventional tokamaks requires carefully consider-
ing physical (x, y) coordinates (or equivalent), and not the
internally defined field-aligned coordinates characteristic of
gyrokinetic codes. Additional details on this discussion are
provided in appendix C. A quantitative interpretation of the
measured radial correlation length, eddy aspect ratio and eddy
tilt angle could be used to place strict constraints on turbu-
lence and transport models. For example, it could prove use-
ful to untangle the differing dependences that the turbulent
heat fluxes and correlation length have exhibited with the iso-
tope mass (isotope effect) in recent gyrokinetic simulations of
ITER-extrapolated scenarios [124], which could have import-
ant consequences for the projections of future devices.

The highly simplified model DBS used in this work can
be derived from a first principles, linear response DBS model
recently developed for beam tracing [74]. However, it has
important limitations that are known to affect the response
of the backscattered signal, such as the problem of localiza-
tion and scattering along the beam path contributing to poorly
localized forward scattering [41, 60] (we assumed a localized
signal response from the cutoff), the problem of wavenum-
ber resolution [38, 101, 102, 123] (unimportant for our dis-
cussion as long as Wb ≫ 2π/kb0), the effect of the mismatch
angle between the incident beam wave-vector and the binor-
mal direction of scattering [37, 74, 78] (we assumed θmis =
0), and multiple forward scattering yielding a nonlinear sig-
nal response to the density fluctuation amplitude (originat-
ing from high density fluctuation amplitudes [62, 108, 125–
132]; we assumed a purely linear response, equation (2)),
among other things. To understand these phenomena from a
fundamental perspective, more sophisticated theoretical scat-
tering models are necessary. For modelling purposes, full-
wave simulations possibly yield the most accurate representa-
tion of these phenomena for direct comparisons with exper-
imental measurements [62, 127–132]. For the purposes of
transport model validation, if the question asked is whether
gyrokinetic simulations can accurately represent all experi-
mental turbulence phenomena possibly measured by Doppler
backscattering (turbulent fluctuation wavenumber spectrum,
radial correlation lengths, tilt angle, etc.), then arguably the
most sophisticated models (full-wave) should be considered
to try to match experimental measurements. A particular con-
cern when using full-physics models arises when agreement
between experiments and simulations is not achieved. Is it to
do with the gyrokinetic simulations, which might not accur-
ately describe the turbulent fluctuations, or is it due to some
important physical mechanism contained in a highly sophistic-
atedmodel of Doppler backscattering (such as full-wave simu-
lations)? In those circumstances, it is often difficult to reach a
conclusion as to what the source of disagreement might be,
and it might be instructive to break the problem into small
pieces. In this manuscript, we have opted to apply a bottom-up

approach by considering a simple model DBS, which does
not contain all possible physical phenomena affecting the
DBS signal, but which is simple enough to understand its dir-
ect implications on DBS measurements. Arguably, it is the
simplest model for the response to a single kb originating from
a finite radial region Wn. This has yielded insight into the
scale-dependent correlation length that the DBS signal is sens-
itive to, as well as the effect of a finiteWn on the measured cor-
relation length. More sophisticated models will contain these,
and also additional effects. In future work, we will consider
extending the present DBS model, in line with recent work
[41, 42, 74, 108, 126], in order to account for some of the
cited additional phenomena, and their implications for RCDR.
These will also be useful for qualifying the predictions from
the present model.
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Appendix A. Definitions and normalizations in
GYRO and GS2

In this appendix we include the definitions of the GYRO
and GS2 internally defined wavenumber components, and
their relation to the normal and binormal components (kn,kb)
employed throughout this manuscript.

GYRO and GS2 solve the nonlinear gyrokinetic equation in
a field-aligned coordinate system in which the magnetic field
is written as B=∇α×∇ψ [133], where α is the field-line
label and ψ is the poloidal flux divided by 2π. The density
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fluctuation field δn is decomposed into a slowly varying part
(parallel coordinate θ along the magnetic fieldB) and a rapidly
varying part eiS (|S| ≫ 1), f(r) =

∑
k⊥

f̂k⊥(θ)e
iS(r,k⊥), where

k⊥ ≡∇S is the perpendicular wave-vector to the magnetic
field B. In what follows we describe how this representation
in GYRO and GS2 is related to the (kn,kb) wavenumber com-
ponents.

A.1. GYRO

In the case of GYRO, the eikonal function is written as S=
−nα+ 2πpr/Lr, where r is the radial coordinate (half of the
flux surface diameter for θ= 0), n is the toroidal mode num-
ber, p is the radial mode number and Lr is the radial box
size. The electron density fluctuation field δn is expanded as
δn(r, t) =

∑
n,p δnnp(θ, t)e

−inαei2πpr/Lr [67, 70]. In this work
GYRO is run in the local approximation in which the back-
ground profiles and gradients are taken as constant. Corres-
pondingly, the function α is considered only as a function of
θ, that is, α(r,θ)→ α(r0,θ), meaning that the decomposition∑

n,p is equivalent to a Fourier decomposition in (n, p) (r0 is
taken as the center of the radial domain). The function α can
be readily computed from knowledge of the flux-surface shape(
R(r,θ),Z(r,θ)

)
. We use the Miller equilibrium parametriza-

tion [82].
The GYRO radial and poloidal wavenumbers are defined

by kr = 2πp/Lr and kθ = nq/r0 where q is the value of the
safety factor at r0. These are normalized by the ion-sound
gyro-radius ρs,unit =

c̄s
eBunit/mic

, where Bunit is the effective field

strength Bunit =
q
r
dψ
dr and c̄s =

√
T̄e/mi the sound speed evalu-

ated at the reference radius r0. These definitions and normaliz-
ation are internal to GYRO and differ from those implemented
in GS2.

A.2. GS2

GS2 uses equivalent coordinates to solve for the nonlinear
gyrokinetic equation. The eikonal function in GS2 is written as
S= n(α+ qθ0) = xkx + yky, and the sum

∑
k⊥

=
∑

kx,ky
(note

the different notation between the GS2 (x, y) and the real-
space (x, y) employed throughout the manuscript). The field δn
is expanded as δn(r, t) =

∑
kx,ky

δn̂(kx,ky,θ, t)eikxxeikyy, con-
sistent with the local, flux tube formulation of GS2. Here kx
and ky are the spectral radial and ‘poloidal’ coordinates. The
center of the flux tube is at (α0,ψ0). The variables x,y,kx and
ky are defined by ky = n

a/
dψN

dρ , kx = kyŝθ0, x= a qρ (ψN−ψN0),

and y= a dψN

dρ (α−α0), where a is the half diameter at the last
closed flux surface (LCFS), ψN is the normalized poloidal flux
ψN = ψ/a2Bref, ρ= r/a is the normalized radial coordinate
at the local ψ = ψ0, ŝ is the magnetic shear, Bref the refer-
ence field in GS2 and θ0 the parameter relating kx and ky via
kx = kyŝθ0.

The standard GS2 normalization is that wavenumbers kx
and ky are normalized by a reference gyro-radius ρr, where ρr
is defined by ρr = vtr/Ωr, vtr =

√
2Tr/mr and Ωr = eBref/mrc

(Tr is the reference temperature, mr the reference mass, c the

speed of light). In this manuscript we have chosen the deu-
terium ions as the reference species and Bref as the on-axis tor-
oidal magnetic field strength. This normalization differs from
that employed in GYRO by the

√
2 in vtr, the reference field

Bref vs. the GYRO Bunit, and the use of T i for normalizations
instead of Te. In the case of GS2, we also employ the Miller
flux-surface parametrization for

(
R(r,θ),Z(r,θ)

)
.

A.3. Normal and binormal components kn and kb

In order to reconcile the coordinate definitions in different
gyrokinetic codes, throughout this manuscript we have opted
to employ the normal and binormal wavenumber components
kn and kb which are not dependent on a specific gyrokinetic
code and carry information about real-space length scales.
They correspond to real inverse lengths in physical space.
These components are routinely employed in experimental
measurements to characterize the measured k (via ray tracing,
beam tracing or full-wave simulations), and provide a natural
common reference with which to compare experimental meas-
urements and gyrokinetic simulation.

The eikonal function S used to expand the field δn in
a gyrokinetic simulation can be used to define the normal
and binormal wavenumber components from those defined
in a specific gyrokinetic code, via the relations kn = en ·k⊥,
and kb = eb ·k⊥ where the normal and binormal unit vec-
tors are defined by en = ∇r

|∇r| and eb = en ×b, and k⊥ =∇S
(b= B/|B|). In this manuscript we restrict ourselves to fluctu-
ations taken at the outboard midplane (θ= 0), which is the loc-
ation where traditional drift-wave ballooning type instabilities
tend to exhibit highest amplitude and where the vast majority
of fluctuation measurements are performed. The components
kn and kb take a simple form at the outboard midplane, and are
related to the GYRO (kr,kθ) and GS2 (kx,ky) via:

kn = |∇r|kr (GYRO)

=
q
ρ

dψN
dρ

|∇r|kx (GS2) ,

kb =−
[

1
R2

+
(∂α
∂θ

)2/
(r2κ2)

]1/2 r
q
kθ (GYRO)

= a
dψN
dρ

[
1
R2

+
(∂α
∂θ

)2/
(ρ2a2 κ2)

]1/2

ky (GS2), (9)

where κ is the flux-surface elongation as defined in the Miller
geometry representation. With these definitions, we can write
both the GYRO and GS2 eikonal function S (at the outboard
midplane) in a compact form as S= xkn+ ykb, where

x= (r− r0)/|∇r| (GYRO)

=
ρ

q dψN

dρ |∇r|
x (GS2) ,

y= (α−α0)
/[(∂α

∂θ

)2/
(r2 κ2)+

1
R2

]1/2

(GYRO)

=
y

a dψN

dρ

/[(∂α
∂θ

)2/
(ρ2a2 κ2)+

1
R2

]1/2

(GS2).

(10)
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Both GYRO and GS2 exhibit the same parametric, phys-
ical dependences on the local flux surface geometry (terms in
|∇r|,∂α/∂θ,κ, . . .), but the expressions differ in the specific
definitions and normalizations from each code (use of vari-
able α vs. y, r vs. x, etc. …). The coordinates (x, y) [m] are the
normal and binormal coordinates employed throughout this
manuscript, and correspond to real lengths in physical space.
Note, for example, how the radial direction in physical space
is related to the field-aligned radial direction by a factor |∇r|
which contains information about the compression of the flux-
surface at the outboard midplane due to Shafranov’s shift. The
factor in square brackets [.]1/2 in equations (9) and (10) indic-
ates that the binormal component at the outboard midplane
is a combination of a toroidal component (term in 1/R) and
a vertical component along the Z direction (term in ∂α

∂θ /(rκ)
at the outboard midplane). The vertical component exhibits a
dependence on κ, showing how elongation affects the vertical
dimension via the stretching of the flux surface at the outboard
midplane.

Using these definitions, equation (2) is written using
δn̂(k⊥,θ, t) = δnnp(θ, t) in the case of GYRO, while
δn̂(k⊥,θ, t) = δn̂kx,ky(θ, t) in the case of GS2. The mappings
in equations (9) and (10) are employed throughout the manu-
script to compute the wavenumber components (kn,kb) and
the real-space coordinates (x, y) from the internal GYRO and
GS2 definitions. As mentioned in the main text, at the out-
board midplane of an up-down symmetric flux surface kn ∝
kr (GYRO)∝ kx (GS2) and kb ∝ kθ (GYRO)∝ ky (GS2).
This has allowed the expansion eiknx+ikby in equation (1) (a
more complicated form would have been necessary for θ ̸= 0).
For completeness, the general mapping between the GYRO
and GS2 wavenumbers and kn and kb at arbitrary poloidal
location θ is:


kn =−n∇α ·∇r

|∇r|
+

2πp
Lr

|∇r| ,

kb = n
(
b× ∇r

|∇r|

)
·∇α ,

(GYRO), (11)


kn = a

dψN
dρ

∇α ·∇r
|∇r|

ky +
q
ρ

dψN
dρ

|∇r|kx ,

kb =−adψN
dρ

(
b× ∇r

|∇r|

)
·∇α ky,

(GS2) (12)

which reduces to equation (9) for θ= 0. As a side note,
equations (9), (11) and (12) show that the GYRO (kr,kθ) com-
ponents are related to the GS2 (kx,ky) by kr =

q
ρ

dψN

dρ kx and

kθ =− q
ρ

dψN

dρ ky, where the constant of proportionality is simply
Bunit/Bref.

This discussion has focused on technical details without
making any assessment of the impact on the real measurement.
Appendix C discusses the important consequences of using the
real space coordinates for interpreting experimental measure-
ments and performing quantitative comparisons.

Appendix B. Definitions of the radial correlation
function

In this appendix we include the details needed to calculate the
cross-correlation functions employed throughout this manu-
script (equations (4)). The average turbulence radial correla-
tion function CCFavg is defined as:

CCFavg(∆x) =
⟨δn(x0 +∆x,y0)δn(x0,y0)⟩x0,y0,T

⟨|δn(x0,y0)|2⟩x0,y0,T

=

´
T dt
´
dx0
´
dy0 δn(r0 +∆xen)δn(r0)´

T dt
´
dx0
´
dy0 |δn(r0)|2

=

∑
kn,kb

⟨|δn̂(kn,kb)|2⟩T eikn∆x∑
kn,kb

⟨|δn̂(kn,kb)|2⟩T
, (13)

where r0 = (x0,y0,θ = 0), δn(r0) is expanded following
equation (1), and the time variable t was omitted for clarity.
The integration dx0, dy0 and dt is equivalent in this model
to an ensemble average, since essentially any (x, y) location
within a local flux tube and turbulence realization at a time t
should give rise to the same turbulent fluctuations statistically.
Expression (13) also shows how the radial correlation function
of the turbulence is the Fourier transform of the time aver-
aged density fluctuation power spectrum. This remains valid
for the subsequent correlation functions. Note the normaliz-
ation ensures CCFavg = 1 for ∆x= 0. The correlation length
from equation (13) is represented in figures 3, 5, 6 and 8 as a
horizontal dashed line.

A generalization of CCFavg is the 2D correlation function in
∆x and ∆y, briefly introduced in the main body of the text to
discuss 2D turbulence properties such as the eddy aspect ratio
and eddy tilt. It is defined as:

CCFavg
2D (∆x,∆y)

=
⟨δn(x0 +∆x,y0 +∆y)δn(x0,y0)⟩x0,y0,T

⟨|δn(x0,y0)|2⟩x0,y0,T

=

´
T dt
´
dx0
´
dy0 δn(r0 +∆xen +∆yeb)δn(r0)´
T dt
´
dx0
´
dy0 |δn(r0)|2

=

∑
kn,kb

⟨|δn̂(kn,kb)|2⟩T eikn∆xeikb∆y∑
kn,kb

⟨|δn̂(kn,kb)|2⟩T
. (14)

Equation (14) is represented in figures 4 and 7 of the main
body of the text. Note the sum over kb in equation (14), which
represents the sum over scales and motivates the denomina-
tion of the 2D average correlation function of the turbulence.
By extension, the 2D scale-dependent correlation function for
binormal wavenumber kb, CCFkb2D, is calculated by remov-
ing the

∑
kb

and replacing the quantity under the summatory
sign with the specific desired kb. This leads to a cosinusoidal
dependence of CCFkb2D in the∆y direction, while only the sum
over kn remains, giving

CCFkb2D(∆x,∆y) = cos(kb∆y)

∑
kn
⟨|δn̂(kn,kb)|2⟩T eikn∆x∑
kn
⟨|δn̂(kn,kb)|2⟩T

.

(15)
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This expression is used in sections 3.1 and 4.1 to com-
pute the binormal correlation length lb as the 1/e value of
CCFkb2D for ∆x= 0, that is CCFkb2D(∆x= 0, lb) = 1/e, giving
the quoted value lb = arccos(1/e)/kb. The 1D scale-dependent
correlation function CCFkb and the synthetic correlation func-
tions CCFsyn are defined as

CCFkb(∆x) =
⟨δñ(x0 +∆x,kb)δñ(x0,kb)∗⟩x0,T

⟨|δn̂(x0,kb)|2⟩x0,T

=

∑
kn
⟨|δn̂(kn,kb)|2⟩T eikn∆x∑
kn
⟨|δn̂(kn,kb)|2⟩T

,

CCFsyn(∆x)

=
⟨As(r0 +∆xen,kb0eb)As(r0,kb0eb)∗⟩x0,y0,T

⟨|As(r0,kb0eb)|2⟩x0,y0,T

=

∑
kn,kb

e−k2nW
2
n/2e−(kb−kb0)

2W2
b/2⟨|δn̂(kn,kb)|2⟩T eikn∆x∑

kn,kb
e−k2nW

2
n/2e−(kb−kb0)2W2

b/2⟨|δn̂(kn,kb)|2⟩T
,

(16)

which agree with the expressions used in equation (5). In
equation (16), δñ is Fourier decomposed in y but not in x, while
δn̂ is Fourier decomposed in both x and y. Note that the compu-
tation of CCFkb only requires a sum over kn, since by definition
the kb component is selected, while the sum is made over kn
and kb in CCFavg and CCFsyn. For the experimentally relevant
values Wb ≫ 2π/kb0, we have:

CCFsyn(∆x)→
∑

kn
e−k2nW

2
n/2⟨|δn̂(kn,kb0)|2⟩T eikn∆x∑

kn
e−k2nW

2
n/2⟨|δn̂(kn,kb0)|2⟩T

for

Wb ≫ 2π/kb0. (17)

Equation (16) shows how the synthetic correlation
function is in fact a convolution product between a fil-
ter |W(k⊥ −k0)|2 = e−k2nW

2
n/2e−(kb−kb0)

2W2
b/2 (equation (3),

reduced to e−k2nW
2
n/2 in equation (17)) and the wavenum-

ber spectrum of fluctuations. In real space, this means that
the radial structure of CCFsyn will be determined by the
largest length scale between the Fourier transform of the filter
∝ e−x2/2W2

n , that isWn, and the Fourier transform of the power
spectrum, that is the scale-dependent correlation length for
kb = kb0. This explains why for Wn ≪ lr(kb0) we recover the
scale-dependent correlation length (figures 5 and 8), while for
Wn ≫ lr(kb0), the dominant scale will be ≈Wn.

Appendix C. Physical radial correlation length,
eddy aspect ratio and eddy tilt

In this appendix we discuss some geometric considerations to
take into account when interpreting the physical radial correla-
tion length, eddy aspect ratio and tilt angle in the perpendicular
direction to B from local flux tube gyrokinetic simulation out-
puts. We focus on the outboard midplane location θ= 0, and

intend to provide intuition behind the mathematical mappings
introduced in appendix A (equations (9) and (10))10.

Figure 12 shows the electron-scale electron density fluc-
tuation amplitude δn and the average correlation function
CCFavg as a function of the internal field-aligned coordinates
(noted ∆xsim and ∆ysim here in (a) and (c)) corresponding to
the electron-scale, ETG-driven turbulence condition in NSTX
(section 3). These are plotted as a function of ρs,unit, internally
defined in GYRO [67, 70]. The same quantities are plotted in
the real physical coordinates (∆x,∆y) employed throughout
this manuscript, representing real lengths [m], in (b) and (d).
These are normalized to the local ρs. A square aspect ratio sim-
ulation domain in (∆x,∆y)sim is compressed and stretched in
real physical space owing to the highly shaped flux surface
geometry characteristic of spherical tokamaks. The mapping
from the simulation field-aligned (∆xsim,∆ysim) to the phys-
ical (∆x,∆y) is made using equation (10).

In the radial direction, the Shafranov’s shift measured via
the |∇r| coefficient contributes to the compression of the
flux surfaces in physical space. Additionally, the ρs,unit value
employed internally in GYRO can substantially differ from
the local ρs (Bunit/B≈ 3.61, table 1), implying a further size
‘reduction’ in∆x/ρs with respect to∆xsim/ρs,unit. Both factors
contribute to a factor of 5−6 reduction in the physical radial
domain with respect to the simulation radial domain. In the
binormal direction, figure 12 does not show a substantial dif-
ference between ∆ysim/ρs,unit and ∆y/ρs due to a combina-
tion of cancelling effects. The flux-surface elongation κ con-
tributes to stretching the real domain in the vertical direction,
while the 1/R2 term represents the toroidal component of
the binormal direction (along eb), further contributing to the
stretching of the real domain in the binormal direction ∆y
with respect to the simulation ∆ysim. These factors contrib-
uting to the stretching are counteracted by the differing ρs
definition, which ‘reduces’ the domain in physical space as
previously described. Overall, the difference between the sim-
ulation ∆ysim/ρs,unit and physical ∆y/ρs is not substantial.

The previous discussion is pertinent when interpreting
physical radial correlation lengths, aspect ratio and tilt angle
from local flux tube gyrokinetic simulations. For comparis-
ons to experiments, a factor of ≈3−4 error can be made in
the radial correlation length if directly comparing to the field-
aligned (∆xsim,∆ysim). Inferring the eddy tilt from the flux
tube (∆xsim,∆ysim)would result in θtilt ≈ 11◦, while the phys-
ical tilt angle is θtilt ≈ 50◦, a factor ≈×5 larger. The inferred
eddy aspect ratio does also greatly differ between the field-
aligned (∆xsim,∆ysim) and real space. In particular, the cases
with γE = 0 (zero tilt angle) exhibit an aspect ratio lr/lb ≈ 9
in the field-line coordinates, while the physical aspect ratio is
lr/lb ≈ 1.54.

The same care needs to be taken when considering con-
ventional tokamak flux-surface geometry such as in the JET
ion-scale conditions analyzed here, although one does not

10 A general flux tube cross section perpendicular to B would be twisted for
finite finite shear ŝ compared to the θ= 0 cross section. This effect is not
considered here.

21



Plasma Phys. Control. Fusion 64 (2022) 055019 J Ruiz Ruiz et al

Figure 12. Comparison of the electron density fluctuation amplitude δn and the average correlation function CCFavg as a function of the
internal field-aligned coordinates (noted ∆xsim and ∆ysim here in (a) and (c)) corresponding to the electron-scale, ETG-driven turbulence
condition in NSTX (section 3). To be consistent, these are plotted as a function of ρs,unit, internally defined in GYRO [67, 70]. The same
quantities are plotted in real physical coordinates (∆x,∆y), representing real lengths [m], in (b) and (d), at the outboard midplane. As in the
rest of the manuscript, these are normalized to the local ρs. Note a square aspect ratio simulation domain in (∆x,∆y)sim is deformed in real
physical space at the outboard midplane in highly shaped ST geometry.

Table 1. Local geometry parameters at the outboard midplane (θ= 0) necessary for mapping the gyrokinetic simulation perpendicular
domain (∆xsim,∆ysim) to the real space (∆x,∆y).

|∇r| ∂α
∂θ

κ R0/a,Rref/a q r/a B

NSTX: e- scale 1.43 1.33 2.11 1.52 3.79 0.71 Bunit/B≈ 3.61
JET: ion scale 1.12 1.02 1.36 3.35 1.43 0.51 Bref/B≈ 1.09, dψN

dρ ≈ 0.51
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Figure 13. Comparison of the electron density fluctuation amplitude δn and the average correlation function CCFavg as a function of the
internal field-aligned coordinates (noted ∆xsim and ∆ysim here in (a) and (c), and normalized by the GS2 internally defined ρr)
corresponding to the ion-scale, ITG-driven turbulence condition in JET (section 4). The same quantities are plotted in real physical
coordinates (∆x,∆y), representing real lengths [m], in (b) and (d), and normalized by the local ρs at the outboard midplane. In this
conventional tokamak core condition, the simulation domain in (∆x,∆y)sim is deformed when mapped to real space, but not as dramatically
as the previous ST case. δn/n is internally normalized by a/ρr is GS2, but not in GYRO. Here the internal GS2 fluctuation amplitude is
rescaled to obtain the absolute δn/n.

expect differences as large as in the NSTX case with higher
shaping. Figure 13 shows 2D plots of the density fluctu-
ation amplitude δn and the 2D average correlation func-
tion CCFavg corresponding to the JET ion-scale, ITG-driven
condition. Visually the difference is less dramatic than in
figure 12. Quantitatively, the eddy tilt calculated in the simula-
tion (∆x,∆y)sim would yield θtilt ≈−32.6◦, while in physical
space one finds θtilt ≈−42.9◦. In these cases, the aspect ratio
lr/lb is only moderately modified by ≈10% when calculated
in physical space vs. in field-aligned coordinates when γexp

E is
finite, but can change by factors of ≈60% when γE = 0 as we
noted in the main text (lr/lb ≈ 2.99 in the field-aligned frame
while the physical lr/lb ≈ 1.88). The geometric considerations
discussed in this appendix are important when comparing the

output of local flux tube gyrokinetic simulations to experi-
mental measurements.
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