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Abstract
The formation of the radial electric field, Er in the scrape-off layer (SOL) has been
experimentally studied for attached divertor conditions in stellarator W7-X. The main objective
of this study is to test the validity in a complex three-dimensional (3D) island divertor of simple
models, typically developed in tokamaks, relating Er in the SOL to the sheath potential drop
gradient at the target. Additionally, we investigate the effect of the edge Er shear on the
reduction of density fluctuation amplitude, a well-established phenomenon according to the
existing bibliography. The main diagnostic for measurements in the SOL is a V-band Doppler
reflectometer that can provide the measurement of the Er and density fluctuations with good
spatial resolution. 3D measurements of divertor parameters have been carried out using infrared
cameras, with the exponential decay length of the divertor heat flux (λq) resulting in a suitable
proxy for the model-relevant λT, the exponential decay length of the temperature at the divertor.
In the investigated attached regimes, it is shown for the first time that the formation of the Er in
the SOL depends on parameters at the divertor, following a Er ∝ Te/λq qualitatively similar to
that found in a tokamak. Then, from the analyzed plasmas, the observed Er shear at the edge is
linked to a moderate local reduction of the amplitude of density fluctuations.

Keywords: Doppler reflectometry, stellarator, SOL, Wendelstein 7-X

(Some figures may appear in colour only in the online journal)

a See Sunn Pedersen et al 2022 (https://doi.org/10.1088/1741-4326/ac2cf5)
for the W7-X Team.
∗

Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/23/026011+16$33.00 Printed in the UK 1 © EURATOM 2022

https://doi.org/10.1088/1741-4326/aca6fa
https://orcid.org/0000-0001-7329-4001
https://orcid.org/0000-0002-7824-3307
https://orcid.org/0000-0001-6205-2656
https://orcid.org/0000-0001-8576-0970
https://orcid.org/0000-0001-7747-3066
https://orcid.org/0000-0002-6557-3497
https://orcid.org/0000-0003-4596-1211
https://orcid.org/0000-0002-7324-2647
https://orcid.org/0000-0002-2250-9209
mailto:emmanouil@ciemat.es
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/aca6fa&domain=pdf&date_stamp=2022-12-28
https://doi.org/10.1088/1741-4326/ac2cf5
https://creativecommons.org/licenses/by/4.0/


Nucl. Fusion 63 (2023) 026011 E. Maragkoudakis et al

1. Introduction

The region surrounding the nestedmagnetic surfaces of a mag-
netic confinement device is truly important for the realistic
development of a commercial fusion reactor, as it determ-
ines how the particle and energy fluxes are deposited onto
the various surfaces facing the plasma. This region is typic-
ally referred to as the scrape-off layer (SOL) and can fea-
ture various degrees of complexity: from the relatively simple
and symmetric SOL of a divertor tokamak, to the asymmet-
ric geometry of a stellarator equipped with an island diver-
tor involving an island chain with secondary regions around
the O-points. A simple and general first approach is that SOL
flows follow the open field lines onto the material surfaces that
intersect them. However, this parallel transport must be com-
pounded with substantial cross-field flows, typically referred
to as ‘drifts’. Among them, perhaps the most important for
SOL flows is the vE×B drift, caused by local gradients in elec-
trostatic potential, ϕ. These drifts may strongly influence the
position and intensity of heat loads onto divertor targets [1] and
have been proposed in the literature as the underlying mechan-
ism for the observed asymmetries between the high field side
and low field side divertors in tokamaks (see e.g. [2] and ref-
erences therein). Because of this, a good understanding of the
process of electric field formation in the SOL is of paramount
importance for the optimized Helias stellarator Wendelstein
7-X (W7-X) [3–5]. This device, the largest of its kind cur-
rently in operation, achieved its first plasmas in 2016 [5] and
has among its main objectives to test the island divertor as
a valid plasma-wall interaction solution for a Helias reactor
[6]. Besides its importance for SOL flows, the electric field in
the SOL may also play a relevant role in the confinement and
performance of the plasma in the region of closed flux sur-
faces, also referred to as region of confined plasma: typical
W7-X plasmas feature a sheared Er in the edge, as the negat-
ive ion root radial electric field in the confined region switches
to the positive values usually found in the SOL. This creates
a strong shear in the perpendicular vE×B velocity, which has
been predicted to suppress turbulence and lead to the forma-
tion of transport barriers [7]. The structure of the radial elec-
tric field around the Last Closed Flux Surface (LCFS) has been
found to play a key role in the transition to the improved con-
finement H-mode in tokamaks [8–10] and stellarators [11, 12]
(although in some cases this Er has been found to be the result
rather than the cause of the transition [13, 14]). The majority
of these studies have focused mainly on the negative branch
of the radial electric field found in the confined region. How-
ever, a number of recent works suggest that the Er value at
the SOL might also have a direct impact on global confine-
ment, either by setting the flow boundary condition at the SOL
[15] or by enhancing the velocity shear and the suppression of
edge turbulence [16]. In the latter case, a feedback mechan-
ism is proposed which would link pedestal, SOL and target:
as turbulence in the edge is reduced by the Er shear, so is per-
pendicular anomalous particle and heat transport at the SOL,
which would reinforce the velocity shear initially suppressing

edge turbulence. Although no systematic study has been car-
ried out on the effect of Er shear on the turbulent transport in
the edge of W7-X, there are some indications that it might be
leading to the suppression of fluctuations [17]. Also an invest-
igation of the experimental scenarios of the last W7-X cam-
paign indicated that the edge shear of Er is strongly influenced
by the value of Er at the SOL [18]. Therefore, investigating
the link between the SOL Er formation, targets and turbulence
suppression is certainly relevant in this device.

The formation of SOL electric fields in tokamaks has been
extensively studied in recent years and many works on this
subject can be found in literature. As a result, some simpli-
fied models [19] have been found to reasonably describe mid-
plane potential profiles and electric fields. In general, upstream
potential (ϕu) at a given radial position r can be defined as

ϕu(r,s) = ϕs(r)+
ˆ s

0
E∥(r,s)ds (1)

where s is the coordinate along the field line, s= 0 corresponds
to the sheath entrance and ϕs(r) is the potential at the sheath
entrance, which for a material with conductive surface can be
usually approximated taking the potential drop at the sheath,
ϕs(r)≃ 3 Te(r)/e. Regarding the parallel electric field, it can
be obtained from the momentum equation for electrons along
the B direction,

E∥ =
j∥
σ∥

+
1
ene

∂pe
∂s

+ 0.71
1
e
∂Te
∂s

(2)

where j∥ and σ∥ are the parallel current and electric conduct-
ivity and pe is the electron pressure.

The simplest situation is found for low density, attached
divertor conditions (the so called sheath limited regime). In
this case, resistivity is low over the SOL ( j∥/σ∥ ≃ 0). Pres-
sure can be considered roughly constant along the field line
(pe ≃ const). As well, Te gradients parallel to the magnetic
field tend to be small across the SOL. Thus, the rhs of
equation (1) is dominated by the first term and ϕu(r)≃ ϕs(r).
This means that, for low densities, vE×B is mostly poloidal as it
is dominated by the radial component of the electric field (Er,u)
which in turn, is determined by the gradient of the electron
temperature in front of the target. Indeed, assuming an expo-
nential decay of the temperature at the sheath entrance Te,s ≃
Te,0exp(−r/λT), the radial electric field can be expressed as:

Er,u ≡−∂ϕu

∂r
≃−3

e
Te,s
λT

. (3)

As the density at the separatrix is increased, this situation
becomes more complex: first, in the conduction dominated
regime significant gradients of Te appear along the field line
and as the recycling in the target increases, charge exchange
and other atomic processes begin to drain momentum from
the plasma flow. However, it is when detachment is signific-
ant that the simple low density picture loses its validity: as
the heat fluxes onto the target are greatly reduced around the
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strike point, electron temperatures at the target drop and their
profile becomes substantially flatter. Eventually, collisional-
ity is increased to the point in which the first term in the rhs of
equation (2) becomes dominant and the parallel electric field is
raised by parallel currents. In this new situation, potential dif-
ferences appear between poloidally adjacent flux tubes, lead-
ing to poloidal electric fields and strong radial drifts. As a res-
ult, this dominant electric field is related to thermoelectric or
Pfirsch–Schlüter return currents and no longer bound to the Te
gradients at the target.

This physical picture is generally consistent with recent
experimental results from tokamak plasmas: on the one hand,
the simple relation between upstream radial electric fields
at the target expressed in equation (3) has been verified for
attached plasmas inDIII-D [20], JET [21] andAUG [22]. Also,
experiments carried out in detached plasmas have shown how
ϕu is dominated by the parallel current contribution of the E∥
thus making the SOL drifts to be dominated by the Eθ ×B
term, θ being the poloidal direction. Examples can be found
in DIII-D [20] and TCV [23] tokamaks. This kind of invest-
igation is less frequently found in stellarators, where the pre-
cise mechanism leading to the formation of electric fields in
the SOL is not as clear. The main reason for this is the fully
three-dimensional topology of their SOL, which substantially
increases the complexity of both experiments and theoretical
models. Nevertheless, some investigations have been carried
out in stellarators featuring island divertors which indicate
that the underlying mechanisms behind SOL could be qual-
itatively similar to those in tokamaks. In [24], flows onto the
targets were investigated in divertor island configurations at
Wendelstein 7-AS. For densities below detachment, strong
up-down asymmetric shifts of the ion saturation current and
Te,s peaks are observed which nearly reverse when magnetic
field direction is inverted. This was interpreted as a strong
indication of vE×B drifts dominating cross-field SOL flows,
in good agreement with EMC3-EIRENE simulations, which
found the electric field to be dominated by the radial com-
ponent associated to the sheath potential gradient [25–27].
Interestingly, the impact of drifts is found to be stronger than
in a tokamak divertor with the same plasma parameters due
to the longer connection lengths. More recently, similar res-
ults were obtained in reversed field experiments carried out
in W7-X [28]. In those experiments, for low density opera-
tion, strong up-down asymmetries were found on the radial
positions of the strike lines and heat load distributions onto
the targets, which could be attributed to poloidal drifts origin-
ating from dominant Er fields. In good agreement with this,
the asymmetries were again reversed when the direction of the
magnetic field was changed. However, when the same meas-
urements were carried for higher densities, up-down asym-
metries became much weaker and a general inwards shift
of the heat and particle flows was observed. This would be
the result of a more complex drift structure, in which Er is
weakened by the shallower gradients of Te at the targets and
substantial parallel gradients of temperature, giving rise to
non-negligible E∥.

In this work, we set out to investigate the mechanism giving
rise to the radial electric field at the SOL for W7-X and its link
to the suppression of edge turbulence. For this, we carry out
upstream radial electric field measurements at the vicinity of
the separatrix using a Doppler Reflectometer (DR) and use a
Field Line Tracing (FLT) code to follow the field lines project-
ing the measurement locations onto the corresponding target.
Since this results in a complex two-dimensional (2D) projec-
tion, we then resort to infrared imaging in order to obtain a
heat flux profile corresponding to the line of sight of the reflec-
tometer. Applying this analysis to a database of discharges
covering a range of plasmas in the attached divertor regime
for a given magnetic configuration, we are able to find for the
first time in a stellarator with island divertor configuration, dir-
ect evidence of the upstream-downstream interaction mech-
anism described in equation (3). Besides, using a wider data-
base of Doppler reflectometry measurements, we show how
the observed variation in Er shear moderately decreases the
amplitude of density fluctuations across the separatrix. The
remainder of this paper is organized as follows: the exper-
imental set up along with elements of the analysis method
will be described in section 2. All results will be presented
in section 3. Finally, the summary and discussion are given in
section 4.

2. Experimental setup and methodology

2.1. Wendelstein 7-X scenarios

The experiments reported in this article were performed at
the superconducting optimized Helias stellarator W7-X with
major radius R= 5.5m, minor radius a= 0.5m and mag-
netic field on axis B0 = 2.5T [5]. W7-X uses an Electron
Cyclotron Heating (ECH) system of ten long-pulsed gyrotrons
(each delivering 0.8MW) [29]. In each of its five periods,
W7-X uses a set of ten non-planar (‘NPC’) and four planar
(‘PC’) superconductive coils in order to produce the confin-
ing magnetic field. Along one period, the plasma cross-section
changes, starting from the triangular to the bean shape and
back, meeting the periodic conditions at the boundaries.W7-X
can employ a number of configurations [30]. In most relevant
configurations, resonant magnetic islands form at the plasma
boundary which are intersected by the divertor plates creat-
ing the island-divertor [31, 32]. This set of resonant magnetic
islands surrounding the LCFS is created by the non-planar
coils while extra control over the magnetic topology of the
islands is achieved through the use of another set of copper
coils, the control coils (‘CC’) [33, 34]. As will be explained
later, this work concerns plasmas in the standard configura-
tion of W7-X (also seen in literature as ‘EJM’). For the stand-
ard configuration, a 5/5 island chain5 is created around the
LCFS. Those islands are intersected periodically by the diver-
tor. In each of the five periods of W7-X, there are two divertor

5 Meaning 5 islands that wind around the stellarator torus 5 times.
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Figure 1. (a) Poincaré plot of the standard magnetic configuration of W7-X for toroidal angle of 72◦ (W7-X program 20 180 905.017,
t= 4750–5000ms). The divertor target plates are depicted as blue lines, while the LCFS is depicted with orange color. The region inside the
rectangle, also in (b), with the island crossing the mid-plane (z= 0), is the region in which measurements are discussed later. The colored
line represents the line of sight of the Doppler reflectometer in the SOL. In (c), the connection length calculated in the measurement area.
Gray and black markers represent respectively the connection length to the target calculated in the parallel and anti-parallel direction to the
magnetic field while their sum, the total connection length, is depicted with the colored markers.

modules, on the upper (‘u’) and the lower (‘l’) part. Each diver-
tor module has two plates, the vertical (‘v’) and the horizontal
(‘h’). Thus, by referring to s1lh, we refer to module 1, lower
horizontal target plate. For an in depth description of the island
divertor concept, the reader is referred to [35].

The Poincaré plot of W7-X standard magnetic configura-
tion at toroidal angle equal to 72◦ is obtained using an FLT
code [36], which calculates the magnetic field using the Biot–
Savart law using as input coil currents. The result is shown in
figure 1(a): the 5/5 island chain is depicted outside the LCFS,
which is indicated with orange color. For this toroidal angle,
the magnetic field cross-section is bean-shaped and the diver-
tor targets, depicted as blue diagonal lines, intersect the top
and bottom islands. The island crossing the mid-plane (z= 0,
in the rectangle) is drawn in more detail in figure 1(b). The
colored line represents the line of sight of the DR, one of the
main diagnostics used for this work that will be discussed later.
As mentioned in the introduction, the higher the connection
length of the island-divertor SOL field lines, the stronger the
impact of drifts in the SOL transport. The field lines of theW7-
X SOL have connection lengths of a few hundred meters [37],
as can also be seen in figure 1(c), where the connection length
to the target or other physical components (L) was calculated
along the line of sight of the DR. As well in the same plot,
the SOL is defined as the region with values of L< 350m. For
lower or higher values of the toroidal radial coordinate r, we
encounter field lines of infinite Lwhich correspond to the con-
fined region inside of the LCFS or to the region in the vicinity

of the O-point of the island, the referred secondary confined
regions.

2.2. Doppler reflectometry measurements

In order to investigate the topics presented in the introduction,
we need to measure the Er in the SOL, the density fluctuation
amplitude and parameters over the divertor surface of W7-
X. For the measurement of the radial electric field and the
density fluctuation amplitude, we use the V-band monostatic
frequency hopping Doppler reflectometer [38, 39]. The DR
is installed at the AEA-21 port (toroidal angle 72◦). Its line
of sight (depicted as colored line) is crossing the island of
figure 1(b). A DR differs from conventional reflectometry in
the finite angle between finite angle between the probing wave
and the cut-off layer normal, which is set in order to separ-
ate the Bragg back-scattered wave from the reflected wave at
cut-off layer. By measuring the Doppler shifted back-scattered
wave, the plasma turbulence and its perpendicular rotation
velocity can be obtained. The latter is a composition of both
the plasma E×B velocity and the intrinsic phase velocity of
the density turbulence: v⊥ = vE×B+ vph. In cases in which
the condition vE×B ≫ vph holds, the radial electric field can
be obtained directly from the perpendicular rotation velocity:
Er = B · v⊥ = B · 2πfD/k⊥, where fD is the frequency of the
Doppler peak and B is the magnetic field. Experiments per-
formed in several devices have demonstrated that this assump-
tion is, in general, valid [39–42], and only in high collisionality
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Figure 2. In (a) and (b), the radial electric field profile as given by the DR for program 20 180 905.017 (t= 4750ms to t= 5000ms) and
20 180 920.047 (t= 7000ms to t= 7250ms).

plasmas, the contribution of vph to v⊥ may become relevant
[43, 44]. Besides, previous results obtained in W7-X show
a good agreement between the experimental Er profiles and
those obtained from neoclassical predictions [18, 45]. Thus,
it is sensible to assume that this condition holds also in the
present experiments. Regarding the density fluctuations, the
power of the back-scattered DR signal, S, is the relevant quant-
ity proportional to δn2e and is given by S= AD ·∆fD, where AD

and∆fD are the height and width of the Doppler peak. It has to
be noted that, in general, a microwave generator working with
variable frequency produces a different power output at each
frequency. Besides, the transmitted power through the trans-
mission line may also depend on the frequency. Therefore, a
power calibration of the DR is indispensable for a proper com-
parison of the fluctuations measured at different frequencies.

For this work, the DR was programmed to use frequen-
cies from 50GHz to 74GHz in ordinary mode polarization
(O-mode) and with a fixed injection angle of 18◦. A full fre-
quency scan was set to last 250ms with frequency steps of
1GHz. For the calculation of the position of the cut-off and
the k⊥ of the cut-off of the DR wave, we use the ray tra-
cing code Travis [46] that takes as input the density profile
and magnetic configuration. For this set-up, the expected val-
ues of k⊥ are between 7 and 10 cm−1. Density measurements
were provided by Thomson Scattering (TS) [47] and the map-
ping of those measurements along the flux surface coordin-
ate ρ was calculated using VMEC equilibria [48]. For the
estimation of uncertainties on the cut-off position and k⊥, the
reflection of a bundle of rays is considered in Travis, with a
width equal to the 1/e amplitude of the DR probing beam.
Two typical examples of Er profiles are shown in figure 2(a)
for program 20 180 905.017 (t= 4750ms to t= 5000ms) and
figure 2(b) for program 20 180 920.047 (t= 7000ms to t=
7250ms). These particular discharges are presented and used
to show paradigmatic data from our database. A detailed
explanation about the calculation of the vertical and horizontal
uncertainty bars in the Er profiles can be found in [18].

A few remarks on the DR data are in order: first, the DR can
provide measurements for the region of open and closed field

lines. It was seen that there is a sufficient number of DR meas-
urements in the SOL for plasmas with ne > 4.5× 1019m−3.
The transition from the SOL to the confined region inside the
LCFS is seen in the DR signal as a sign reversal of the Dop-
pler shift that regularly appears around the LCFS when the
negative ion root Er inside the LCFS [49, 50], changes to the
positive Er at the SOL, giving the rise to the observed velo-
city shear of the Er at the edge. The variation of the Er in this
part of the plasma occurs in radial scales smaller than (a) the
separation of the TS channels in this region [51] and (b) the
radial resolution of the DR [52]. As a consequence, a point-
by-point tracing of the Er measurement points from the SOL
to the divertor or the calculation of the radial derivative of
Er is not fully reliable. Thus, in this work, it is assumed that
DR measurement points in the SOL lie on the line of sight
of the antenna. This is a safe assumption considering that the
refractive index in the SOL region does not cause the reflec-
tometer beam to deviate significantly from the line of sight
of the antenna, given the low local values of the density typ-
ically found in the island. This assumption has nevertheless
been verified by Travis calculations.

In order to discuss the evolution of the SOL electric field,
it is useful to define first an average value of the Er in the SOL
(Er,SOL) as a uniform value along the measurement region and
the variation of the radial electric field on the sign reversal
(∆Er) as a proxy for the Er shear. For the calculation of Er,SOL,
we take the average for points with Er > 0.While the observed
values of Er,SOL are rather constant for most analyzed dis-
charges (as in figure 2(b)), for plasmas with higher densit-
ies, the cut-off position moves outwards measuring a substan-
tial decline of Er across the SOL (example in figure 2(a)).
In order to calculate Er,SOL in the most uniform manner, we
use points close to the Er sign reversal and ignore the ones
corresponding to the referred decline. This is indicated in the
examples in figure 2 by the colored markers in each plot: for
20 180 905.017, Er,SOL was found to be around 9kVm−1 and
for 20 180 920.047, Er,SOL ≃ 10kVm−1; depicted in the two
figures as a dashed black horizontal line. ∆Er is calculated as
the difference between the values of the radial electric field on
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Figure 3. The ending points of the field line tracing with starting points from the measurement area from the upstream (seen in the
supplementary figure) to the divertor target plates. The ending points lie over the 2D surface of the s1lh target plate. For easier visualization
of this projection from the SOL to the target numbered markers are used between the two plot. In the supplementary figure, the poloidal
cross-section of 5/5 island of the standard configuration for program 20 180 905.017 (t= 4750–5000ms) with the measurement area of the
DR as colored line.

the sign reversal. It is found to be approximately 15kVm−1 for
20 180 905.017 and 14kVm−1 for 20 180 920.047 as indicated
by a double vertical arrow in the two figures.

2.3. Field line tracing & heat fluxes on the target

An important part for this analysis is the connection of the
measurement region in the SOL (figure 1(b)) with the diver-
tor targets of the device along the magnetic field lines. The
magnetic field lines are calculated using the aforementioned
FLT. Aside the used currents of the NPC’s and PC’s, any non-
negligible control coil current (ICC) and net toroidal current in
the plasma (Itor) were also considered in the calculation of the
magnetic field. In particular, Itor was modeled as a current fil-
ament along the magnetic axis of the standard configuration.
In order to make this calculation meaningful, discharges and
times have been selected such that Itor can be considered con-
stant during one full DR frequency scan. For example, in the
reference experiment 20 180 905.017, for 4750–5000ms Itor
has an average value of approximately 3.2kA with standard
deviation that is ∼40A. In figure 3, the s1lh and s1lv diver-
tor target plates are depicted. The green markers that lie on its

surface represent the projection of the measurement area in the
SOL. For easier identification and understanding of the projec-
tion of the measurement area on the target, three numbered
markers are used for the two plots. As will be seen later,
those markers also indicate the region of interest for the cal-
culation of important parameters on the divertor. The ending
points of the FLT lie all over the 2D surface of the target and
do not align with the radial or toroidal direction in a simple
way. Because of this, measurements of divertor parameters are
required across the whole surface of the divertor plate in order
to ensure an overlap between the projection from the upstream
and the measurement area of diagnostics for the divertor. This
complicates substantially the analysis, as it renders that probe
systems on the target impractical for this analysis, as they are
arranged in an array extending across the divertor along the
poloidal direction [53] (figure 1 therein).

Given the need for a full 2D diagnostic, we resort to the
infrared camera systems (IR) installed in W7-X [54]: this dia-
gnostic captures thermographic images of the full divertor sur-
face thus covering the projected area from the upstream meas-
urements. Those images are used as an input for THEODOR
code [55], which calculates the heat fluxes that reach the target
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Figure 4. For program 20 180 905.017 (t= 4750–5000ms) the heat fluxes qw onto the target s1lh along with the projection of the
measurement area with square markers.

wall (qw). Typically, IR data cannot be reliably used for this
analysis if the ratio of Prad/PECH > 0.5, where Prad is the
power radiated by the plasma, due to the low signal to noise
ratio. This is limiting our study mainly to not detached plas-
mas. In figure 4, we show the heat flux onto target s1lh forW7-
X program 20 180 905.017 (t= 4750–5000ms) as an example.
In figure 4, the projection of the measurement area is also
included with square markers. We see that our projection from
the SOL lies close to the strike point, around the region where
the most intense heat fluxes are observed. It is now possible
to extract the heat flux onto the divertor for its corresponding
measurement point in the SOL, which is displayed in figure 5.
For Ti ≃ Te in the vicinity of the divertor, which is to be expec-
ted, considering that usually this condition is alreadymet at the
vicinity of the LCFS [56], ion reflection is considered negli-
gible (which is typically the case for a carbon target) and the
usual sheath entrance condition vs = cs is taken, the heat flux
entering the sheath in front of the wall, qt can be expressed in
terms of the plasma parameters as in [57]:

qt = csnc,s[γsTe,s +Erec] (4)

where cs is the isothermal sound speed at the entrance of
the sheath, cs =

√
2Te/mi and γs ≃ 7.5 is a sheath trans-

mission coefficient. Erec is the energy delivered to the tar-
get due to the atomic processes (including both ionization
and dissociation energies), which can be considered constant
and will therefore not matter for the discussion of this work
[58]. Using the process previously described, it is possible to
use the heat fluxes obtained from IR measurements to eval-
uate the decay of the heat flux over the DR measurement
projection at the target and use it to provide an estimation
of the temperature decay in order to evaluate the relation

Figure 5. Heat fluxes for each point on the divertor from figure 4
for W7-X program 20 180 905.107 (t= 4750–5000ms). Hollow
markers correspond to points that were not used for the fit and the
calculation of λq through the linear fit (solid black line). The three
cyan numbered markers correspond to the numbered markers of
figure 3.

described in equation (3). In particular, if an exponential
decay is assumed, qt = q0exp(−r/λq), the exponential decay
length at the entrance of the sheath, λq can be computed. If
a similar exponential decay is assumed for the density, for
weak parallel gradients in the SOL, the radial derivative of
equation (4) becomes λ−1

q = λ−1
n + 3

2λ
−1
T . By taking λn ≃ λT

(which seems reasonable looking e.g. at the target profiles
from [28]), this can be further simplified to λq ≃ 2

5λT. In the
conduction limited regime, featuring strong parallel gradients,
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Figure 6. S profiles by the DR for discharge 20180905.017 (t= 4750ms to t= 5000ms) and for discharge 20180920.047 (t= 7000ms to
t= 7250ms). The colored points, with green for 20 180 905.017 and blue for 20 180 920.047, were considered for the calculation of Smin,
which is indicated with purple and orange diamond markers, respectively.

the two-point model relation λq ≃ 2
7λT can be used instead

[57]. This means that the two e-folding lengths are prob-
ably such that 2

7 < λq/λTe <
2
5 , and λq ∝ λT in any of the

two cases. It must be taken into account that these qt and λq

refer to the heat flux entering the sheath, while the IR sys-
tem measures the heat flux perpendicular to the target wall,
qw. The two quantities differ due to the grazing angle (α)
between the magnetic field lines and the divertor target plates
qw = qtsin(α) [59]. However, α is not found to change sig-
nificantly at the relevant projection region of the divertor for
the standard configuration, so it can be considered that qw ∝ qt
all across the region where λq is calculated. Thus, λq can be
used as a qualitative proxy for the temperature decay length in
equation (3).

In order to carry out the analysis, certain criteria must be
established for the points that will be used for the calculation
of the referred exponential decay length. The starting point for
the fit should be considered the point with the maximum heat
flux (see marker 3 on figure 5), including points for increas-
ing values of r. The second criterion is related to the min-
imum meaningful value of qw, below which points should not
be considered. Points with qw < 0.20MWm−2 are too close
to the background noise level and excluded since the quality
of the IR measurements is considered insufficient for them
(see marker 1 and for increasing r the hollow markers on
figure 5). As well, points that are too close to the LCFS should
be excluded. In particular, it has been determined that points
with r less than ∼6.2m should be excluded from the fit since
the total connection length (L) increases very rapidly in a radial
region of an extension below the spatial resolution of the FLT
code. A representative example of this (corresponding to dis-
charge 20 180 905.017) can be seen in figure 1(c), where L val-
ues diverge over 350m for r< 6.2m. Since we cannot know
whether those points are indeed outside or inside the LCFS,
they are excluded from the linear fit and depicted as hollow
markers on the left of figure 5. Finally, those remaining points
that are eligible for the fit are shown as markers filled with

green color. The electron temperature for the ratio on the rhs
of equation (3) is calculated through the TS temperature pro-
files at the LCFS since low parallel gradients are assumed from
the LCFS to the sheath entrance.

2.4. Density fluctuation profiles

As mentioned in section 1, the other main objective of this
work is to seek any trends between∆Er (as defined in figure 2)
and the amplitude of edge turbulence. For this task, we used the
density fluctuation measurements from the DR. In figures 6(a)
and (b), the S∝ δn2e profiles are shown for values around ρ= 1.
For both discharges, approximately at the same position as the
Er sign reversal, a local minimum of the power collected by the
DR is observed for a number of measurement points, as indic-
ated by the colored markers in figures 6(a) and (b). By taking
the average value of S and ρ of points that constitute this local
minimum, it is possible to define the average reduced level
of power collected by the DR (Smin, as the diamond marker
with distinct color on each figure). For example, in the pre-
viously discussed cases 20180905.017 and 20180920.047,
Smin is found approximately −9.3dB and −7.3dB respect-
ively, with an uncertainty of the order of 2dB. This approach
will be used in section 3 for a bigger list of experiments, in or
between ∆Er and Smin.

3. Results

For the purposes of this study, a set of various plasmas heated
with ECH was analyzed. The standard configuration was pre-
ferred over other configurations due to the fact that it was
usedmost commonly duringOP1.2. In the selected discharges,
that are presented in a parametric map on figure 7, we have
explored the available range of density and heating powers
that could guarantee the existence of measurement points of
the DR in the SOL. For each point of this figure a full DR
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Figure 7. Parametric map with all analyzed discharges displayed as
a function of the ECH power (PECH) and line averaged density (ne)
that are considered in this work. Gray markers and hollow markers
depict discharges that will be used for the study of the edge Er shear
and turbulence reduction but not for the study on the formation of
the Er,SOL.

frequency scanwas analyzed for the indicated times. Colors on
this plot indicate different levels of the line averaged electron
plasma density, ne. Instead, different markers indicate similar
values of ECH power. It can be seen that the range of line aver-
aged densities varies from 4.5× 1019m−3 to 7.5× 1019m−3

which covers the plasma scenarios for which V-band frequen-
cies with O-mode polarization can measure in the SOL region.
The level of ECH power varies from 2.5MW and 6.5MW,
the latter value being close to the maximum heating power
coupled to the plasma in W7-X [29, 60]. For the forma-
tion of Er,SOL, we studied plasmas with density from ≃5.5×
1019m−3 to 7.5× 1019m−3 and ECH power from 2.5MW to
5MW. In table 1, we list the analyzed discharges along with
the DR scan time intervals, the control coil currents and net
toroidal plasma currents that we used as input for the FLT
calculation. Hollow markers represent discharges for which
the heat fluxes on the target are not available. Nevertheless,
they are still included in our database since they will be used
for the study of Er,SOL by other plasma parameters (i.e. PECH

or ne) and the study for∆Er and the reduced S. Dischargeswith
gray markers concern also the∆Er and the reduced S that will
be discussed later.

3.1. Impact of the divertor on SOL radial electric field

First, we study the evolution of Er,SOL (calculated as explained
in section 2) with respect to basic plasma parameters, like ne
and PECH. In figures 8(a) and (b), Er,SOL is plotted against
the ne and PECH respectively. In figure 8(a), for increasing
line averaged density and constant ECH power (see markers
of similar shape but different color), the value of the radial
electric field in the SOL region is decreasing. In figure 8(b),
for increasing ECH power and constant density (see markers

Table 1. Showing discharge numbers, the DR scan time intervals,
ICC and Itor of the ECH plasmas used for the given analysis.
Additionally, the equivalent marker of each DR scan for figure 7 is
given in the last column. All discharges employ the standard
configuration of W7-X. When Itor ≪1kA, its value was considered
negligible.

Discharge number
DR scan
times (ms) ICC (kA) Itor (kA) Marker

20 180 807.022 4000–4252 0 1.84
20 180 814.042 1000–1252 0 ≪1

20 181 010.012 2750–3001 0 1.93
20 180 807.022 1250–1502 0 ≪1
20 181 010.012 1000–1252 0 ≪1
20 180 906.008 2000–2251 1 2.53
20 180 807.017 2000–2252 0 ≪1
20 180 814.010 1000–1252 2 ≪1
20 180 807.020 5500–5752 0 ≪1
20 180 920.047 7000–7252 0 2.51
20 181 010.007 8500–8752 0 3.89
20 180 905.016 1250–1502 2 1.25
20 180 906.008 4250–4502 1 4.38
20 180 905.015 10 500–10 753 0 1.71
20 180 814.011 4500–4751 0 ≪1
20 181 010.019 5750–6001 0 2.70
20 180 905.017 4750–5002 1 3.21
20 180 906.008 6250–6501 1 5.58
20 180 807.020 1250–1502 0 ≪1

of similar color but different shape), the radial electric field
in the SOL is increasing. This result is consistent with pre-
vious reports [18], covering a shorter range of ECH power
values. From figures 8(a) and (b), it could be assumed that
there is a proportional relationship of Er,SOL to ECH power
and inversely proportional to the line density. This is con-
firmed in figure 8(c) where Er,SOL is plotted against the ratio of
PECH/ne. As can be seen, a rather linear relation exists between
both parameters for the whole set of data, suggesting Er,SOL ∝
PECH/ne. The scattering of the points in figure 8(c) is reduced
with respect to the scattering of the points in figures 8(a)
and (b). Thus, this ratio seems to set a much clearer linear trend
in the value of the mid-plane electric field than solely ne or
PECH.

Next, we evaluate the influence of the downstream divertor
conditions on the mid-plane radial electric field. In figure 9,
we plot Er,SOL and the ratio of the electron temperature over
the exponential decay length of the heat flux, Te/λq. The plot-
ted data shows that Er,SOL scales clearly with the ratio Te/λq,
roughly verifying for the whole database the relation described
in equation (3). Despite the approximations discussed in the
previous sections, the radial electric field in the SOL appears
to be dominated by the conditions on the divertor for the stud-
ied plasmas. The uncertainty bars of the radial electric field
are computed as the standard deviation of the points that we
used to compute the mean average value. The uncertainty bars
of λq were calculated from linear regression on the points of
figure 5. For the majority of discharges, the relevant divertor
target was s1lh. However, for discharges 20 181 010.007 and
20 181 010.019 (both of them featuring high toroidal plasma
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Figure 8. Er,SOL as a function of ne (a), PECH (b) and the PECH/ne ratio (c). The use of markers and colors is the same as in figure 7.

Figure 9. Er,SOL and the ratio of the electron temperature with the exponential decay length of heat fluxes at the target, Te/λq. The use of
markers and colors is the same as in figure 7.

currents, 3.9kA and 2.7kA respectively with no current in the
control coils), the FLT analysis showed that the region relev-
ant for the calculation of λq was found at the s4uv target. A

mapping of different positions in the island onto the different
divertor targets ofW7-X has been shown in [37]. Nevertheless,
both groups of points seem to merge seamlessly in figure 9,
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Table 2. Table with discharge numbers, the given DR scans, ne and PECH of the ECH plasmas used for the given analysis. All discharges
employ the standard configuration of W7-X.

Discharge number DR scan times (ms) ne (1019 m−3) PECH (MW)

20 180 920.016 2250–6000 6.2 4.5
20 180 920.017 2000–6000 6.2 4.5
20 181 017.033 2750–9500 4.6–5.8 <6
20 181 018.021 1000–12 000 5.4–6.5 4

Figure 10. The back-scattered power S∝ δn2e as a function of ne (a), PECH (b) and the PECH/ne ratio (c). The use of markers and colors is
the same as that was given in figure 7.

indicating that the changes on the SOL magnetic field struc-
ture induced by the toroidal current do not significantly affect
the general trend.

3.2. Effect of Er shear on the edge fluctuation level

Since only DR data is required for the study of the impact of
∆Er on edge turbulence, it was possible to expand the exist-
ing database including other discharges with numerous scans
of the reflectometer (96 additional DR scans from 4 more dis-
charges). In table 2 we present the discharge numbers with the
corresponding time intervals of the extra DR scans. As well, in
figure 7, these discharges are represented as gray points, to set

them apart from the ones on which IR data is discussed. Inter-
estingly, two of them (20 181 017.033 and 20 181 018.021)
feature density ramps, on which ne is steadily increased while
keeping constant the ECH power. Further details on these data
can be found elsewhere in the literature [61].

As with Er,SOL, we first study the evolution of Smin, calcu-
lated as explained in section 2, with respect to basic plasma
parameters, ne, PECH and the ratio of the two quantities,
PECH/ne. As can be seen in figure 10, there is no apparent trend
between the Smin and ECH power (figure 10(b)) nor between
Smin and the PECH/ne ratio (figure 10(c)). In figure 7, the DR
scans included in table 2 are depicted with gray markers while
the DR scans included of table 1 using the same marker and
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Figure 11. Smin against∆Er for the DR scans given in tables 1
and 2. The gray markers represent the extra DR scans that have been
introduced in this study while the DR scans of the previous study
are represented by the same markers as in figure 7.

color as in the figure above. In figure 10(a), some relation
can be seen between Smin and line averaged density, with an
increment of about 5dB over the observed density range (from
−9dB to −4dB for an increment of the line averaged density
from 4.5 to 6.5× 1019m−3). This is particularly clear for the
density ramps featured in the gray data. Finally, in figure 11,
Smin is plotted against difference of the radial electric field at
the sign reversal for the DR scans,∆Er, which is considered a
proxy for the velocity shear at the edge. In it, an inverse rela-
tion between the two parameters is observed, arguably clearer
than any of the ones seen in figure 10, indicating that there is
some degree of turbulence suppression when the radial elec-
tric field shear becomes stronger. As well, the scattering of the
points in the plot is found to decrease for increasing∆Er. How-
ever, it must be pointed out that this decrease is rather mod-
erate: since S∝ δn2e , the 5dB decay observed over the whole
range of shear values represents a reduction of less than a
factor 2 in the density fluctuation amplitude. Interestingly, this
factor is rather close to the ratio between the highest and low-
est line averaged densities in the database. This would indicate
that, if the relative amplitude of the fluctuations δne/ne does
not change, the observed effect could be largely explained by
the increase of density at the measurement points at the edge
of the plasma (which roughly follows that of ne).

4. Discussion and summary

The first objective of this work was to investigate the mech-
anism behind the formation of the electric field at the SOL
of a stellarator with an island divertor. By analyzing diver-
tor conditions over a set of standard configuration plasmas
featuring a wide range of Er,SOL values in attached divertor
conditions (Prad/PECH < 0.5), we have determined that the
radial electric field at the SOL of the elliptic section follows
the Er,SOL ∝ Te/λq relation expressed in equation (3). If some

reasonable assumptions are made (namely, λq ∝ λT and small
variation of the incidence angle of the magnetic field at the tar-
get over the projection of the upstream measurement region,
leading to qt ∝ qw), this can be interpreted as a proof that par-
allel current and gradients of electron temperature and pres-
sure are small and the upstream potential is determined by
the sheath entrance potential under these conditions, ϕu ≃ ϕs.
Since ϕs ≃ 3Te, this means that the potential profile in the SOL
of W7-X in attached conditions is determined by the Te values
at the divertor. This simple tokamak model is consistent with
modeling carried out in the predecessor machine W7-AS [26]
and with previous observations at W7-X, which indicated that
the main SOL drift for low density plasmas was caused by the
radial electric field, Er ×B [28]. In the later case, the poloidal
drifts caused by the Er at the SOL are dominant for low density
but are substantially decreased for the high density case. This
is consistent with the reduction of Er,SOL in figure 8(a). More
recent studies [62, 63] have investigated the impact of drifts on
parallel flows, as observed by coherence spectroscopy. Their
results point towards a rather similar picture: for low density
plasmas, strong poloidal drifts cause a strong deviation of the
parallel stagnation points with respect to the X point, where
they would be expected if the effect of drifts is not taken into
account (as is the case of EMC3-EIRENE simulations dis-
cussed in those works). Instead, when density is increased, the
effect of the Er ×B drift decreases, resulting in reduced asym-
metries and the development of a counter-streaming flow pat-
tern. Interestingly, all these results are best understood once
evidence on the link between divertor conditions and the mid-
plane Er value has been provided, as they fit well in the clas-
sical physical picture for the formation of the electric field dis-
cussed in the introduction, according to which the increase in
density flattens Te gradients at the target, while increasing col-
lissionality and parallel gradients and thus raising a substantial
E∥. Therefore, our results imply that the intensity of the SOL
drifts for attached plasmas would be dominated by the steep-
ness of the Te profile at the target.

A few more remarks concerning the results on the forma-
tion of Er,SOL are in order: first, it must be taken into account
that the DR used in this work can only measure at one posi-
tion in the SOL of W7-X (corresponding to the bean-shaped
plasma section shown in figure 1). Given the complex, non-
axisymmetric topology of the island divertor, it cannot be
assumed that this will be automatically the case for any other
position and the determination of ϕu will be considerably more
complicated for regionswhich are not directly connected to the
targets. In order to obtain a full physical picture of the forma-
tion of the radial electric field, this study should be extended
to plasmas with Prad/PEC > 0.5 (this is, with a lower PECH/ne
ratio) featuring different degrees of detachment. If the rela-
tion to the proposed basic model holds, the link betweenEr,SOL

and target conditions should disappear, and other factors (such
as the local parallel currents) should become dominant. This
kind of investigation cannot be carried out using the approach
presented in the present study (and thus falls out of its scope),
as the IR data can no longer be relied for it, and there-
fore the simple estimation of λq used here is no longer pos-
sible. Instead, a complex combination of different diagnostics
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(such as Langmuir fixed probes at the targets, mid-plane
manipulator, Helium beam, etc) and simulations will be
required to identify the SOL conditions which follow the vari-
ation of Er,SOL as measured by the DR in this higher density
regime. Finally, this work only deals with plasmas in the stand-
ard configuration. Changing the configuration may as well
have important implications on the formation of the Er at the
SOL. So far, we can expect the region of the plasma-wall inter-
action to change. As a result, the projection of the DR meas-
urement area to the divertor will change with respect to that
of the standard configuration and therefore λq would need to
be fitted elsewhere on the target. More importantly, changes
in the magnetic field configuration lead to different iota pro-
files. This is relevant, as configurations with higher values of
iota, have reduced connection lengths and thus reduced width
of the SOL [64]. As a result, perpendicular transport should
be also reduced in them, resulting in a lower value of λq at
the target and according to the mechanism discussed in this
work, should feature higher values of Er,SOL caused by the
enhanced Te gradients at the target. Available measurements
of Er,SOL in different configurations are thus consistent with
our results: high iota features higher radial electric fields in
the SOL than the standard configuration for a given set of
density and heating power [18]. The effect of magnetic con-
figuration on Er,SOL formation must also be clarified before a
quantitative comparison of our results can be carried out with
drift experiments previously discussed, as they are typically
carried out in low iota configuration. However, the qualitative
trend relating connection length and Te gradients at the tar-
get is also consistent in those studies: the density over which
the counter-streaming flows abruptly appear (indicating the
reduction of the Er-induced stagnation point shift) is around
3× 1019m−3 [63], substantially lower than the values over
which the Er,SOL is reduced in the present work. This could
be similarly explained by the longer connection lengths found
in the low iota configuration when compared to the standard,
which would lead to increased SOL width and lower values of
ne and PECH for a given value of Er,SOL (as is the case between
high iota and standard configuration in [18]). These effects
will be addressed in forthcoming experimental campaigns by
extending the standard configuration database including equi-
valent scenarios in magnetic configurations with different iota
profiles.

The second objective of this study was to determine
whether the observed variations on the amplitude of the velo-
city shear observed across the LCFS have the expected sup-
pression effect on the local turbulence. In this case, we com-
bined measurements of the radial electric field and fluctuation
amplitude profiles, both carried out by the DR. By doing so,
we find that there is typically a depression of several dB in
the profile of fluctuation amplitude which roughly coincides
with the position of the change of sign of the radial elec-
tric field (where the shear would be at its maximum). This
effect, which was shown for typical discharges in figure 6, is
indicative of the shear suppression mechanism. Then, we try
to quantify the effect of the shear by comparing discharges
with different density and heating power. As seen in figure 11,
we observe that fluctuation amplitude at the shear region do

indeed decrease as the radial electric field jump between the
SOL and the confined region becomes larger. However, this
reduction in amplitude is rather moderate (the 5dB observed
in the figure correspond to a variation of around 80% in δn)
and just marginally above the uncertainty bars of the meas-
urements. Moreover, given the already discussed evolution of
the SOL electric field with plasma parameters, Er,SOL, and
consequently ∆Er, are reduced for discharges with higher
density. Therefore, at least part of the apparent suppression
of fluctuations can be simply explained by the reduction of
local density at the measurement point (and indeed, fluctuation
amplitude shows as well some correlation to line averaged
density, as seen in figure 10). This result suggests that the
effect on fluctuations of the velocity shear observed around the
LCFS of W7-X is rather moderate, which is against expecta-
tions from studies at tokamaks, specially considering the non-
negligible values of∆Er, which reach up to 25 kVm−1. In any
case, the fact that fluctuation amplitude is clearly decreasing
around the edge Er shear for a given discharge (as seen for
example in figure 6), indicates that at least some degree of
shear-related suppression is most likely taking place. Consid-
ering all of the above, it is difficult to achieve a strong conclu-
sion here: indeed,∆Er is only a proxy for the shear which does
not take into account the steepness of the Er profile. The reason
for this is the poor quality of density profiles at the edge ofW7-
X, which did not permit an accurate enough localization of the
DRmeasurements in previous campaigns. This may be expec-
ted to improve in forthcoming campaigns thanks to upgrades
on the TS system and the routine availability of alkali beam
data [65]. While∆Er allows for a qualitative discussion of the
shear intensity (e.g. between different discharges), it does not
suffice for a comparison on the shearing rate with the autocor-
relation time of the observed amplitude. As a consequence, it
is difficult to know if the k⊥ range of fluctuations observed
by the DR in these discharges is below or above the spatial
scale which should be decorrelated by the shear. As well, other
examples exist of instances in which a strong radial gradient
of Er seems to be followed by a strong local reduction of the
fluctuation amplitude, as measured by the DR. One such case
is the strong sheared structure caused in u⊥ when an island
chain of sufficient width is found inside the LCFS [45]. There-
fore, while no clear evidence of shear-suppression effect on
the turbulence has been found in this work, this analysis will
need to be refined before it can be safely stated that there is
no such mechanism at W7-X. In future experiments, upgrades
for the DR system [66] will be available in order to carry out
a more detailed characterization of turbulence in the region,
including wave number spectra and correlation studies which
may shed light onto the effect of the shear on the elongation
of eddies. Finally, beyond the specific effect of the shear on
density fluctuations, its impact on turbulent transport should
be systematically evaluated in order to determine its impact
the overall performance of W7-X and thus assess the relev-
ance of this phenomenon.

In summary, this study shows for the first time that the phys-
ics behind the formation of the electric field at the SOL of an
island-divertor stellarator is qualitatively the same as in a toka-
mak, at least when the divertor is attached. This means that
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the radial electric field, which is responsible for the main SOL
drifts in this regime, depends on the Te values at the entrance
of the sheath. The variation of the radial electric field around
the separatrix of W7-X leads to a local reduction of the amp-
litude of density fluctuations, as expected from both models
and experiments carried out in tokamaks. However, when dif-
ferent amplitudes of such shear-linked to the correspondingly
different divertor conditions are compared, a rather moderate
effect on the fluctuations is observed.While this result initially
hints that the edge shear could be a less efficient mechanism
for the formation of edge transport barriers as it is in tokamaks,
a more complete investigation is required before solid conclu-
sions can be reached. This will be carried out in the forthcom-
ing experimental campaigns of Wendelstein 7-X.
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