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Abstract

An experimental investigation of particle parallel flows has been carried
out at Wendelstein 7-X (W7-X), one of the most advanced stellarators in
the world. The studies are restricted to the outermost plasma region, the
scrape-off layer (SOL), which is shaped to tackle the exhaust problem in
vision of future fusion reactors based on plasma magnetic confinement. The
aim of the measurements is to set the basis for a physics analysis of the
SOL dynamics by obtaining direct information on convective heat transport,
together with the assessment of the predominant flow directions of the main
plasma ions and of fusion-products or wall-released impurities. In this way,
a better comprehension of the interplay between the transport parallel and
perpendicular to the SOL field lines can be achieved, contributing to the
understanding of the effectiveness of the island divertor configuration.

The chosen instrument for the experimental studies is the Coherence Ima-
ging Spectroscopy (CIS) diagnostic, a camera-based interferometer capable
of measuring 2D Doppler particle flows associated with a selected visible line
from the plasma. The diagnostic is distinguished by its high time resolution
and spatial coverage, allowing the visualisation and measurements of flow
velocities for a full module of W7-X simultaneously. A CIS diagnostic has
been fully designed for W7-X with an improved level of accuracy achieved
thanks to the implementation of a new calibration source, a continuous-
wave-emission tunable laser. The laser allowed a full characterization of the
diagnostic and a frequent precise calibration, making the CIS system reli-
able for parallel flow investigations during the operational campaign OP1.2.
The validity and importance of the CIS measurements have been further
confirmed with dedicated simulation of the SOL plasma parameters by the
EMC3-EIRENE code, and by comparisons with other edge diagnostics. The
CIS results show the effects related to dynamical changes in the SOL due to
impurity gas puffs or the development of a plasma current. Moreover, CIS
can be used as a powerful tool to test the limits of the current theoretical
models, for example in the case of forward and reversed field experiments.
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1
Introduction

Energy production is one of the major problems of the modern world. The
growing population and economy set high demands that cannot be sustained
in the long run with the available energy sources today. In fact, fossil fuels
are of limited amount and known to be linked to climate change and global
warming, renewable sources are characterized by unpredictable fluctuations,
and nuclear fission power plants are a risky environmental hazard. In this
context, research on nuclear fusion is essential for the progress of mankind [1].

The major advantages of nuclear fusion over the above mentioned energy
sources are multiple [2]. Based on nuclear reactions, fusion energy will not
emit CO2 during its production and will be a continuous and readily avail-
able source. Moreover, the least difficult reaction allowing energy extraction
involves deuterium and tritium, hydrogen isotopes easily obtainable from
sea water and lithium breeding. Compared to fission power plants, fusion
power plants will be inherently safer: on the contrary of kilos of fuel ne-
cessary for fission, the amount of fusion reactants is on the order of 1 g in
hundreds of m3 of volume.

For nuclear fusion to happen, appropriate conditions need to be reached.
Commonly happening in stars, successful net-energy-releasing reactions fea-
ture extreme requirements for applications on Earth. In order to identify
the operating boundaries of a fusion reactor, a balance between the energy
released by the reactions and the radiation/conduction losses needs to be
evaluated. The usual figure of merit considered in fusion research is the
triple product, derivable from the Lawson’s criterion [3]: fusion can be used
as energy source if the right combination of reactants temperature, dens-
ity, and energy confinement time is reached. The aim is to attain a triple
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Chapter 1. Introduction

product above a certain value, which depends on the specific reaction, and
in general as high as possible. Unfortunately, there are some technological
limitations. In order to obtain nuclear reactions at an efficient rate, the
reactants need to be in the state of plasma, i. e. in a fluid state in which
the atoms are fully ionized and hot enough to overcome the Coulomb bar-
rier. The typical temperatures, necessary to reach high cross-sections for
the viable reactions on Earth, are on the order of tens of keV [4], i. e. hun-
dreds of millions degrees Kelvin. This uncommonly high values lead to two
main problems. Firstly, reaching and maintaining the matter in the state
of plasma is challenging, demanding high input power that will increase
with increasing density. Secondly, no known material can withstand direct
contact with such a hot medium. The plasma state is also characterized by
internal transport processes (e. g. classical, neo-classical [5], or turbulent [6]),
which can lead to energetic losses. This limits the length of the achievable
energy confinement time, defined as how long the energy stays in the volume
in which the reactions happen.

The leading sector in fusion research is looking for solutions using magnetic
particle confinement. Composed by ionized atoms, a plasma is, in fact,
sensitive to magnetic fields. With the appropriate topology, it is possible to
reach optimized configurations for confining the particles in a closed volume.
The most successful topology up to now is based on a torus featuring helical
field lines. More details regarding the most investigated devices using this
principle are given in Section 1.1.

The confined plasma volume, shaped by the magnetic field, is surrounded
by a vessel. The large temperature difference between the plasma and the
surrounding walls initiates a high number of physical processes, such as
heating, erosion, sputtering, or implantation, which are referred to as plasma-
surface interactions (PSI). Even in the presence of a confining magnetic
field, PSI can happen due to the so-called cross-field transport, a mechanism
carrying energy and particles perpendicular to the magnetic field lines. The
cross-field transport is normally considered a diffusion-like phenomenon,
featuring a diffusion coefficient inversely dependent on the magnetic field
strength [7]. The typical involved velocities are on the order of few m/s for
magnetic fields of at least 1 T, but the mechanism is often dominated by
non-classical effects, such as turbulence, which are difficult to predict and
handle. For this reason, if no additional action is adopted, the plasma can
interact uncontrollably with the interior parts of the machine.

2



The PSI introduce the exhaust problem, i. e. quantities that need to be
somehow disposed [8]. The PSI, in fact, contribute to the two types of
exhaust found in fusion machines, particle and power exhaust, by releasing
impurities and depositing heat. Impurities are considered a problem when
they exceed a concentration of few percent, as they contribute to dilution
and radiation cooling of the plasma reactants, lowering the fusion rates or,
in extreme cases, leading to a complete loss of the plasma itself. The heat
deposition, on the other hand, is limited by the resilience of the solid surface
materials. No known material can be heated above few thousands of degrees
Kelvin without severe damage. In the context of fusion devices, the fusion
reaction products will also contribute to the exhaust problem, both in terms
of energy to be dissipated and in additional impurities (helium »ashes«).

The aim is to limit the PSI to specific areas of the plasma-facing com-
ponents (PFCs) able to withstand high heat loads, and to obtain, at the
same time, a region in which the plasma can be neutralized, so that efficient
impurities retention and pumping become possible. This can be achieved
by intersecting the outermost magnetic field lines with dedicated targets,
generating the so-called scrape-off layer (SOL), as shown in Figure 1.1. The
open field lines of the SOL lead to the formation of a pressure gradient
along the lines themselves, and therefore the opening of parallel transport
channels, characterized by velocities that depend on plasma parameters.
In general, the velocities assume values close to the thermal speed of the
particles, which are on the order of tens of km/s, four orders of magnitude
higher than the typical perpendicular transport velocities [7]. Consequently,
parallel transport determines the location of the major contributions to the
total PSI. Moreover, if the targets are placed in an appropriate geometry
and in the vicinity of vacuum pumps, impurities released by the PFCs or
any unwanted particle coming from the plasma core can be extracted from
the machine. The open field lines greatly modify the plasma behaviour with
respect to the confined core region. The SOL therefore needs to be studied
accurately (for more details, see Chapter 2). In this context, developing
dedicated edge diagnostic is essential.

Edge diagnostics can be of multiple different kinds [9], all contributing
to the understanding of the effectiveness of a particular SOL configuration.
From infrared cameras to monitor the temperature of the in-vessel compon-
ents, to Langmuir probes that can locally measure the temperature and
density of the plasma. From video cameras to check the general structure
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Chapter 1. Introduction

(a) (b)

Figure 1.1.: Sketch of a possible SOL. Representation of a circular cross-
section of an hypothetical toroidal machine. The black line represent
the vessel, the orange part indicates the plasma core. (a) Simple cham-
ber, without SOL: the plasma reached the vessel walls via perpendicular
transport (orange arrows). (b) Introduction of targets (in grey), creation
of a SOL (in yellow): the plasma reaches the open field lines and streams
along them (parallel transport, magenta arrows). The green area repres-
ents the region where the plasma can be neutralized and pumped out of
the machine.

variations, to visible and ultra-violet spectroscopy to study the behaviour
of particles from different species.

In order to quantify the interplay between the parallel and perpendicular
transport, which greatly contribute to set the overall SOL dynamics, an
additional subject of investigation needs to be considered: plasma flows.
Knowing the predominant flow directions and their velocity magnitude gives
information about the quality of the SOL topology and its influence on the
plasma itself [10]. For example, with flow studies, it is possible to assess
whether the particles are moving along the field lines towards the wanted
plasma-surface interaction targets, or whether the impurities released from
the PFCs reach the plasma core. Moreover, flows are a direct representation
of the convective heat transport (more details in Chapter 2).

Ion flow velocities and directions have been measured in the past by Mach
probes, retarding field analysers, and dispersive spectroscopy. Unfortunately,
these systems show some constraints, such as power handling ability, time
and flow velocity resolution, or a limited number of lines of sight. Most of
these limitations can be overcome by using the Coherence Imaging Spec-
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troscopy (CIS) diagnostic. Invented almost two decades ago [11], CIS is a
powerful tool that is able to measure 2D images of Doppler line shifts on
the order of picometers [12]. Good results were shown several times over
the years, but the analysis required a considerable amount of diagnostic
modelling (as e. g. in [13, 14]), which relies on parameters hard to be known
accurately. With appropriate upgrades of the calibration procedures, CIS
can be brought to a higher level of reliability and reproducibility, allowing
quantitative study of the plasma behaviour in the SOL with little or no
use of diagnostic modelling. The CIS principles and the above-mentioned
upgrades developed in this Ph.D. work are explained in Chapter 3 and in
Article II.

The CIS design developed in the framework of this Ph.D. thesis has been
centred on the application of the diagnostic to one of the most advanced
plasma experiments in the world, Wendelstein 7-X (W7-X) (introduced in
Section 1.1.2). The complex 3D geometry of W7-X sets up high requirements
on the amount of data necessary to be able to resolve the SOL flows pattern.
This is hardly achievable with traditional high-resolution spectroscopy based
on dispersion, due to the large number of lines of sight and synchronized
detectors which would need to be adopted [15]. The CIS diagnostic, on the
other hand, is based on interferometric techniques, which permit to use
a single camera to obtain 2D spatial measurements of plasma parameters
with a high optical throughput (implying high temporal resolution). The
data is encoded in an interference pattern superimposed on the plasma
image, allowing to investigate simultaneously almost an entire section of
the machine captured in a single frame. These features led to successful
measurements of carbon impurity flows in the W7-X SOL, highly resolved in
time and in two spatial dimensions. For the first time, the parallel transport
channels of the 3D SOL magnetic topology have been measured (as shown
in Article I), confirming simulations performed several years ago [13, 16,
17]. Moreover, the diagnostic was fully operational throughout the entire
experimental campaign OP1.2 (years 2017-2018), collecting data for all
the different plasma and magnetic configurations explored, and therefore
enabling novel views on SOL physics processes. These investigations are the
core if this Ph.D. thesis and the ground for future works.
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Chapter 1. Introduction

1.1. Magnetic confinement: focus on tokamaks
and stellarators

Magnetic fields can be adopted in order to form a closed volume in which
the plasma can be contained. The magnetic topology has to be chosen
in order to confine the charged particles for long enough to allow fusion
to happen efficiently. The best configurations feature closed flux surfaces
defined to minimize outwards-oriented drifts and therefore particle losses.
Consequently, a topology based on a simple torus with circular magnetic
field lines is not enough: despite lying on closed flux surfaces, the field
lines are curved and therefore induce centrifugal drifts (curvature drift).
Moreover, by construction, a toroidal topology presents inhomogeneities in
the magnetic field intensity, which is stronger on the inboard side than on
the outboard one. This leads to an additional drift (gradient drift). Both
mentioned drifts are charge-dependent and oriented in the same direction, so
they induce a charge separation which causes the appearance of an electric
field and, consequently, of a further drift (𝐸 × 𝐵 drift) which would push
particles outwards. All these effects, represented in Figure 1.2 and thoroughly
explained in e. g. [18], can be minimized by adopting helical magnetic field
lines, i. e. by making the charged particles experience different curvatures
effect and magnetic field intensities on the same field line.

The most successful investigated devices based on toroidal flux surfaces
with helical magnetic field lines are called stellarators and tokamaks. Both
first conceived in the ’50s, they mainly differ in the technique used to gener-
ate the magnetic field: stellarators feature a magnetic field produced entirely
by external coils, while tokamaks use external coils to produce only a simple
toroidal magnetic field, and obtain the helicoidal field lines with the super-
imposition of a poloidal field (see Figure 1.3 for the definition of the two
directions), which is generated by exploiting the intrinsic conductivity of
the plasma to externally induce a toroidal current. This difference implies
that stellarators need a more carefully designed coil system (often 3D), in-
creasing the complexity of the building process, while tokamaks can make
use of simpler planar coils, with the disadvantage of perturbing the plasma
with the induced current. Moreover, the tokamak induced current is gener-
ated by an additional coil set positioned in the center of the torus, which
needs a current varying in time (i. e. constantly increasing or decreasing)

6



1.1. Magnetic confinement: focus on tokamaks and stellarators

Figure 1.2.: Representation of a magnetic field topology based on a simple
torus with circular field lines, and its outward oriented 𝐸 × 𝐵 drift
(𝑣𝐸×𝐵). The coils necessary for the generation of this field are partially
shown in grey. The higher density of coils in the inboard side generates an
inhomogeneity in the magnetic field intensity, indicated with ∇𝐵 and the
green colour gradient in the circular section. The direction of the toroidal
curvature of the magnetic field is represented by �̂�. The combination
of the magnetic field itself with �̂� and ∇𝐵 induces drifts in the same
direction (as shown by the cross-products and the related arrow). These
drifts are charge dependent, i. e. they lead to a charge separation (shown
by the plus/minus balls). The composition of the resulting electric field
and of the magnetic field leads to a drift outwards (𝑣𝐸×𝐵).

Figure 1.3.: Toroidal and poloidal directions definition.

and, therefore, constrains the devices to pulsed operation. In contrast, the
complete external magnetic field makes stellarators intrinsically steady state
confinement concept.

Examples of medium-sized to large tokamaks in still operation are ASDEX
Upgrade (Garching, DE), DIII-D (San Diego, USA), JET (Culham, UK),
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Chapter 1. Introduction

EAST (Hefei, CN), WEST (Cadarache, FR) , KSTAR (Daejeon, KR). None-
theless, the most well known tokamak experiment is ITER (Cadarache, FR),
still under construction and is the result of one of the largest collaboration
in the history of mankind.

Stellarators are less common, the largest devices currently in use are TJ-
II (Madrid, ES), LHD (Toki, JP), and W7-X (Greifswald, DE) [19]. The
lack of operational stellarators in the world can be explained by the fact
that these machines are much more complicated to design and need to be
computationally optimized. In the past, the performances (quantifiable in
terms of triple product) of stellarators have been generally worse compared
to tokamaks. This is no longer true for W7-X, which showed a record triple
product for the stellarator family, becoming comparable to the one of some
medium-sized tokamaks [20]. W7-X has been in operation for only two
experimental campaigns (OP1.1 and OP1.2), exhibiting already promising
results [21–26]. As this thesis is focused on studies of the W7-X SOL, more
details about the device will be provided in Section 1.1.2.

1.1.1. SOL in tokamaks and stellarators: the divertor

The most common operational configurations of both tokamaks and stellar-
ators are characterized by the presence of a SOL. Different techniques to
shape a SOL have been investigated over the years and the most successful
concept is called divertor [27]. Even though the divertor configuration differs
between the applications in tokamaks and stellarators, common features can
be identified. The main advantage of the divertor configuration with respect
to other less complex ones, like simple wall protrusions normally called
limiters, is that the PFCs are kept away from the core confined plasma
by tailoring the magnetic topology, which »divert« efficiently the plasma
particles and heat. In this way, the PSI zones are magnetically separated
from the core, and the wall-released impurities do not have direct access to
the confined plasma [7]. Moreover, SOL featuring divertor configurations
are commonly characterized by stronger temperature gradients, allowing
higher core temperatures while keeping the targets colder.

In general, the purposes of the divertor configurations are: efficient power
dissipation, heat and particles handling within technical limits, high neutral
pressure for pumping, and impurity retention with related low influx [28].
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1.1. Magnetic confinement: focus on tokamaks and stellarators

Table 1.1.: Technical parameters for the W7-X device.

parameter value
𝐵0 2.5 T (3 T max)
Major radius 5.5 m
Minor radius 0.5 m
Plasma volume 30 m3

Figure 1.4.: Schematic structure of W7-X. The plasma shape is represented
in blue. The coil system is shown in red (non-planar coils) and in orange
(planar coils). (© IPP)

1.1.2. Wendelstein 7-X
W7-X is a machine aiming to demonstrate that stellarators are an attractive
concept for a future fusion reactor [29, 30]. A schematic showing parts of
the plasma shape, the coils system, and the outer vessel structure can be
seen in Figure 1.4, while the major technical parameters are provided in
Table 1.1.

W7-X is optimized to minimize parallel currents and neoclassical losses,
and to sustain plasma discharges up to 30 minutes by relying on electron
cyclotron resonance heating (ECRH) (microwaves), the only heating system
that can currently operate in steady state. Moreover, W7-X is characterized
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Chapter 1. Introduction

Figure 1.5.: Visualization of the five-fold symmetry of W7-X (view from
above), together with examples of different cross-sections of the core
plasma. The core plasma is represented in light orange.

by a five-fold symmetry, with variable poloidal cross-sections [19], as shown
in Figure 1.5. Each of the five modules features similar components, as for
example the coil system. The fundamental set of coils necessary to form the
entire system is shown in Figure 1.6, which shows only half of one module
featuring 5 non-planar and 2 planar field coils, for a total of 70 external
modular superconducting coils for the entire machine.

The coil system has been designed to be precise [31] and flexible [20]. In
particular, the coils can be used with different current set-ups, modifying
the magnetic topology accordingly. Focusing on the SOL shaping, the most
important parameter that can be changed is the rotational transform (𝜄), i. e.
a representation of the magnetic field twist. Defined as number of poloidal
turns per toroidal turn of a given field line on a magnetic flux surface, 𝜄
allows the presence of magnetic islands when it assumes rational values, and
it can be expressed as 𝜄 = 𝑛/𝑚, with 𝑛 and 𝑚 are respectively the toroidal
and the poloidal mode numbers (i. e. the magnetic field Fourier components).
In order to have islands which are of a detectable and operation-relevant
size in the edge, 𝜄 should assume low rational values [31]. The magnetic
field of W7-X has been created on purpose to have a finite n=5 toroidal
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1.1. Magnetic confinement: focus on tokamaks and stellarators

Figure 1.6.: Picture of one half-module of W7-X during construction. The
plasma vessel, the 5 non planar and the 2 planar field coils are visible.
(© IPP)

Table 1.2.: List of magnetic configurations of W7-X, with the relative
rotational transform in the edge.

Name edge 𝜄
Standard 5/5
High mirror 5/5
High iota 5/4
Low iota 5/6

Fourier component, leading to island chains which are referred as intrinsic.
Some examples can be found in Table 1.2, where the number of islands in
each cross-section is represented by the poloidal mode number 𝑚. When 𝜄
is equal to 5/5 = 1, the islands are five independent flux tubes, otherwise it
is just a single flux tube winding toroidally multiple times [32–34].

The big intrinsic islands of W7-X are exploited for developing its diver-
tor design, called island divertor [33]. Contrary to the tokamak poloidal
divertor [7], the W7-X divertor is modular: 10 divertors units are placed
symmetrically inside W7-X, divided in upper and lower divertor modules.
The main targets (called horizontal and vertical, and divided by a pump-
ing gap) are designed to withstand heat load up to 10 MW m−2, while the
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(a) (b)

Figure 1.7.: Representation of the W7-X island divertor. (a) View of the
entire system, in relation to the confined plasma region; (b) single divertor
unit. The main targets are displayed is black (horizontal) and dark grey
(vertical), while the baffles are in green. (Figures generated using the
W7-X Web Services).

baffle plates, used to enclose the divertor area and prevent neutral particles
to escape it, are designed to sustain up to 0.5 MW m−2. All the divertor
PFCs are made of graphite-based materials. A representation of the island
divertors is shown in Figure 1.7. Different divertor modules are connected
through the magnetic islands: the intersections of the islands with the diver-
tor targets are defined by the specific magnetic configurations. The SOL is
greatly modified by any change in the islands-divertor interactions, therefore
also the heat deposition patterns [20] and the flow structures. In order to
have further flexibility on the SOL shaping, an additional set of coils, called
control coils, has been placed behind the divertor modules [35] and can be
used to change the islands width.

During the last experimental campaigns (OP1.1 in 2016 and OP1.2 in
2017-2018), the main gas injected in W7-X has been hydrogen, while one of
the most abundant impurities has been carbon, due to the graphite PFCs.

For additional information about W7-X, please refer to [20–22, 30, 31,
36].
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1.2. Outline

1.2. Outline
This introduction and the following two chapters are meant to give useful
information to the reader to tackle the papers listed in Appendix B. In
particular, in Chapter 2, the scrape-off layer physics will be presented, with
particular attention to the behaviour of impurities and the specific case
of Wendelstein 7-X. In Chapter 3, the Coherence Imaging Spectroscopy
diagnostic will be introduced, with focus on the implementation on W7-X
and the related significant improvements developed during this Ph.D. work.
The conclusions will summarize the achieved published results and give an
overview of future physics studies and CIS applications.
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2
Scrape-off layer flow physics

As previously mentioned, the scrape-off layer (SOL) is defined as the outer-
most region of a fusion device, outside the so called last closed flux surface
(LCFS), i. e. the last surface of the main plasma volume featuring completely
closed magnetic field linesI. The study of the SOL is attributed to tackle the
exhaust problem, i. e. to find an optimum way for efficiently pumping the
required amount of He ashes together with the other plasma constituents,
and simultaneously reducing the peak heat load onto the divertor targets
to the technically required levels. The SOL differs substantially from the
plasma core: as interactions with targets are involved, atomic physics and
reactions with neutral particles play a major role in the local plasma beha-
viour. Moreover, for the same reason, the SOL plasma is colder, and thus
characterized by a non-negligible degree of collisionality, as the collision fre-
quency has a 𝑇 −3/2 dependency [5, 18]. These features lead to a complicated
physics description of the overall SOL behaviour, but, at the same time,
the SOL characterization can make use of the fluid theory by virtue of the
importance of collisions. The fluid approximation is particularly useful for
the case of plasma experiments featuring long open field lines (≥30 m), such
as W7-X. The length of these lines is quantifiable as the target-to-target
distance measured on the lines themselves, and it is commonly referred to
as connection length (𝐿𝑐). In order to understand the role of collisions, 𝐿𝑐
can be used as a reference for a comparison with the typical mean-free-path

IIn tokamaks, all the magnetic field lines outside the LCFS are open. In stellarators
such as W7-X, on the other hand, the field lines at the center of the intrinsic magnetic
islands might not intersect the target, depending on the magnetic configuration.
Nonetheless, these closed field lines are still part of the SOL.
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Chapter 2. Scrape-off layer flow physics

values (𝑙𝑚𝑓𝑝) of the plasma particles. For example, considering the elec-
trons and their typical temperature and density in the SOL (e. g. 30 eV and
0.5 ⋅ 1019 m−3 for W7-X [37]), 𝑙𝑚𝑓𝑝 for intra-species collisions is approxim-
ately 3 m, which is nearly two orders of magnitude lower than 𝐿𝑐 for most
of the W7-X operational magnetic configurations [38]. Similar values can
be obtain for the main plasma ions as well [5]. This implies that electrons
and ions can be described with Maxwellian distributions, i. e. as two fluids.
It is therefore possible to disregard all the neo-classical effects related to
the magnetic field curvature that normally affect the core plasma, for which
𝑙𝑚𝑓𝑝 are on the order of several complete toroidal turns. In this context,
the SOL can be »straightened out« in a first approximation description
(Figure 2.1), greatly reducing the necessary geometrical parameters. The
most important one will be 𝐿𝑐, which can vary greatly between different
types of fusion devices.

Considering the diagnostic application that is the central topic of this
Ph.D. work, the main focus of this chapter will be on the physics of SOL
parallel flows, both of the main plasma ions and of the impurities. Particle
flows along the magnetic field lines are a good representation of the parallel
convective heat transport to the plasma-surface interaction elements, i. e. the
process involving heat deposition on the targets due to direct transport of
particles.

2.1. SOL flows origin
The SOL is shaped in order to obtain the optimal conditions for the plasma
particles and heat to flow from the core to suitable plasma-surface interaction
areas. In the SOL, sources and sinks can be of various nature. Considering
the simplest case, the discussion can be focused on only one source and one
sink: the cross-field transport from the core plasma and the solid surface of
the targets respectively.

The cross-field transport can be approximated as a diffusion-like process
perpendicular to the magnetic field direction. It is considered to be domin-
ated by non-classical effects, e. g. neo-classical ones or turbulence [39], and
therefore often referred to as anomalous [40]. In the straightened SOL ap-
proximation, the cross-field transport is assumed to fill the open field lines
mostly near their geometrical center (upstream position in Figure 2.1).
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2.1. SOL flows origin

Figure 2.1.: Sketch of a 1D straightened SOL model. The plasma core
is represented in orange, the SOL in white, the LCFS in yellow, the
upstream position in green, and the downstream position and targets
in grey. The red and blue colours indicate the different plasma flow
directions along the magnetic field lines. 𝐿𝑐 indicates the connection
length.

The targets are natural particle absorbers: the charged particles of the
plasma tend to either stick to the solid surfaces or recombine and be lost
as neutrals that enter back the main plasma volumeII (process known as
recycling). The targets are often referred to as downstream positions.

The combination of source and sink generates a pressure gradient which
drives plasma flows from the upstream position to the targets [7]. In this
simple case, the pressure gradient is mostly given by the difference in dens-
ities upstream and downstream, i. e. it is a consequence of particles conser-
vation. The dependency between the flows and the pressure gradient can be
shown considering the single fluid equation, which takes into account both
electrons and ions [41]:

𝜌(𝑣 ⋅ ∇𝑣) + 𝜌
𝜕𝑣
𝜕𝑡

= 𝐽 × 𝐵 − ∇𝑃 (2.1)

where 𝜌 is the mass density, 𝑣 is the fluid velocity, 𝐽 is the current density,
and 𝑃 is the plasma pressure. The single fluid description is valid by virtue of
the plasma quasi-neutrality and SOL high collisionality. If only the direction
IINote that the solid surfaces are sinks for the plasma fluid but not for mass: unless

active pumping is present, the particles re-circulate in the plasma as neutrals and
get ionized once more, either in the SOL or in the core plasma. For the simple case
presented here, the ionization is considered to happen only in the core plasma.
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Chapter 2. Scrape-off layer flow physics

parallel to the magnetic field is considered, equation (2.1) is simplified to

𝜌(𝑣|| ⋅ ∇𝑣|| +
𝜕𝑣||

𝜕𝑡
) = −∇𝑃|| (2.2)

and the direct dependence of the fluid velocity 𝑣|| on the plasma pressure 𝑃||
is clear. The gradients are to be evaluated between the upstream position
and one of the two downstream positions, which are at maximum 𝐿𝑐/2 away
in this approximation. Given the two distinct sinks, i. e. the two targets con-
nected by an open field line, the plasma flows are characterized by different
directions. If the simple system under consideration is perfectly symmetric,
then two flows will arise, equivalent in velocity magnitude but opposite in
directions, and the upstream position will be stagnant, as shown in Fig-
ure 2.1. Therefore, the connection length defines the geometrical properties
of the plasma flows.

The plasma fluid is formed by both ions and electrons. In a future fusion
reactor, the particle exhaust problem will be dominated by ions of both deu-
terium and helium: as the allowed concentration of the He ashes is typically
less than 10-15% [8], the gas to be pumped out will be mostly composed
by neutralized deuterium ions reaching the divertor area. Therefore, it is
worth to continue the SOL flow description for the ions only, with focus on
the main plasma ions. Nonetheless, the particle exhaust problem includes
also impurities, which need to be considered separately as discussed in Sec-
tion 2.2. The focus of the following description will be on flows parallel to the
magnetic field lines, justified in more details in the following Section 2.1.1.

2.1.1. Importance of parallel flows

In order to understand the effectiveness of a particular SOL configuration,
it is necessary to investigate the role of parallel transport for both particles
and energy. The particle transport is clearly represented by flows, but their
role extends also in the representation of part of the energy deposited on
the solid surfaces.

The parallel heat flux density can be described by the following equation,
directly derivable from fluid equations and simple gas kinetic theory [7, 42]:
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2.1. SOL flows origin

𝑞|| = (
1
2

𝑚𝑣2 +
5
2

𝑘𝑇)𝑛𝑣
⏟⏟⏟⏟⏟⏟⏟⏟⏟

1

− 𝜅0𝑇 5/2 d𝑘𝑇
d𝑥⏟⏟⏟⏟⏟⏟⏟

2

(2.3)

where 𝑚, 𝑛, 𝑇, 𝑣, and 𝜅0 are the mass, density, temperature, fluid velocity,
and conductivity coefficient of one charged particle species, while 𝑘 indicates
the Boltzmann constant. The two terms are a representation of the convective
(#1) and conductive (#2) heat transport. When specified for electron and
ions, equation (2.3) shows clearly that the two species contribute differently
to convection and conduction due to their difference in mass (𝑚𝑒 ≪ 𝑚𝑖).
In particular, electrons are more important for conduction (note that 𝜅0 ∝
𝑚−1/2 [7]), while ions dominate the convective transport. Moreover, the two
terms of equation (2.3) show a significantly different dependence on the
fluid parameters. Due to the stronger temperature dependence and to the
gradient term, conduction is considered more important in describing the
total heat transport in the SOL, as the desired scenario would involve a high
temperature upstream (close to the plasma core) and a low temperature
downstream (to avoid destructive plasma-surface interactions). At the same
time, the real picture will include both contributions and it is unclear to
which extent the dominance of conduction in the heat transport is valid. For
example, in case of SOLs featuring long connection lengths, the temperature
gradient might flatten and convection might gain importance. As convection
is directly linked to the movement of particles (by virtue of the presence
of 𝑣), studying parallel flows can contribute to quantifying the convective
contribution to the heat deposition and help in clarifying the behaviour of
the exhaust [10, 43].

2.1.2. Focus on the ion fluid: understanding limits and
dependencies of the ion flows

Plasma flows are highly dependent on the distribution of sinks and sources
in the SOL. Even if the investigation is restricted to the behaviour of the
ions, a comprehensive description should include atomic processes such
as ionization, recombination, or charge exchange, which are dynamically
changing with the plasma state. All these contributions and their mutual
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Chapter 2. Scrape-off layer flow physics

balance are not possible to be fully modelled analytically. On the other
hand, the straightened SOL approximation introduced above can help in
identifying the general trends of the ions behaviour outside the LCFS [7].

The main assumptions of the following treatment are:

• no significant variation of the ion temperature is present in the whole
SOL (isothermal assumption) and, consequently, pressure gradient is
built up only by particle conservation;

• no additional pumping in the divertor region is considered (mass
conservation), i. e. the solid surfaced are the only sinks of ions but the
total number of particles in the system is conserved;

• the ions reach the SOL only via cross-field transport, i. e. all the other
possible sources represented by atomic processes are placed inside the
LCFS.

Boundary conditions

The presence of solid surfaces changes greatly the plasma behaviour. At the
very front of the interaction region, the plasma loses key features, such as
its quasi-neutrality. A consequence of this is the so called Bohm-Chodura
criterion.

The Bohm-Chodura criterion is related to the rise of the so-called sheath
potential in the very proximity of the walls. In the following, the formation
and importance of the sheath is reviewed. Along the open magnetic field
lines of the SOL, particles diffuse as in an unmagnetized plasma, as the
magnetic field only guides the particle motion without any influence on
what happens in the direction along the field line itself (Lorentz force). The
diffusion coefficient is defined as

𝐷 = 𝜈 ⋅ 𝑙2𝑚𝑓𝑝 =
𝑣2

𝑇

𝜈
(2.4)

where 𝜈 is the collision frequency and 𝑙𝑚𝑓𝑝 is the mean free path length
equal to 𝑣𝑇/𝜈, with 𝑣𝑇 as thermal velocity of the particle under consideration.
Due to the inverse dependency of 𝑣𝑇 on the particle mass, it is clear that
the diffusion coefficient is greater for the electrons than for the ions. This
difference leads to a charge separation, which, in turn, gives rise to an electric
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2.1. SOL flows origin

field, called ambipolar electric field (𝐸𝑎𝑚𝑏). 𝐸𝑎𝑚𝑏 accelerates the ions and
slows down the electrons in a way to maintain quasi-neutrality for the whole
plasma. Effectively, the plasma behaves as a single fluid and diffuses with
a common coefficient, called ambipolar diffusion coefficient, which is lower
than the electron one and higher than the ion one [18]. This is valid in most
of the SOL, but, in the vicinity of walls, the ambipolar diffusion no longer
holds: the electrons, due to their higher thermal velocity, outrun the ions
and reach the solid surface faster, leading to an accumulation that charges
the walls negatively and generates the sheath potential, breaking quasi-
neutrality. The ions are then accelerated and the electron repelled, but the
effect is mostly shielded within a short distance from the wall, on the order
of few characteristics lengths called Debye lengths (i. e. few millimeters). It
can be calculated that the SOL plasma perceives a potential ∼ 4 times
less the potential inside the sheath [7]. In general, given its small value
together with the long 𝐿𝑐 compared to the short Debye length typical of
fusion devices (tens/hundreds of meters versus millimeters/micrometers),
this potential does not significantly affect the ion flows dynamics along the
entire SOL. Nonetheless, the existence of the sheath itself ensures that any
variation of the potential in the immediate vicinity of the walls does not
influence the flows in most of the SOL.

As that the pressure gradient and the sheath potential push the electrons
respectively towards and away from the walls, the electrons are in a force
balance and they therefore follow a Boltzmann distribution, which can be
used to calculate the electric field in the sheath. The calculations lead to
a second-order differential equation, which, under the assumption that the
sheath potential is non-oscillatory, gives the condition [44]:

𝑣𝑠𝑒 ≥ 𝑐𝑠 (2.5)

where 𝑣𝑠𝑒 is the ion velocity at the sheath edge and 𝑐𝑠 = √𝑘(𝑇𝑒 + 𝑇𝑖)/𝑚
is the ion sound speed. The condition is valid for any incident angle of the
magnetic field to the solid surface [45].

Therefore, the Bohm-Chodura criterion states that in the charged region
very close to the walls (within a millimeter), the ions reach and can overcome
the ion sound speed.
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Chapter 2. Scrape-off layer flow physics

Analytical simplified SOL description

Following the assumptions stated before, it is possible to set up an analytic
description of the ion flow velocities in the SOL starting from the particle
conservation and momentum balance equations along the magnetic field
direction. The source 𝑆 and sink are once more represented only by the
cross-field transport and the absorbing walls respectively.

The particle conservation equation is

d(𝑛𝑣)
d𝑥

= 𝑆 (2.6)

where 𝑛 is the ion density, 𝑣 the ion velocity, and 𝑥 the direction along the
magnetic field lines varying between 0 (upstream) and 𝐿𝑐/2 (downstream).

Under the isothermal assumption and knowing that the electrons follow
a Boltzmann distribution, the ion momentum balance equation can be
expressed as

𝑚𝑛𝑣
d𝑣
d𝑥

= −𝑚𝑐2
𝑠

d𝑛
d𝑥

− 𝑚𝑣𝑆 (2.7)

with 𝑚 as the ion mass. The plasma pressure contribution is hidden in the
first term on the right-hand side of the equation, while the second term
represents the drag due the particle source [7, 39].

By combining equation (2.6) and equation (2.7), the following is derived:

d𝑀
d𝑥

=
𝑆

𝑛𝑐𝑠

1 + 𝑀2

1 − 𝑀2 (2.8)

in which 𝑀 = 𝑣/𝑐𝑠 is the Mach number.
It can be noted that this simple treatment already shows a physical limit

of the ion behaviour in the SOL: 𝑀 needs to be less than 1, otherwise the
equation will either diverge (for 𝑀 = 1) or assume unphysical negative
values (for 𝑀 > 1 the flows no longer moves from the source to the sink).
Moreover, equation (2.8) exhibits a clear dependence of the ion flow velocity
on the source and on the density. Note that the source is normally paramet-
rized by a cross-section or a diffusion coefficient, combined with the ion and
neutral densities, so that the density dependence of the flow velocity is in
general non-trivial.
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Figure 2.2.: Representation of a possible parallel velocity distribution along
half of one SOL field line. The shape of the distribution before the sheath
is following equation (2.8). The curve after the sheath limit is not based
on an analytic description but it is meant to be a representation of the
Bohm-Chodura criterion.

Taking into account that 𝑀 < 1, i. e. 𝑣 < 𝑐𝑠, and equation (2.5), it is
clear that at the sheath edge 𝑣𝑠𝑒 = 𝑐𝑠. This means that the flow velocity can
reach 𝑐𝑠 at maximum in the region outside the sheath, which coincides with
most of the SOL. Given the small scale of the sheath, flow velocities above
𝑐𝑠 might be observable only by probes placed right at the plasma-surface
interaction areas, and they are not decisive for a description of the SOL
behaviour along its length. A possible parallel velocity distribution in the
SOL is shown in Figure 2.2.

In case the sources are not localized outside the SOL or at the upstream
position, or if the isothermal assumption stops holding, the flows will be
significantly affected. For example, the gradients will need to be evaluated on
different length scales than 𝐿𝑐/2, meaning that the connection length might
play a less critical role. Nevertheless, despite all the simplifications, the
physical limits and dependencies shown by equation (2.8) and equation (2.5)
are general [7].

2.2. Impurities in the SOL
The physics explained in the previous paragraphs regards the main plasma
ions. On the other hand, the He ashes, i. e. part of the fusion exhaust,
should have a lower concentration than the reactants, and therefore be only
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Chapter 2. Scrape-off layer flow physics

a species of plasma impurities. Moreover, the plasma-surface interactions
naturally lead to other intrinsic impurities. The presence of additional spe-
cies causes cooling and dilution of the fusion reactants and, hence, needs to
be kept under control even if exploited [8, 46]. Impurities do not necessarily
follow the main ion behaviour, as their density, temperature, and sources
distribution can differ substantially from the main ion ones. Moreover, due
to their higher charge, impurities are also more sensitive to the effect of the
plasma electrostatic field in comparison with the main ions. Hence, a careful
additional analysis needs to be taken into account.

In order to understand the (SOL) impurity transport, it is necessary to
identify the main involved sources and force contributions. In general, a
fluid approach can be used to describe the impurities behaviour, but with
the precaution of considering a distinct fluid for every different impurity
species and ionization state.

Despite the fact that the total amount of impurities should be kept low,
their presence can be exploited for diagnostic purposes. In particular, given
the higher amount of electrons and ionization states of the impurities with
respect to the ones of the main ions (hydrogen or its isotopes), spectroscopy-
based diagnostics can investigate the SOL transport mechanisms by virtue
of the spectral line emissions in the UV-visible range. The work carried out
in this Ph.D. thesis is an example of this type of applications.

Impurity sources

The He ashes and the wall-released impurities have distinct origins, but in
both cases it is quite difficult to clearly define the distribution of the sources
which will influence the particle flows in the SOL.

In a future fusion reactor, the He ashes will be born as ions in the plasma
core from the fusion processes and then transported via cross-field transport
across the main plasma and into the SOL. At the same time though, helium is
recycled at the walls, meaning that the SOL, as well as the core plasma, can
be filled also from solid surfaces. Moreover, the SOL can feature electron
temperatures small enough for the recycled helium to exist also as only
partially ionized, so that two charged states are present at the same time.
The transition between the two states is not necessarily localised, which
complicates the experimental identification of the sources.

For what concerns the wall-released impurities, the main physical mechan-
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ism is the erosion of the solid surfaces of the machine, due to chemical and
physical sputtering. Both processes involve the release of particles, either
by the formation of chemical compounds (mostly molecules) or by physical
displacement of the PFCs lattice [47]. The particles coming from the wall
are normally neutrals and they will get ionized in the SOL or in the core
plasma. Therefore, in this case as well, the localisation of the sources is
non-trivial.

For an analytic analysis, it is possible to simplify the problem by con-
sidering that the parallel transport is strong and will therefore homogenize
the impurity distribution in the SOL [7]: regardless of the exact origin of
the particles, once they reach the open field lines, the impurities stream
fast along the magnetic field, diffusing on the field lines homogeneously.
Although this assumption might be too simplistic, it allows a 1D description
of the force balance along the magnetic field direction.

Force balance for impurity transport parallel to the magnetic field

Several additional assumptions can further simplify the picture for a 1D
analytic approach describing the parallel dynamics of impurities. In partic-
ular:

• the background plasma is assumed to flow towards the target or to be
stagnant (no main flow inversion is allowed);

• impurity-impurity collisions are not included (test particle approach);

• drifts, i.e any processes pushing the particles on different field lines,
are not included;

• the system is considered to be in steady state (electrons and main
ions are in equilibrium);

• the impurity ionization state is treated as frozen (further ionization
or recombination are not covered);

• the impurities are assumed to be in thermal equilibrium with the main
ion species (𝑇𝑍 = 𝑇𝑖).
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A force balance for the impurity of mass 𝑚𝑧 and charge 𝑍 is the outcome
of a three-fluids calculation, i. e. for each species a fluid equation can be
written in the following form:

𝑛𝐹 = −
d𝑃
d𝑥

− 𝑞𝑛𝐸 − 𝑛𝑅 = 0 (2.9)

where the magnetic field is not present because everything is evaluated
along it. 𝐹 is the force on a single particle, while 𝑅 represents the exchange
of momentum between different species through collisions and it can be
expressed as:

𝑅 = 𝑚
d𝑣
d𝑡

= 𝑚
𝜕𝑣
𝜕𝑡

+ 𝑚
𝜕𝑣
𝜕𝑥

𝜕𝑥
𝜕𝑡

= 𝑚
𝜕𝑣
𝜕𝑡

+
𝜕

𝜕𝑥
(

𝑚𝑣2

2
) (2.10)

which implies that the same physical process (in this case, collisions) will
introduce two separate terms in the force balance. In this approach, 𝑅 can
be split into two independent terms, one for impurity-main ions collisions
(𝑅𝑖) and one for impurity-electrons collisions (𝑅𝑒).

Combining the fluid equations for impurities, electrons, and ions leads to
the following equation, representing the force on an individual impurity ion
in the direction parallel to the magnetic field [7]:

𝐹𝑧 = −
1
𝑛𝑧

d𝑃𝑧

d𝑥⏟⏟⏟⏟⏟
1

+ 𝑍𝑒𝐸
⏟

2

+ 𝑚𝑧
𝑣𝑖 − 𝑣𝑧

𝜏𝑠⏟⏟⏟⏟⏟⏟⏟
3

+ 𝛽
d𝑘𝑇𝑖

d𝑥⏟
4

+ 𝛼
d𝑘𝑇𝑒

d𝑥⏟⏟⏟⏟⏟
5

(2.11)

in which the charge of the impurity ion is considered to be −𝑍𝑒, and the
subscripts 𝑖 and 𝑒 indicate contributions related to main plasma ions and
electrons respectively. Each term can be considered separately, in order to
understand all the involved physical processes.

1. Impurity pressure gradient. Being a kinetic term, it represents the
movement in relation to the impurity source-sink distribution. As the
sources and sinks can be of various nature, this force can be in either
directions, i. e. towards or away from the targets depending on the
specific cases.
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2.2. Impurities in the SOL

2. Electrostatic force. This term is generally small. As the analysis is
being carried out along the magnetic field lines, it is related to the
effect of the main plasma charge distribution on the impurity. It can
be derived from the fluid equation for the electrons [48], and it is most
effective on scales in which the sheath plays a role [47]. Being related
to the sheath and the electron distribution in the SOL, it is clear that
the acceleration due to this term is towards the targets.

3. Ion friction force. Related to the temporal component of 𝑅𝑖 shown in
equation (2.10), it is a representation of the drag that the main ions
exert on the impurity. Following the assumptions stated above, this
term is directed towards the targets. The term 𝜏𝑠 is called stopping
time and it is proportional to 𝑇 3/2

𝑖 𝑛−1
𝑖 𝑚2

𝑧𝑚−1/2
𝑖 (𝑚𝑧 + 𝑚𝑖)−1𝑍−2 [7].

The dependencies show that the stopping time decreases, i. e. the
friction force is more effective, if 𝑇𝑖 decreases and 𝑛𝑖 increases. The
mass ratio explains the absence of a similar term for the electrons,
while the presence of 𝑍 implies that higher charged impurities will
experience a more intense friction.

4. and 5. Ion and electron thermal forces. Related to the spatial com-
ponent of 𝑅𝑖/𝑒 shown in equation (2.10), the two terms arise from the
temperature dependence of collisionality. As the involved processes are
Coulomb collisions and their cross-section has an inverse temperature
dependence (𝜈 ∝ 𝑇 −3/2), the impurity experiences a higher amount
of interactions in cold regions, being consequently pushed to hotter re-
gions. This translates into forces directed away from the target, i. e. up
gradient. The coefficients 𝛼 and 𝛽 depend on the masses and charges of
the particles involved in the collisions and they can be found explicitly
elsewhere [7]. In first approximation, 𝛼 = 0.71 ⋅ 𝑍2 and 𝛽 = 2.65 ⋅ 𝑍2.
Note that the term #4 is expected to be more important in govern-
ing the impurity flows. This is due to the fact that the temperature
gradients are determined by the heat conductivities of ions (𝜅0,𝑖) and
electrons (𝜅0,𝑒) respectively: as 𝜅0 ∝ 𝑚−1/2, the electron conductivity
is much higher and therefore the electron temperature gradient tends
to be smaller for 𝑇𝑒 and 𝑇𝑖 on the same order of magnitude.

The force on the impurity ions is therefore the result of competing factors,
which push the impurity both towards or away from the targets. As a force
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balance is assumed, the impurity flow velocity along the magnetic field line
can be calculated directly as follows [48]:

𝑣𝑧 = 𝑣𝑖
⏟
𝑎

+
𝜏𝑠

𝑚𝑧
(𝛽 − 1)

d𝑘𝑇𝑖

d𝑥⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑏

+
𝜏𝑠

𝑚𝑧
(𝛼 − 0.71 ⋅ 𝑍)

d𝑘𝑇𝑒

d𝑥⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑐

−
𝑍𝜏𝑠

𝑚𝑧𝑛𝑒

d𝑛𝑒𝑘𝑇𝑒

d𝑥⏟⏟⏟⏟⏟⏟⏟
𝑑

−
𝜏𝑠𝑘𝑇𝑖

𝑚𝑧𝑛𝑧

d𝑛𝑧

d𝑥⏟⏟⏟⏟⏟
𝑒

(2.12)

where the terms from 𝑎 to 𝑑 are the representation of the convective contri-
butions from the background plasma, which will shape the impurity density
profile in the SOL, and the term 𝑒 represents the impurity diffusive process,
which will tend to smooth the same density distribution along the field
lines. All the terms are functions of the background parameters, i. e. the
force balance can change significantly with changing plasma conditions. If
the most dominant factors are selected (i. e. 𝑎 and 𝑏), the direction of the
impurity flow is determined by the balance between only two opposite forces:
the ion friction force and the ion thermal force. When the friction force is
stronger than the thermal force, the impurity will be pushed towards the
divertor targets, where it can be pumped away, keeping the overall plasma
impurity content low. The balance is equivalently expressed in terms of ion
parallel heat transport components |5/2 𝑛𝑖𝑣𝑖𝑘𝑇𝑖| > ∣𝜅0,𝑖𝑇 5/2 d𝑘𝑇𝑖

d𝑥
∣ [48, 49].

This means that the impurity is dragged efficiently by the main ions if the
ion parallel heat flux is dominated by convectionIII. This can be in general
true for low charge state impurity ions (e. g. C2+, chosen in the studies of
this Ph.D. work), since they are normally generated in regions characterized
by high 𝑣𝑖 or high 𝑛𝑖 (for more details, see Section 3.2.1).

If the force balance is friction-dominated, the impurity flows can be used
as a good proxy for the main ions behaviour.

IIIPlease note that this does not coincide with the discussion on the total heat transport
to the targets, as the contribution from the electrons, essential in that case, does not
play a major role in the impurity transport.
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2.3. SOL in different fusion devices
What has been discussed up to this point is general: due to all the assump-
tions and simplifications, and thanks to the restriction of the analysis along
the magnetic field lines, there is no explicit link to effects related to specific
fusion device geometries. In reality, the machine details influence several
aspects, e. g. the sink and source distribution, or the steepness of the main
plasma parameters gradients. Most of the differences can be related to the
main geometrical parameter already introduced in this chapter, i. e. the
connection length.

A significant difference in 𝐿𝑐 affects the overall SOL behaviour on various
levels. For example, in case of longer connection lengths (as e. g. in W7-X),
the cross-field transport will become more important both as a particle
source and as a heat transport mechanism [16, 17], and the steepness of the
gradients of the plasma parameters of the main particle species will tend to
decrease. Consequently, the particle flows will also change.

Being the length of the open field lines, 𝐿𝑐 is defined as:

𝐿𝑐 =
2𝜋𝑅
𝑁𝜄

(2.13)

where 𝑅 is the major radius of the machine, 𝑁 coincides with the number
of X-points (identifiable in a magnetic topology as shown in Figure 2.3),
and 𝜄 is the rotational transform. For tokamaks, 𝑁 is commonly equal to
1 (as in Figure 2.3a) and 𝜄 is the one of the main plasma, which normally
remains above 1/2. For stellarators with island divertors, 𝑁 corresponds to
the number of islands (e. g. in Figure 2.3b 𝑁 = 5) and 𝜄 is the rotational
transform around the island center. In this case, 𝜄 can be expressed as
the island size multiplied by the variation of the main plasma rotational
transform, i. e. the shear [16]. The distinct topologies therefore lead to
significantly different values of 𝐿𝑐. In particular, the typical values are
around tens of meters for tokamaks and hundreds of meters for stellarators.

In the case of W7-X, any change of the intrinsic magnetic islands chain
will affect the connection length and, therefore, the general SOL behaviour.
The variations can be caused externally, e. g. changing the magnetic config-
urations (see Section 3.2.2), or due to phenomena developing in the plasma
itself, e. g. the development of a non-negligible plasma current as in Art-
icle V.
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(a) (b)

Figure 2.3.: Poloidal cross-sections with the representation of the magnetic
field flux surfaces (Poincaré plots) for (a) the single null magnetic config-
uration of ASDEX Upgrade and (b) the standard magnetic configuration
of W7-X. The X-points are highlighted with red circles. The thicker black
closed lines represent the vessels of the two devices.

The islands chain affects also the spatial distribution of the particles flows.
Every magnetic island, in fact, can be modelled separately following the 1D
picture shown in Figure 2.1. This leads to spatially close counter-streaming
flows (e. g. see Figure 3.11) that cannot arise in tokamaks with a 𝑁 = 1
divertor geometry [16].

2.4. Complex modelling
Most of the physical treatment reported in this chapter is based on simple
approximations. For a more comprehensive description of the SOL behaviour,
it is necessary to make use of simulation codes and numerical calculations.
The complexity of the involved physics is increased by complications induced
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by the specific fusion machine geometry. In particular, for stellarators, the
physics description needs to be fully 3D.

The most used and developed code able to partially predict 3D SOL phys-
ics is EMC3-EIRENE, thoroughly introduced e. g. in Article IV. Composed
of two parts and based on a Monte-Carlo method, it takes into account both
charged particles and neutrals. In particular, electrons and ions dynamics
are modelled with a set of fluid equations (EMC3), which take into account
energy and momentum variations along the magnetic field lines [50], while
neutral atoms and molecules are described through kinetic transport equa-
tions (EIRENE) [51]. The code includes different types of particle, energy,
and momentum sources associated with atomic and molecular processes,
such as ionization, recombination, and charge exchange. Cross-field trans-
port of energy and particles, being an anomalous process complex to model
in a 3D geometry, is taken into account by a parametrization with diffusion
coefficients. As the simulation is limited to the direction parallel to the
magnetic field, drifts are for now not included.

EMC3-EIRENE is able to treat impurities as well, by solving the equa-
tion (2.11) separately for every ionization state of every species. The force
balance is used to calculate the impurity density distribution in the SOL and,
consequently, the associated radiation using the ADAS emission coefficients,
which are derived with a generalised collisional-radiative model [52].

The code is also equipped with synthetic diagnostics [53], so that the sim-
ulation output can be directly compared with an experimental measurement
(as e. g. in Articles I and IV).
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3
Coherence Imaging Spectroscopy

The Coherence Imaging Spectroscopy (CIS) diagnostic has been developed
for measurements of 2D spectroscopic quantities (i. e. spectral lines intensity,
frequency, and broadening) by using interferometric techniques. In the last
two decades, the CIS design has changed substantially, exploring different
ways to obtain interference with birefringent crystals, by both temporal
(using electro-optic crystals [54]) and spatial (using fixed-delay crystals [12])
scanning techniques. The most recent applications are camera-based spatial
heterodyne polarisation interferometers [55, 56], which means that an inter-
ference pattern encoding the spectral details is overlaid on each recorded
plasma image, trading spatial resolution for a better temporal with respect
to applications featuring electro-optical crystals. As the CIS systems de-
veloped and installed at W7-X use the heterodyne technique, more details
on this method basic principles will be explained in this chapter. Thereafter,
the focus will be moved onto the specific W7-X application, introducing
its customized upgrades and features developed in the course of this Ph.D.
work, together with examples of what was possible to measure with it.

3.1. Basic principles
CIS uses the principles of Fourier spectroscopy, i. e. the spectral information
is recorded in time or space domain and retrieved with a Fourier analysis.
Fourier spectroscopy exploits light modulation to measure indirectly a spec-
trum with the advantage of being considerably less wasteful of light respect
to standard dispersive spectroscopy [57]. The fringe visibility and position
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of the resulting interferometer pattern encodes the spectrum of the source
under investigation [55].

Being a polarisation interferometer, CIS belongs to the 2-beam inter-
ferometer category, as e. g. the Michelson interferometer [55]. The main
difference between the two mentioned systems is that CIS exploits ortho-
gonal polarisation states propagating through the same optical components,
whereas the Michelson interferometer splits the incoming light into two spa-
tially well separated beams which interact with distinct optical components.
In the CIS setup, the two polarisation states act as the two interferometer
beams while the whole system remains more robust, having lower sensitiv-
ity to misalignment and vibration, as the two rays pass through the same
components at the same time.

As for all 2-beam interferometers, the system response, i. e. the interfer-
ence pattern intensity, can be analytically described. The description relies
on a key parameter: the delay 𝜏 induced on one of the two beams into which
the incoming light is split. 𝜏 is related to a difference between the paths that
the two beams follow in the interferometer setup. As the CIS applications
normally involve quasi-monochromatic light (𝛥𝜈/𝜈0 ≪ 1, with 𝜈 as light
frequency), the CIS interferogram is represented by [54, 58]:

𝑆(𝜏) =
𝐼0

2
(1 + 𝜁(𝜏) cos 𝛷(𝜏)) (3.1)

where 𝐼0 is the total intensity, 𝜁 = (𝑆max − 𝑆min)/(𝑆max + 𝑆min) is the con-
trast of the fringes of the interference pattern, and 𝛷 = 2𝜋𝜈𝜏 is the phase
delay. Any change in the frequency of the incoming light (e. g. Doppler
shifts) is then encoded in 𝛷, as in the case of purely monochromatic light
for which 𝑆𝑚𝑜𝑛𝑜(𝜏) = 𝐼0(1+ cos 𝛷(𝜏))/2 [55, 57]. The contrast parameter is
the only difference between 𝑆(𝜏) and 𝑆𝑚𝑜𝑛𝑜(𝜏). 𝜁, in fact, not only repres-
ents how visible the fringes are in the interferogram but also how coherent
the source under investigation isI. Varying between 0 and 1, 𝜁 reaches its
minimum for incoherent light and its maximum for coherent emission. This

IIn a full mathematical derivation, available e. g. in [54, 55, 58], the contrast is the mod-
ulus of the so-called degree of coherence 𝛾(𝜏) = 1

𝐼0
⟨𝐸(𝑡)𝐸∗(𝑡+𝜏)⟩ = ∫ 𝑔(𝜈)𝑒2𝜋𝑖𝜈𝜏d𝜈,

with 𝐸 as the complex electric field of the incoming light, ⟨⟩ and * as time average and
complex conjugate respectively, and 𝑔(𝜈) as the spectral line shape of the incoming
light.
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ζ = 0.5

Smax =1.5 

Smin =0.5 

Figure 3.1.: Superposition of two simple interference patterns with 𝜁 = 1
generated by two distinct monochromatic emitters (in light red and
green), and the relative effect on the contrast (denoted as 𝜁) of the
resulting interferogram (in blue). The modulation induced by the inter-
ferometer is considered in space denoted by x.

can be intuitively explained by considering the incoherent light source as an
ensemble of uncorrelated monochromatic emitters of different frequencies.
Its interferogram intensity will then be the result of the sum of individual
cosine fringe patterns, one for each monochromatic emitter. The analogy
is justified as the frequency content of the total interference pattern is de-
termined by the wavelengths of all the different contributions weighted by
their relative intensities, which is the definition of the light spectrum. The
result of the superposition is non-trivial: the resulting fringes will be char-
acterized by a lower contrast than those of the single contributions, even if
they all present 𝜁 = 1. This is shown in Figure 3.1 for the superposition of
two simple interference patterns generated by two distinct monochromatic
emitters and modulated in space. The contrast is therefore linked to the
spectral line shape of the incoming light and it is less than 1 for any spectral
line which is not represented by a single delta-function, reaching 0 for e. g.
continuous emission spectra. Consequently, equation (3.1) shows clearly how
the interferometric signal is encoding the frequency, the line broadening, and
intensity of the incoming light. It is worth noting that equation (3.1) also
implies that the measurement of variations in frequency are limited by the
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amount and the spectral line shape of the incoming light.
In order to extract spectral information from 𝑆(𝜏), 𝜏 needs to vary, either

temporally or spatially. If 𝜏 changes in time, the spectral information is
encoded in the time history of the detected signal. If 𝜏 varies in space, then
the entire interferogram is recorded simultaneously at the cost of losing
spatial resolution due to the presence of fringes. The scanning requirements
for 𝜏 depend on the complexity of the light source, and they can be greatly
reduced if the amount of wavelengths under investigation is diminished, i. e.
the incoming light is quasi-monochromatic.

3.1.1. Spatial heterodyne technique
The spatial heterodyne technique uses uniaxial birefringent crystals to intro-
duce a delay 𝜏 between the two polarisations of an incoming light beam [12,
55, 56]. Birefringence is a property of optically anisotropic materials, which
refract an incoming electromagnetic wave differently depending on its po-
larisation and propagation direction. Uniaxial crystals have one main axis,
identifying the orientation of their optical anisotropy ⃗𝑎. The incoming light
exits the crystal unaltered only when its propagation direction ⃗𝑝 is parallel
to the crystal optical axis ( ⃗𝑝 ‖ ⃗𝑎), or equivalently when the electric field
components of the incoming light ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ⃗𝐸 are perpendicular to ⃗𝑎. For any other
angle of incidence ( ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ⃗𝐸 ⟂̸ ⃗𝑎), the electric field components, i. e. the polarisa-
tion states, are separated in virtue of different refractive indices, and they
are emerging from the crystal surface as two orthogonally polarised rays
with a relative phase delay 𝛷 [59]. The electric field component which is
perpendicular to the crystal optical axis is called ordinary ray. The other
component is named extraordinary ray.

The phase delay 𝛷 depends on the angle of incidence of the incoming ray
and can be expressed as follows [60]:

𝛷 =
2𝜋𝐿
𝜆0

((𝑛2
𝑜 − 𝑛2 sin2 𝛼)

1
2 +

𝑛(𝑛2
𝑜 − 𝑛2

𝑒𝑥) sin 𝜃 cos 𝜃 cos 𝛿 sin 𝛼
𝐷

+

−𝑛𝑜{𝑛2
𝑒𝑥𝐷 − [𝑛2

𝑒𝑥 − (𝑛2
𝑒𝑥 − 𝑛2

𝑜) cos2 𝜃 sin2 𝛿]𝑛2 sin2 𝛼}
1
2

𝐷
)

𝐷 =𝑛2
𝑒𝑥 sin2 𝜃 + 𝑛2

𝑜 cos2 𝜃

(3.2)
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Figure 3.2.: Schematic of the geometric factors used for calculating the
phase delay induced by an uniaxial birefringent crystal characterized
by refractive indices 𝑛𝑜 and 𝑛𝑒𝑥. The incoming light (with propagation
direction ⃗𝑝) arrives at an angle 𝛼 on the plane of incidence here displayed
in grey. 𝜃 is the angle between the crystal optical axis ⃗𝑎 (placed on the
crystal principal plane shown in green) and the interface. 𝛿 is the angle
between the plane of incidence and the optical axis projection on the
interface. The incoming light is split in its two polarisation states while
passing through the crystal.

in which 𝜆0 is the wavelength of the incoming light; 𝑛 is the refractive index
for the medium surrounding the crystal (in most cases, air); 𝑛𝑜 and 𝑛𝑒𝑥 are
the refractive indices of the crystal for ordinary and extraordinary raysII;
𝐿 is the crystal thickness; the angle 𝜃 defines the direction of the crystal
optical axis ⃗𝑎 with respect to the interface surface; the angles 𝛼, 𝛿, are a
parametrization of the incident light geometry as shown in Figure 3.2.

The refractive indices 𝑛𝑜 and 𝑛𝑒𝑥 present a wavelength dependence [59,
61]. By comparing equation (3.2) and the definition of 𝛷 given for equa-
tion (3.1), it is clear that the delay 𝜏, dependent on 𝑛𝑜 and 𝑛𝑒𝑥, varies even
if only the simple case of 𝛼 = 0∘ is considered and if the optical components
of the interferometer are unchanged. This induces a so called delay disper-
sion (𝜏(𝜆)) that has to be taken into account for a precise mathematical
description of the system, which can be found for example in [58]. This

IIDespite the fact that the standard optic notation for the refractive index of the ex-
traordinary ray is 𝑛𝑒, 𝑛𝑒𝑥 is here chosen to avoid confusion with the electron density
introduced in Chapter 2.
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formulation will not be reported here since, in the framework of this Ph.D.
thesis, the first direct measurement in fine details of a delay dispersion has
been performed, as shown in Article III. The delay dispersion needs to be
studied for a reliable instrument characterization of an interferometer based
on birefringent crystals.

The parameter 𝐿, 𝑛𝑜, 𝑛𝑒𝑥, and 𝜃 depend on the crystal manufacturing
process. In particular, 𝑛𝑜 and 𝑛𝑒𝑥 are different for different birefringent
materials, while 𝐿 and 𝜃 depend on the way the crystal plate is cut (note
that 𝜃 is defined between 0∘ and 90∘). It is straightforward that if 𝐿 is
increased, then the phase delay also increases. This can be exploited to have
a better resolution in measuring spectral line shifts, as the sensitivity of the
interferometer to small change in wavelength will be higher. Focusing on 𝜃,
it is possible to identify specific values that will induce more or less phase
delay. Specifically, the phase delay will be maximum when the incoming light
propagation direction is perpendicular to the crystal optical axis ( ⃗𝑝 ⟂ ⃗𝑎) [59].
If 𝛼 is kept small, this is true for 𝜃 = 0∘, as shown in Figure 3.3. The
crystals featuring 𝜃 = 0∘ are called delay plates. For values of 𝜃 ≠ 0∘, the
two polarisation states emerge from the crystal surface not only with a
relative phase, but also physically displaced. The maximum displacement
is achieved for 𝜃 = 45∘ and in this case the crystals are called displacer
plates. Note that the phase delay induced by a displacer plate is roughly
half of the one caused by a delay plate of the same optical material (visible
in Figure 3.3).

The angles 𝛼 and 𝛿 have in principle no other constraints than those
defined by the geometry shown in Figure 3.2: 𝛼 can vary between 0∘ and 90∘,
𝛿 between 0 and 360∘. On the other hand, 𝛼 can be limited to small angles
(< 5∘) by placing the crystal after an objective lens, which will ensure a
mostly parallel cone of incoming light. The longer the focal length of the
lens, the smaller is the range of possible values for 𝛼.

Besides the objective lens and the birefringent crystals, the spatial hetero-
dyne technique design of CIS is characterized also by the use of a narrowband
filter, two polarisers, and a camera detector (see schematic in Figure 3.4).

• The narrowband filter (typically, with FWHM ⩽ 3 nm) is introduced
in order to have a quasi-monochromatic source of light, reducing how
much the delay 𝜏 needs to vary in order to be able to retrieve the
spectroscopic quantities from the interferogram.
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Figure 3.3.: Variation of the phase delay 𝛷 with respect to the direction
of the crystal optical axis 𝜃. 𝛷 has been calculated in the simplified case
of perpendicular incident light (𝛼 = 0∘) at the fixed wavelength 𝜆0 =
465 nm. The refractive indices 𝑛𝑜 and 𝑛𝑒𝑥 have been set equal to the
ones of 𝛼-barium borate. The displayed values of 𝛷 are normalized to its
maximum. The dashed lines indicate the 𝜃 values which define the delay
and displacer plates.

• The two polarizers are placed one before (a) and one after (b) the
birefringent crystals. The polarisers and the crystals form all-together
the so called interferometer cell. The axes of the two polarisers need to
be at 45∘ with respect to the birefringent crystal axis.The alignment
of the axes of all the components puts constraints on the amplitude
of the two polarisation of the light passing through the interferometer
cell, maximizing the fringe contrast in the interferogram. In particular,
polariser (a), linearly polarising the incoming light, ensures that the
two polarisation states of the incoming light have the same amplitude
when they hit the crystals. Polariser (b) has the same effect on the
amplitude of the polarisation states of the light exiting the crystals,
with the additional feature of putting the two orthogonally polarized
rays back on the same polarisation plane, which is one of the require-
ments to obtain interference. For this reason, polariser (b) is often
called analyser.

• The camera is equipped with another objective lens (imaging lens),
which focuses the parallel ordinary and extraordinary rays on the
detector chip, enabling interference.
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Figure 3.4.: Schematic of the CIS concept based on the spatial heterodyne
technique. The interferometer cell is here displayed with one delay and
one displacer plates as an example. The solid black arrows indicate the
direction of the optical axes of the polarisers and the birefringent crystals.
For the latter, the projection of the optical axes on a second surface is
displayed with dashed arrows.

The typical interferometer cell setup includes both delay and displacer
plates, as shown in Figure 3.4. Despite the fact that both crystals induce
a phase delay that depends on the light angle of incidence, Figure 3.5
shows how the delay plate features a much smaller spatial variation of 𝛷(𝜏)
over the camera chip. In this sense, the two crystals can be considered as
independently providing either a fixed value of 𝜏, i. e. defining the instrument
sensitivity to wavelength shifts (delay plate), or a 𝜏-scan around the fixed 𝜏,
i. e. introducing parallel interference fringes which carry the spectroscopic
information (displacer plate). In reality, both plates show a fringe pattern
and introduce a fixed 𝜏, and these effects need to be taken into account
for a proper interferometer cell design. The delay plate induces hyperbolic
fringes (shown for example in [58]) that do not carry enough information
due to their low spatial frequency, while the displacer plate introduces only
∼ 𝜏delay plate/2 (as shown in Figure 3.3). If the thickness of the delay plate is
greater than the one of the displacer plate, the parallel fringes will be bent
by the hyperbolic contribution, which needs to be minimized by introducing
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Figure 3.5.: Variation of the phase delay 𝛷 with respect to the light angle
of incidence 𝛼. 𝛷 has been calculated for fixed values of 𝜃 (0∘ and 45∘) for
𝜆0 = 465 nm. The refractive indices 𝑛𝑜 and 𝑛𝑒𝑥 have been set equal to
the ones of 𝛼-barium borate. The displayed values of 𝛷 are normalized
to its maximum. The angle 𝛿 has been set to 0∘ and 180∘ (𝛿 = 180∘ is
represented by negative values of 𝛼), i. e. the calculation has been limited
to one line of pixels on the camera chip.

additional optical components (e. g. as for field-widening techniques [55, 62]).
The spatial heterodyne technique induces fringes spatially distributed

over the camera chip (see, e. g. Figure 3.6a), implying that the spatial and
spectral informations are on different axes of the recorded image. This means
that the spatial resolution of the interferometer is limited perpendicular to
the fringe direction by the size of the fringes themselves [58]. Therefore, it
is important to align the fringe direction parallel to the steepest gradient
expected for the observed quantity.

It is worth noting that CIS systems using the spatial heterodyne tech-
niques do not need any moving optical component in order to scan 𝜏, thanks
to the angle of incidence dependence of 𝛷(𝜏). This makes the systems more
robust and compact with respect to similar types of interferometers.

3.1.2. Signal demodulation
Once the fringes are obtained, the spectroscopic quantities need to be extrac-
ted from the interferometric signal. As previously mentioned, equation (3.1)
represents the signal intensity, where the brightness, the contrast, and the
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Figure 3.6.: Example of CIS raw data (a) and related FFT demodulation
(absolute values) (b), both normalized. The raw data is a cropped image
from a calibration measurement taken on the plasma experimental day
20180814. The calibration wavelength was set to 464.8811 nm. The CIS
system features a 10mm thick displacer plate of 𝛼-barium borate. Only
the absolute value of the complex FFT output is displayed.

phase are all functions of the position on the camera chip (𝐼0(𝑥, 𝑦), 𝜁(𝑥, 𝑦),
𝛷(𝑥, 𝑦)). By rewriting the cosine function in complex exponential terms

𝑆 =
𝐼0

2⏟
𝐼(0)

+
𝐼0

2
𝜁
𝑒𝑖𝛷

2⏟
𝐼(+)

+
𝐼0

2
𝜁
𝑒−𝑖𝛷

2⏟
𝐼(−)

(3.3)

and if the components 𝐼(0), 𝐼(+), and 𝐼(−) are possible to isolate, the
variables can be extracted by simply applying the following formulas:

𝐼0 = 2 ⋅ |𝐼(0)| (3.4)

𝜁 = 2 ⋅ ∣
𝐼(±)
𝐼(0)

∣ (3.5)

𝛷 = arctan (
ℑ(𝐼(±))
ℜ(𝐼(±))

) . (3.6)

The most straightforward way to separate the three components is with the
application of a 2D Fast Fourier Transform (FFT) to the original image
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(see Figure 3.6). Therefore, interferometer signal demodulation involves the
following steps:

• utilization of the 2D FFT on the raw data;

• filtering of the three major components by selecting an area of pixels
around them;

• application of the inverse FFT on the filtered components;

• usage of the equations (3.4) to (3.6).

Note that the filter used on the FFT can be exploited also to reduce the
noise of the demodulated signal, as the high frequencies can be cut out. In
the case of the W7-X CIS, a square Gaussian filter has been chosen in order
to obtain a better signal-to-noise ratio.

A further demodulation is necessary to go from the quantities 𝛷 and 𝜁
to spectroscopic informations such as the incoming light wavelength shift
and broadening. The connection between the interferometer signal and the
spectroscopic features of the light under investigation is shown in Figure 3.7,
in which a simulated single line is taken as example. Changes in the spectral
features of an emission line reflect in the interferogram: a shift of the incom-
ing wavelength translates into a shift of the fringe pattern (shown in the
dash-blue rectangle), while a broadening induces a decrease of the contrast
(shown in the dot-dash-red rectangle). The wavelength shift and broadening
need a system characterization and an appropriate calibration technique to
be recovered from the interferogram.

3.1.3. Importance of an accurate calibration method
The aim of the CIS diagnostic is to measure variations in the spectral line
position and broadening (equivalent to phase and contrast modulations), in
order to study the emitter velocity and temperature (Doppler-effect-based
measurements). In this context, a calibration with a spectral line of reference,
featuring known and fixed wavelength and broadening, is necessary. If the
light source is a particle in motion (as the impurities in the SOL), the
reference spectral line will be at the wavelength emitted by the particle at
rest.
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Figure 3.7.: Comparison of standard spectroscopy and CIS signals with
respect to changes in the incoming wavelength. Example of a single
line. The unshifted narrow wavelength in black is the reference for both
standard spectroscopy and CIS. All the images are simulated.

Given that CIS systems can measure with an accuracy in the picometer
range (depending on the interferometer cell setup), the calibration will need
to be characterized by an accuracy in the same range. Finding a suitable
calibration source for various plasma emission lines of interest has been one
of the major problems in adopting CIS for quantitative measurements. The
use of calibration sources with a discrepancy of even just few nanometers
with respect to the reference wavelength requires complex corrections that
cannot always be precisely determined [13, 14, 59].

In this Ph.D. thesis, a novel method for optimising the calibration tech-
nique for measuring the wavelength shift (𝛷) was developed. The new ap-
proach involves having, at the same time, a precise fine-tuned reference
wavelength for emission lines in almost the entire visible range (450-650 nm),
and the possibility to perform wavelength scans around the reference in small
steps (5 pm or less). These features allow to always correctly subtract the
fringe phase highlighting the modulation induced by the Doppler shift, and
to measure directly the instrument dispersion. More details on the calibra-
tion of the W7-X CIS development can be found in Articles II and III.
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3.1.4. Effect of detection of multiple lines
As previously mentioned, any light source can be considered as an ensemble
of monochromatic emitters. If more than one contribution is entering the
narrowband filter, the resulting interferogram will be a superposition of
multiple fringe patterns, each different for every monochromatic wavelength.
This results in non-trivial modifications of 𝛷 and 𝜁. As the spectroscopic
features of the incoming light are recovered from the interferogram, the effect
of the simultaneous detection of multiple lines will be significantly different
from what is measured by standard dispersive spectroscopy. Two examples of
these effects, relevant for the W7-X application, are reported here, without
showing any attempt of their parametrization. For more details, please refer
to [58, 59, 62].

Effect of line-of-sight integration for interferometry

Every passive spectroscopic system suffers from the loss of localized inform-
ation due to line-of-sight integrated measurements. Different regions will
contribute to the total measurement in ways proportional to their light
intensity [56]. Nonetheless, the effect of line-of-sight integration is different
for standard dispersive spectroscopy and CIS, due to the interferometric
nature of the latter. In order to understand the difference, it is possible
to refer to the extreme case represented in Figure 3.8. Two spectral lines
with similar central wavelength are considered to be on the same line of
sight (l.o.s.). The two wavelengths are too close to be resolved separately
by both spectroscopic diagnostics. The key characteristic is that the two
lines have different peak amplitude but feature the same integral, i. e. the
difference in their peak amplitude is balanced by their broadening. Stand-
ard spectroscopy will measure an average of the spectral lines, which leads
to an equivalent line having its center in the middle of the original two
wavelengths. CIS, on the other hand, will measure an equivalent spectral
line which will be closer to the original one that is narrower. The reason
for this discrepancy is to be attributed to the effect of the line broadening
on the contrast: as the total CIS signal is a superposition of interferograms
and the contrast is a parametrization of how distinguishable the interference
fringes are, the interferogram produced by the narrower spectral line will be
more visible and therefore dominant. Note that the discrepancy between the

45



Chapter 3. Coherence Imaging Spectroscopy

st
an

d
ar

d
 s

p
ec

tr
os

co
p
y

C
IS

Figure 3.8.: Representation of the difference in response between CIS and
standard spectroscopy due to line-of-sight integrated measurements. Two
spectral lines are represented with two Gaussian functions (in green) with
different peak height but featuring the same area under the curve. The
unit is kept arbitrary for the example, but the peaks are considered close
enough to not be separately resolved by either diagnostics. The dashed
lines shows the equivalent spectral line center measured by standard
spectroscopy (in red) and CIS (in blue) if the two green contribution are
on the same l.o.s..

two signals is in general quite small, otherwise comparisons with standard
spectroscopy (as e. g. in [63]) or with line-of-sight averaged simulations (as
e. g. in Article I) would not be successful.

Effect of multiplet spectral lines

Many of the observable spectral lines coming from a plasma source are not
single isolated lines, but consist of multiple closely spaced components due
to fine structure and Zeeman splitting (multiplet). If the components are
close enough (e. g. for CIIIIII, as shown in Figure 3.9), they will all pass
through the narrowband filter, and the interferogram will be again the result
of a superposition of different contributions. As extensively explained in [58],
a multiplet interferogram is not necessarily equivalent to the interferogram
resulting from the multiplet center of mass, for both phase and contrast.
IIICIII is the spectroscopic notation for line emission of the charge state C2+.
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This needs to be taken into account for a proper interferometer cell design
and an accurate calibration process as shown in [14, 58, 59] and in Article II.
As an example, Figure 3.9 shows the difference in the detection of the CIII
center of mass wavelength (at ∼464.8811 nm) by CIS and standard spec-
troscopy. The CIS diagnostic measures an equivalent wavelength which is
closer to the most intense peak of the multiplet instead of the actual center
of mass wavelength detectable by standard spectroscopy. The discrepancy
between the values resulting from CIS and standard spectroscopy translates
into an additional phase (multiplet phase [58, 59]), which needs to be com-
pensated for a correct Doppler velocity measurement. Figure 3.10 shows the
effect of the same CIII multiplet structure on the contrast, calculated for a
displacer plate 10 mm thick and varying delay plate thicknesses and emitter
temperatures. The effect has been simulated following the steps explained
in [58], with a slight modification in order to take into account the effect
of both delay and displacer plates (equation (3.2) has been used instead
of the simple birefringence definition). The multiplet structure leads to a
non-trivial relationship between the contrast and the interferometer cell
design, composed by a series of maxima and minimaIV which highly depend
on the spectral line components.

3.2. CIS application at W7-X
The W7-X CIS has been optimized for studies of Doppler line shifts (i. e.
particles flows), which in the SOL are on the order of picometers (i. e. velo-
cities on the order of km/s at minimum). The diagnostic can resolve plasma
emission similarly to traditional ultra-high resolution Echelle spectromet-
ers (<20 pm/pixel), but with many more l.o.s. in a much more compact
setup. The W7-X CIS has been so far used as a passive diagnostic, collect-
ing visible light coming from the plasma edge. The optimization consisted
in both adapting the CIS design to the new machine, focusing on main-
taining a high level of flexibility, and in implementing a new calibration
source (a continuous-wave-emission tunable laser), improving the precision
and stability of the diagnostic.

The developments achieved during this Ph.D. work in the CIS field are
IVIn order to obtain to distinguishable fringes, the crystals need to be chosen in order to

avoid a contrast featuring (calculated) values below 0.1.
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Figure 3.9.: Representation of the difference in response between CIS and
standard spectroscopy in the detection of multiplet spectral lines. Ex-
ample of the CIII multiplet. The dashed lines shows the equivalent spec-
tral line center measured by standard spectroscopy (in red) and CIS (in
blue). The CIS value is calculated for a system featuring a 10mm thick
displacer plate of 𝛼-barium borate.

Figure 3.10.: Simulation of contrast variation for the CIII multiplet
(∼465 nm) at different delay plate thicknesses and emitter temperatures.
The displacer plate thickness is fixed at 10mm. The adopted parameters
(imagine lens focal length, pixel size, camera chip size) reflect the W7-X
CIS design (for the values, refer to Article II). The black dashed line
refer to the delay plate thickness chosen for one interferometer cell used
at W7-X. The number of waves at the top is another representation of
the induced delay, defined as 𝛷/2𝜋. The best contrast value is 1.
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thoroughly explained in Article II. A full list of the used components is
provided in Appendix A. Despite the fact that the full W7-X CIS diagnostic
consists of two systems, the physics investigation has been so far focused
only on the system with a toroidal cone of view, in order to study the parallel
(impurity) ion velocity in the overall SOL (see Figure 3.11). The plasma
measurements collected by the second system, which looked vertically onto
one divertor module, will be topic of future analysis which is out of the
scope of this Ph.D. work.

The passive nature of the W7-X CIS measurements can complicate the
interpretation of the flow results: the l.o.s. can pass through inhomogeneous
portions of the plasma, collecting competing velocity components. Moreover,
if the induced phase 𝛷 is big (above ∼ 60∘) [56], the phase measured along the
l.o.s. does not necessarily represent the line-of-sight average of the different
ion velocities, as for the example in Section 3.1.4. For these reasons, the
focus of the investigations presented in Articles I, II, IV and V is on areas
of the images featuring l.o.s. which cross only once small portions of the
radiating plasma, i. e. for which the emission can be considered as localized.

3.2.1. Choice of an impurity spectral line
In order to adopt passive CIS systems for SOL flow studies, it is necessary to
select spectral lines that are predominantly emitted only outside the plasma
core. The best candidates are intense spectral lines in the visible range,
radiated by electron transitions in partially ionized low-Z impurities. These
transitions are, in fact, likely to happen only below certain values of electron
temperatures (e. g. for carbon around 1 keV), above which the impurities
will be in the state of fully stripped ions. All the spectral lines generated
from the same transition are representative of a particular charged state
behaviour. For a proper investigation, it is important to be able to isolate
(with the use of narrowband filters) the contributions related to one single
transition or several transitions within a single multiplet, in order to avoid
mixing possible competing effects.

The W7-X CIS features multiple different narrowband filters (listed in
Appendix A), allowing the measurements of various charged states and
impurities. The most used filter has been heretofore the one centred at
465 nm, which selects the CIII multiplet characterized by the wavelengths
464.7418, 465.0246, and 465.1473 nm (in air). This choice is justified by
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(a) (b)

Figure 3.11.: Example of W7-X CIS measurement (toroidal view). Experi-
ment number: 20180920.028; magnetic configuration: standard; camera
frame: 1.64 s after ECRH start; used filter: CIII. (a) Raw data, single
camera frame. Its limits coincide with the camera chip sizes. (b) Ana-
lysed carbon flows, single camera frame. Its limits coincide with the fiber
bundle sizes, used to collect plasma light. Positive velocities (in red)
represents particles flows away from the camera, while negative ones (in
blue) indicates flows towards the camera. Both the raw and the analysed
data are overlaid on a CAD model of the machine in which one divertor
module is visible (highlighted in darker grey).

the high intensity of the spectral lines in the SOL of W7-X, as carbon is
intrinsically present due to sputtering from graphite-based PFCs.

The CIII photo emission coefficients and the fractional abundance of the
ionisation stage peak for electron temperatures of 10-20 eV [7], meaning
that the majority of C2+ will exist in the W7-X SOL, which features similar
temperatures [37, 64]. The mentioned temperature dependence implies also
that the C2+ impurity is generated close to a possible source of main ions
(⇒ region of high 𝑛𝑖), i. e. the ionization region of recycled hydrogen. It
is therefore likely that the impurity under investigation will be dragged
efficiently towards the divertor targets in most of the cases [48], as previously
mentioned in Section 2.2. Nonetheless, the CIII temperature dependence
needs to be considered carefully, as the generation of C2+ might change
depending on plasma conditionsV.

VThe photo emission coefficients and the fractional abundance are always calculated in
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3.2.2. Effects of different magnetic configurations
The application of CIS to W7-X opened up the new possibility to gain an
overview of the particle flow velocity distribution across the entire plasma
edge of one full module of the machine. The 2D images of Doppler velocities,
in fact, contain a high amount of information, allowing examinations in
multiple regions of the SOL at the same time. Moreover, it provides a
clear visualisation of the spatial distribution of the flow velocities and their
changes due to 3D variations of the plasma parameters along the island
chain. In order to understand the potential of the diagnostic, Figure 3.12
shows a comparison between different W7-X magnetic configurations with
either 4, 5, or 6 islands, i. e. the most extreme example of modification of the
islands chain. Parallel flow channels are present in all the presented cases,
and their shape and the their velocities are evidently dependent on the edge
rotational transform 𝜄VI.

CIS can be exploited also to look at dynamic changes during plasma
experiments, as the ones presented in Articles IV and V, in which the 2D
images confirm that the variations are not localized but representative of a
general SOL behaviour.

an equilibrium state that might not be representative for the W7-X SOL.
VIIn different magnetic configurations, the shape of the observed spectral lines can change

due to the Zeeman splitting, which depends on the magnetic field intensity and
direction respect to the investigated lines of sight. As the Zeeman-split components
are polarised, if an item in optical setup selects only one polarisation, there might
be an offset in the measured velocities. For the W7-X CIS, the adoption of the glass
fiber bundles for plasma light collection rules out this possibility.
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(a) (b)

(c) (d)

Figure 3.12.: Comparison of CIS measurements in different W7-X magnetic
configurations. The experiments and time windows have been selected
with similar parameters: 5MW of input power, 3 keV and 1.3 keV of
electron and ion temperature in the plasma core, 6 × 1019 m−2 of line
integrated electron density. Positive velocities (in red) represents particles
flows away from the camera, while negative ones (in blue) indicates flows
towards the camera. Configurations: (a) standard (𝜄 = 5/5) (b) high
mirror (𝜄 = 5/5) (c) high iota (𝜄 = 5/4) (d) low iota (𝜄 = 5/6).
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4
Summary of papers and outlook

This Ph.D. thesis presents steps forward in the study of the SOL particle
parallel transport in the particular case of stellarators. The investigations
have been carried out at W7-X, the only large stellarator in the world
currently in use with modular field coils, with the CIS diagnostic (toroidal
system), an interferometer capable of measuring 2D images of spectroscopic
quantities that has been further developed in this Ph.D. work to achieve a
new level of precision and stability.

The SOL of W7-X is distinguished by its magnetic islands chain, which
is intersected by modular divertor targets. The island divertor configura-
tion leads to multiple parallel transport channels surrounding the confined
plasma region and characterized by hundreds of meters of connection length,
differently to what normally found in tokamaks. The particle flow struc-
tures that arise in the W7-X SOL can be in first approximation predicted
relying on a simple fluid model, i. e. based on a pressure-driven balance.
Even without taking into account a complex distribution of particle sources,
the W7-X SOL is expected to feature counter-streaming flows tied to the
islands structure. The prediction can be brought to a higher level of reliab-
ility with the use of the 3D simulation code EMC3-EIRENE. In Article I,
EMC3-EIRENE simulated ion flows have been compared to spectroscopic
experimental results of W7-X for the first time in 2D images, confirming the
robustness of the fluid model for experiments with no drastic changes in the
plasma parameters. A synthetic diagnostic has been used in order to mimic
the CIS diagnostic view in the machine, allowing a direct visual comparison.
It is worth noting that the simulation results presented in Article I were
obtained before the measurements and not tuned on the experimental data.
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Similar results can in fact be found in previous work such as [13, 16, 17].
The successful comparison relies on the 2D measuring capability of CIS.

The diagnostic was fully designed and constructed with the aim of measuring
the SOL impurity flows of W7-X. Leaning on the knowledge obtained from
previous applications of CIS to other plasma devices, the diagnostic was
adapted to complex 3D stellarator geometry and laid out in view of long
pulse experiments (up to 30 minutes) foreseen for W7-X. In operation only
once before the start of this Ph.D. project, W7-X is novel from the point
of view of both physics and technology. This led to increased requirements
on the diagnostic flexibility in comparison with other CIS implementations.
The use of remotely steerable motorized components and the possibility of
frequent calibration without direct access to the systems are key features of
the W7-X CIS diagnostic. In addition, this Ph.D. project has been focused
on improving the overall reliability and accuracy of the diagnostic by the
implementation of a new calibration source: a continuous-wave-emission
tunable laser, which needed to be fully adapted and tested for a successful
CIS application. The resulting prototype laser system is capable of reaching
the subpicometer precision for most wavelengths in the visible range, and
of fine-tuning wavelength scans. This allowed a full characterization of the
W7-X CIS systems with little or no use of diagnostic modelling, highlighting
wavelength and temperature dependences that influence the interferometer
functioning and are crucial to know and compensate especially in case
of long pulse operation. Article II and Article III give an overview on
these achievements. In Article II, the W7-X CIS diagnostic has been also
corroborated by comparisons with Mach probes, another flow diagnostic
able to provide local measurements in the SOL for only few time intervals
during plasma experiments several seconds long.

Article IV and Article V confirm the reliability of the W7-X CIS
flow measurements also in scenarios with evolving plasma conditions, in
virtue of identifications of physical effects based on multiple diagnostics
and simulations. Specifically, in Article IV the flows have been monitored
during experiments featuring impurity seeding, a technique used to cool
down the SOL and therefore decrease the heat loads on the divertor. EMC3-
EIRENE predicts a flow velocity damping related to an increased radiation
and a consequent decrease in the electron temperature, both localized in the
SOL. The CIS measurements show the evolution of the flows and confirmed
the damping for every impurity gas puff. These results are compatible with
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the decrease of the ion saturation current measured by Langmuir probes, a
quantity which is proportional to the ion flux on the divertor plates and the
probe area. Both diagnostics suggest a decrease of the parallel convective
heat transport contribution. Article V, on the other hand, is focused on
changes in the SOL due to the appearance of a toroidal plasma current in
the confined region, which influences 𝜄 and therefore the geometry of the
island chain. The CIS systems, divertor and mid-plane Langmuir probes,
Mach probes, and infrared cameras all highlight a threshold for the plasma
current (6 kA), above which a sudden change in the plasma parameters takes
place. The increase of plasma current causes an increase of 𝜄, moving the
islands away from the divertor targets and inducing a re-distribution of the
SOL heat fluxes.

The CIS results presented in Article I, Article IV, and Article V
show the importance and potential of the diagnostic for an improved phys-
ics investigation of the SOL dynamics by detecting quantities not covered
by simulations or discrete probe measurements. In Article I, the differ-
ences in the two-dimensional flow patterns, acquired during experiments
in forward and reversed magnetic field topologies, highlight the limits of
EMC3-EIRENE, which does not predict any variation in this case. Even
though the code is the best of the current models for 3D SOLs, it clearly
lacks key contributions (e. g. drifts) which are shown to considerably in-
fluence the edge plasma behaviour. Article IV and Article V report on
experimental evidences of dynamic changes in the SOL, in which the view
on parallel flows and their variation is solidly provided by the CIS measure-
ments in a significantly higher amount of time points with respect to any
other available flow diagnostic. In this way, the dynamics of the variation
can be investigated and used as a base for reaching a general theoretical
understanding of the SOL behaviour.

Outlook This Ph.D. thesis is meant to show the validity of CIS as a reliable
and useful diagnostic for W7-X. Nonetheless, the route to a deeper under-
standing of the SOL physics based on CIS results is still long. Thanks to
the wide coverage of diverse plasma scenarios during the operational phase
OP1.2, further analysis of CIS data can give insights on the impurity flow
behavior of W7-X for various species and ionisation stages in conditions such
as detachment, 𝜄 scans, different fuelling schemes. The subject of drift might
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be investigated by analysing the flow data of the second installed system,
which monitored the divertor from above. One of the W7-X CIS systems
has also been installed and used at the tokamak ASDEX Upgrade, enabling
a direct comparisons between the SOLs of the two different magnetic con-
finement approaches. The wide range of wavelengths accessible with the new
calibration source allows studies of species and ionisation stages never mon-
itored before with CIS, giving the possibilities of exploring different SOL
regions (e. g. closer to the LCFS) with the full 2D measurements capabilities
that distinguish the diagnostic. In addition, further developments can be
investigated in the CIS field as well, such as optimizing the systems and
their calibration for line broadening measurements in order to obtain 2D
ion temperature or density images of the SOL, or for active measurements
in combination with gas puffs or neutral beam injections.
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Acronyms

CIS Coherence Imaging Spectro-
scopy

ECRH electron cyclotron resonance
heating

FFT Fast Fourier Transform

l.o.s. line of sight

LCFS last closed flux surface

PFC plasma facing component
PSI plasma-surface interactions

SOL scrape-off layer

W7-X Wendelstein 7-X
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A
List of used components

Table A.1.: List of components used in the W7-X CIS application. The
two installed systems share the same design, unless stated otherwise (the
two systems will be referred as VS and TS for the vertical and toroidal
system respectively).

Component Manufacturer
or Supplier

Description

Plasma facing
lens VS

Schneider
Kreuznach

Model: KMP Cinegon
Focal length = 16 mm; f/1.8

Plasma facing
lens TS

NAVITAR Model: NMV-16M1
Focal length = 16 mm; f/1.4

Image guide
(fiber bundle)

SCHOTT Model: IG163
Length = 4.5 m
Number of fibers: 1000 × 800
Diameter of single fiber: 10 µm
NA = 0.63; bend radius = 152 mm
Internal material: Teflonm
Stainless steel over-braid sheathing

Lens type I Nikon Model: NIKKOR
Focal length = 50 mm; f/1.2

Lens type II Zeiss Model: Milvus ZF.2
Focal length = 135 mm; f/2

69



Appendix A. List of used components

Mirror Standa Model: 14SM-3
Size: Ø76.2 mm × 8 mm
Protected silver, R >96% at 550 nm

Mirror mount Standa Model: 5BM57-3
Clear aperture: 76.2 mm
Adjustments: 𝛩x, 𝛩y for 6∘

Motorized
translator

Standa Model: 8MT167-100-28
Travel range: 100 mm
Maximum speed: 5 mm/s

Beam splitter Thorlabs Model: BS031
Size: 2”; 50:50 split ratio

Ulbricht
sphere

Newport Model: 819C-SF-6
Internal material: Spectraflect
Size: Ø6”
4 ports: 3 of Ø1”, 1 of Ø2.5”

Calibration
laser

Hübner
Photonics

Model: C-Wave
Coupled to wavemeter HighFinesse
WS7-30 IR
Wavelength range:

⋅ 450-525/540-650 nm VIS
⋅ 900-1050/1080-1300 nm IR

Wavelength accuracy:
⋅ 0.5 nm
⋅ 0.01 pm with wavemeter and soft-

ware steering (AbsoluteLambda)
Linewidth: <1 MHz, typical <500 kHz
Output power: minimum >80 mW,
typical ∼200 mW, used ∼1 mW
Beam radius: 0.5 mm

Y-fiber (fiber
splitter)

Ocean Optics Model: SPLIT-400-UV-VIS
Diameter of each end = 400 µm
Total length = 2 m
SMA connectors
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Speckle
reducer

Optotune Model: LSR-3005
Aperture 5 mm
Size Ø41 mm × 8.8 mm
Diffuser angle: 12∘

Resonant frequency: 300 Hz
Oscillation amplitude: 300 µm

Filters Alluxa Model: OD4 Multi-Cavity Narrow-
band (customized)
Central wavelengths:

⋅ 465 nm,
⋅ 468.6 nm,
⋅ 480.6 nm,
⋅ 514 nm

FWHM: 2 nm (3 nm for 514 nm cent-
ral wavelength)
Tpeak >85% (Typical T >90%)
Filtering coating on one side only
(simple antireflection coating on the
other side)

Polarizers Thorlabs Model: LPVISE200-A
Size: Ø2”
Covering range: 400-700 nm
Extinction ratio >100:1 granted

Polarizer cage Thorlabs Model: LCRM2/M Rotation mount
Size: Ø2”, 60 × 60 mm
1∘ engraved graduations on dial, la-
belled every 10∘
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Birefringent
plates

Bluebean Material: 𝛼-BBO
Aperture 40 × 40 mm with corners cut
off
Thickness of delay plates:

⋅ 1.0 ± 0.2 mm
⋅ 1.5 ± 0.2 mm
⋅ 2.5 ± 0.2 mm
⋅ 3.5 ± 0.2 mm
⋅ 6.0 ± 0.2 mm

Thickness of displacer plate: 10 ±
0.2 mm
Parallelism: <20 seconds
Flatness: <L/8
AR coating @ 465, 468, 480, 506,
514 nm

Filter wheels Atik Model: EFW2
5 spots of Ø2”
USB interface

Motorized
rotators

Standa Model: 8MR190-2-28-MEn1
Rotation range: 360∘

Resolution in full step: 0.6 arcmin
(0.01∘)
Maximum rotation speed: 8 turn/min
Torque: 1 Nm

Cage system Thorlabs Model: LCP07/M and LCP07T/M
Size: 60 × 60 mm, with 0.5” or 0.9”
thickness
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Camera pco Model: pco.edge CLHS
Type of sensor: sCMOS with 2560 ×
2160 active pixel
Pixel size: 6.5 µm
Sensor format/diagonal: 16.6 ×
14.0 mm/21.8 mm
Used shutter mode: global shutter
Frame rate: 50 pfs (full frame) higher
for smaller ROI
Data interface: CameraLink HS
(Single-F2,1X1,S10)
QE: >60% at peak

Rail and
carrier

Standa Model: 2OR02 and 2RC01-50
M6 holes

Ball bearing
translation

stage

Standa Model: 7T184-13
Travel range: 13 mm
Sensitivity: 1 µm

Vertical stage Standa Model: 7VT40-13
Travel range: 13 mm
Sensitivity: 1 µm

Stepper
motor

Standa Model: 8SMC4-USB

Plug strip
controllable
via Network

ALLNET Model: ALL4176
6 plugs (220 V)

Temperature
and humidity

sensor

ALLNET Model: ALL3018
Temperature and humidity range:
[−40∘, +80∘], [0, 100%]
Sensitivity: 0.01∘ and 0.5%
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1. Introduction

One of the major challenges magnetic confinement fusion 
devices must overcome is the issue of power and particle 
exhaust [1]. In future reactors [2–4], hundreds of MWs of 
power will stream out from the confined plasma region (core) 
and must be dissipated before reaching the plasma-facing 

components (PFCs). Otherwise, melting [5] and excessive 
erosion [6] will lead to short lifetimes of the PFCs and to 
release of impurities, with subsequent contamination of the 
confined plasma and performance degradation [7].

The most successfully investigated exhaust concept is a 
divertor, characterized by dedicated plasma-wall interaction 
zones where particles and heat stream to, moving parallel to 
the open magnetic field lines in the scrape-off layer (SOL). 
However, the fast parallel heat transport leads to very localized 
heat deposition on the targets. Empirically-determined scaling 
laws indicate that the heat flux deposition profile width, for a 
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Wendelstein 7-X. In the standard toroidal field direction (counter-clockwise when looking from 
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obtained with EMC3-EIRENE. However, the modelling does not predict changes of the flow 
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the numerical model to better describe the whole stellarator scrape-off layer behaviour.
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reactor-size device modelled on tokamaks [8], results in local 
heat loads exceeding the material limits of known PFCs [9]. 
Nonetheless, for tokamaks, the single-null divertor configu-
ration has proven effective in providing efficient power dis-
sipation in the plasma (impurity seeding) and good particle 
pumping capabilities [10–12]. In stellarators, several different 
edge topologies have been proposed and used to form a diver-
tor for particle and heat exhaust [13–18]. One such concept 
is the island divertor [19], which uses the intrinsic magnetic 
islands in the SOL to set up a divertor volume. This was suc-
cessfully tested in the Wendelstein 7-AS (W7-AS) stellarator 
[20], and is now being investigated in more detail and at a 
larger scale in Wendelstein 7-X (W7-X) [21, 22].

A particular feature predicted for the island divertor topol-
ogy is the existence of multiple, adjacent counter-streaming 
flow regions at the plasma edge. Strong counter-streaming 
flows are expected to lead to frictional dissipation of momen-
tum, causing a reduction of the flow speed parallel to the 
magn etic field lines [23]. This is likely to have played a role in 
substantial heat flux mitigation at the targets [24]. According 
to the heuristic-drift model in [25], reduced parallel flow 
velocities in the SOL due to momentum dissipation could 
potentially lead to a widening of the SOL itself, contribut-
ing to prolong the lifetime of the PFCs. The involved physics 
in the counter-streaming flows includes turbulence, trans-
verse viscosity and momentum transport. In par ticular, exper-
imental observations often show larger momentum transport 
perpend icular to the magnetic field than expected from binary 
collisions. This additional transport, driven by anomalous 
viscosity, is also invoked in tokamaks applications, where 
rotation of the core, potentially driven by radially transported 
momentum from SOL flows [26], has profound effects on 
the macroscopic stability of the overall plasma, and thereby 
on the energy confinement [27]. Thus, the ability to meas-
ure detailed two-dimensional flow-maps, such as the ones 
presented, should help improve our understanding of such 
phenomena. The importance of 2D measurements for better 
stellarator physics insights have been already demonstrated on 
the Large Helical Device (LHD) as well [28, 29].

The counter-streaming structures discussed above have 
been predicted for multiple different stellarators, such as LHD 
[30, 31], W7-AS [32] and W7-X [23, 33, 34]. Compared to 
LHD [35], the flow pattern is expected to play a major role for 
a low-shear machine like W7-X [17]. Here, it has been exper-
imentally confirmed with a view on the complete machine 
edge for the first time. The measurements were made with a 
coherence imaging spectroscopy (CIS) diagnostic, which is an 
interferometer able to measure 2D patterns of line-of-sight-
integrated Doppler velocities of particles in the plasma [36]. 
The CIS measurements are compared with EMC3-EIRENE 
simulations, a code capable of modelling the behavior of plas-
mas in 3D magnetic fields [37, 38] that already showed good 
results for recent stellarator experiments [23, 33, 39–45]. CIS 
measurements for experiments with the same magnetic topol-
ogy but with the field direction reversed are presented. The 
preliminary results of the field reversal experiments clearly 
demonstrate that transport physics processes in the edge are 

complex and not entirely described by the simplified model in 
the next section or the numerical tool EMC3-EIRENE.

2. Predictions

The simplest model explaining SOL plasma flows is based 
on pressure gradients [46]. According to the magneto hydro-
dynamic momentum equation, particles will flow along magn-
etic field lines from regions of high pressure toward regions 
of minimum pressure (v‖ ∝ −∇‖p). In the SOL, where field 
lines are open, the divertor targets (downstream location) act 
as sinks for ions and the plasma pressure is therefore mini-
mized, whereas the maximum pressure region (upstream 
location) is defined by the particle and heat coming from the 
core via radial transport. Ionization and heating within the 
SOL are for now neglected. In a first approximation, homo-
geneous radial transport leads to a pressure maximum at the 
geometrical center of each field line in between two targets 
(see figure 1). Once the particles have entered the SOL, the 
pres sure gradient accelerates them and they stream along the 
field line towards the closest PFC, reaching the thermal ion 
sound speed cs at the targets (Bohm–Chordura sheath crite-
rion). A ‘watershed’ or ‘stagnation point’ with zero parallel 
flow velocity is formed at the maximum plasma pressure 
location along the field line. The counter-streaming flow pat-
tern arises due to the fact that the straightened line in figure 1 
winds around the plasma machine multiple times, leading 
to particle flows in opposite directions in closely adjacent 
spatial regions (figure 2(c)). Since the parallel flow is much 
faster than the perpendicular flow, the latter can be neglected 
in the analysis of the CIS measurements.

The above model shows that the structure of the flows is 
inherently linked to the magnetic field topology. In tokamaks, 
the single-null topology finds two counter-streaming flows 
that are spatially well separated by the X-point, whereas in 
stellarators the intrinsic 3D structure of the magnetic field 
should lead to a more complex flow structure.

In the particular case of W7-X, the magnetic islands con-
nect different divertor modules while winding around the 
machine [47]. Different regions of an island have the short-
est parallel connection to different divertor modules, and 
therefore two opposite flow directions are expected to be 
present within each island. This is illustrated in figures 2(a) 
and (b), where a single open field line is traced within one 
of the islands, and the two possible paths for the particles are 

Figure 1. Sketch of a 1D SOL model. The red/blue arrows indicate 
the toroidal direction, along/opposite to the magnetic field.
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represented by blue and red. The composite flow pattern is 
a complex 3D structure of counter-streaming flows spatially 
close to each other, as shown in the poloidal cross-section in 
figure 2(c). A stagnation region is expected to be present at the 
center of, and in between, the magnetic islands.

A more complex physical model is used in EMC3-
EIRENE, a fully 3D coupled plasma-fluid and kinetic edge 
transport Monte Carlo code [22, 48]. EMC3-EIRENE solves a 
set of Braginskii and kinetic transport equations for electrons, 
ions, neutral atoms and molecules in the plasma. One output is 
the parallel velocity of the main plasma species (hydrogen for 
W7-X in the last operational campaign) that is used to com-
pare modelled and measured flows in the next section.

3. Experimental setup

The counter-streaming flow observation was carried out at 
W7-X, a stellarator characterized by the presence of ten island 
divertor modules interconnected by magnetic islands [43]. 
The coil system of W7-X allows flexibility in shaping the 
SOL, with varying rotational transform (ι-), shear, and average 
toroidal curvature [47]. The presented measurements were 
performed in the standard and in the low iota magnetic con-
figurations, characterized respectively by ι-  =5/5 and ι-  =5/6, 
which result in the formation of five and six magnetic islands 

in the machine edge [19, 49]. In the standard configuration, 
the five islands are five independent flux tubes, therefore 
their effect on the particle flows is relatively easy to distin-
guish. The low iota configuration features only one single flux 
tube that winds toroidally six times around the confined core 
plasma, showing up as six apparent islands in any poloidal 
cross section and therefore complicating the interpretation of 
the SOL geometry effects.

The flow measurements were performed using a CIS 
system [50], a diagnostic able to measure small wavelength 
variations (∼tens of pm) [51]. Its most recent applications 
are camera-based and exclusively sensitive to visible light, 
allowing for the observation of particle behavior in relatively 
cool plasma regions (up to hundreds of eV), e.g. in the edge 
region of fusion experiments. Examples of CIS implemen-
tations can be found for MAST [52], DIII-D [53–56], and 
ASDEX Upgrade [57]. We report observations from one of 
two systems installed on W7-X to measure impurity ion flow 
[58, 59], which views one divertor module tangentially (see 
figure 3(a)).

The CIS instrument at W7-X utilizes the spatial  heterodyne 
detection technique, with birefringent crystals sandwiched 
between two polarizers, resulting in high optical through-
put. An interference pattern is imposed across the entire 
plasma image, encoding information about the line-shift 

Figure 2. Plasma flow structure predicted for the W7-X island divertor, with focus on one magnetic island. The blue/red colour indicates 
domains along the field line being closer to a target in ± toroidal direction. (a) An open field line is traced from the upstream position to the 
closest targets (downstream location), highlighted in black (sections III and V in (b)). The upstream location (stagnation point) is the closest 
region to the confined core plasma and lies at the geometrical center of the field line. (b) Poloidal cross-sections at the locations I–V in (a), 
showing the field line counter-clockwise rotation in the machine. Note that the chosen field line interacts with the divertor targets only in 
sections III and V. (c) Poloidal cross-section of counter-streaming flows produced with EMC3-EIRENE. The flow structure is overlayed on 
a Poincaré plot showing the edge magnetic field, where the last closed flux surface is displayed in orange and the outermost surface of the 
islands is highlighted in green.
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and broadening of a selected spectral line, i.e. the flow and 
temper ature of one plasma species through the Doppler effect. 
These physical parameters can be recovered by a 2D (spatial) 
Fourier analysis of the images. For the diagnostic to function 
correctly, it is important to use a bandpass filter which is nar-
row enough to transmit spectral line emission from only one 
charged state of one species. More details about this technique 
can be found elsewhere [36, 51, 60].

The most important new feature of the W7-X CIS sys-
tems with relevance to the results presented, is the calibra-
tion source: a continuous tunable laser, allowing a precise and 
stable calibration of every spectral line in the range of interest 
(450–650 nm). The laser can also provide a direct measure of 
wavelength shifts in the same range as those expected from 
the plasma discharges (±30 pm), which is critical to accu-
rately calibrate both the direction and the zero point of the 
impurity flow [61]. The use of calibration sources with even 
a few nm difference from the measured plasma emission has 
been shown to require complex corrections that cannot always 
be precisely determined [57, 62]. The measured spectral line 

presented here is the C III at 464.8811 nm, chosen because 
of its high intensity in the SOL region of W7-X. Carbon is 
intrinsically present in the W7-X SOL due to sputtering from 
graphite-based PFCs. The measurements present an uncer-
tainty in the zero-point flow of ±6 km s−1, which is signifi-
cantly smaller than the reported flows and does not affect any 
of the conclusions.

4. Results

Counter-streaming structures are clearly visible in the mea-
sured flows, as shown in figure  3(b). One of the five inde-
pendent islands of the standard configuration is obscured by 
in-vessel components, so that the pattern seen from the diag-
nostic port shows only eight flow channels, fitting with the 
prediction of two separate counter-streaming flows for each 
magnetic island. As expected from the simplified pressure 
driven model discussed above, the measured impurity flows 
are directed towards the nearest divertor modules.

Figure 3. Comparison of C III flow velocity patterns. (a) In vessel geometry. The cyan and magenta lines indicate the position of the 
O-points of the five magnetic islands in the standard configuration. The magenta line indicates the island obscured by the experimental 
setup. (b) CIS measurement; (c) simulated flow from EMC3-EIRENE. The simulation was performed with an edge electron density of 
ne = 1 × 1019 m−3, input power of P = 4 MW (similar to measured quantities), and an anomalous cross-field diffusion coefficient of 
D⊥ = χ⊥,i,e = 1.0 m2 s−1 (empirically determined). Blue/red indicate flows toward/away from the observation port. The standard W7-X 
magnetic configuration was used. The grey mask covers regions characterized by radiation brightness below 0.5% of the maximum.

Figure 4. CIS measured C III flow velocities during magnetic field reversal experiments. Measurements performed in the low-iota 
magnetic configuration, with the line-integrated density and input power measured being ne = 6 × 1019 m−2 and P = 5 MW 
respectively. (a) Forward and (b) reversed field configurations. Blue/red indicate flows toward/away from the observation port. The grey 
mask covers regions with radiation brightness below 0.5% of the maximum.

Nucl. Fusion 59 (2019) 124003
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For a comparison to theoretical predictions, 3D numerical 
simulations have been performed with the EMC3-EIRENE 
code, which is able to generate a synthetic CIS diagnostic for 
the above-mentioned experimental scenario [63]. The synth-
etic camera model provides line-integrated hydrogen ion flow 
velocities weighted by the C III emission intensity, which is 
calculated using ADAS photon-emission coefficients [64]. 
The impurity transport is computed based on a trace impurity 
fluid approach [65]. In high collisionality regime, the impurity 
flow is expected to be a good proxy for the main ion (hydro-
gen) flow due to frictional coupling [46]. The EMC3-EIRENE 
simulations for the presented scenarios support this assump-
tion [23], making the CIS diagnostic applicable to study the 
bulk plasma flows of W7-X.

Figure 3(c) shows the C III flows from EMC3-EIRENE. 
Good qualitative agreement is found for most of the image, 
in particular in the four elongated flow structures in the top 
half, where the diagnostic lines of sight are shorter (�5 m) 
and intersect only one single island before hitting the wall. In 
the lower and right-hand sides, the interpretation is far more 
complex as the lines of sight are significantly longer (�6.5 m) 
and pass through multiple islands. In such cases, the reduced 
agreement is expected as the C III intensity distribution, on 
which the observed flow strongly depends, is more difficult 
to be precisely reproduced by EMC3-EIRENE. Additionally, 
the measured spectral integral is not necessarily a trivial func-
tion of the intensity weighted line averaged flow velocity, as 
is assumed by the simulation. Quantitatively, the direction and 
maximum of the flows measured in each island are similar to 
EMC3-EIRENE predictions.

Particles drifts, such as magnetic and E × B drifts, are 
not included in the current EMC3-EIRENE transport model. 
Nonetheless, it has been shown for tokamaks [66] and W7-AS 
[67–71] that these drifts are likely to play a role in the up-down 
asymmetries in the SOL, and could potentially affect the SOL 
flows by changing how the edge is populated. If ionization/
recombination can be neglected, the only source defining the 
pressure profile (hence the flow pattern) is the outwards radial 
particle fluxes in the SOL, but this can change taking drifts 
into account. One possible experiment to assess the impor-
tance of drifts is the reversal of the magnetic field direction, as 
the particle drifts are expected to invert direction, whereas the 
anomalous cross-field transport is not [72, 73]. For the spe-
cific case of W7-X, the best magnetic configuration to high-
light the contribution of drifts is the low iota configuration, as 
it is the least sensitive to error fields and it is characterized by 
the longest open field lines in the SOL (∼1.5 times the length 
in the standard magnetic configuration on average) [74, 75].

Figure 4 shows CIS measurements in field reversal experi-
ments for the low iota magnetic configuration. Apart from the 
field reversal, the two discharges are meant to be by design 
identical. In both forward and reversed field directions, the top 
portion of the images exhibits similar elongated structures that 
follow the magnetic island geometry, indicating the impor-
tance of the geometric considerations in the simplified pres-
sure model above. The region around the divertor targets also 
shows a similar pattern. However, there are clear differences 
in the details of the structures. For example, the magnitude of 

the flow velocity is unbalanced, showing significantly higher 
values in  +/−v direction in case of forward/reversed field. 
Moreover, the elongated structures shows a partial rotation. 
Further analysis is necessary to determine the extent to which 
this can be attributed to drifts, but it is clear that CIS meas-
urements do indeed show differences with field reversal. No 
such changes are seen in EMC3-EIRENE simulations that 
do not include drifts. Given the importance of understanding 
the SOL dynamics with respect to the heat exhaust problem, 
being able to investigate the potential role of drifts is crucial, 
and the CIS diagnostic seems to be able to provide a valuable 
contribution to this research area.

5. Conclusions

The CIS measurements presented here confirm the funda-
mental prediction of closely-spaced counter-streaming flows 
in the SOL of an island divertor. Stagnation regions are 
clearly present at the center of, and in between, the magn-
etic islands. Moreover, the measurements show C III flows 
streaming towards the nearest divertor modules, supporting 
the prediction that the target-sink action is dominant in our 
experiments, consistently with the EMC3-EIRENE model-
ling. CIS is therefore a powerful diagnostic for SOL plasma 
flow studies, in conjunction with the EMC3-EIRENE predic-
tion of good collisional coupling of impurity and main ion 
flow in the plasma edge. This can lead to a better understand-
ing of how the island divertor configuration affects the overall 
edge dynamics, that is particularly important with respect to 
the power exhaust problem. The W7-X CIS system also pro-
vides the first set of two-dimensional flow patterns comparing 
forward and reversed magnetic field experiments in an island 
divertor configuration. Although the results are yet to be fully 
understood, they demonstrate that field-reversal does impact 
the SOL parameters.
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ABSTRACT
In the last decade, Coherence Imaging Spectroscopy (CIS) has shown distinctive results in measuring ion flow velocities in the edge of
magnetically confined plasma devices. Its 2D spatially resolved measurement capabilities and its high optical throughput are ideal for inves-
tigating the impurity behavior in the complex 3D magnetic island topology edge of Wendelstein 7-X (W7-X). However, a highly precise
and stable calibration method is required for a reliable diagnostic operation. A new level of precision and stability has been achieved
for the two CIS systems installed at W7-X with the use of a new calibration source, a continuous tunable laser commercially available
only since 2015. A specific prototype model was successfully adapted to the challenging requirements of W7-X, granting high accuracy
(±0.01 pm) and flexibility (spectral range: 450–650 nm) in the wavelength calibration required for measuring low-Z impurity ion flow veloc-
ities. These features opened up new investigation possibilities on temperature stability and wavelength response of the CIS components,
allowing to fully characterize and validate the W7-X systems. The CIS diagnostic was operational throughout the last W7-X experimen-
tal campaign. Measured velocities on the order of ∼20–30 km/s were observed, corroborated by comparisons with measurements with
Mach probes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126098., s

I. INTRODUCTION

In magnetic fusion devices, studying the scrape-off layer (SOL)
dynamics is crucial for understanding the divertor exhaust concept.
In this context, flow measurements, in combination with dedicated
simulations, are essential to understand the physics behind energy,
particle, and momentum transport. Important results have already
been achieved by Mach probes and traditional spectroscopy.1–4

Nonetheless, these diagnostics present some constraints, such as
power handling ability, time and flow velocity resolution, or the
limited number of lines of sight.

Most of these limitations can be overcome by using the Coher-
ence Imaging Spectroscopy (CIS) diagnostic. After its invention
nearly three decades ago,5 different techniques have been devel-
oped in order to achieve the measurement of 2D Doppler line
shifts on the order of picometers.6 The most recent applications

are camera-based heterodyne polarization interferometers, able
to detect wavelength variations for spectral line emission in the
visible range. This CIS technique superimposes an interference
pattern on the plasma image by the use of birefringent crys-
tals sandwiched between two polarizers6–8 (Fig. 1). The spec-
tral line shift and broadening are recovered with a 2D (spatial)
Fourier analysis. For the diagnostic to function correctly, it is
important that spectral lines from only one charged state of one
species are selected from the total visible plasma spectrum by
a bandpass filter. Since the spectroscopic capabilities of CIS do
not depend on the utilization of slits, the diagnostic is char-
acterized by a high optical throughput, allowing improved time
resolution with respect to traditional ultra-high-resolution spec-
troscopy (<20 pm/pixel). CIS diagnostics have been used on many
fusion experiments, including MAST,9 DIII-D,10–12 and ASDEX
Upgrade.13
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FIG. 1. Schematic of the coherence imaging spectroscopy concept. The main com-
ponents are represented in different colors. The solid black arrows indicate the
direction of the optical axes of the polarizers and the birefringent crystals. For
the latter, the projection of the optical axes on a second surface is displayed with
dashed arrows in order to highlight the difference between delay and displacer
plates.

Two CIS systems were recently installed on W7-X in order
to observe the stellarator divertor region from nearly perpendicu-
lar views.14 The systems have been optimized in order to measure
impurity flows and were extensively used during the last experimen-
tal campaign OP1.2 (2017–2018), with focus on C III emission (at
464.8811 nm) from the SOL.

In order to perform reliable low-Z impurity flow measure-
ments, a high wavelength calibration accuracy is required, which
is guaranteed at W7-X by the implementation of a new calibra-
tion source, a continuous tunable laser. Other recent laser calibra-
tion techniques have already shown improved results with respect
to standard spectral lamp applications.15 However, these imple-
mentations are based on laser diodes, which have constraints in

temperature stability, tuning capabilities, and wavelength availabil-
ity. These limitations are overcome with the W7-X laser, as it stands
out for its fine (software) tuning capability (10−2 pm) in a wide
wavelength range (450–650 nm), which allows us to emulate the
wavelength shift expected during a plasma discharge (∼10 pm)
and the exact, unshifted position of an investigated line for many
different reference wavelengths. This is critical in accurately cal-
ibrating both the direction and the zero point of the impurity
flow without relying on simulations.16 This new level of accuracy,
together with the 2D flow imaging capability of CIS, resulted in
new information about the effects of the complex 3D geometry of
W7-X. In particular, the counterstreaming flows induced by the
overall low-shear magnetic island topology have been successfully
measured and compared with dedicated EMC3-EIRENE numerical
simulations for the first time.17 Moreover, the behavior of the intrin-
sic impurities was observed under different plasma scenarios, e.g.,
with different input energy, main ion density, and magnetic con-
figurations. The magnitude of the observed flow velocities varied
significantly. The maximum detected was 35 km/s, with an error
of ±3 km/s.

This paper reports on the assembly and test of the CIS diag-
nostic setup at W7-X. The experimental setup is described in Sec. II,
followed by a discussion on the laser calibration and its applications
in Sec. III. The CIS systems have also been compared with Mach
probes, as presented in Sec. IV.

II. COHERENCE IMAGING SPECTROSCOPY SETUP
As previously mentioned, two systems have been set up for

W7-X (in the following designated as toroidal and vertical), which
share the same designs for the main components.

A picture of one of the two systems is shown in Fig. 2. The
labels will be used as a reference in the following explanation of the
components.

The plasma light is collected by 16 mm focal length lenses,
each one connected to an image fiber bundle, which is composed of
800 × 1000 10-μm-diameter fibers (NA = 0.63, by Schott). The
equipment is placed inside immersion tubes (visible in Fig. 3),

FIG. 2. Picture of the vertical CIS system at W7-X. Shown
components: 1—calibration system, of which 1a–integrating
(Ulbricht) sphere, 1b–fiber for laser light, 1c–spectral lamp,
1d–objective lens (50 mm), 1e–movable mirror; 2—first lens
(50 mm); 3—lens tandem (50 mm and 135 mm); 4—filter
wheel; 5—interferometer cell; 6—rotator; 7—imaging lens
(135 mm); 8—camera. The electronics, the optical rail, and
the soft iron box are partially visible as well.
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FIG. 3. Views of the two CIS systems
at W7-X. (a) The CIS systems are rep-
resented by the soft iron boxes and the
immersion tubes, where the image fiber
bundles are laid to observe the plasma.
The red part represents the core plasma
shape (i.e., excluding the SOL). At the
center, the labels indicating the names of
the machine modules are displayed. The
cone of view is represented in cyan and
yellow for the toroidal and vertical sys-
tems, respectively. The black component
is the island divertor module under inves-
tigation (namely, lower module 3). (b)
Raw data of CIS camera images over-
laid to the CAD model of the interior of
the machine.

necessary due to the cryostat of W7-X.18 Each immersion tube ends
with a sapphire window directly facing the plasma. For details on
the immersion tubes design, refer to Refs. 19 and 20 for the toroidal
view (without pinhole) and to Ref. 21 for the vertical view. The use
of the fiber bundles substantially decreases the amount of transmit-
ted plasma light. Nonetheless, it allows the exploitation of hardly
accessible diagnostic ports, the adoption of a manageable magnetic
screening, and it avoids additional issues linked to thin film coating
of in-vessel optical components. The maximum available length of
the image bundle is 4.5 m; thus, the diagnostic needs to be placed
close to W7-X. After the fiber bundle, a series of objective lenses
have been mounted (Fig. 2, nos. 2 and 3), chosen to minimize, at
the same time, vignetting effects and light divergence in the full sys-
tem length. Table I contains detailed information about the used
lenses. Interference filters with a 2 nm FWHM transmission width
are used to select light of only one charge state of one plasma
impurity.

The chosen cameras (Fig. 2, no. 8) are pco.edge 5.5 CLHS,
characterized by a sCMOS sensor with 2560 × 2160 active pixels,
6.5 μm × 6.5 μm each, i.e., the sensor area is 16.6 mm × 14.0 mm.
The camera is capable of sustaining up to ∼0.5 GB/s data streaming.
The quantum efficiency is above 60% at peak, and the maximum
frame rate is 50 fps in case of full chip readout in global shut-
ter mode. The dynamic range is 27 000:1 with a full well depth of
30 000 photoelectron counts. The noise level stays below 143 elec-
trons per pixel. With the chosen lenses setup, only ∼2/3 of the chip
has been used for recording. The set exposure time varies depending

TABLE I. List of the used lenses in the two CIS systems setup. PFL here is intended
as plasma facing lens. The numbers used as names refer to Fig. 2. The lens setup is
the same for the two systems, unless stated otherwise.

Lens name Lens manufacturer Focal length (mm) f/no.

PFL - toroidal Navitar 16 1.4
PFL - vertical Schneider 16 1.8
1d, 2, first of 3 Nikon 50 1.2
Second of 3, 7 Zeiss 135 2

on the plasma conditions, observed impurity, and magnetic con-
figuration. In general, it was chosen in order to maintain around
2300 photoelectrons at minimum in the divertor region. At this
level, the signal-to-noise ratio leads to a statistical error on the
evaluated velocity one order of magnitude below the 3 km/s con-
sidered as a systematic error. For the brightest impurity spectral
lines (e.g., C III at 464.8811 nm), the average chosen exposure time
has been 60 ms for the toroidal system and 90 ms for the vertical
system.

Due to the novelty of the CIS application on W7-X and the lim-
ited diagnostic accessibility during experimental days, some addi-
tional motorized components, remotely controllable, are included
in the design to increase the overall system flexibility. In particular,
a filter wheel and a rotator attached to the interferometer cell (Fig. 2,
nos. 4–6) are introduced to change, respectively, the species under
study and the direction of the interference fringes (i.e., of highest
spatial resolution22).

The core part of the CIS diagnostic is the interferometer cell
(Fig. 2, no. 5), composed of two crossed polarizers placed before and
after a set of one or more fixed-delay birefringent plates with their
optical axes at 45○ with respect to the orientation of the polariz-
ers (Fig. 1). Birefringence is used to generate interference between
the two polarizations of light: the first polarizer ensures that the two
polarizations of the incoming light are equal in amplitude, the plates
introduce a phase between the two polarizations and split them, and
the last polarizer puts the two polarizations back in one plane allow-
ing interference. More specifically, the combination of the crystals
creates an angle-dependent interferometric phase shear, necessary
to generate approximately parallel spatial interference fringes on
the camera chip.6 This fringe pattern acts as a spatial heterodyne
carrier for Doppler amplitude and phase modulations that can be
recovered using numerical Fourier demodulation techniques. More
details on the diagnostic principles can be found elsewhere.10,22 The
standard arrangement of the birefringent plates is formed by a delay
plate and a displacer plate. The difference between the two plates
regards the direction of the optical axis of the crystals with respect
to their surfaces: the delay plate has its axis parallel to the sur-
face, whereas the displacer plate has it at 45○ with respect to the
crystal interface. A helpful but simplistic explanation of the practi-
cal implications is the analogy with the Michelson interferometer:
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the displacer plate acts like the beam splitter (spatially separating
the two polarizations of the incoming light) and the delay plate acts
like the optical path difference (introducing a phase between the
two polarizations).23 In reality, an additional phase is introduced by
the displacer plate that has to be taken into account in the choice
of the crystals setup. Because of this, the system can also be com-
posed of only a thick displacer plate, at the cost of a decreased
flexibility. The choice for the plates setup depends on multiple vari-
ables to be optimized, i.e., the number of pixels per fringe, and the
induced phase and contrast. The first two parameters, respectively,
linked to the CIS spatial and velocity resolution, can be improved
with the use of thicker plates. On the other hand, the fringe con-
trast, defined as how distinguishable the interference pattern is over
the plasma image, has a nontrivial dependence on the plate thick-
ness, as it is linked to the structure of the plasma spectral line to be
observed.22 At W7-X, two different interferometer cells have been
chosen for the two systems, both optimized to measure the C III

multiplet at 464.8811 nm: a 10-mm-thick displacer plate for the
toroidal one and a combination of a 10-mm-thick displacer and a
6-mm-thick delay plates for the vertical one (as shown in Fig. 1).
The choice followed calculations based on the method explained in
Ref. 22: the selected crystals are in a local maximum in contrast,
which also gives sufficient delay for C III, He II, and Hβ spectral
lines. Having the displacer plate with the same thickness, both sys-
tems are characterized by ∼12 pixels/fringe. The chosen material for
the crystals is alpha-barium borate (α-BBO, BaB2O4), due to its low
sensitivity to temperature variations with respect to other common
birefringent materials.23,24 The crystal setup did not show the neces-
sity of using field widening techniques.25 The main plates param-
eters of the two systems are displayed in Table II. The crystals are
mounted in a cage system with removable segments, which eases
the exchange of different plate setups. The interferometer cell and
the camera are mounted on the same support to minimize changes
of their relative positions and therefore avoiding additional phase
variations.

The systems are placed in soft iron boxes of 5 mm thickness
positioned at roughly 1.5 m from the outer vessel of W7-X, thereby
reducing the magnetic field produced by the superconducting coils
of the machine by ∼95%, getting to 3–4 mT. Since the magnetic field
of W7-X usually remains constant throughout an experimental day,
none of the effects shown in Ref. 12 have been observed. All optical
components are mounted on a rigid optical rail, and the soft iron
boxes are fixed on scaffolds, in order to minimize the effect of vibra-
tions. One of the two systems, the toroidal one, is sharing the soft
iron box and the lines of sight with a fast video camera system. The

TABLE II. List of the chosen birefringent crystals setup for the two CIS systems. The
total number of waves delay is calculated in the center of the image with Eq. (12)
in Ref. 26 divided by 2π. The achieved contrast is here intended as the best value
measured in calibration images.

Total no. of Achieved
System Crystals waves delay contrast (%)

Toroidal 10 mm displacer 1383 88
Vertical 10 mm displacer + 6 mm delay 2953 68

electric power is provided via remotely controllable power strips,
which are equipped with a sensor able to record temperature and
humidity every 5 min.

The main difference between the W7-X and other CIS designs
is the calibration system. For Doppler velocity measurements, it is
essential to be able to use the wavelength emission of the parti-
cle at rest as a reference (λ0). The high velocity resolution, typical
of CIS, sets a demanding accuracy level in order to have a reliable
calibration. At W7-X, the high degree of accuracy is reached by
using a continuous tunable laser (C-Wave, by Hübner photonics).16

The C-Wave emission comes from a diode-pumped solid-state laser
(Nd:YAG, emitting at 532 nm) that passes through two cavities con-
taining lithium niobate (LiNbO3) crystals: an Optical Parametric
Oscillator (OPO) and a Second-Harmonic Generator (SHG), both
characterized by nonlinear optical behaviors. The OPO is respon-
sible for the tuning process. In this cavity, the incoming photon is
split into two photons of lower energy; therefore, the tuning pro-
cess happens in infrared light. In order to get back into the visi-
ble range, the SHG is used, a cavity that simply doubles the fre-
quency of the incoming light. The crystal temperature and the cavity
length are the main parameter that can be changed.27 For the W7-X
CIS application, a customized prototype has been produced due
to demanding requirements. In particular, the required wavelength
accuracy and stability need additional control over the tuning pro-
cess: the OPO infrared output is monitored and steered in a feed-
back loop with a wavemeter (HighFinesse WS7/30) by a dedicated
software called AbsoluteLambda. This method grants, for the first
time, tuning steps of 0.05 pm and long-term stability in the same
order of magnitude, over almost the entire visible range. Moreover,
a remotely controlled shutter has been introduced in order to han-
dle when the laser light is entering the CIS systems. The C-Wave
main features are listed in Table III. The C-Wave laser has been
placed outside the torus hall, and its light is carried to the diag-
nostics with ∼80-m-long multimode fibers. The fibers are connected
to speckle reducers (Optotune LSR 3005) mounted on the entrance
port of the integrating (Ulbricht) spheres in order to obtain a homo-
geneous calibration emission output and to avoid problems related
to the laser long coherence length. The light is introduced in the
CIS system with an imaging lens and an additional optical com-
ponent (Fig. 2, nos. 1a–1e), that is a beamsplitter for the toroidal
system and a movable mirror for the vertical one. The objective
lens at the sphere (Fig. 2, no. 1d) is of the same type as the one
mounted at the end of the fiber bundle (Fig. 2, no. 2) in order to
mimic the incoming plasma light as close as possible in the calibra-
tion section. The plasma and calibration light cones experience the
same stops in virtue of the lens tandem (Fig. 2, no. 3). The remain-
ing discrepancies in the setup between calibration and plasma optics

TABLE III. List of the C-Wave laser features.

Wavelength range 450–525 nm and 540–650 nm
Wavelength accuracy 0.01 pm
Wavelength stability ≤5 MHz over 10 h
Linewidth <1 MHz, typical <500 kHz
Output power (VIS) Min > 80 mW, typical >150 mW
Beam radius 0.5 mm
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has been proven to not influence the measurements. The proof is
based on a comparison of images of the C-Wave laser light through
two Ulbricht spheres, the one in the soft iron box (Fig. 2, no. 1a)
and another one placed in the W7-X plasma vessel after the end of
the experimental campaign. The measured phase difference during
this test remained below 1○, with no variation across the image. The
result is therefore equivalent to an apparent velocity below 10 m/s,
which is negligible with respect to the kilometer per second plasma
flows. A spectral lamp is also present in the systems in order to
perform comparisons between a standard and the new calibration
sources.

Calibration measurements of λ0, performed with the C-Wave
laser, are repeated before and after every plasma experiment in
order to have always a reliable reference point even without tem-
perature control devices. The frequent calibration also allows the
identification of possible changes in the setup due to systems vibra-
tions (related to, e.g., scaffolds movements). The process is con-
trolled with a software developed in LabView, which opens/closes
the laser shutter and moves the mirror in the vertical system,
while an internally developed software is interfacing the camera
and loading the data to the W7-X archive. The calibration images
are recorded at fixed time before the plasma starts, 15 s for the
toroidal system and 35 s for the vertical one, as well as after
the plasma ends, 5 s for the toroidal system and 25 s for the
vertical one.

In the next sections, the toroidal system will be used as a main
example, as its typical flow pattern has been already explained in
Ref. 17. Flow measurements performed with the vertical system are
expected to be topic of future physics papers.

A. Geometry in W7-X

The two installed systems are viewing the same regions (called
1-2v and 1-2-3h, as defined in Ref. 28) of one of the island diver-
tors of W7-X (namely, lower in module 3). A representation of the
viewing chords is shown in Fig. 3. As can be seen from the raw
data overlaid on the CAD model of the interior of the machine, the
toroidal system has a good view on the entire SOL, while the verti-
cal one is focused on a small section of the divertor and of the outer
SOL.

The toroidal and vertical systems cover, respectively, the
toroidal angles from ϕ = 72○ to ϕ = 145○ (equivalent to an entire
module) and from ϕ = 125○ to ϕ = 136○ (restricted to a small region
of one divertor), where the angle is defined, looking down from
above, as increasing counterclockwise, with ϕ = 0○ being set between
the W7-X half-modules 10 and 11. This translates in a substantial
difference in the length of the lines of sight between the two views:
the distance between the diagnostic port of the toroidal system and
the divertor is ∼4 times longer. This has a considerable effect on the
quality of the contrast of the recorded plasma images. A decrease of
∼50% in contrast with respect to the calibration measurements is in
general expected, since this parameter is linked to the spectral line
broadening, i.e., the ion temperature in the plasma. However, a non-
negligible difference in contrast between the two systems has been
highlighted by testing them with the same interferometer cell (a 10-
mm-thick displacer plate, a 6-mm-thick delay plate) during similar
plasma experiments. The decrease is evident for the plasma images
only, suggesting that the effect goes beyond possible variations in
the optical setup of the two CIS boxes. This is shown in Fig. 4(a),

FIG. 4. Contrast study, with the same
interferometer cell (a 10-mm-thick dis-
placer plate, a 6-mm-thick delay plate)
used in the two systems. The plasma
experiments (20180719.034 for the
toroidal system and 20180724.029 for
the vertical one) had similar parameters
(standard magnetic configuration, input
power ∼2 MW, line integrated electron
density ∼2 ⋅ 1019 m−2, ion temperature
in the plasma core ∼1.5 keV). The C III

plasma radiation was measured in both
cases. (a) Comparison between the
two systems. The contrast is displayed
for a calibration image (dashed line)
and for a plasma image (solid line) for
each system. The study is restricted
to a single column of pixels in the
frame, highlighted in (b) (red dash line
between the two green lines). The pixels
have been selected in a region of high
brightness. (b) Snapshot of the plasma
brightness for both systems.
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FIG. 5. Evidence of impurity corruption in a CIS flow measurement. Single camera
frame of experiment 20181011.026 in the case of the toroidal system, during which
nitrogen was puffed from the He Beam system in the lower divertor of module 3.
The colorbar limits are set in order to display the counterstreaming flows. The
location of the nitrogen puff [centered in (800, 850) pixels] gives unphysical values
of up to 70 km/s.

where the contrast has been retrieved with a 2D FFT analysis. The
plot displays only one column of pixels in the plasma frame, specif-
ically the one passing through the region of the highest brightness
for both systems, as shown in Fig. 4(b). As can be seen, the con-
trast for the calibration images is quite similar (between 60% and
70%), while the contrast for the toroidal view is almost half of the
one of the vertical view during plasma (from ∼9% to ∼2%), resulting
in barely visible fringes and therefore low signal-to-noise ratio. This
justifies the choice of two different interferometer cells for the two
systems: decreasing the amount of crystals improves the contrast, at
the cost of a lower velocity sensitivity. For the vertical view, a higher
sensitivity (roughly doubled with respect to the one of the toroidal

system) is preferable because the observed flow velocity is largely
perpendicular to the magnetic field and, therefore, is expected to
be lower.

The final setup led to an average contrast of ∼40% (plasma)
∼85% (calibration) for the toroidal system and of ∼15% (plasma)
∼65% (calibration) for the vertical one. The substantial lower con-
trast during plasma experiment is not fully tackled here and it will
be subject of future investigations.

B. Impurity disturbance
As previously mentioned, the filter used in the CIS needs to

exclusively transmit the emission of one chosen charge state of one
chosen species, otherwise the measurements might be corrupted. An
example of disturbed data is shown in Fig. 5. During this experiment,
nitrogen was puffed from the He Beam system29 placed in the same
divertor module imaged by the CIS. Nitrogen has emission lines
(N III at 463.413 nm and 464.064 nm) that enter the filter of C III,
centered at 465 nm and 2 nm wide. Due to the puff, the nitrogen
content was locally high enough to influence the C III flow measure-
ment. The result is a local intensity change in the counterstreaming
velocity pattern.

Another example of impurity disturbance for the C III mea-
surements can be seen by comparing the contrast value for exper-
iments before and after boronization. At W7-X, boronization suc-
cessfully reduced the release of impurity from the walls during the
experiments, in particular, oxygen.30 Oxygen has emission lines that
can enter in the filter of C III (O II at 463.8855, 464.181, 464.3386,
464.9135, 465.0839 nm). The spectrum has been measured by stan-
dard high-resolution spectroscopy, which identified an oxygen con-
tribution close to the C III center of mass, characterized by a line
intensity at least ∼7 times smaller than the carbon one. The pres-
ence of this impurity affects the contrast; i.e., it induces a change in
effective measured line broadening. Figure 6 shows two equivalent
plasma discharges, one before and one after the first boronization
at W7-X. In the improved machine conditions, an increase in the

FIG. 6. Contrast variation due to boronization. The contrast
study, done for the vertical system, is restricted to a sin-
gle column of pixels in the plasma frame, passing through
the region of highest intensity. The plasma experiments
(20180801.021 as preboronization and 20180807.007 as
postboronization) had similar parameters (standard mag-
netic configuration, input power ∼2 MW, line integrated
electron density ∼2 ⋅ 1019 m−2, ion temperature in the
plasma core ∼1.5 keV). The contrast is displayed for a cali-
bration image and for a plasma image for both discharges.
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contrast of ∼2–3 % is observed. In the preboronization experiments,
the presence of oxygen might have altered the phase as well, even
though it was not possible to identify any effect on the flow mea-
surements. Therefore, the results from these experiments should be
handled with care and are not considered for quantitative analysis in
the rest of the paper.

III. LASER CALIBRATION MEASUREMENTS
In order to obtain the flow velocity values from the measured

data, a reliable calibration process is required. The CIS system is
inducing a phase Φp between the two polarization states of the
incoming plasma light, which depends on its wavelength λp. The
Doppler velocities are defined as vion = c ⋅ (λp − λ0)/λ0, where λ0 is
the unshifted wavelength emitted by the ion at rest. Therefore, it is
necessary to know the phase Φ0 induced by the birefringent plates
for λ0. The relation ΔΦ → Δλ depends on parameters that are not
normally known with high enough precision.26 The most reliable
approach is hence to have a calibration source with emission lines
as close as possible to λ0.

The C-Wave laser used at W7-X is an alternative approach to
reach the level of precision needed for a reliable calibration pro-
cess for many different λ0. The C-Wave stability has been proven
by monitoring its emission during 8 h of continuous operation:
according to the wavemeter, the wavelength variation remained
below 4 fm, a quantity that is not resolvable with the W7-X CIS
systems. Any mechanical movement (e.g., the shutter) can momen-
tarily affect the emission stability, but the desired wavelength is
reached again in few seconds by virtue of the AbsoluteLambda
software. Thanks to this high accuracy, the laser can be used as a
reference also to investigate how the temperature affects the CIS
function.

The C-Wave laser can also perform a direct measurement of
wavelength shifts by fine scanning in the same range as the Doppler
drifts expected by impurity ions in plasma discharges (±30 pm in
5 pm steps). This can highlight how the CIS systems are respond-
ing to different wavelengths, and it is critical in accurately cal-
ibrating both the direction and the zero point of the impurity
flow velocity.16

A collection of measurements performed with the two CIS
systems and the C-Wave is presented in Subsections III A–III E.

A. Comparison with standard calibration method
Previous CIS applications used standard spectroscopy lamps or

single emission lasers as calibration sources.9,24 In particular, for the
measurement of the C III line, zinc lamps were preferred, having an
emission line at 468.0136 nm, ∼3 nm away from the C III center of
mass at 464.8811 nm.13 Although the C-Wave laser makes such a
Zn lamp calibration obsolete, it is illuminating to use the laser to
examine and improve the Zn lamp technique for uses where the
C-Wave laser is not available.

1. Effect of the new laser calibration on phase
The use of calibration sources for flow velocity measurements

with even a few nanometer difference, such as the Zn lamp for cal-
ibrating the C III spectra line, has been shown to require complex
corrections that cannot always be determined precisely.13,31

The corrections are related to an offset in the phase induced
by the birefringent plates. The quantity that needs to be known to
obtain the Doppler velocities is

ΔΦD = Φp −Φ0, (1)

while the quantity measured with a spectral lamp calibration
source is

ΔΦc = Φp −ΦZn, (2)

where ΦZn is the phase induced by the birefringent plates for the Zn
lamp spectral line. Therefore, it is necessary to know the quantity

ΔΦZn = ΦZn −Φ0 (3)

to obtain ΔΦD, which will be

ΔΦD = ΔΦc + ΔΦZn

= Φp −ΦZn + ΦZn −Φ0. (4)

Without the C-Wave laser, ΔΦZn is normally simulated.13,31

This simulated quantity depends on the plate parameters that are
not known with sufficient precision. The parameters are instead fit
to one or more calibration sources, and it has been shown that the
fit is unique and sufficient to correctly reproduce ΔΦZn.31 Unfor-
tunately, these procedures are complicated and time-consuming,
as the simulation is highly sensitive to the plate parameters (espe-
cially when λZn − λ0 ≥ 1 nm) and it needs to be repeated for
every plasma wavelength under investigation.31 Here, ΔΦZn has
been measured directly for the first time. Since the laser can be
tuned exactly to the center of the mass of C III, the measurement
was possible by fast switching between the Zn lamp and C-Wave
laser emissions in both CIS systems. The result is shown in Fig. 7.
The ∼3 nm difference in wavelength distorts the measurement up
to the point that ΔΦZn is so steep that a phase jump must exist
within the image. The discrepancies between the two systems are
related to the different optical configurations, which also led to dif-
ferent equivalent velocities (ΔΦ = 180○ is equivalent to 80 km/s
for the toroidal system and to 40 km/s for the vertical one). The
phase jump appears to be aligned to the fringe direction in the
raw data.

The same type of phase jump appears if a plasma frame is
calibrated with the Zn lamp without any correction applied (i.e.,
in ΔΦc), as shown in Fig. 8(b). Once ΔΦZn is applied, like in
Eq. (4), the expected counterstreaming flow pattern17 becomes once
more visible, as shown in Fig. 8(c). This implies that the effect
introduced by the lamp is possible to correct despite the tem-
perature dependence of the phase. If the dependencies are made
explicit, with T0 and T1 defined as temperature values in different
moments in time (e.g., during different experimental days), Eq. (4)
becomes

ΔΦD = ΔΦc(T1) + ΔΦZn(T0)
= Φp(T1) −ΦZn(T1) + ΦZn(T0) −Φ0(T0), (5)

where Φp(T1) − Φ0(T0) is not the desired quantity ΔΦD and the
terms ΦZn(T1) and ΦZn(T0) do not cancel out. However, the result
shown in Fig. 8 demonstrates thatΔΦZn is equal at any different tem-
perature, and any effect induced by T1 ≠ T0 is taken into account
through the quantity ΦZn(T0) −ΦZn(T1). This has been confirmed
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FIG. 7. Measured phase difference
ΔΦZn between the Zn lamp line at
468.0136 nm and the C III multiplet cen-
ter of mass at 464.8811 nm. (a) For the
toroidal system and (b) for the vertical
system.

by applying Eq. (4) to other plasma discharges, always obtaining the
counterstreaming flow pattern as a result.

The term ΔΦZn has been measured also for the spectral line He
II at 468.57 nm. Being only ∼0.5 nm away from the multiplet center
of mass, the effect is less prominent but still non-negligible. In this
case, no phase jump is present, but the phase still varies from −100○

to −50○ across the camera chip, again following the fringe pattern
direction.

2. Effect of the new laser calibration
on fringe contrast

Up to this point, the discussion considered the contrast only
as how distinguishable the fringes of the interference pattern are.
Nonetheless, this parameter is related to the broadening of the
investigated spectral line and can therefore give information on
the ion temperature.22 For this reason, having a good calibra-
tion will help in implementing a CIS system able to measure ion
temperatures.

At W7-X, the CIS systems have been optimized to measure
ion flow velocities; thus, they are less sensitive to contrast variations
than to phase changes. However, it has been possible to observe an
improvement of the contrast quality when the C-Wave laser is used
instead of a spectral lamp. The C-Wave narrow emission affects pos-
itively the contrast when compared with the Zn lamp measurements:
the contrast increases of ∼3% for both systems, leading to nearly 90%

and 70% for the toroidal and vertical systems, respectively. The noise
level is also reduced, confirming once more the value of the new
W7-X calibration source.

B. Wavelength scans
Small-range wavelength scans are useful to characterize the

CIS phase response and consequently be able to translate phase
variations into flow velocity without relying on simulations. This
type of dispersion measurement has been already presented in Ref.
16 for one line of interest, and it is here repeated for different
central wavelength in order to highlight a wavelength dependence
of the CIS response. The C-Wave laser has been tuned ±30 pm
around 464.8811 nm (C III), 468.57 nm (He II), 486.135 nm (Hβ),
and 514.1856 nm (C II) in 5 pm steps. An additional fixed laser
source (HeNe with emission at 633 nm) has been used as a ref-
erence to monitor potential phase variations due to ambient tem-
perature changes. The measurement lasted 10 min for every cen-
tral wavelength. The results are displayed in Fig. 9, where the error
bars represent the statistical error and take into account phase
variations of maximum 0.8○ and 2.5○ for the toroidal and ver-
tical systems, respectively, which are induced by the boxes tem-
perature change. The opposite slopes are related to the different
positions of the crystals optical axis in the two systems. Figure 9
shows that the velocity sensitivity decreases for higher wavelength:

FIG. 8. Applied ΔΦZn on the toroidal system. (a) ΔΦZn translated in velocities and zoomed in the camera chip region covered by the image guide. Example of plasma
measurement calibrated with a Zn lamp (b) without and (c) with the measured correction.
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FIG. 9. Wavelength scans performed with the C-Wave laser for toroidal and vertical
systems.

a variation of ∼50 nm from blue to green wavelengths corresponds
to a reduction of ∼20–22% in velocity sensitivity. This means that
in order to have a precise translation from phase to velocity mea-
surements, wavelength scans need to be repeated for every plasma
spectral line under investigation. This is easily doable with the
C-Wave laser, however, not with spectral lamps or diode laser
applications.

C. Temperature effects
CIS has been shown to be very sensitive to temperature varia-

tions.24 The refractive indices ne and no of the birefringent crystals
change significantly with temperature even for few degrees centi-
grade. Attempts of minimization for these effects have shown that
they cannot be entirely suppressed.15 Instead, at W7-X, no tem-
perature control devices are installed and the chosen solution is
to perform frequent calibration measurements, before and after

every plasma experiment. The reliability of this method is checked
by comparing the images recorded during the two calibration ses-
sions. As the longest plasma of OP1.2 was 100 s long,32 no per-
ceptible changes were observed on these time scales. Nonethe-
less, temperature effects might play a major role in the future,
since W7-X has been designed to perform 30-min-long plasma dis-
charges. This led to further investigations on the effect of tem-
perature variations throughout an experimental day. As previously
stated, the W7-X CIS systems have been optimized for veloc-
ity flow measurements; therefore, the studies presented here are
centered on the phase parameter. The contrast behavior, which
showed similar but less prominent tendencies, will be topic of future
work.

The phase variation has been analyzed for different experimen-
tal days. The temperature effect can be highlighted by comparing
the calibration data with the first calibration image of the day. An
example of these studies is shown in Fig. 10, in which phase varia-
tions are compared, for both systems, with the laser output wave-
length and surrounding ambient temperature recorded inside the
soft iron box every 5 min. The laser, set at 464.8811 nm, is con-
firmed to be stable throughout the experimental day, with vari-
ations below 10 fm even considering the mechanical disturbance
of the shutter. The relative changes in phase are therefore only
linked to the ambient temperature fluctuations. The effect scales
with the number of crystals used: for a 1 ○C difference, the phase
varies of ∼40○ for the toroidal system and of ∼80○ for the ver-
tical one, which translates in both cases to ∼18 km/s. The sign
of the variations (negative/positive for the toroidal/vertical sys-
tems) fits the sign of the slopes found in the wavelength scans
(see Sec. III B).

In order to highlight the correlation of CIS phase and ambient
temperature, dedicated experiments with the vertical system have
been carried out with a temperature sensor characterized by a higher
sampling rate (i.e., able to record every 15 s), placed close to the
interferometer cell. The measurements have been performed with
two wavelengths at same the time, with the purpose of investigating
if the effect is wavelength dependent. This is possible by using two

FIG. 10. Phase variation during an experimental day due to temperature changes in the soft iron box. The phase is evaluated in an area of 20 × 20 pixels in the center of the
images. Analysis of calibration images only, quantity displayed relative to the first calibration image of the day. The laser trace is plotted with one point every 2000. (a) For
the toroidal system and (b) for the vertical system.
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lasers: the C-Wave and a HeNe one (with emission at 632.816 nm). If
the C-Wave is set in the blue/green range, the wavelengths of the two
lasers are well distinguishable in the 2D FFT spectrum.16 The cho-
sen wavelengths for the C-Wave are 464.8811 nm (equivalent to the
C III center of mass) and 514.1856 nm (equivalent to the C II center of
mass). The data for the two wavelengths have been collected in two
different days. The temperature variation has not been controlled, so
the recorded increase is only due to the diagnostic electronics, run-
ning for 6 h. The results are shown in Fig. 11, where the data are dis-
played together with dedicated simulations based on Eq. (12) in Ref.
26, describing the phase induced by birefringent crystals. The tem-
perature dependence has been taken into account in the calculation
of the refractive indices of the αBBO crystals and of air. The points
are displayed relatively to the first image of the data set. It can be
seen that CIS is sensitive to small temperature variations, as a non-
negligible phase difference on the order of 10○ is induced even for
a 0.2 ○C change. The effect appears to be reproducible, as the trace
of the HeNe laser shows the same evolution for both experiments
(e.g., 0.4 ○C induces a phase difference of 40○ in both cases). Despite
a clear wavelength dependence (0.5 ○C induces ∼24○, 29○, and 32○,

respectively, for red, green, and blue wavelengths), the tempera-
ture affects the velocity measurement always in the same way: the
less strong variation measured for wavelengths toward the green/red
range is compensated by the decreased sensitivity to wavelength dis-
placements shown in Sec. III B. This translated in having 6 km/s for
0.4 ○C in all cases. The theoretical curves reproduce the effect, but an
overestimation is stronger for smaller temperature changes, proba-
bly due to the fact that other parameters (e.g., the plate thickness
and the stress on the crystals due to mechanical mountings) could
be influential as well.

The reproducibility of the temperature effects on the phase
behavior and the good theoretical representation achieved here give
the basis to develop a reliable method to face the challenge of the
30 min operation foreseen for W7-X without expensive temperature
control techniques.

D. Multiplet measurements
As first reported in Ref. 22, measuring spectral lines that are

not singlet can introduce an offset depending on the CIS crystal

FIG. 11. Phase variations with ambient
temperature changes. The phase is eval-
uated in an area of 20 × 20 pixels of the
images. Measurement performed with
the vertical system. Two wavelengths are
measured at the same time with the use
of the C-Wave and a HeNe lasers. C-
Wave is set at (a) 464.8811 nm and (b)
514.1856 nm.

FIG. 12. Sketch illustrating the relation between CIS lines of sight and magnetic islands for the toroidal system. The orange dot indicates the camera position. The grey lines
serve as the vessel (thinner) and the divertor targets (thicker). The blue and red colors represent the two opposite flow directions. (a) Simplified view from the top of a portion
of an island winding around the machine, connecting two divertor targets. 3 different types of lines of sight are shown in green, magenta, and cyan. (b) Representation of the
island poloidal rotation, with markers indicating the intersection between the island and the lines of sight. The poloidal sections show how each island has both flow directions,
as it is cut by different divertor targets in different regions. The green line of sight (triangle with top vertex) intersects the island in sections 1, 2 and 4, crossing regions with
opposite flow directions. The magenta line (triangle with bottom vertex) crosses the island in sections 3 and 4; i.e., it measures only one flow direction, but it averages on
many poloidal cross sections. The cyan line (square) intersects the island only in section 3, representing the ideal type of lines of sight for the geometrical analysis.
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configuration. This is due to the assumption that the interference
pattern generated by the multiplet center of mass (I0) is equivalent
to the superposition of interference patterns generated by all multi-
plet components (IM), which is not always holding. This effect can be
simulated,13,31 and the correction is reliable if the crystal parameters
are well known.

Knowing the crystals parameters from a fit of the wavelength
scans presented in Sec. III B, it is possible to calculate the phase
Φ(IM) = ΦM induced by the multiplet structure of the plasma
spectral line. The offset phase ΔΦM is defined as

ΔΦM = ΦM −Φ0, (6)

where Φ0 = Φ(I0), as defined in Sec. III A 1. Therefore, the desired
quantity ΔΦD needs to be corrected in the following way:

ΔΦD = Φp −Φ0 − ΔΦM. (7)

The correction factor ΔΦM can be applied manually during the
data analysis process. Another approach would be calibrating by

reproducing the multiplet, one component at a time. This is pre-
vented by the fact that the multiplet components often differ of more
200 pm, which is a range that the C-Wave tuning process does not
cover in a time interval short enough to avoid temperature drifts. At
W7-X, the laser was set to a shifted wavelength that induces the same
phase as ΔΦM. The result translates in having

ΔΦD = Φp −Φ(λeff), (8)

where Φ(λeff) = Φ0 + ΔΦM.
The most illustrative example is the multiplet effect for the C

III emission. The three spectral lines generated by the same atomic
transition are characterized by a highly asymmetric structure. This
can cause a non-negligible offset depending on the crystal setup. For
example, for the case of the W7-X toroidal system, ΔΦM = −170○.
Relying on the wavelength scans, a phase of −170○ is equivalent to a
Δλ ≈ 130 pm. Therefore, λeff can be set to 464.75 nm to compensate
the multiplet effect.

FIG. 13. Geometrical analysis of CIS lines of sight for the toroidal system. For all plots, the colors red/blue indicate directions inside/outside the paper plane. (a) Plasma
vessel of two W7-X modules with representation of two CIS lines of sight in cyan and yellow (view from the top). Poincaré plots of the SOL are displayed in orange between
the CIS camera position (ϕ = 72○) and the beginning of the divertor under investigation (ϕ = 125○, structure in black). (b) Typical CIS measurement in the standard magnetic
configuration. [(c) and (d)] Poincaré plots where the CIS lines of sight intersect one magnetic island. The red/blue markers indicate the direction of the closest divertor target
measured along magnetic field lines from the poloidal cross section. The cyan/yellow markers in (b)–(d) indicate the position of the lines of sight plotted in (a). Note that in
(c), the cyan line of sight does not collect C III emission, as it passes through a too hot plasma region, typically populated by higher ionization stages of carbon. Therefore, it
does not contribute to the measured flow image. Similarly for (d), the yellow line of sight lies in a too cold region to contribute to the counterstreaming flow pattern.

Rev. Sci. Instrum. 91, 013501 (2020); doi: 10.1063/1.5126098 91, 013501-11

Published under license by AIP Publishing



Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

The use of the λeff approach allows us to ease the data analysis,
as the simulation of ΔΦM is needed only once. On the other hand,
this method still depends on how precisely the plate parameters are
known.

E. Determination of flow direction
The direct measurement of the relation between ΔΦ and Δλ

shown in Sec. III B allows us to identify the correct sign of the mea-
sured Doppler displacements without ambiguity. Once the sign is
correct, it is possible to determine the direction of the impurity flows
with respect to the in-vessel components or the magnetic field by
performing a geometrical analysis. The example of the toroidal view
is reported here, in the specific case of carbon impurity in a SOL
characterized by 5 independent magnetic islands (standard magnetic
configuration33).

The CIS measurements are line-of-sight integrated. The inte-
gration over multiple regions of different flows and temperatures
is translated in a complex superposition of different spectral com-
ponents. The effective inferred single velocity value is in general
not simply the line averaged velocity, as typically assumed in sim-
ulations.17 Consequently, some kind of localization is necessary for
carrying the geometrical analysis. On the other hand, the CIS mea-
surements depend on where the carbon radiates. The C III photoe-
mission coefficient peaks for electron temperatures of 10–20 eV,
values typically found in the SOL of W7-X.34,35 Moreover, the mag-
netic islands are characterized, for standard plasma conditions, by
strong pressure gradients along the field lines that enhance the par-
allel particles flows.17,36 Accordingly, flows in the magnetic islands
are expected to be the major contributors to the measurements. In
order to understand the flows direction, it is therefore necessary
to identify a region where the viewing chords are intersecting only
one magnetic island before hitting the vessel wall (as the magenta
and the cyan lines in Fig. 12). For some specific lines of sight, the
intersection happens at a single poloidal plane (as the cyan line
only in Fig. 12), which can be used as a starting point for charac-
terizing the island open field lines. The distance from the poloidal
plane to the closest divertor target (evaluated along the open field
lines) dominates the trajectory of the plasma particles and is thus
the quantity that can be related to the flow direction measured
by the CIS.

Figure 13 shows the described evaluation. The camera looks
toward the divertor in the counterclockwise direction, which coin-
cides with the standard magnetic field orientation. The open field
lines taken into consideration are determined by generating scat-
tered starting points around the line of sight intersection with the
magnetic island. It can be seen that the CIS measures particles
streaming toward the divertor targets, since when the closest module
is reached going along the magnetic field direction, the CIS shows a
flow directed away from the camera and vice-versa. It is also pos-
sible to notice that the interpretation of the CIS measurement is in
general nontrivial, as two points relatively close in the flow image
represent two lines of sight that cross the islands in different parts of
the machine. Despite the first appearance, the measured image does
not represent a poloidal cross section.

The same analysis has been repeated for different lines of
sight and W7-X CIS systems: the carbon flow direction toward the
divertor target has been confirmed for standard plasma conditions.

IV. DIAGNOSTIC COMPARISON

The CIS measurements at W7-X have previously been com-
pared with the dedicated EMC3-EIRENE simulations, showing good
agreement.17 Additional comparisons with other flow diagnostics
can further confirm the quality of the CIS measurements.25 Suit-
able candidates are the Mach probes, mounted on the Multi-Purpose
Manipulator (MPM) of W7-X.34,37,38 Good agreement between CIS
and Mach probes has already been observed in a recent investigation
on the role of plasma currents for the SOL dynamics in W7-X, where
similar changes in the plasma flow caused by increasing plasma cur-
rents has been found.39 An additional study is here presented in an
attempt to tackle all aspects that influence the comparison, with a
different actuator for changes in plasma flows.

Even though the two diagnostics are both measuring flows,
there are substantial differences that prevent a direct comparison of
the observed absolute velocity values. First of all, the probes measure
local radial profiles inside the SOL of W7-X, while CIS displays the
line-of-sight integrated behavior of regions of substantial line emis-
sion, distributed on the entire edge, which is not a representation of a
poloidal cross section. Moreover, the Mach probes measure the flows
of the entire plasma as single ion fluid, relying on the assumption
of an isothermal pure hydrogen plasma (which can translate into
an ambiguity in the velocity magnitude up to 20% in typical W7-X
experimental conditions), while CIS can investigate the behavior
of only one ion species at the time. Furthermore, both diagnostics
can show uncertainties in the 0-flow position: the Mach probe flow
results can have an offset due to imperfect alignment with the mag-
netic field, while the CIS can present a shift due to the multiplet
effect correction. Therefore, the absolute flow velocity values are not
expected to agree. In order to be able to correlate the two systems,
it is necessary to perform additional geometrical analysis and to find
plasmas discharges with a recognizable general tendency of plasma
flow variations.

The geometrical analysis is shown in Fig. 14. In the standard
magnetic configuration, the island crossed by the MPM is connected
to the divertor viewed by the CIS. In order to monitor the paral-
lel flow in the same island, the measurement performed with the
toroidal system needs to be considered, as the vertical one mea-
sures perpendicular to the magnetic field. The selected CIS line of
sight crosses only the one island, which is required in order to avoid
averaging on different flow directions. Unfortunately, the line of
sight crosses the island in multiple cross sections [from ϕ = 97○ to
ϕ = 120○, as highlighted in Fig. 14(a)], an additional factor that
prevents a direct comparison of absolute velocity values.

The selected plasma discharges are in the standard magnetic
configuration, with similar parameters [line integrated density of
7 ⋅ 1019 m−2, input power of 4 MW of electron cyclotron reso-
nance heating (ECRH), electron temperature in the core of ∼3 keV],
without (experiment no. 20181010.17) and with (experiment no.
20181010.18) control coils, which are components designed to
induce changes in the island structure. In the latter program, a pos-
itive current of 2 kA has been applied to all 10 control coils, which
results in an increase in the radial component of the magnetic field,
increasing the island size while decreasing the connection lengths to
the divertors.33,40 The modification of the SOL geometry translates
in an effect on the flows, without modifying the number of islands
crossed by the CIS lines of sight.
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FIG. 14. Geometrical analysis: identification of a CIS line of sight suitable for comparison with the MPM Mach probes. (a) Schematic of the ten divertor modules with part
of the plasma vessel of W7-X (view from the side). The divertor monitored by the CIS is highlighted in black. The magnetic island connecting part of the CIS view (green
line of sight) to the MPM position (blue Poincaré plot at ϕ = 200.8○) is traced with magenta lines. Poincaré plots of the SOL are displayed in orange, covering the toroidal
angles from 97○ to 120○, where the CIS line of sight crosses the island. (b) CIS flow measurement (single frame) of one of the two analyzed discharges with markers for the
investigated line of sight (in green) and for a region of interest that will be used in the discussion (in black).

A C III filter was used for CIS in these experiments; there-
fore, the diagnostic monitored the behavior of the carbon impurity.
As shown in Ref. 41, 3D simulations generally predict the impu-
rity transport to be governed by frictional forces for W7-X rele-
vant SOL densities in the range of 1 − 2 ⋅ 1019 m−3. In the friction
dominated regime, impurities are dragged by the main plasma ions,
which flow towards the divertor targets. Therefore, the behavior of
the carbon impurity can be used as a good proxy for the main ion
species. The observations presented in Sec. III E show velocities of
the same magnitude as the main ion simulation, thereby supporting
this conclusion as well.

The comparison of the two diagnostics is presented in Fig. 15.
Figure 15(a) shows the behavior of both one row of pixels on
the camera chip and of one dot representing the selected line
of sight magnetically connected to the MPM measurement posi-
tion, as highlighted in Fig. 14(b). The two pixel rows, showing
the general tendency of the island chain, have a similar shape, but
the measurement with control coil operation (dashed line) shows
consistently larger flow velocities along the magnetic field direc-
tion (defined as +v). At the chosen line of sight connected to the
MPM position, the difference between both measurements is about
10 km/s. The value has been confirmed for neighboring lines of sight.

FIG. 15. Comparison of CIS and Mach probes measurements for discharges without (experiment no. 20181010.017, Icc = 0 kA) and with (experiment no. 20181010.018,
Icc = 2 kA) control coils. v > 0 is along the B-field direction. (a) CIS measurement performed with the toroidal system. The line is the flow velocity of one band selected on the
camera chip as highlighted in Fig. 14(b); the dot represents the selected line of sight. The yellow region is used for the average value displayed in Table IV. (b) Mach probes
measurement of electron temperature and parallel velocity. The region of interested for the comparison is highlighted in yellow.
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TABLE IV. Average values of flow velocity difference with and without control coil
use for both CIS and Mach probes. The averages have been calculated in the
regions marked in yellow in Fig. 15 for the Mach probes and the CIS l.o.s. entries,
and in the region of interested delimited by the black square in Fig. 14(b) for the
CIS ROI entry.

Data trace Flow velocity difference (km/s)

Mach probes 10.92 ± 2.99
CIS l.o.s. 7.10 ± 3.02
CIS ROI 10.65 ± 1.69

Figure 15(b) shows radial profiles of electron temperature (from
a triple Langmuir probe) and parallel flow velocities (from the
Mach probe) both along the MPM path. For clarity, the sign of
the Mach probe flow has been chosen here in the same way as
the CIS flows, on the contrary of the definition in previous pub-
lications on Mach probe flows.34,38,39 The region that can be used
for comparison with the CIS is highlighted in yellow. The part
outside this region (R > 6.075 m) should not be considered since
it is in the shadow of the divertor, featuring very short connec-
tion lengths (<10 m), so that field lines starting from the probe
do not reach the CIS measurement region. Moreover, the elec-
tron temperature decay for R > 6.075 m shows a tendency simi-
lar to the one obtained with no island chain.34 In the highlighted
region of interest, the flow velocity in the experiment with control
coil operation is about 10 km/s higher, well agreeing with the CIS
results.

Despite the fact that the absolute velocity values do not agree
due to uncertainties in both diagnostics and the complicated map-
ping between them in the 3D island divertor geometry, the general
tendency of increasing flow velocity along the magnetic field direc-
tion with the use of control coils (Icc = 2 kA) is very robust in both
cases. In order to highlight that, the difference has been averaged
over the two marked regions of Fig. 15 and the results are displayed
in Table IV. The last entry of the table shows the average velocity
values in the region of interest delimited by the black squared in
Fig. 14(b), which includes shorter lines of sight and therefore is less
affected by line-of-sight integration issues, translating into a good
representation for the general edge behavior. This entry confirms
that the flow velocity increase is not localized in only one magnetic
island. Therefore, the line-of-sight integrated CIS flow pattern con-
firms that the control coils use affects the entire island chain, adding
a significant contribution to the information retrieved by local probe
measurements. The difference in the standard deviations for the two
CIS values is to be attributed to the amount of poloidal cross- sec-
tions crossed by the lines of sight, which is lower for the CIS ROI
case.

V. CONCLUSIONS
Two coherence imaging spectroscopy systems have been

installed and used at W7-X during the experimental campaign
OP1.2. The specific features of W7-X strongly influenced the diag-
nostic design, specifically regarding the choice of birefringent crys-
tals and narrowband filters. In order to obtain good signal-to-noise

ratio, attentive studies on the contrast parameter, with respect to the
length of the lines of sight and the presence of additional impu-
rity lines in the filter, have been performed, showing a successful
implementation of CIS at W7-X.

The diagnostic has been fully characterized by the use of the
new C-Wave tunable laser, which allows a direct calibration of many
visible spectral lines. The use of the C-Wave laser improved, at the
same time, the flexibility, precision, and stability of the CIS diagnos-
tic, allowing to monitor and measure the system response with little
use of simulations and opening up testing possibilities unexplored
before.

The importance of a precise calibration source has been high-
lighted, thanks to the comparison with a standard Zn spectral lamp,
normally adopted to calibrate C III and He II emission lines. The
systems responses have been shown to be sensitive to different wave-
length ranges: a ∼50 nm variation toward the green corresponds to a
decrease in the induced phase of ∼20–22%, implying the necessity
of repeating the measurement for any wavelength under investi-
gation, easily doable with the C-Wave laser. A similar wavelength
dependency has also been identified for a phase caused by envi-
ronmental temperature changes. The temperature induced effects
appear reproducible and theoretically representable, allowing fur-
ther development of a reliable calibration method that will face the
challenge of the 30 min operation at W7-X without expensive tem-
perature control techniques. An alternative approach to take into
account the phase offset introduced by the multiplet structure of
the plasma spectral lines has been adopted, easing the data analy-
sis process by using an effective wavelength as a calibration source.
The unambiguous measurement of the relation between ΔΦ and Δλ,
performed with short range laser scans, allowed to identify the par-
ticle flow direction toward the divertor targets in standard plasma
parameters.

A comparison with the multipurpose manipulator Mach probes
shows a flow variation of similar tendency and magnitude due to
magnetic islands size modification, supporting the reliability of the
CIS measurements.
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A B S T R A C T

A new widely tunable, continuous-wave laser named C-Wave enables direct calibration at the unshifted, center-
of-mass wavelength for most plasma lines in the range between 450 and 650 nm for Doppler Coherence Imaging
Spectroscopy. It also provides the ability to scan around each desired wavelength over a small range of± 50pm,
thus enabling an easy way to translate the measured phase difference ΔΦ of the diagnostic to the desired Doppler
line shift Δλ, that corresponds to the physical parameter of interest, the particle velocity of an observed plasma
species.

A first wavelength scan of the C-Wave laser± 50pm around a single plasma line of interest, C III at
464.881 nm, is presented and compared to a simulated wavelength scan. It demonstrates not only the C-Wave
capability as a Doppler CIS calibration source, but also its potential to immensely simplify Doppler CIS analysis
for nearly all visible plasma lines of interest.

1. Introduction

Doppler Coherence Imaging Spectroscopy (CIS) is a relatively new
([1]) and powerful method to measure particle velocity flows from a
radiating body such as a plasma. Due to its ability of producing 2-di-
mensional images of line-of-sight integrated particle parameters, CIS is
increasingly used in high-temperature plasma experiments such as DIII-
D ([2]), MAST ([3]), ASDEX Upgrade ([4]) and Wendelstein 7-X ([5]).
It measures a single emission line from the plasma, with which a spatial
interference pattern is produced by a set of birefringent plates on a
camera chip. To analyze the measured plasma line interference pattern,
a reference interference pattern is produced with a monochromatic
calibration line. Ideally, these calibration lines are at the unshifted,
center-of-mass position of the observed plasma line, λ0. Strong (im-
purity) plasma lines of interest in the visible part of the light spectrum
include e.g. C III, C II, He II and many other lines from higher excitation
stages. However, these atomic emission lines usually cannot be gener-
ated with conventional spectral calibration lamps. This is why for many
observed plasma lines, calibration wavelengths in the vicinity of a few
nanometers to λ0 are used. An example is the C III multiplet at
464.881 nm, for which a Zn I calibration line at 468.014 nm is usually
used. In these cases, the analysis of the ΔΦ→Δλ-relation becomes
much more difficult, since additional phase effects, generated by the

birefringent plates of the Doppler CIS, have to be considered and ac-
curately determined.

Previous calibration methods rely on spectral lamps and conven-
tional lasers that drastically limit the availability of close, intense ca-
libration lines. By the use of an unshifted calibration line (λcali= λ0),
additional analysis terms can be omitted that require the very accurate
knowledge of certain optical and birefringent plate parameters that
cannot be provided with the required precision by manufacturers. With
the small-range scanning capability of the laser (within±50pm around
λ0), which is corresponding to the range of expected Doppler line shifts
of the particle species1 in the edge of a high-temperature plasma ex-
periment, the sign of the ΔΦ→Δλ-relation can be determined without
doubt for the applied plate configuration. Furthermore, the need for
simulating any birefringent plate parameters is removed. This is also
true for multiplet emission lines such as C III, that generate an addi-
tional multiplet phase offset ([8]), if those multiplets are measured with
the C-Wave laser as well.

A newly developed, widely tunable continuous-wave (CW) laser
(called “C-Wave”) based on optical parametric oscillation (OPO) pro-
vides monochromatic line emission over nearly the entire visible
spectrum (450-525 nm and 540-650 nm) and the near infra-red (900-
1300 nm) ([6]). For Doppler CIS, the C-Wave laser was specifically
customized to apply precise wavelength selection with an accuracy
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of< 0.1pm and wavelength scanning over a range of± 50pm around a
chosen wavelength λ0. This is possible thanks to a newly developed
software tool called “AbsoluteLambda”, that involves a feed-back loop
based on constant monitoring of the laser emission by a high-resolution
wavemeter. Concerning stability, the laser usually needs a few minutes
to settle to a selected wavelength λ0, but can then reliably keep the
selected wavelength with an accuracy of< 0.01pm for several days if it
is not disturbed by major vibrations. Within±50pm around the se-
lected λ0, the wavelength can be varied fast and stably as well, usually
requiring only a few seconds to access the desired wavelength variation.
This is later demonstrated in Fig. 3. With this new calibration source,
several problematic issues of conventional calibration sources (with
λcali≠ λ0) for CIS can be dealt with:

1. All plasma lines in the range of 450-525 nm and 540-650 nm can be
absolutely calibrated at their non-shifted, center-of-mass line posi-
tion.

2. With the small-range scanning capability of the laser (in a range
of± 50pm), the ΔΦ→Δλ-relation for CIS can be directly measured
for each Doppler CIS plate configuration and does not have to be
simulated.

By this, not only CIS, but also other spectroscopic systems such as
high-wavelength resolution spectrometers can be reliably wavelength
calibrated. An alternative method are tunable diode lasers, who can
usually be varied over a range of a few nanometers [7]. The tunable C-
Wave laser is used as a calibration source for the two Doppler CIS
systems on Wendelstein 7-X. In this work, a first wavelength scan of the
C-Wave laser± 50pm around a single plasma line of interest, C III at
464.881 nm, is presented and compared to a simulated wavelength
scan. This is done to demonstrate it's capability as a Doppler CIS cali-
bration source, immensely simplifying the complex CIS analysis pro-
cedure by:

1. omitting the need to determine an additional phase term arising due
to λcali≠ λ0

2. omitting the need to calculate the dispersion function if the
wavelength scan is performed for the used plate configuration.

CIS analysis has been described in many previous works ([12,8,9])
and will not further be discussed here.

2. Wavelength scan with the tunable laser

As reported in [5], there are two Doppler CIS systems used in W7-X,
that observe the same divertor area from different view ports, enabling
better understanding of the line-integrated emission and flow patterns.
Those two systems are named after the ports from which they observe
the plasma, AEQ21 and AEF30, and they are also characterised by
different birefringent plate configurations. The thickness, material and
type of plates determine the fringe phase shift for an observed emission
line wavelength. The more or thicker plates are used, the smaller wa-
velength shifts can be resolved. A small-range wavelength scan with the
C-Wave was performed with the two W7-X Doppler CIS systems si-
multaneously to assess the phase dependence on wavelength for both
systems. The measurement was performed by using a set of Y-fibres at
the output of the C-Wave laser and at the output of a He-Ne laser, that
was used as a fixed wavelength reference source. Via the Y-fibres, the
calibration spheres of the two systems were connected to each laser at
the same time.

The entire wavelength scan lasted for several minutes. However,
even in the time span of a few minutes, ambient temperature changes of
and around the birefringent plates can be present. The birefringent
plate refractive indices, ne and no, that determine the phase shift of the
incident light on the plate, are not only dependent on the wavelength,

but also the material temperature. Therefore, ambient temperature
changes around the plates can change and distort the measured phase.
Since the two Doppler CIS set-ups on W7-X do not involve an active or
passive temperature control for the birefringent plates (e.g. via tem-
perature cells or ovens), the He-Ne reference line is necessary to
monitor the effects of any temperature variation. The He-Ne laser can
be simultaneously used in this context because its line emission at
632.8163 nm is distant enough from the C-Wave wavelengths to be
distinguishable in the Fourier analysis, as firstly reported in ([9], p.68).
The distance of two peaks in Fourier space depends on the wavelengths
and the fringe size. The tunable laser wavelength was set to the un-
shifted center-of-mass wavelength of the C III multiplet at 464.8811 nm
and varied in a range of± 50pm around it. In Fig. 1, the interferometer
signal generated by the two monochromatic laser wavelengths is
shown. It consists of two overlapping modulation patterns. For the two
W7-X systems, the wavelength peaks of the two lasers
(632.8–464.9 nm=167.9 nm) proved to be separated enough in
Fourier space, as can be seen in Fig. 2. The simultaneous measurement
of two wavelengths comes at the cost of spatial resolution, since the
inverse Fourier transform area becomes smaller.

The two Doppler CIS systems employ different plate configurations
in the current plasma campaign OP1.2b.2 The AEQ21 system consists of
a 10mm α-Barium Borate (α-BBO) displacer plate, the second system in
AEF30 applies a 10mm α-BBO displacer plate and a 6mm α-BBO delay
plate. In Figs. 3 and 4, the C-Wave wavelength during the scan, the
temporal evolution of the tunable laser phase difference and the He-Ne
laser phase difference are shown for both Doppler CIS systems during
the scan experiment. First, the tunable laser wavelength was decreased
and increased in 5 pm and 10 pm steps several times around the center-
of-mass wavelength of the C III multiplet at 464.881 nm, which was set

Fig. 1. Doppler CIS interferometer signal recorded with the C-Wave laser
(started at 464.881 nm) and the HeNe ion laser (632.816 nm), taken from the
AEF30 port CIS system.

Fig. 2. 2D Fourier transform image of the interference pattern in Fig. 1.

2 There have been two plasma campaigns in W7-X so far: OP1.1 with a carbon
limiter and OP1.2 with an uncooled carbon divertor, that was split in two parts:
OP1.2a and OP1.2b (additional scraper elements in some divertors).
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as reference point (ΔΦ=0°). In both figures, the scan data appears
interrupted sometimes, which is due to the C-Wave, that mostly needs
1-2s to stabilize after changing the wavelength for these ranges. As
expected, the phase variation is stronger for the AEF30 system, which
has an additional delay plate. However, in that system, the temperature
drift of the phase was slightly higher, corresponding to ΔΦ≈3° over
10min for the C-Wave and ΔΦ≈0.3° over 10min for the HeNe laser.
At AEQ21, ΔΦ < 1° over 10min for both lasers, since one less bi-
refringent plate was used. Furthermore, for the AEQ21 system, the sign
of the ΔΦ-Δλ-relation was opposite to the one in AEF30, since the or-
ientation of the birefringent displacer plate axis was different.

The effect of the temperature-induced phase drift, which differs for
different wavelengths, appears to be stronger for light in the blue part
of the spectrum than in the red. This effect was already reported in [9],
in which a stronger overall phase drift was observed due to a different
plate configuration. With the He-Ne laser, the temperature-induced
phase drift could be monitored, being relatively linear for both systems
and therefore allowing the assumption that the temperature drift for the
C-Wave was linear as well. The rate of the temperature-induced phase
drift was estimated with all phase data points at λ0= 464.8811 and
subtracted from the measured phase to extract a temperature drift
corrected ΔΦ→Δλ-relation for the C-Wave, which can be seen in Fig. 5.

Fig. 5 shows the measured ΔΦ→Δλ-relation for both W7-X Doppler
CIS systems. The data points represent the time-averaged phase during
each scan step (marked in Figs. (3) and (4)). In the AEF30 system, a
positive phase corresponds to a red shifted line (or flow away from the

observer), whereas in the AEQ21 system, it corresponds to a flow to-
wards the observer. For comparison, a simulated ΔΦ→Δλ-relation has
been added to the Figure to quantify theoretical predictions. The si-
mulated phase shift due to a birefringent delay or displacer plate can be
calculated according to a formula provided in ([10]). It requires the
accurate knowledge of the following parameters:

• the birefringent indices (ne, no) for the material in use (here: α-BBO,
provided in [11]).
• the thickness, L, of the birefringent plates
• the orientation of the birefringence axis, θ,
• the angle between the incident light and the plate surface, α,
• and the angle between the projections of the incident light and the
optical axis on the plate surface, δ.

The plate parameters, which were applied to the best of the authors
knowledge (relying on manufacturer data) need to be known to a high
degree of accuracy. Small uncertainties in them as well as inaccurate
birefringent index data (ne,no) cause phase offsets that might affect how
ΔΦ changes for a given Doppler shift Δλ. As can be seen in the Figure,
the agreement between the measured and simulated ΔΦ→Δλ-relation
is good, demonstrating the validity of the model. For AEF30, the de-
viation between the simulated and the measured data is δΔΦ≈3° for
Δλ=30 pm. For the AEQ21 system, it is δΔΦ≈1.5° for Δλ=30 pm.
This comparison might also be used to fit the plate parameters for si-
mulations, as has been suggested by [12] (not performed in this work).

Fig. 4. C-Wave wavelength scan performed simultaneously in the
two W7-X Doppler CIS systems on the AEQ21 (10mm displacer)
and AEF30 (10mm displacer + 6mm delay plates) ports, re-
spectively. Displayed are the averaged measured phase difference
of the (fixed) He-Ne laser and the phase difference of the C- Wave.
The ΔΦ averages were taken in the central 50 pixels in the ana-
lyzed Doppler CIS images. As reference phase image, the first
measurement image was taken.

Fig. 5. The measured (in color) and simulated (black) ΔΦ→Δλ-relations for
both W7-X CIS sytems in AEF30 and AEQ21. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Wavelength of the C-Wave laser during the scan experiment. The ma-
genta markers indicate each scan step that will be analyzed in this work. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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The data presented in Fig. 5 clearly demonstrates that with conven-
tional calibration sources for the C III multiplet such as Zn I (at
468.1 nm), that are different from the nominal, center-of-mass of an
observed plasma line, a huge phase (velocity) error is made in case of a
linear ΔΦ→Δλ-extrapolation for plate parameters with too large un-
certainties: roughly δΔΦ≈300° ( v 70 km/s) for Δλ=3nm in the
example of AEF30. This is also in line with investigations presented in
[12]. There are two ways to deal with these large phase offsets/errors:
either fit the plate parameters with some effort ([12,9]) or calibrate at
(λcali= λ0) and measure ΔΦ→Δλ directly by means of tunable ca-
libration sources.

3. Summary and conclusion

The main aim of this paper is to inform about the C-Wave as another
suitable calibration source for CIS and to prove its capability to directly
measure the required ΔΦ→Δλ-relation for analyzing the velocity for
CIS. An important assumption for the Doppler CIS analysis with pre-
viously applied calibration sources, where λcali≠ λ0, is that ΔΦ for a
certain Doppler shift Δλ can be accurately predicted. This requires the
birefringent indices data ne, no to be precise. Furthermore, diagnostic
parameters such as the thickness of the birefringent plates, the or-
ientation of the birefringent plate axes, the precise angle of incidence of
the light on the camera chip and focal length f of the CCD lens need to
be known with very high accuracy. These small uncertainties cause
phase offsets that can distort the ΔΦ→Δλ-relation. Under these cir-
cumstances, it is not impossible to analyze measured phase data
([12,4]), however it involves a time-consuming process to identify the
precise plate parameters for each new plate configuration or even small
changes to the same set-up. With the C-Wave laser as a new calibration
source for Doppler CIS, all plasma lines in the range of 450-525 nm and
540-650 nm can be directly calibrated at their center-of-mass position.
As has been demonstrated in this work, the ΔΦ→Δλ-relation can be
directly measured with C-Wave, omitting the need for simulating any
phases for Doppler CIS in the future, thus making analysis much faster
and direct. It is assumed that this is also possible with tunable diode
lasers, as comparable wavelength scans were already performed as well
([12,3,9]).
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Abstract
Radiative power exhaust by impurity seeding was demonstrated for the first time in island 
divertor configurations at the stellarator Wendelstein 7-X. Feasibility of stable plasma 
operation was shown during seeding with both neon (Ne) and nitrogen (N2). High radiative 
power losses (�80%) were found to reduce the divertor heat loads globally by 2/3 with both 
seeding gases injected at a single toroidal location into one of five magnetic islands. Heat flux 
detachment was achieved for the price of a loss of (� −15%) in the stored energy. Ne seeding 
allows for sustained enhancement of edge radiation with a very slow decay of line emission 
of several tens of seconds after the end of the injection indicating a high recycling of this 
noble gas at the carbon main plasma facing components. In N2 seeded discharges it is shown 
that a response of line emission and plasma parameters is in correlation to the puff duration 
which indicates a higher level of absorption of this seeding gas in the wall. Continuous N2 
seeding results in global cooling of the scrape-off layer (SOL) and decay of radiation over 
several seconds after the injection. Damping of counter-streaming SOL flows, and divertor 
particle fluxes induced by Ne and N2 seeding have been measured and provide evidence for 
a reduction of the convective part of the divertor heat fluxes. Losses in density in response to 
seeding can be compensated by feedback controlled divertor fueling. The controlled reduction 
of heat fluxes within this complex 3D edge island geometry is a very promising finding 
concerning detachment control in a future all-metal divertor.

Keywords: stellarator, detachment, impurity seeding, power exhaust, island divertor,  
scrape-off layer
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1. Introduction

Excessive heat and particle loads onto main plasma facing 
components (PFCs) are a major concern on the way towards 
a nuclear fusion demonstration power plant. Tokamaks and 
stellarators are currently the leading concepts in magn etically 
confined fusion. Experiments such as the Joint European Torus 
(JET), the Large Helical Device (LHD) and Wendelstein 7-X 
(W7-X) are currently the largest devices of these types to 
tackle the reactor relevant heat and particle exhaust issue via 
different divertor concepts [1–3].

The parallel heat fluxes q‖ within the scrape-off layer (SOL) 
are determined by the input power entering the SOL and the 
heat flux fall-off length λq [4]. Controlling this heat flux will 
become crucial for the stellarator W7-X which operates inher-
ently steady state and presently aspires to long pulse high-
performance operation to demonstrate the reactor feasibility 
of this concept [5–7] . The technically feasible target heat flux 
limits are qdiv,max ≈ 10 MW m−2. The widths of these heat 
loads are strongly determined by the magnetic field line con-
nection lengths LC. In a stellarator, and in particular in the 
island divertor of W7-X, these connection lengths are generally 
LC,W7X ∝ O(100 m) and are predicted to scale up in a reactor 
to (LC,W7-reactor ∝ O(1000 m)) [8, 9]. Therefore, perpendicular 
difusion of particles and heat is more effective and a broader 
heat flux deposition width is expected. However, even with this 
mitigating topological advantage, excessive heat fluxes are also 
expected for high-performance stellarator plasmas [10–12].

To avoid damage of the PFCs and material erosion due to 
excessive heat fluxes and high target temperature additional 
means to control and mitigate the heat flux issue are under 
investigation. Radiative edge cooling is a promising approach 
to remove most of the thermal power coming from the main 
plasma confinement before it reaches the PFCs [13–16]. Here, 
dedicated low and medium atomic charge impurity species are 
used to dissipate significant amounts of the power entering 
the SOL by impurity line emission. This power loss channel 
allows in principle for active control and modification of the 
energy balance through the amount of impurities released 
into the plasma. For steady state, long pulse operation it is 
even more desired to use the impurity line radiation to cool 
the plasma edge such that the temperatures downstream near 
the main PFCs are reduced and reliably controlled at levels 
of a few eV or less. The wall material and sputtering physics 
determine the intrinsic line radiation. W7-X uses carbon as 
first-wall material, which has the advantage of some level 
of self-protection due to line emission of eroded carbon fea-
turing the strongest radiation at typical SOL temperatures. 
However, the first-wall of future devices such as ITER and 
DEMO will have to use higher Z materials such as tungsten in 
order to reduce tritium retention and maintain the wall integ-
rity without massive erosion [17–19]. Here, the advantageous 
intrinsic power loss channels through carbon line emission 
are no longer available, and other extrinsic impurities have to 
replace these intrinsic edge radiators [20]. This issue will have 
to be investigated in the complex 3D geometry of W7-X in 
preparation for next-step stellarators devices [21, 22].

In this study, a first-time assessment of dedicated impurity 
seeding experiments for radiative power exhaust in the island 
divertor configuration is undertaken.

Understanding the essential features of transport and 
exhaust of heat and particles requires in the present study 
3D modeling due to the inherent complex 3D magnetic 
SOL geometry of the W7-X stellarator. For this purpose the 
experimental results will be compared with modeling results 
obtained from the 3D plasma edge fluid and kinetic neutral 
transport Monte Carlo code EMC3-EIRENE [23, 24].

The heat fluxes and impurity transport within the SOL of 
inherently 3D devices have been studied with 3D modeling, 
e.g. at LHD [25–27], at HSX [28, 29], HIDRA [30], at W7-AS 
[31], and W7-X [9, 12, 32–34].

First characterizations of the heat fluxes and impurity 
transport in the W7-X limiter configuration showed a strong 
dependence of the transport and plasma-surface interactions 
(PSI) on the 3D helical connection lengths topology (LC ≈ O
(10 m)) [34]. The effects of the 3D geometry on limiter heat 
fluxes were resolved by both, 3D modeling and experimental 
measurements [34, 35]. Changes to the magnetic geometry 
showed the feasibility of heat and particle load control [35, 36],  
and optimization of particle exhaust [37] in this 3D 
configuration.

W7-X was operated in summer to fall 2017 and 2018 in 
island divertor configurations for the first time. In this con-
figuration the lengths LC of the open field lines are increased 
by a factor of 10 in comparison to the limiter SOL during 
the W7-X startup campaign. A first analysis of divertor heat 
fluxes and promising results with regard to stable and high 
density operation were reported in [38]. A first comparison 
of the impact of the island geometry on divertor heat fluxes 
between experiment and 3D modeling was reported in [39].

In section 2 the properties of the island divertor configura-
tion and the seeding scenarios considered will be introduced. 
The models used for the analysis in this work are introduced 
in section 3. The main effects of Ne and N2 seeding on heat 
and particle fluxes are analyzed in sections 4 and 5. A final 
discussion and conclusions are provided in the sections  6 
and 7.

Figure 1. The geometry of the standard island divertor 
configuration. Full toroidal view on divertor modules and an open 
field line (red and blue) traced within the seeded island. Red and 
blue indicate the flow directions of main plasma and impurity ions.
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2. Impurity seeding in the standard island divertor 
configuration

2.1. Challenge imposed by the island divertor exhaust  
geometry

The experiments performed here were conducted in the 
ι = 5/5 standard island divertor configuration [40]. Five 
helical island bands enclose the core confinement domain. Ten 
carbon divertor units represent the main PFCs. A view on the 
geometry of this configuration and its main PFCs is provided 
in figure 1.

The lower and upper divertor modules are labeled as 
HMX0 and HMX1, respectively, with X  =  1–5. An open 
magnetic field line is traced within one of the five magnetic 
islands corresponding to a single target-to-target connec-
tion length of LC ≈ 460 m (corresponds to approximately 
13 toroidal turns). The field line is traced from the upstream 
position at the separatrix in positive (red) and negative (blue) 
toroidal direction until it hits a divertor target (downstream). 
The colors represent the counter-streaming flow directions 
discussed later in this study. The island flux bundle is con-
nected to the upper and lower divertor gas boxes used for Ne 
and N2 seeding and diagnostic purposes [41, 42] (HM51:Ne 
and HM30:N2). Langmuir probe arrays are mounted near the 
gas box (Ne) in the top divertor (HM51) and on the bottom 
divertor (HM50) which is not connected to the seeded island 
[43]. The Bolometer provides the total radiated power derived 
from two nearly orthogonal cameras covering a poloidal cross 
section in the triangular plane next to the divertor in the same 
module with the bottom gas box (HM30, N2) [44]. The seeded 
island crosses the bolometer observation plane at the bottom. 
Divertor heat fluxes are measured by IR cameras [45, 46]. A 
coherence imaging spectroscopy (CIS) with a toroidal view 
is used to measure impurity ion flow velocities [47–49]. The 
impurity line emission is measured at the mid plane with the 

high-efficiency extreme ultraviolet overview spectrometer 
(HEXOS) [50]. The setup of the neutral pressure gauges is 
described in [51]. An overview of the diagnostic setup is also 
provided in [52].

A Poincare plot of the boundary vacuum magnetic field is 
shown in figure 2(a). The islands are intersected by divertor 
plates (back solid lines). The cross section  represents the 
toroidal cross section with a divertor gas box. The open field 
line domain is shown in figure 2(b). The target-to-target con-
nection lengths LC vary between O(1 km) at the separatrix, 
O(100 m) within the islands and O(1 m)–O(10 m) in the far 
SOL and private flux region.

The seeded impurities are released into the island center 
or island O-point. The solid black lines indicate the divertor 
targets and baffles on this poloidal plane. The gap between the 
top center and top left plate is the pumping gap used for the 
neutral exhaust. The plates on the bottom belong to a bottom 
divertor.

In view of the fact that the five islands of the standard 
divertor configuration are magnetically isolated from each 
other, a question emerges immediately as whether it is pos-
sible to perform homogeneous radiation cooling by seeding. 
It is not anticipated that this geometry and use of a single 
gas source will allow for homogenous mitigation of the heat 
and particle loads on all divertor targets. This question will 
be addressed in the following analysis of the cooling effects 
induced by neon and nitrogen seeding.

The choice of impurities is made based on experimental 
experiences from different devices and the first limiter opera-
tional phase [13, 53–55]. The cooling potentials of C and N2 
are similar and provide for strongest radiation at low temper-
atures. Neon generally radiates at higher temperatures and 
may cause radiative losses closer to the upstream location. 
The experiments discussed in the following will consider the 
impact on energy confinement in case of high radiation losses 
[53].

Figure 2. The geometry of the standard island divertor configuration. (a) Poincare plot of the vacuum boundary magnetic field (standard 
divertor configuration). (b) Target-to-target connection lengths LC.
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3. 3D modeling of plasma transport  
and plasma-surface interactions

3.1. The main plasma transport

EMC3-EIRENE is a fully 3D coupled plasma fluid and 
kinetic edge transport Monte Carlo code. EMC3 solves a set 
of reduced Braginskii fluid equations  for particles, parallel 
momentum, and energies for electrons and ions [23, 56].  
EIRENE solves the kinetic transport equations  for neutral 
atoms and molecules including collisional processes [24, 57].  
The Braginskii fluid equations  for mass, momentum, and 
energy for electrons and ions are:

∇|| · (nV||) +∇⊥ · (−D⊥∇⊥n) = SP (1)

∇|| · (minV||V|| − η||∇||V||)

+∇⊥ · (−miV||D⊥∇⊥n − η⊥∇⊥V||)

= −∇||n(Te + Ti) + Sm

 (2)

∇|| · (−κe
||∇||Te +

5
2

nTeV||)

+∇⊥ · (−χe
⊥n∇⊥Te −

5
2

TeD⊥∇⊥n)

= −k(Te − Ti) + See + Se,imp

 (3)

∇|| · (−κi
||∇||Ti +

5
2

nTiV||)

+∇⊥ · (−χi
⊥n∇⊥Ti −

5
2

TiD⊥∇⊥n)

= −k(Te − Ti) + Sei

 (4)

where V||, κ
e,i
‖  and k are the parallel plasma velocity, the clas-

sical parallel electron/ion heat conductivity, and the equilibra-
tion coefficient. Sp  , Sm , See and Sei are the particle, momentum 
and energy sources associated with atomic and molecular pro-
cesses, e.g. charge exchange (CX) and ionization, which are 
calculated by EIRENE.

Se,imp represents an energy loss term due to excitation and 
ionization of impurities described in a fluid approach within 
EMC3. The coefficients for anomalous particle transport D⊥ 
and anomalous electron and ion heat transport χ⊥,e,i are free 
model parameters. Edge plasma heating is defined by setting 
the electron and ion heating power across the inner simulation 
boundary.

3.2. Impurity sources and SOL impurity transport

Release of intrinsic and extrinsic impurities is modeled based 
on a simplified approach by setting an effective sputtering 
yield Ysputter to mimic recycling or chemical sputtering of 
impurities. The impurity fluxes are then proportional to the 
strengths and distributions of the local recycling fluxes Γrec:

Γimp ≈ Γimp = YsputterΓrec. (5)

A point source can be defined with a impurity flow rate in 
order to start the impurities at the seeding location. For seeded 

impurities the total power loss Prad are used as a free param-
eter in this study and the impurity fluxes are code outputs.

Once the neutral impurities are released and ionized their 
transport is modeled by a trace fluid approach. A simplified 
fluid momentum balance equation is solved and the impurities 
impact the main plasma species only by ionization and excita-
tion through a loss term in the energy balance equation. The 
following continuity and momentum equations are solved:

∇‖ · (nzVz‖) +∇⊥ · (−Dimp∇⊥nz) = Sz (6)

0 = − 1
nz

dpz

ds
+ ZeE‖ + mz

V‖ − Vz‖

τzi

+0.71Z2 dTe

ds
+ 2.6Z2 dTi

ds
= FP + FE + Ffr + Fth,e + Fth,i

 (7)

where Sz represents the impurity ionization source for charge 
state Z, and Dimp is the anomalous particle diffusivity. τzi is 
the collision time between impurities and background main 
ions [4]:

τzi =
1.47 · 1013mz(

T3
i

mi
)0.5

(1 + mi
mz
)niZ2 ln Λ

 (8)

with ln Λ ≈ 15. The terms in equation (7) correspond to pres-
sure force FP, electric force FE, friction force Ffr and electron 
and ion thermal force Fth,e and Fth,i , respectively. The impurity 
ion temperatures are assumed to be equal to the background 
main ion temperature (Tz = Ti).

The fluid approach is chosen for the first-step analysis in 
this study. Here, the focus is on general transport features of 
the impurity transport within the fluid picture. The ADAS 
database [58] provides the atomic data, namely effective rate 
coefficients for ionization, recombination and CX and rele-
vant line emission.

3.3. Assumptions

The standard island divertor configuration was implemented 
in EMC3-EIRENE to assess the main features of radiative 
power exhaust by extrinsic impurities on plasma transport and 
plasma surface interactions for the typical plasma conditions 
realized. The heat and particle transport is considered for a 
scenario with an input power of P  =  4.0 MW and an upstream 
density of nup = 2.0 · 1019 m−3 fixed at the separatrix which 
was obtained based on measurements with the helium beam 
diagnostic and Thomson scattering. D⊥ = χ⊥,e,i = 1.0 m2 s−1  
were assumed to achieve modeling results for the heat fluxes 
which are in a satisfying agreement. A sputtering yield of 
Ysputter = 0.04 is used for carbon based on an estimation of the 
total intrinsic power losses and the assumption that C is the 
dominant intrinsic impurity source. The carbon is also used as 
a probe for a synthetic coherent imaging spectr oscopy diag-
nostic in the following [59]. Neon and nitrogen are released 
into the SOL according to their main source locations. 
Stellarator-symmetry is used to reduce computational effort 
for this primary qualitative assessment. A Prad scan has been 
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performed with respect to the extrinsic radiators to mimic 
the systematic enhancement of edge radiation by impurity 
seeding. This allows to investigate the impact on SOL param-
eters and PWI within the modeling.

4. Effects of Ne seeding

A representative hydrogen plasma scenario with neon seeding 
is discussed in the following (experiment ID #20180920.042). 
The time evolution of the main plasma parameters is shown 
in figure 3. A constant electron-cyclotron-resonance heating 
(ECRH) power of PECRH = 4.0 MW in X2-mode was applied 
as shown in figure  3(a) (black curve). The total radiated 
power Prad was measured with the bolometer and is shown in 
figure 3(a) (red curve). The total heat flux Pdiv = Σj

∫
qdiv,jdAj  

to all divertors (blue curve) is based on IR measurements. The 
neon seeding rate is shown in magenta. Neon pulses were 
injected at t = 5, 7, 9 and 11 s with a duration of 200 ms each 
at a flow rate of ΓNe ≈ 1020 s−1 in the upper divertor gas box 
(M51). The scenario was terminated by radiative collapse 
after the fourth Ne injection when Prad approached PECRH. 
The line integrated plasma density was set to 

∫
nedl ≈ 7 · 1019 

m−2 and is depicted in figure 3(b) (black curve) together with 

the plasma stored energy Wdia (blue curve) and the core elec-
tron temperature Te,core (red curve) obtained from Thomson 
scattering (V8). The density in this scenario was chosen based 
on previous reference discharges, showing that wall recycling 
alone is sufficient to sustain an almost constant density level 
without the need for additional gas fueling. The feedback 
control of the primary gas injection system had to be set to 
a reduced density level after t ≈ 4.5 s in order to avoid per-
turbative hydrogen puffs covering the effects of Ne seeding. 
Without this measure taken impurity seeding induced density 
changes had always resulted in feedback system induced, 
unwanted hydrogen fuelling puffs. The edge electron temper-
ature near the LCFS Te,edge obtained from Thomson scattering 
(V8) is shown in figure 3(c). The initial temperature is about 
120 eV. The first Ne injection at 5 s shows no clear effect. The 
second Ne injection at 7 s causes a drop to 75–80 eV, and the 
third injection reduces the temperature to 50 eV. This suggests 
that the cooling initially happened deeper in the SOL while the 
radiation zone tends to move further inwards with increasing 
intensity. The effects on SOL parameters within the island 
are better resolved by measurements with the Helium beam 
diagnostic [66]. The time evolution of electron densities and 
temperatures within the island in the bottom divertor region 
(HM30) are shown in figures 4(a) and (b). The values repre-
sent a range of 1–2.5 cm above the horizontal divertor plate in 
the island center. The density is initially ne ≈ 2–3 ·1019 m−3 
and decreases after three Ne injections to 1–2 ·1019 m−3, while 
the electron temperature drops from Te ≈ 24 eV to 12 eV. 
The SOL parameters show a stepwise response in correlation 
with the seeding scheme. The channels further upstream are 
neglected due to strong scattering of the data. The absolute 
uncertainties of the temperature and density derived from a 
collisional radiative model are affected by the atomic data 
accuracy. A gross systematic uncertainty across the relevant 
parameter range of 10%–30% is expected. However, this is a 

Figure 3. Time evolution of the scenario with Ne seeding 
(#20180920.042). (a) injected heating power (black) radiated 
power (red), power deposited on divertor (blue), Ne seeding rate 
from gas box in HM51 (magenta) (b) line integrated density (black), 
plasma stored energy Wdia (blue), core electron temperature Te,core 
(red) from Thomson scattering (V8) near axis, H2 fueling rates 
from main gas inlets (green and cyan), (c) Thomson scattering edge 
temperature (V8), (d) average effective charge state Zeff, (e) neutral 
pressure (AEH-ports in HM30 and HM31) and local particle fluxes 
(Jsat  in HM50 and HM51) at lower and upper divertor.

Figure 4. Time evolution of (a) electron density ne and (b) electron 
temperature Te measured with the Helium beam diagnostic in the 
outermost four channels (distance to horizontal target d ≈ 1–2.5 cm) 
in HM30.
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systematic uncertainty which does not affect relative measure-
ments, which are considered here. Therefore, only actual mea-
surement uncertainties in the spectroscopic measurements for 
this diagnostic are displayed.

The Zeff is shown in figure  3(d). It rises during the Ne 
injection from 1.2 to 2.2. This corresponds to maximum Ne 
concentration (after the last puff) in the core of cNe ≈ 1.3%. 
This can be related to a worst-case concentration of cNe ≈ 5% 
if all injected Ne particles would accumulate in the confine-
ment region. The lower value obtained from Zeff suggests that 
75% of injected Ne particles are retained in the SOL.

The total ion saturation currents were calculated as the 
sum Jsat = Σjsat,i of the individual currents jsat,i  from each 
divertor Langmuir probe. The evolution of the total currents 
of the two Langmuir probe arrays are shown as a proxy for 
the particle fluxes in figure 3(e) for lower (black) and upper 
divertor (blue). The sub-divertor neutral pressures (AEH 
ports) are shown in figure 3(e) for lower (black, HM30) and 
upper divertor (blue, HM31).

4.1. Analysis of the 3D radiation distribution

It was demonstrated that the total radiated power, measured 
with the bolometer, can be reliably controlled with Ne seeding. 
The total radiative power losses consist of a base level (con-
sider Prad for t � 5 s in figure 3(a)) which is assumed to be 
mostly caused by line emission from intrinsic C impurities. 
A detailed quantitative analysis of the composition of the 
intrinsic impurity content is still pending, but the fact that the 
main PFCs and shielding consisted of carbon and first mea-
surements for the divertor campaign support this assumption 
[60, 61].

For simplicity consider the injected power PECRH as a ref-
erence scale for the power loss discussion in the following 
(left axis in figure 3(a)). In response to the first Ne injection 
at t  =  5 s the radiated power enhances by ∆Prad ≈ 1.0 MW–
Prad ≈ 1.8 MW. The increase in radiation almost remains con-
stant over 2 s until the next injection. Each injection increases 
Prad stepwise. Moreover, Prad remains constant on the 
enhanced level during the seeding cycles. It was demonstrated 
in various scenarios that Prad enhanced by Ne decays only very 
slowly over at least several tens of seconds. This indicates that 
neon features a relatively high recycling coefficient and will 
remain in the plasma for a longer time. Three Ne pulses have 
enhanced the total radiated power by ∆Prad ≈ 2.5 MW. After 
the fourth injection, the radiated power fraction approaches 
the level of injected power, and a radiative collapse terminates 
the plasma. The radiative limit was exceeded after the release 
of NNe ≈ 8 · 1019 Ne particles into the plasma. It is a prom-
ising result that the divertor configuration allows for stable 
operation at high radiation losses.

The total power loss fraction can be constrained by the 
power deposited on the divertor and the estimation from the 
bolometer. After three Ne injections one may have achieved: 

1 − Pdiv
PECRH,inj.

≈ 70% � frad � frad,bolometer ≈ 95%. The bolom-
eter has an error bar of ∆frad ≈ ±10%. One question con-
cerning the 3D magnetic field geometry is how the general 

radiation features are composed in spatial terms. This will be 
considered in the following.

The spatial distribution of the total radiated power is shown 
in figure  5(a) for the horizontal bolometer camera. This 
camera measures at the triangular cross-section and is due to 
its nearly up/down-symmetric view around the midplane best 
suited to resolve radiation asymmetries between the top and 
bottom plasma edge (see also set up in figure 1 and sketch of 
lines of sight in figure 8(a)) [61]. The seeded island flux tubes 
pass the bolometer observation at the bottom.

First, there is a moderate intrinsic asymmetry between 
the top and bottom radiation which may be correlated with 
the higher particle fluxes measured in the bottom divertor. 
Higher fluxes to the neighboring bottom divertors may result 
in enhanced radiation in the bottom island due to higher sput-
tering and recycling of impurities compared to the upper 
divertors. This may also result in a stronger erosion and higher 
impurity fluxes into the island connected with the bottom 
divertor gas box (HM30) and which passes through the bottom 
of the bolometer observation plane (figure 1). The sequence 
of Ne injections starting at 5 s enhances the edge radiation 
at the top as well as at the bottom. The radiation is stronger 
at the bottom which is assumed to be in correlation with the 
asymmetries mentioned above of the poloidal intrinsic radia-
tion distribution. The radiating layer expands deeper into the 
confinement after each injection. The radiation zone reaches 
the plasma center after the fourth neon injection and eventu-
ally results in a radiation collapse.

The analysis of the composition and the 3D distribution 
of radiation intensity is a non-trivial task in this complex 
3D island SOL geometry. A first assessment is performed in 
the following considering the primary extrinsic and intrinsic 

Figure 5. (a) Time evolution and vertical distribution of chord-
brightness (composing the total radiated power Prad) measured with 
the horizontal bolometer camera. (b) Carbon line emission in the 
HM51 divertor spectroscopy: CIII (465 nm).
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impurity sources. Divertor spectroscopy [62, 66] allows a 
view on the carbon line emission in the divertor during neon 
seeding. The observation is across the divertor target at the 
neon injection location (HM51). The LCFS is located about 
9–10 cm above the divertor target. The time evolutions of CIII 
(465 nm) is shown in figure 5(b). They represent the line emis-
sion integrated along the lines of sight at different perpend-
icular distances above the horizontal divertor plate. The line 
emission of CIII is concentrated at a distance of 2–3 cm near 
the target at the begin of the discharge. The peak CIII emis-
sion reduces near the target after the first two neon injections 
(5 and 7 s) and strongly reduces after the third injection (9 s). 
At the same time, the tail of the radiation increases in steps 
further in the perpendicular direction which corresponds to 
a movement towards the upstream location. After the last 
injection (11 s) signatures of strong upstream radiation occur 
before the radiative collapse. These results indicate a shift of 
the intrinsic radiation with enhanced neon seeding. The evo-
lution of the CIII emission suggests that the plasma is clearly 
attached until about 7 s but then with the second and third 
puff driven closer to detachment with the CIII radiation front 
lifting off the target. In particular, from 9 s onward the radia-
tion starts to vanish at the target until with the last puff at 11 s 
it completely detaches.

The impurity line emission measured with HEXOS [50] 
is considered to resolve the behavior of seeded neon. It also 
measures the intrinsic carbon radiation and thereby allows to 
provide evidence of 3D effects on the radiation distribution. 
The line of sight of this spectrometer is at a position located 
far away from any divertor target, in the midplane of the tri-
angular cross-section, a cross-section without divertor targets. 
The time evolution of the line of sight integrated signals of 
the neon and carbon radiation are shown in figures 6(a) and 
(b). The line intensities of NeIV–VIII increase in correlation 
with the injection of neon and the enhancement of Prad every 
two seconds, starting at 5 s (figure 6(a)). The spectrometer 

is not calibrated. Therefore only changes in each line should 
be considered individually. Additionally, carbon line emission 
increases in the edge in correlation with the neon radiation. 
The strongest increase occurs for CII–CIV representing the 
lower charge states mostly radiating outside the LCFS while 
CV and CVI representing higher charge states remain mostly 
low and show only a moderate increase during high radia-
tion after the third Ne injection (figure 6(b)). This suggests 
an increase of total radiation not only by the additional line 
emission of seeded neon but also by an increase of the line 
emission of intrinsic impurities. The analysis of edge radia-
tion based on localized measurements is an issue given the 
complex 3D SOL and divertor target geometry. Therefore, 
an attempt is made to analyze these features based on 3D 
modeling.

The 3D distribution of the CIII (465 nm) line emission 
has been modeled with EMC3-EIRENE and is shown in fig-
ures 7(a) and (b) for a scenario without and with Ne seeding 
(∆Prad,Ne = 2.3 MW). The toroidal view goes out of the 
divertor region to the triangular shaped cross section  (the 
green dots represent the separatrix). The horizontal and 
vertical divertor targets are located in the left upper corner. 

Figure 6. High efficiency XUV Overview Spectrometer (HEXOS)
lines for (a) neon and (b) carbon. The line emission is measured at 
the mid plane (Z  =  0) in the triangular symmetry plane.

Figure 7. 3D modeling distribution of intrinsic radiation (CIII) 
for (a) a scenario without seeding and (b) for a scenario with Ne 
seeding. The dashed lines indicate the observation domain of the 
bolometer (whole poloidal plane in the triangular cross section), 
HEXOS (mid plane in the triangular cross section) (φ = 36◦) and 
the divertor spectroscopy (above the horizontal target at φ ≈ 12.3◦). 
The separatrix at the triangular cross section is shown in green.
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The dashed lines indicate the lines of sight of the bolometer, 
HEXOS, and the divertor spectroscopy. The carbon line emis-
sion is concentrated in the main erosion and recycling zone on 
the divertor plates initially (figure 7(a)). The 3D distribution 
also explains the stronger intrinsic radiation at the inboard 
side. The impurities eroded from the vertical divertor target 
are released into the island connected to the inboard island in 
the triangular plane. The impurities eroded from the horizontal 
target are released into the island connected to the top island 
in the triangular plane. The bottom divertor on the opposite 
side in the next field period will correspondingly connect to 
the bottom island and the inboard island (figure 7(a)).

In response to Ne cooling the carbon line emission 
decreases in the divertor region (divertor spectroscopy) and 
enhances in the triangular plane (HEXOS and bolometer) as 
shown in figure 7(b). This might explain the opposing signal 
evolutions in the experiment discussed before. At the same 
time, the radiation also increases in the outboard islands con-
nected to divertor modules further away. The 2D distribution 
of the total radiated power and the CIII (465 nm) line emis-
sion is shown in figures 8(a) and (b) in the triangular plane 
and the divertor region for a medium level of Ne radiation 
(∆Prad,Ne = 1.7 MW). The dashed lines indicated the lines of 
sight of the diagnostics. The white dots represent the separa-
trix. The radiation is mostly retained in the SOL.

These results show that the impurity radiation features 
a complex 3D distribution which is sensitive to the plasma 
state. Therefore it is difficult to interpret it based on a single 
local measurements only. The poloidally and radially inte-
grated Prad and CIII emission are shown in figures 9(a) and 
(b) for the case without Ne, with low, medium and high Ne 
radiation level. The radiation is mostly concentrated in the 
divertor region. The effective main plasma-surface interaction 
zone and impurity sources extends toroidally from φ ≈ 0–18° 

within one half-field period (determined by the configura-
tion and the geometry of the main PFCs). In the case without 
seeding, Prad is determined by carbon line emission and 
decreases toroidally from the divertor towards the bolometer 
in the triangular plane (figure 9(a)). The ratio of maximum 
divertor radiation Pdivertor,max and radiation observed in the 
bolometer plane Pbolometer is in this case Pbolometer

Pdivertor,max
≈ 57%. This 

ratio increases with increasing neon radiation from 82%, 92% 
to 103% for Prad,Ne = 1.0, 1.7 and 2.3 MW. Due to cooling 
of the SOL, the main radiation zone moves further upstream 
and into the confinement region towards the heat source. The 
radiation will equilibrate toroidally within flux tubes of almost 
constant temperature in the confinement region. This shows 
that the bolometer is more accurate for high radiation sce-
narios and the domain of closed flux tubes. The 3D effects 
in the radiation distribution may explain why divertor radia-
tion might be underestimated in lower radiation scenarios and 

Prad
PECRH

> 1 occasionally occurs despite calibration.
Similarly, modeling results may explain the contrary evo-

lution of the CIII emission measured in the divertor and with 
HEXOS (figures 5(b) and 6(b)). The results in figure  9(b) 
show a decrease of the CIII emission in the divertor and an 
increase of in the triangular plane (φ = 36◦) in response to 
cooling by neon radiation. The calculations with EMC3-
EIRENE show that the total CIII emission remains almost 
constant and the total carbon radiation even slightly increases 
despite the reduction of the carbon flux.

Figure 9. 3D modeling: (a) toroidal distribution of total radiated 
power Prad. The impurity sources (carbon divertor, neon source) are 
located in the divertor region which extends in a half field period 
from φ ≈ 0–18°. The bolometer is located at φ ≈ 36◦. (b) Toroidal 
distribution of CIII (465 nm) emission. The divertor spectroscopy is 
located at φ ≈ 12◦. The HEXOS is located at φ ≈ 36◦.

Figure 8. 3D modeling of a scenario with moderate Ne radiation. 
(a) Total radiated power in the triangular plane. The dashed line 
indicate the observation domain of the bolometer (whole poloidal 
plane) and HEXOS (mid plane) (φ = 36◦). (b) CIII emission in the 
triangular plane. (c) Total radiated power in the divertor domain 
(φ = 12.3◦). (d) CIII emission in the divertor domain. The dashed 
line indicate the observation of the divertor spectroscopy.

Nucl. Fusion 59 (2019) 106020



F. Effenberg et al

9

4.2. Impact on divertor heat and particle fluxes

The divertor heat loads were usually measured with nine 
infrared cameras providing an almost 90% coverage of the 
divertor target plates [45, 46]. In case of the specific discharge 
investigated here in detail unfortunately only, eight divertor 
cameras were available. The 2D mapping of the heat fluxes 
with time on the divertor target of the lower and upper divertor 
in half-module 20 is shown in figure 10(a). The heat flux map-
ping is shown between the Ne injections. The peak heat fluxes 
of the two major strike lines on horizontal and vertical tiles 
reduce after each injection and vanish in detachment even-
tually almost completely (figure 10(a)). The evolution of the 
toroidally averaged profiles across the horizontal target are 
shown for a top and a bottom divertor in figures  10(b) and 
(c) before and after the sequence of four Ne injections. An 
averaged peak heat flux of 〈qdiv〉 ≈ 1.5 MW m−2 is reduced 
by 50% after the first Ne injection and is reduced further to 
eventually below 0.5 MW m−2 (figure 10(a)). The heat flux 
in figure 10(c) behaves similarly, but is slightly lower due to 
an inherent top–bottom asymmetry. Furthermore, an inherent 
small horizontal offset of the heat flux profiles in opposite 
directions is observed on all divertor targets when comparing 
upper and lower target plates. This may be related to poloidal 
flows vθ  induced by Er × B drift effects [63].

The evolution of the integrated divertor heat fluxes qdiv is 
shown for all eight observed divertor modules in figure  11. 

The divertor heat fluxes are moderately higher on the bottom 
divertors (+10%) compared to the top ones in this plasma 
scenario. Neon seeding causes a symmetrical reduction of the 
total heat fluxes on all divertors. The evolution of the global 
divertor heat load (Σiqdiv,i) is therefore representative for the 
total heat loads qdiv,i on each divertor. The stepwise decrease 
of the heat load is correlated to the stepwise enhancement of 
Prad shown in figure  3(a) which in turn is correlated to the 
Ne injection. The total deposited power to the divertors cap-
tured by the IR cameras is before seeding qdiv ≈ 3.3 MW and 
reduces by ∆qdiv ≈ 1.0 MW to 2.2 MW after the first Ne 
injection. The second and third Ne pulse reduce the depos-
ited power by ∆qdiv ≈ 0.6–0.7 MW to qdiv ≈ 1.5 MW and 
0.9 MW.

A typical example for the evolution of maximum peak heat 
fluxes on the horizontal and vertical targets of the divertors 
in HM20 and HM21 is shown in figure 11(c). Those scatter 
between qdiv,max ≈ 1.5 and 6 MW m−2 initially. Asymmetries 
of the local heat fluxes and distribution of hot spots are a 
common feature in attached plasma state [39]. Error fields may 
modify the magnetic boundary and enhance local miss-align-
ments between the magnetic field and leading edges [64, 65].  
These local high heat fluxes are also reduced stepwise to 1–2 
MW m−2 after three Ne injections.

This demonstrates that Ne seeding allows for reliable and 
stable reduction of the divertor loads by 75%. The divertors 

Figure 10. (a) Divertor heat loads before and after each Ne injection for HM20 (bottom divertor). (b) Averaged bottom divertor heat flux 
profiles across the horizontal target in HM30. (c) Averaged top divertor heat flux profiles across the horizontal target in HM31.
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receive only 23% of the injected PECRH during the high radia-
tion phase.

The divertor particle flux Γdiv is approximated by the ion 
saturation currents measured locally with the Langmuir probe 
arrays , which are mounted spatially symmetrical on a top and 
a bottom divertor module in the same toroidal W7-X module 
(HM50 and HM51, figure 1). It measures in the vicinity of 
the strike line and is sensitive to any perturbation or asym-
metry of the magnetic field affecting the strike line location 
(e.g. error fields [64]). Here, the evolution of the particle flux 
is approximated by the total ion saturation current from all 
probes Jsat = Σijsat,i. The time evolution of the ion saturation 
current is shown in figure 3(e) for lower and upper divertor 
(black and blue, respectively). The offset between the top and 
bottom divertor may be due to the asymmetries mentioned 
above. The particle flux shows a reduction correlated to the 
reduction of the heat fluxes. The ion saturation current at the 
lower divertor eventually reduces after the third neon injec-
tion by ≈70%. The behavior at the upper divertor is similar 
despite the asymmetry. This result demonstrates that the par-
ticle fluxes (and consequently the associated convective heat 
fluxes) can be controlled by radiative power dissipation with 
Ne seeding as well. This reduction of downstream particle 
fluxes is also in agreement with the flow measurements dis-
cussed in the following.

3D modeling confirms the dissipative reduction of divertor 
heat fluxes treating Ne like a high recycling species. This is 

shown in figures 12(a)–(c) for three cases. In the first case, 
only power losses from intrinsic carbon are assumed. In the 
second case additional power losses of Prad,Ne = 1.7 MW 
cause a significant reduction of the heat fluxes. For addi-
tional power losses of Prad,Ne = 2.3 MW by Ne impurities a 
detached state similar to the experiment has been established. 
Effects of currents, plasma response and error fields which 
may modify the magnetic boundary and change the details 
of the heat flux distribution are not taken into account in 3D 
transport modeling at this point.

The reduction in particle flux also indicates a reduced 
recycling flux. Since no hydrogen gas fueling was performed 
during the seeding cycle the effect of a slight step-wise den-
sity decrease in response to each Ne injection was measured. 
The time evolution of line integrated density 

∫
nedl and dia-

magnetic energy Wdia figure 3(b) show a total drop of 10%–
15% after the third Ne injection. At the same time the core 
electron temperature increases from Te,core ≈ 3.7 keV to 4.6 
keV. The temperature profile became more peaked due to the 
loss of particles from the confinement region. The energy con-
finement time is estimated based on the nominal input power 

of 4 MW. It is τE ≈ ∆Wdia
PECRH

≈ 130 ms before Ne seeding and 
reduces after the third Ne injection to τE ≈ 110 ms.

Additionally, a reduction in divertor neutral pressure 
depicted in figure 3(e) for a lower and upper divertor (black 
and blue curve), was measured. The enhancement of the edge 
radiation induces degradation of line integrated density, recy-
cling flux, and neutral pressure. In particular, the pressure loss 
is not desirable because it means a reduced neutral compres-
sion which is essential for particle exhaust. The reason for the 
loss of density and neutral pressure is unclear at the moment. 
The reduction of parallel particle flow velocities might result 
in a more effective perpendicular transport to the walls by 

Figure 11. (a) Total top divertor heat loads. Ne seeding is 
performed in the HM51 divertor (green). (b) Total bottom divertor 
heat loads. (c) Maximum heat fluxes on horizontal and vertical 
targets of bottom and top divertor HM20 and HM21.

Figure 12. 3D modeling of divertor heat fluxes assuming  
(a) intrinsic carbon source only, (b) neon impurities sourced from 
the main recycling domain for medium (Prad,Ne = 1.7 MW)  
and (c) high radiation (Prad,Ne = 2.3 MW).
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anomalous diffusion. An analysis of this phenomenon is 
beyond the scope of this work. (In the N2 seeding experiment 
discussed later, such particle losses have been compensated 
by feedback-controlled divertor fueling.)

4.3. Damping of counter-streaming SOL flows

The SOL flow structures have been measured with the CIS 
diagnostic [48, 49] and are shown in figure 13. The camera 
view is directed in the toroidal direction roughly tangential 
to the magnetic axis. The poloidally alternating red and blue 
structures correspond to the counter streaming flows which 
are a characteristic feature of ι = 5

5 island divertor scenarios 
(compare figure  1(a)). The measurement of these predicted 
counter streaming flows was recently reported and explained 
in further detail in [49]. They are driven by the parallel pres-
sure gradients along the helical open magnetic flux tubes 
within the islands. Particle flows are directed from the higher 
pressure upstream region (LCFS) to the sinks downstream 
(divertor targets).

The flow behavior strongly determines the particle fluxes 
and consequently the convective heat fluxes in the SOL:

Γ‖ = nV|| → q‖,conv. = kBTnV||. (9)

The evolution of the island SOL flows is shown before 
and after the Ne injections in figures  13(a)–(d). After the 

second and third Ne injection (7.5 s and 9.5 s) the measure-
ment shows damping of the flows. Shortly after the fourth Ne 
injection (at t  =  11.3 s) the plasma becomes unstable and the 
radiation moves inward resulting in the flows getting close to 
a complete standstill (figure 13(d)). A representative measure 
of the ion flow velocity 〈v‖〉 has been obtained by averaging 
over a small domain within one flow channel (compare black 
100 × 100 pixel square in figure  13(a)). The time trace of 
this mean ion flow velocity is shown in figure  13(e). Clear 
damping is shown in correlation to each Ne injection. The 
flow velocity drops from 〈v‖〉 ≈ 20 km s−1 to 〈v‖〉 ≈ 6 km s−1  
after three Ne injections still allowing for stable operation. 
This corresponds to a velocity reduction of 70%. The time 
evolution of the velocity is correlated with the increase in 
Prad. This global reduction of the SOL flows confirms that the 
convective part of the total heat loads is also reduced. The 
reduction of SOL flows and the reduction of particle fluxes 
measured downstream by Jsat  (figure 3(e)) provide substantial 
evidence for a direct link between the particle convection into 
the divertor and its dependence on the radiated power.

The flow damping in response to radiative losses induced 
by seeding is confirmed by 3D modeling. The thermal pres-
sure and the upstream to downstream pressure ratios drop 
by ≈30% and 55% in response to medium and strong edge 
cooling by Ne seeding in representative island flux tubes near 
the separatrix. Note that the upstream density is kept fixed 
in the modeling, while in the experiment additional density 
losses further reduce the pressure. The reduction of pressure 
is accompanied by a reduction of the plasma ion flows nV‖ 

Figure 13. Ion velocity measurement by CIS (a) before neon 
injection, (4.5 s) (b) after two neon injections (7.5 s), (c) after 
three neon injections (9.5 s), (d) after four neon injections (11.3 s). 
(e) Time trace of average ion flow velocity |V‖| (average taken in 
domain of black square mark).

Figure 14. 3D ion flow velocities V‖ obtained from modeling:  
(a) without seeding. (The box represents rotated camera view from 
CIS.), (b) at high Ne radiation (∆Prad,Ne = +2.3 MW).
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by 50%–60% at the downstream location at maximum radia-
tion. Additionally, a synthetic CIS measurement has been 
performed by calculating the flow patterns based on a CIII 
weighted ion velocity measurement approximating the exper-
imental CIS [59]. The results for a case without seeding and 
a case with high neon radiation are shown in figures  14(a) 
and (b). This supports the observation in the experiment—the 
modeling shows actual damping of the flows purely due to the 
cooling of the SOL [48, 49].

5. Effects of N2 seeding

Nitrogen seeding has been investigated for a scenario at a higher 
density and heating power (experiment ID #20181016.023) 
and slightly changed island geometry (additional control coil 
currents Icc = 1 kA). The evolution of the main discharge 
parameters is shown in figure 15. The heating power is kept 
constant at PECRH = 4.7 MW in O2-Mode and is shown with 
the total radiated power Prad and the power deposited on the 
divertors Pdiv in figure 15(a) (black, red and blue curves). The 
line integrated density is kept constant at 

∫
nedl ≈ 9 · 1019 m−2  

by active feedback-controlled fueling through the divertor gas 
box in HM51 as shown in figure 15(b) (black) together with 
the diamagnetic energy (blue), the core electron temper ature 

Te,core (red) and the H2 gas fueling rates (main gas system: 
green, divertor feedback-control: cyan). This feedback-
control by divertor gas puff has been used in combination 
with (pre-programmed) N2 seeding here for the first time to 
counter-balance density losses which happen otherwise as in 
the Ne seeded scenario discussed before. The edge electron 
temper ature at the LCFS (figure 15(c)) is initially 100 eV and 
shows a reduction in correlation with increasing Prad induced 
by continuous N2 seeding in HM30. A minimum edge temper-
ature of Te,edge ≈ 20–25 eV was achieved before the seeding 
has been terminated. The core electron temperature of 
Te,core ≈ 2.6 keV is sustained (figure 15(b)). After the injec-
tion, the edge temper ature recovers and reaches 75 eV before 
pre-programmed termination of the discharge. Much lower 
temperatures have been observed close to the target. However, 
those are below the sensitivity of Thomson scattering.

The effective charge state Zeff is shown in figure 15(d). The 
effective charge state is Zeff ≈ 1.2 at the beginning and sug-
gests Zeff ≈ 2.1 before termination of N2 injections. A max-
imum concentration of cN2 ≈ 2.5% in the core is estimated in 
this case. This suggests in turn that less than 3.6% of the total 
number of particles injected accumulate in the core.

The total ion saturation currents Jsat  and divertor neutral 
pressures pdiv are shown in figure 15(e), respectively, for lower 
(black) and upper divertor (blue). The center of the strike lines 
is rather off by 40 mm from the Langmuir probe arrays in 
this configuration such that the Jsat  measures the outer tail 
of the ion flux distribution across the horizontal target rather. 
Nitrogen seeding has been performed with the bottom gas box 
(half module 30) close to the bolometer.

5.1. Features of the 3D radiation distribution

The seeding scheme for N2 injection is different from the Ne 
seeding scheme based on the experience from first experiments 
in the limiter configuration [55] and first tests in the island 
divertor configuration. The flow rate of N2 is ΓN2 ≈ 1020 mol-
ecules per second initially. At t  =  2 s a first short N2 injection of 
50 ms is performed. The bolometer shows almost no response 
in the Prad (figure 15(a)). Starting at t  =  3 s N2 is released into 
the divertor continuously at the flow rate mentioned above. 
In this case, the bolometer shows an almost linear increase of 
the total radiation. After 2 s of continuous N2 injection, the 
radiation is enhanced by 100%. At this point (t  =  5 s) the flow 
rate is doubled by opening a second gas valve (ΓN2 ≈ 2 · 1020 
molecules s−1) for a further 2 s. The bolometer shows almost 
a jump in Prad and then again a linear-like increase. After ter-
mination of the N2 injection at (t  =  7 s) the radiation starts to 
decay immediately. First with a steep slope with an effective 
decay time constant of τPrad ≈ 1.4 s, followed by a subsequent 
slower decay with a higher time constant of τPrad ≈ 4.5 s.  
The decay of Prad in response to long N2 injection is slower 
than the typical fast decay of a few hundred milliseconds in 
response to relatively short nitrogen injections (O(10–100) ms)  
typically observed.

The temporal and approximative spatial (vertical) dis-
tribution of the total radiated power Prad obtained from the 
Bolometer is shown in figure 16(a). The radiation enhances 

Figure 15. Time evolution of scenario with N2 seeding 
(#20181016.023). (a) Injected heating power (black) radiated 
power (red), power deposited on divertor (blue), N2 seeding rate 
from gas box in HM30 (magenta) (b) line average density (black) 
and plasma stored energy Wdia (blue), core electron temperature 
Te,core (red) from Thomson scattering (V10) near axis, H2 fueling 
rates from main gas inlets (green) and HM51 divertor gas box 
(cyan), (c) Thomson scattering edge temperature (at the separatrix, 
V10), (d) effective charge state Zeff, (e) neutral pressure pdiv and 
local particle fluxes Jsat  at lower (black) and upper (blue) divertor.
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after the start of continuous nitrogen injection (3 s) and 
increases rapidly after doubling the influx rate (5 s). The radi-
ation is mainly enhanced in the domain of the bottom lines 
of sight crossing the seeded island which is connected to the 
source location in the neighboring divertor. Enhanced edge 
radiation is also seen in the top island until shortly after the 
N2 flux rate into the bottom island increases by a factor of two 
after 5 s. The radiation enhances then also deeper in the con-
finement near the top island. However, it is weaker than the 
radiation front in the bottom. After 7 s the seeding stops and 
the radiation decays until regular termination of the discharge. 
This indicates a stronger concentration of nitrogen line emis-
sion in the bottom island connected to the nearby source.

The effect of seeding on the major intrinsic radiator is 
shown in figure 16(b). Here, the evolution of the CIII (465 nm) 
emission above the N2 injection location in the HM30 divertor 
is shown. The emission profile shows the distribution across 
the island at various perpendicular distances from the divertor 
target. A short peak at 2 s correlates with the short N2 injection 
of 50 ms duration which shows no sustained effect in radia-
tion enhancement. Starting at t  =  3 s the CIII emission front 
is enhanced and detaches at higher influx rate after 5 s from 
the target and moves towards the separatrix (around 9 cm). 
The dark region between 5 s and 7 s shows a clear sign of 
the strong cooling around the N2 cloud during the doubled N2 
influx rate (figure 16(b)).

The line emission of the dominant extrinsic and intrinsic 
radiators nitrogen (NIII–NVII) and carbon (CII–CVI) as 
measured by HEXOS is shown in figures 17(a) and (b). The 

nitrogen line emission increases for all charge states in cor-
relation with the bolometer Prad signal. (The NVI line shows 
some deviations due to some overlap with an ArXIV line 
which cannot be separated cleanly at this point.) This indi-
cates an increasing concentration of higher charge states also 
in the confinement region when Zeff ≈ 2.2 (figure 15(d)). It 
should be noted that the HEXOS line of sight does not cross 
the seeded island, yet observes a continuous enhancement. 
The carbon line emission moderately increases with nitrogen 
seeding (figure 17(b)). When the nitrogen influx rate is dou-
bled at 5 s, the carbon line emission saturates or even drops. 
A major increase in radiated power results from the nitrogen 
since its emission enhances by a factor of ≈10 while the 
carbon line emission enhances only by a factor of ≈2–2.5 
(figures 17(a) and (b)).

3D modeling of the seeding and transport of partially 
recycling gases is more sophisticated and beyond the scope 
of this work due to heavy requirements to computational 
resources. A simplified approach based on the assumption 
of zero recycling and stellarator symmetry assumes a local 
N2 source in all divertors. The total radiated power and 
CIII line emission is shown in figures 18(a) and (b) in the 
divertor region. The radiation is concentrated in the island 
O-point and results in a strong local cooling. The cooling 

Figure 16. (a) Time evolution and vertical distribution of  
chord-brightness (composing the total radiated power Prad) 
measured with the horizontal Bolometer camera. (b) HM30  
(N2 seeding) divertor spectroscopy: CIII (465 nm).

Figure 17. Overview spectrometer (HEXOS) lines for (a) nitrogen 
and (b) carbon. The line emission is measured at the midplane 
(Z  =  0) in the triangular symmetry plane far away from the divertor.

Figure 18. Distribution of (a) total radiated power and (b) CIII 
(465 nm) obtained from 3D modeling at φ = 12.3◦ in the divertor 
region for N2 injection in the island center (∆Prad,N2 = +1 MW). 
The white dots mark the position of the separatrix.
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suppresses the CIII emission in the island center. This may 
recover the effect seen in the CIII emission obtained in the 
divertor spectr oscopy in figure 16(b) in a first attempt. If the 
N2 would be transported like a fully recycling gas a com-
plete detachment of the CIII emission zone from the divertor 
target is anticipated.

5.2. Impact on divertor heat and particle fluxes

The total deposited power onto the divertors Pdiv drops in cor-
relation to the enhancement in Prad (figure 15(a)). It shows 
first a linear decay and then a sudden steep drop when the 
N2 flow rate is doubled. After termination of N2 seeding the 
divertor load starts to recover as the radiated power drops.

A representative heat flux mapping is shown for the lower 
divertor in HM30 in figure 19. The mapping is shown before, 
during and after the N2 injection. A difference to the situation 
with Ne seeding is the asymmetric cooling of horizontal and 
vertical targets. The strike line on the vertical target detaches 
first (4.7 s), while the strike line on the horizontal target is 
sustained for a longer time and detaches at 6.5 s. After the 
seeding, the strike line on the horizontal target re-attaches 
while the one on the vertical target remains detached until the 
end of the discharge (not providing the time for complete re-
attachment). This behavior indicates a more localized cooling 
and detachment in the divertor region compared to Ne. The 
reduction of heat fluxes and the detachment are less homog-
enous during a transient phase. Yet, a complete detachment of 
the peak heat fluxes below qdiv = 0.5 MW m−2 was eventually 
achieved on the parts of all divertor targets.

The time evolution of the total heat loads Pdiv,j to top and 
bottom divertors are shown in figures  20(a) and (b). Each 
of the individual divertor load signals shows a reduction in 
response to the radiative power losses induced by N2 seeding. 
Noticeable asymmetries in the divertor loads occur as offsets 

of ∆qdiv ≈ 0.1 MW between the top and bottom divertor heat 
loads. The bottom divertors receive 25%–30% more inte-
grated heat fluxes than the top divertor. Smaller asymmetries 
in the heat load distribution are mostly caused by the O2 
heating scheme which tends to deposit more non-absorbed 
power on the divertor in HM51. The maximum heat fluxes 
qdiv,max on horizontal and vertical targets of the bottom and 
top divertors in HM30 and HM31 are shown in figure 20(c). 
The peak maxima on the horizontal targets (blue and yellow) 
are initially about qdiv,max ≈ 5–6 MW m−2 and the ones on the 
vertical targets are only qdiv,max ≈ 2–2.5 MW m−2. The latter 
show earlier detachment in response to N2 seeding. Shortly 
after increasing the seeding rate the peak maxima completely 
vanish on horizontal and vertical target corresponding to a 
complete detachment.

The symmetric reduction of total heat fluxes on all diver-
tors shows that N2 seeding allows for a global reduction of 
heat and particle fluxes and even detachment despite its lower 
recycling coefficient if seeded in a continuous mode. The rela-
tively fast transport processes within the SOL may cause a 
satur ation of the divertor targets with nitrogen after a short 
time and enhance the effective recycling. This in turn results in 
a more global distribution of the N2 and causing cooling also 
in island flux tubes not connected to the source location. This 
is a promising finding and shows that similar global radia-
tive power exhaust with partially-recycling N2 is feasible as in 
case with high recycling gases such as Ne. The clear detach-
ment and partial re-attachment after N2 injection indicates the 
feasibility of use of this impurity species for potential control 
of edge radiation and detachment based on a feedback control 
system [67, 68].

Figure 19. Bottom diveror heat loads (HM30) before, during and 
after N2 injection. Asymmetric cooling: the heat flux to the vertical 
target reduces first and does not recover after N2 injection.

Figure 20. (a) Top diveror heat loads. H2 fueling is performed 
at the HM51 divertor (green). (b) Bottom divertor heat loads. N2 
seeding is performed in the HM30 divertor (yellow).

Nucl. Fusion 59 (2019) 106020



F. Effenberg et al

15

The divertor pressure shows a moderate and slow response 
of increase and eventually, a decrease during the high radia-
tion phase after 5 s. The line averaged density is maintained 
all the time (figure 15(b)) and is marginally overcompensated 
at the end of the discharge. The sudden jump in Prad after 5 
s results in a marginal reduction of energy confinement. The 
achievement of a divertor heat flux detachment comes at the 
cost of a drop in diamagnetic energy of Wdia ≈ 600 kJ by 
13% at maximum radiation. The energy confinement time 
(estimated based on the nominal input power) drops from its 
original value of τE = 133 ms to a minimum of τE = 111 ms 
at maximum Prad. After termination of the N2 injection at 7 
s the divertor pressure, and the energy confinement starts to 
recover and approach their original levels.

5.3. Impact on counter-streaming SOL flows

A measurement of the parallel ion velocity has been per-
formed with the CIS diagnostic. The evolution of the 
counter-streaming ion velocities is shown in figure  21 for 
representative time frames in figures  21(a)–(d) and for the 
time trace of the averaged 〈v‖〉 (figure 21(e)) in a representa-
tive flow domain (black mark in figure 21(a)). The velocity 
is 〈v‖〉 ≈ 18 km s−1 before the seeding. The flow structures 

show strong damping when the nitrogen influx rate is dou-
bled after 5 s (figures 21(b) and (c)). At the highest radiation 
level the flow velocity reduces to 〈v‖〉 ≈ 3 km s−1 around 
6.5 s (compare figures 21(c) and (e)). This corresponds to a 
strong drop in SOL particle fluxes and consequently a strong 
drop in convective heat fluxes to the divertor. After the end of 
the nitrogen injection the flow velocity starts to recover and 
reaches 〈v‖〉 ≈ 11.5 km s−1 before regular termination of the 
discharge (compare figures 21(d) and (e)).

The results suggest a reduction and recovery of the ion flow 
velocity in correlation with the evolution of the power dis-
sipation induced by N2 seeding. The damping occurs in this 
scenario also while maintaining the upstream density and is 
therefore induced by cooling of the plasma edge temperatures 
only. The flow damping is in correlation with the measured 
reduction of Jsat  in the outer tail of the divertor particle fluxes 
and thereby also by qdiv,conv.. The ion flow velocity V‖ reduces 
globally and is correlated to a controlled heat flux detachment 
induced by N2 seeding.

6. Discussion

It has been demonstrated that radiative power exhaust can be 
controlled by impurity seeding with partially and fully recy-
cling gases. This, in turn, enables controlling the heat and par-
ticle fluxes, which is crucial for detachment control in future 
long-pulse and reactor relevant scenarios.

The results show that neon is reliable and effective to 
achieve a high and stable level of radiative power exhaust and 
reduction of divertor heat fluxes. Its high recycling property 
allows despite the localized gas inlet for a sustained increase 
in edge radiation and a sustained detachment while over-
coming any barriers resulting from the 3D geometry of the 
independent magnetic island flux tubes. However, its high 
recycling coefficient and slow exhaust can be an obstacle 
since radiative power control should also allow for a reduc-
tion of Prad. The assumption of high recycling neon in the 3D 
modeling shows a uniform distribution of the radiative losses 
and results in a globally symmetric reduction of the divertor 
heat fluxes similar to the experiment.

Short N2 puffs do not result in a sustained enhancement of 
N2 line emission. Continuous N2 injection allows for a con-
trolled enhancement of Prad allowing eventually a global trans-
ition to detachment and re-attachment after termination of the 
injection. The slower decay of Prad after long-pulse N2 injec-
tion might be caused by a saturation of the carbon walls with 
N2 resulting in a higher effective recycling coefficient. This 
enhanced recycling effect is sufficient to overcome the barrier 
of the 3D island flux tube structure and achieve global radia-
tive power exhaust and detachment even by seeding through a 
localized source. The recycling and absorption behavior dis-
cussed here are similar to the effects reported in past studies 
at tokamak devices such as JET [16, 69] and recent studies at 
LHD [54, 70].

The experiments at W7-X show that N2 allows for better 
control of the radiation level (increase or decrease) and in 
turn of the heat fluxes (detachment and re-attachment) while 

Figure 21. Ion velocity measurement by CIS (a) before nitrogen 
injection, (1.5 s) (b) and (c) during continues nitrogen injection 
(5.2, 6.5 s), (d) after termination of nitrogen injection (8.5 s).  
(e) Time trace of average ion flow velocity |V‖| (average taken in 
domain of black square mark).
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Ne should be used with care due to its slow pump-out and 
resulting residence times of an order of magnitude longer 
compared to N2. Estimates based on the Zeff-measurements 
suggest maximum core impurity concentrations of cNe ≈ 3.6
% and cN2 ≈ 2.5% corresponding to a screening of 75% and 
95% of the Ne and N2 particles injected. This suggests that 
nitrogen causes less core dilution despite a higher seeding rate 
(ratio of total number of impurity particles released into the 

SOL: 
NN2
NNe

≈ 15–20).
Strong radiation enhancement by impurity seeding has 

caused a loss of density and neutral pressure in the experi-
ments presented. This effect is opposite compared to the situ-
ation before boronisation where impurity seeding resulted in 
an density increase. The edge cooling and related reduction of 
parallel flows might result in a more effective outward directed 
diffusive transport yielding a loss of particles into some remote 
areas not covered by the measurements. However, these losses 
can be compensated by density control as demonstrated in the 
N2 seeding experiment in this work.

Damping of the three-dimensional counter-streaming 
island flows was observed in response to radiative edge cooling 
and most pronounced in case of high-level radiation with Ne 
and N2 seeding. Recovery of the flows was measured after 
nitrogen injection. 3D modeling supports the statement that 
the counter streaming island flows are reduced in response to 
the mitigation of the pressure gradient. Strong edge radiation 
mitigates the flows in the SOL and thereby the particle fluxes 
and convective heat fluxes to the divertors. This is in correla-
tion with the heat flux detachment observed on the divertors.

3D modeling provides within the assumptions made an 
explanation of radiation asymmetries such as the simultaneous 
decrease and increase of CIII emission at different toroidal 
locations in response to neon seeding. At lower Prad, the radi-
ation is concentrated in the divertor and may be underesti-
mated substantially by the bolometer located far away from 
the impurity source region. The upstream shift of the radiating 
zone in case of increasing radiation level is accompanied by 
a toroidal shift of this zone away from the divertor towards 
the triangular cross sections. The toroidal deviation between 
divertor and bolometer plane radiation moderates according 
to 3D modeling for total radiative power frad � 60% to less 
than 10% (for Ne). A migration study of partially-recycling 
nitrogen is neglected at this point since it is more sophisticated 
and computationally expensive.

These results are very promising and will support the devel-
opment of methods for radiative power control and detach-
ment based on an active feedback control system [67, 68]. 
These results are in particular promising in view of reliable 
mitigation of heat fluxes during future long pulse operation 
and in the absence of intrinsic light impurities when stepping 
towards a divertor based on reactor relevant materials [21, 22].

7. Conclusions

Controlled radiative power exhaust with impurity seeding has 
been demonstrated in the W7-X island divertor for the first 
time.

The island divertor configuration allows for stable and 
sustained high radiation scenarios with impurity seeding and 
strongly reduced divertor heat loads in detachment for the 
price of a loss in energy confinement of ∆τW � −15%.

Neon is a very efficient radiator, and short injections allow 
for significant and sustained enhancement of Prad with a decay 
time on the order of tens of seconds.

Nitrogen seeding features lower recycling and requires 
seeding in a continuous mode in order to establish significant 
enhancement of radiated power and detachment of divertor 
heat fluxes. Prad decays within less than a second for short 
pulses, but for several seconds in case of long and continuous 
injection. N2 is, therefore, a promising candidate for radiated 
power control with a feedback system.

Both seeding gases allowed for global control of heat 
fluxes until detachment despite the use of only a single gas 
source and the 3D magnetic island flux tube structure in the 
presented scenarios.

CIS measurements have confirmed the damping of the 
counter streaming SOL flows in response to seeding as pre-
dicted by 3D modeling. The main SOL flow damping matches 
with the measured reduction of the downstream particle fluxes 
estimated by ion saturation currents linked to a reduction of the 
convective divertor heat fluxes and the onset of detachment.

Impurity seeding has to be supported by active density con-
trol in order to maintain density and neutral pressure. Divertor 
gas fueling is a promising technique for density fine control in 
support of impurity seeding.

3D modeling confirms and resolves the main effects of radi-
ative power exhaust on plasma transport and PSI. It resolves 
in particular the toroidal asymmetry in the radiated power and 
thereby explains the miss-match between line emission meas-
ured in the divertor region and at toroidal locations far away 
from the divertor. This toroidal asymmetry reduces in high 
radiation regimes (e.g. frad � 60% with Ne seeding).

The demonstration of reliable heat flux control with impu-
rity seeding is very promising concerning future detachment 
control in high-performance scenarios and future upgrades 
towards a metal divertor. The results may motivate and inform 
the development of feedback controlled impurity seeding for 
machine safety and sustainment of detached operation.
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Abstract
The role of toroidal plasma currents for the island divertor scrape-off layer in the stellarator
Wendelstein 7-X is investigated using reciprocating electric probes. Experiments show that small
amounts (of a few kA) of plasma current are sufficient to significantly affect the scrape-off layer
plasma conditions, whereas higher plasma currents above 10kA result in more drastic changes.
This behavior is linked to the effect of the plasma current on the rotational transform profile,
which can result in significant shifts of the edge magnetic islands. These shifts affect the
interaction of the islands with the divertor and can eventually result in a transition from a
diverted to a limited plasma configuration. The probe observations are complemented by further
edge diagnostics including plasma flow measurements, divertor Langmuir probes, divertor
thermography and impurity spectroscopy.

Keywords: stellarator, Scrape-Off Layer, reciprocating probe, island divertor

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

1. Introduction

In stellarators, the confining magnetic field is entirely created
by the external coils. Net plasma currents are usually avoided
as they can act as a source of free energy, potentially affecting

plasma stability. Especially in low shear stellarators
employing island divertors [1], the minimization of toroidal
plasma currents is even more important. There, the resonant
magnetic islands at the plasma edge which determine the heat
and particle exhaust to the divertors are particularly sensitive
to even slight changes in the rotational transform (ι) profile.
Therefore, minimization of the bootstrap current was one of
the optimization criteria for the design of the optimized
stellarator Wendelstein 7-X (W7-X) [2].

Depending on the particular magnetic configuration of
W7-X, the equilibrium bootstrap current ranges between
vanishing values <1 kA and substantial values of some 10 kA
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[3], which can already significantly affect the edge magnetic
topology and result in large shifts of the strike lines on the
divertors [4, 5]. While in most cases the island divertor is
designed such that both the vacuum case (no toroidal plasma
current) and the equilibrium case (fully evolved toroidal
plasma current) are suited operation scenarios, the transient
phases of the bootstrap current evolution can feature critical
heat load to in-vessel components. This transient phase is
defined by the decay of shielding currents (which initially
shield the bootstrap current) and takes place on the L/R time
scale which is some 10 s for W7-X [4, 6]. Measurements of
the bootstrap current with a continuous Rogowski coil agree
qualitatively well and quantitatively reasonably with theor-
etical predictions [7, 8]. Mitigation strategies explored so far
include the use of electron cyclotron current drive (ECCD) to
either compensate the bootstrap current or accelerate the
transient phase towards an equilibrium current [5, 9, 10], or
implementing sophisticated plasma heating and fuelling
control schemes [11]. Another approach is the installation of
additional divertor components (so-called scraper elements)

which are supposed to protect sensitive components during
the transient current evolution phase [12, 13].

First experiments during the initial divertor operation
phase of W7-X in 2017/2018 have shown that the strike line
dynamics caused by the toroidal current evolution behave
largely as expected [14]. However, some new open questions
emerged from these experiments, e.g. regarding the role of
particle drifts and error fields in the intricate interplay of the
island divertor plasma conditions and magnetic topology.
Therefore, investigating the conditions and processes in the
(upstream) scrape-off layer (SOL) is fundamental for under-
standing and eventually controlling the heat and particle
fluxes to the divertor.

Here, we report on experiments on the role of toroidal
plasma currents for the SOL plasma conditions. Section 2 is
devoted to the influence of the evolution of the intrinsic
bootstrap current on the SOL, covering the experimentally
available range of up to 7 kA. A combination of divertor
diagnostics (target probes, thermography) and SOL/edge
diagnostics (reciprocating probes, Coherence Imaging
Spectroscopy) is employed to gain a comprehensive picture of
plasma conditions in the three-dimensional (3D) SOL of W7-
X. In section 3, the effect of larger toroidal currents obtained
with ECCD is explored in a more brief manner, due to limited
data availability.

2. Intrinsic plasma currents

While the magnetic coil set of W7-X allows to adjust con-
figurations with respect to the rotational transform or the
mirror ratio in a wide range [3], we focus here on the so-
called standard configuration which was the most frequently
used one in the recent operation phases (2017/2018). The
standard configuration features a chain of five independent,
resonant magnetic islands at the edge with the edge rotational
transform crossing the rational value ī » 5 5edge . The islands
are intersected by the modular divertor according to the island
divertor concept [15]. In the first two operation phases with
uncooled divertor modules (OP1.2a/b), the island divertor
concept turned out to work as designed, with a favourable
distribution of heat fluxes and first detachment results [16]. A
notable characteristic of the standard configuration is the
evolution of significant bootstrap currents, which are pre-
dicted be on the order of 10 kA, depending on the plasma
conditions [3]. For moderate plasma currents up to Ip=5 kA,
the strike lines on the divertors were observed to move in a
manner that is consistent with field line diffusion calculations
which include both the vacuum magnetic field and the
contribution from the plasma current [14].

Reciprocating probe measurements close to the outer
mid-plane [17] have shown that the radial profiles of electron
temperature and plasma density are strongly affected by the
presence of magnetic islands. In the standard configuration,
where the probe crosses a magnetic island, the SOL is found
to be a few cm wide, with quite flat plasma pressure profiles
across the magnetic island [18, 19]. The tendency of magnetic
islands flattening temperature profiles is well known from

Figure 1. Time traces of (a) ECRH power, (b) line integrated density
(solid) and diamagnetic energy (dashed), (c) toroidal plasma current
for two programs in the standard configuration. The time instances of
the MPM measurements are indicated by the vertical lines in (c). The
features around 3 s, 5 s and 7 s in (a) are quick modulations of the
heating power for diagnostic purposes (not relevant here) and do not
affect the SOL plasma properties.

2

Plasma Phys. Control. Fusion 61 (2019) 125014 C Killer et al



both stellarators and tokamaks [20–22]. Also, first hints on
the role of even small plasma current changes (≈1 kA) for the
SOL plasma profiles have been observed experimentally
[18, 19]. In contrast, in so-called limiter-like configurations,
where due to the absence of edge magnetic islands the last
closed flux surface is defined by the intersection of the main
plasma with the divertor, the SOL is only a few mm wide and
does not show any significant response to plasma currents in
the experimentally covered range up to 7 kA [18].

To study the role of the toroidal current evolution on the
island divertor SOL, we here focus on two plasma programs
presented in figure 1. The nomenclature of W7-X discharges
(called programs) in the labels of this and following figures is
based on the date of the experiment (year-month-day) and the
number of the program on that day. In both programs, the
electron cyclotron resonance heating (ECRH) and the
hydrogen plasma density and diamagnetic energy in the
plasma were kept constant. Different gas puffing levels during
plasma ignition resulted in different line integrated densities.
The toroidal plasma current is dominated by the bootstrap
current as there was no ECCD in these experiments. The
plasma current is measured by a continuous Rogowski coil
[23] and is in these experiments still far from saturation since
L/R≈15 s. Besides the evolution of the plasma current, the
plasmas are essentially stationary up to their scheduled ter-
mination after 8 s.

2.1. Reciprocating probe measurements

The multi-purpose manipulator (MPM) [17] equipped with a
multi-functional probe head (IPP-FLUC1 [18]) probed each
plasma with a fast plunge into the edge island twice, at the
time instances indicated by the dashed vertical lines in
figure 1(c). The resulting probe data is shown in figure 2 as a
function of the major radius along the probe path. The elec-
tron temperature and density profiles have been obtained
using a triple Langmuir probe. For the density calculation, a
simple isothermal pure hydrogen plasma (charge Z=1, ion
mass =m mi p, =T Te i, adiabatic coefficient γ=1) has been
assumed. Since reliable profiles of these values are not yet
available for W7-X, we refrain from making any estimations
and note that with the simple assumptions made here the
plasma density is probably over-estimated by 15% to 30%.

At the first plunge (at T1=3.4 s with plasma currents
around 3 kA), represented by lighter colors, the electron
temperature (Te) profiles align well in both programs, with a
local maximum close to R=6.08 m that is characteristic for
the standard configuration and is attributed to the magnetic
island topology [18]. The density profiles in figure 2(b) are at
T1 relatively shallow with their magnitudes representing the
different line integrated density levels of the two plasma
programs, again similar to earlier investigations [18].

At the second measurement at elevated plasma currents at
T2, Te and n are found to be increased in both programs with
respect to the situation at T1. However, a much stronger
increase of Te and n is observed in program 20 181 010.16
(with higher plasma current), such that now higher Te and n
are seen in the program with lower line integrated density. At

the same time, the core plasma profiles remain unaffected by
this evolution (so that the almost constant ndl and Wdia in
figure 1 are a good proxy for describing the core plasma).
This indicates that the changes seen by the reciprocating
probe are localized to the SOL and in particular to the position
of the probe. A more general diagnostic approach to the SOL
plasma will be attempted in section 2.3. Although a qualita-
tively similar observation of increased Te and n correlating
with increasing plasma current is observed by the thermal
helium beam spectroscopy [24], no direct comparison of both
diagnostics is attempted here due to the complex 3D mapping,
but will be discussed in a future article. The significant heat
flux to the probe head at T2 in program 20 181 010.16 at
Te≈50 eV and n≈2·1019 m−3 resulted in a considerable
release of impurities (mostly boron and nitrogen from the
probe head body), perturbing the plasma for some 100 ms, as
seen in the time traces of density, diamagnetic energy and
plasma current in figure 1. Since the disturbance of the plasma
occurred during the retracting, second part of the plunge, we

Figure 2. Radial profiles along the probe path of (a) electron
temperature Te, (b) plasma density n, (c) poloidal phase velocity, (d)
poloidal Mach number, (e) parallel Mach number for the probe
plunges indicated by the dashed lines in figure 1. The vertical dashed
and dashed-dotted lines in the top panel correspond to the similarly
styled lines in figure 3.
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only consider the first part when the probe moves towards the
plasma in all data shown in figure 2.

Further properties obtained from the multi-functional
probe head [18] include the poloidal phase velocity vpol of
fluctuations propagating along the poloidal probe array as
well as parallel and poloidal Mach numbers as presented in
figures 2(c)–(e). The vpol profiles can be taken as a measure
for the radial electric field assuming that the poloidal
dynamics are Er×B driven [25]. In the outer parts of the
profiles in figure 2(c), negative phase velocities are observed
(here being defined as upwards directed in the lab frame)
which correspond to positive (outwards directed) electric
fields, as expected in the SOL. The sign of vpol then flips
around R=6.07 m as the probe crosses the edge island,
indicating an inwards directed field inside the island [18]. An
exception is observed in the measurement at the highest
plasma current, where a significant excursion to strongly
negative vpol (and therefore highly positive Er) is observed
between R=6.065 m and R=6.07 m. This observation is
mirrored by the negative excursion of the poloidal Mach
number data of the same program in figure 2(d) around
R=6.07 m, since the poloidal Mach number is defined such
that negative values describe an upwards flow which is con-
sistent with positive Er via Er×B flow. The parallel Mach
number profiles in figure 2(e) in general decrease as the probe
moves from the outer SOL closer towards the LCFS as
expected from EMC3-Eirene simulations [26]. In both pro-
grams, the parallel Mach number is found to increase at T2
compared to T1, again with a stronger increase in program 16
featuring a higher plasma current. Apart from these obser-
vations, the general modulated shape of both the poloidal and
parallel Mach number profiles are not well understood yet and
require further investigations such as modeling of the 3D SOL
with EMC3-Eirene in realistic plasma conditions and magn-
etic field structures.

2.2. Modeling plasma current via field line tracing

The importance of a detailed look into the edge magnetic field
topology is corroborated by figure 3, which displays the
connection length along the magnetic field in the vicinity of
the probe path in the R-z plane for different toroidal plasma
currents in the magnetic standard configuration. The con-
nection length is defined as the distance along a field line
between a chosen start point (in this case the start points are
located in a 2D plane around the probe) and the location
where the respective field line is intersected by a physical
object, i.e. a divertor or wall element. Regions of closed field
lines (i.e. infinite connection lengths) are shown in light grey.
For these calculations, the plasma current has been prescribed
to the magnetic axis, neglecting the spatial distribution of the
plasma current. This simplification is justified by Ampère’s
Law, since we are here only interested in the effects of cur-
rents in the confined plasma on the magnetic field in the SOL,
i.e. outside the confined plasma. Nevertheless, second order
effects caused by the current profile, such as changes of the
iota profile’s shear, might play a (smaller) role on the SOL
connection length distribution. Covering these finer details by

modeling is, however, beyond the scope of this paper as the
current profiles in W7-X show in general a wide variability
[3, 4], and the impact of current distribution on the iota profile
competes with other second order effects such as finite plasma
pressure.

Comparing the three different situations displayed in
figure 3, the edge magnetic island (and the last closed flux
surface) is found to move slightly inwards at higher plasma

Figure 3. Poincaré plot (black dots) and connection lengths (color
coded) in the R-z plane around the probe path in the W7-X standard
configuration for different toroidal plasma currents, (a) 0 kA, (b)
3 kA, (c) 6 kA. Light grey areas indicate closed field lines, i.e.
infinite connection lengths. The probe path is indicated by the
dashed green lines. While these results are generic, (b) resembles the
situation at the T1 measurements in figure 2 and (c) resembles the T2
measurement of 20 181 010.16. The grey vertical lines in (b) and (c)
correspond to the similarly styled lines in figure 2(a).
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currents, as seen from the Poincaré plots represented by the
black dots (at the probe position the shift is about 2 mm per
kA plasma current). This inwards shift of the island is
expected as positive plasma currents increase the iota profile.
At the same time, the connection lengths in the island increase
for higher plasma currents since the island moves away from
the divertor. In addition, the confined region of closed field
lines around the O point of the island gets increasingly large
for higher plasma currents, and, in the case of Ip=6 kA, the
closed field line region is entered by the probe. Correlating
the topology along the probe path in figure 3 with the probe
measurements in figure 2, we find that the drop of Te from
50 eV to 25 eV in the innermost 5 mm of the profile (dark
blue line) occurs exactly at the position where the probe is in
the closed field line region. This observation indicates that the
closed field line region in the island is a separate confinement
region which accumulates particles but is not directly fuelled
with energy and therefore reveals quite small Te at relatively
high densities. The highest temperature in the SOL is
expected to be observed at the border between the short and
long connection length region [25], which is clearly visible
here in the 3 kA case: the position of the Te peak in both data
sets in figure 2(a) just short of R=6.08 m directly corre-
sponds to the steep increase of connection lengths on the
probe path in figure 3(b) at the same radial position.

2.3. Comparison to other edge diagnostics

Having now investigated the local effects of toroidal plasma
currents at the probe position, it is important to consider that
these observations only represent a 1D section and are not
necessarily representative for the 3D SOL of W7-X. To obtain
a more global picture, other edge diagnostics are required. A
selection of those is presented in figure 4 for the program 16
(blue lines in figures 1, 2), showing divertor heat fluxes from
infrared (IR) thermography [27], Te and n from divertor
Langmuir probes, and parallel plasma (impurity) flow velo-
cities from Coherence Imaging Spectroscopy (CIS). To better
point out the role of the plasma current, the time traces
obtained by the diagnostics have been mapped to the plasma
current displayed in figure 1(c).

In figures 4(a)–(c) poloidal heat flux profiles across the
strike lines are shown for three out of the ten divertors. With
increasing plasma current, the strike line first (up to about
3.5 kA) moves away from the pumping gap (i.e. upwards in
the figure) while the heat flux magnitude remains approxi-
mately unchanged. This behavior is typical for the W7-X
island divertor and can well be explained by field line dif-
fusion modelling [14]. At about 6kA plasma current, the heat
flux patterns on the two lower divertor modules become much
broader with a decreasing magnitude of overall heat flux,
resembling foot-prints of a limiter-like situation where the
islands are shifted towards the plasma core so that they are not
intersected by the divertor anymore [14]. In the case of lower
divertor module 4 in figure 4(b), this phenomenon occurs
suddenly and results in a particularly broad and decreased
heat flux. In the lower divertor module 1 in figure 4(a), in
contrast, the change is not as sudden and strong. The disparity

between these two divertor modules already hints at a toroidal
asymmetry which might stem from residual error fields
[28, 29]. At the upper divertor module 1 shown figure 4(c), in
contrast, the heat flux pattern abruptly shifts at about 6kA
plasma current. The heat flux magnitude is intermittently
increased during the transition and then returns to similar
values well before and well after the abrupt shift. A similar
phenomenon is seen on the other four upper divertors. The
striking asymmetry between upper and lower divertors can, in
addition to further error field contributions, presumably be
attributed to drift effects [25].

Divertor Langmuir probes are installed in the upper and
lower horizontal targets of module 5 [25, 30] with two
poloidal arrays of 10 probes in each location where the
individual probes are separated poloidally by 25 mm. The Te
and n results from five swept probes (the ones closest to the
strike line) across the lower divertor are displayed in
figures 4(d), (e). In the magnetic standard configuration
without toroidal plasma current, the probes do not directly
cover the strike line, which is at the toroidal position of the
Langmuir probes (which is different from the toroidal

Figure 4. Divertor diagnostics results during program 20 181 010.16
as a function of toroidal plasma current: heat flux profiles across
three divertor modules (a), (b), (c), electron temperature and density
from divertor Langmuir probes (d), (e), plasma flow measured by
CIS (f). The vertical axis in (a)–(e) denotes the distance from the
pumping gap along a poloidal profile.
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position of the thermography data in (a)–(c)) situated just
below the first probe. Therefore, the highest temperature and
density are observed at the first probe which is closest to the
strike line. However, at a plasma current of about 6 kA, the
pattern of Te and n changes suddenly towards a more even

distribution along the first five probes, indicating a shift of the
plasma load on the divertor as well as a rather broad strike
line. A similar observation has been made when the super-
conducting planar coils of W7-X were used to increase the
rotational transform starting from the standard configura-
tion [31].

Finally, a Coherence Imaging Spectroscopy (CIS) system
is able to measure the parallel flow velocity of C III impurity
ions [32, 33]. The sensitivity of the (Doppler effect based)
measurement is dictated by the impurity emission. As the
investigated charged state photo emission coefficient peaks
around Te∼10–20 eV, CIS is sensitive to SOL flows. The
carbon impurity flow is assumed to be correlated to the main
plasma flow via friction forces in the density range of
1019 m−3 to 1020 m−3 [34]. While the CIS diagnostic covers a
full poloidal cross section of the plasma, only two repre-
sentative regions of interest (ROI) have been chosen here (see
figure 7 in appendix for details). ROI2 is directly magnetically
connected to the MPM with a distance of about 10m. Both
data sets in figure 4(f) show an approximately constant
negative flow velocity up to 5 kA plasma current, with the
sign convention being defined such that negative velocities
correspond to flow against the magnetic field direction. At
6 kA, the flow velocity quickly drops by about 3 km s−1 in
both ROI. This observation agrees with the parallel Mach
probe results in figure 2(e), which show an increase of the
parallel Mach number profile at higher plasma current (for the
probe, positive Mach numbers are defined as being against the
magnetic field direction).

2.4. Summary and interpretation

Summarizing, the response of the SOL plasma to an
increasing toroidal plasma current has been monitored. Even
though the plasma current increases quite steadily, slowly
saturating, as seen in figure 1(c), a threshold is observed
around 6 kA. Above this value, a sudden change of the edge
plasma parameters is seen both upstream with a reciprocating
probe and flow measurements as well as downstream at the
divertor target plasma parameters and heat flux distributions.
The findings suggest that due to the increased iota (caused by
the plasma current) the islands moved inwards (away from the
divertors) such that they lost contact to the targets at some of
the divertors, resulting in a sudden re-arrangement of heat and
particle transport in the SOL. Although the confined plasma is
not directly affected by this at first, a small increase of the line
integrated density, and to a smaller degree also the diamag-
netic energy, is observed, c.f. figure 1(b), when the plasma
current reaches 6 kA. Upon closer inspection, also the slope
of the plasma current evolution changes at this point. The
density increase is presumably caused by the re-distribution
of the SOL heat fluxes, which results in previously un-loaded
areas of the divertor targets suddenly receiving significant
heat fluxes. As a consequence, the previously untouched
divertor parts heat up and start outgassing, increasing the
plasma density even in the absence of external particle fuel-
ling. We finally emphasize that these observations are well
reproducible in the magnetic standard configuration and have

Figure 5. (a) Radial profiles of ion saturation current measured by
reciprocating probe on the MPM. The red line increases up to 35 A.
In the legend, the probe measurement p in the program number XP.
xy on xy p20180816. . is given along with the ECR heating power and
the toroidal plasma current at the time of the probe measurement. (b),
(c) Poincaré plot (black dots) and connection lengths (color coded)
in the R-z plane around the MPM in the W7-X standard
configuration for different toroidal plasma currents, (b) 11 kA, (c)
19 kA. Light grey areas indicate closed field lines, i.e. infinite
connection lengths. The probe path is indicated by the dashed
green line.
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been observed there multiple times. The exact threshold value
of the plasma current seems to vary slightly (by about 1 kA),
depending on the level of the general line integrated density.

3. Driven plasma currents

Electron cyclotron current drive (ECCD) utilizes the ECRH
system of W7-X to drive toroidal plasma currents non-
inductively [10, 35]. This technique is advantageous for
experiments on the role of plasma currents since it allows
more flexible current control compared to the intrinsic boot-
strap current, which evolves on rather slow time scales of
some 10 s with its magnitude determined by neo-classical
transport. To study the role of larger plasma currents than in
the previous section, co-ECCD close to the plasma center has
been employed. Here, co-ECCD is defined similarly to
tokamaks, such that it points in the same direction as the
bootstrap current.

Again, a sequence of experiments with similar heating
power and density has been performed where the MPM
measured at different time instances during the evolution of
the toroidal current. The ratio of driven and bootstrap current
is in all cases �2, allowing the investigation of toroidal
plasma currents up to 19 kA. The SOL plasmas were probed
with a retarding field analyzer (RFA) probe [36] which in
addition to the RFA unit contained three Langmuir probe pins
on the front plate of the probe head. In figure 5(a), the radial
profiles of ion saturation current along the probe path are
shown for two sets of experiments with similar line integrated
densities around ·= -n 2.5 10 mdl

19 2. At each heating power
level, three fast plunges at different plasma currents have been
performed. Comparing the probe results, the ion saturation
current measured by the probe is found to increase for higher
plasma currents at certain set of heating and density. The
probe currents at the highest plasma currents reach up far
above the displayed scale and go up to =I 5i sat, A for
Ip=11 kA and =I 35i sat, A for Ip=19 kA.

The 2D connection length map and Poincaré plots in the
vicinity of the probe for these two plasma currents are shown
in figures 5(b) and (c), similar to figure 3. At Ip=11 kA, the
magnetic island has moved so far inwards that large parts of
the island are not touching the divertor anymore. At
Ip=19 kA, the island entirely loses contact with the divertor
and is now inside the LCFS, i.e. closed flux surfaces appear
outside the island, and the plasma boundary is now limited by
the divertor. The probe plunge path indicated in figure 5(c)
extends about 3 cm into the confined plasma, which explains
the extraordinarily high ion saturation currents measured by
the probe.

For completeness, we note that in the measurement at
Ip=19 kA the line integrated density had almost doubled
compared to all the other measurements, likely due to out-
gassing of components which received significant heat loads
for the first time due to current-induced changes of the heat
load distribution patterns [14]. However, this difference in
line integrated density does not play an import role for our
observations of strongly qualitatively different profiles.

A further indicator for the strength of the probe-plasma
interaction is the release of impurities due to excess heat flux
on the probe. Since the probe head body was made of boron
nitride, boron and nitrogen are the dominating impurity spe-
cies released from the probe. The VUV spectrometer HEXOS
is able to detect changes in the level of nitrogen and boron
impurities with a high sensitivity and a good temporal reso-
lution of 1 ms [37]. In figure 6, the relative increase of the B V
and N V line intensities due to the probe plunge as measured
by HEXOS are shown on a logarithmic scale for various
probe plunges at different toroidal plasma currents. All probe
plunges had the same depth and were conducted at similar
line integrated plasma densities. The respective heating power
levels and whether the plasma current stems from ECCD or
bootstrap current evolution is given in the legend. A general
trend towards an increasing impurity line radiation for probe
plunges at higher plasma currents is observed. In a simple
approximation, the impurity line intensities can be taken as a
measure for the impurity concentration, since only situations
where the plasma temperature and density have not been
strongly changed by the probe operation have been used for
the data points shown here. Concluding, for similar probe
plunges at similar plasma conditions, both the ion saturation
currents measured by the probe and impurity release from the
probe head body is observed for higher plasma currents. A
detailed investigation of SOL parameters as in section 2 is
unfortunately not possible for the programs with higher
(driven) toroidal currents due to insufficient diagnostic cov-
erage and remains to be studied in the upcoming operation
phases of W7-X.

4. Summary and conclusion

The role of toroidal plasma currents for the W7-X SOL is
investigated for the magnetic standard configuration using
reciprocating and target Langmuir probes, divertor thermo-
graphy, and plasma flow measurements in experiments where

Figure 6. Increase of boron and nitrogen line intensities measured by
HEXOS due to MPM probe plunge as a function of plasma current.
All probe plunges had a similar depth. In the legend, the program
number XP.xy on xy20180816. is given along with the ECR heating
power and whether ECCD was applied.
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plasma density and heating remained constant. Field line
tracing predicts that toroidal plasma currents increase the
rotational transform profile and therefore affect the position of
the edge islands and the connection length distribution in the
island divertor. At the position of the reciprocating probe
close to the outer mid-plane, increasing plasma currents result
in both higher Te and n. At a plasma current of about
6±1 kA, the confining region of closed field lines inside the
edge island has become sufficiently large to be crossed by the
reciprocating probe, revealing a dense, but cooler plasma
inside this region and a modification of the poloidal plasma
dynamics in the open field line region of the island. At the
same plasma current level, other edge diagnostics observe a
sudden change of divertor heat loads and plasma flows,
qualitatively consistent with the probe observations. Higher
plasma currents up to 19 kA have been obtained employing
ECCD. At these conditions, the edge islands are predicted to
move into the LCFS of the main plasma, resulting in a
transition from a diverted to a limited plasma configuration.
This hypothesis is plausibly supported by reciprocating probe
measurements.

These observations highlight the importance of toroidal
plasma currents and emphasize the requirement of a fine
control of the rotational transform for island divertor
operation.
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Appendix

The coherence imaging spectroscope (CIS) is a 2D inter-
ferometer. By using birefringent plates, a fringe pattern is
overlaid on a camera view of the plasma. The CIS is able to
monitor the behaviour of ions, by selecting single charged
state of single species with a narrowband filter. The W7-X
CIS system used for the presented studies is characterized by
a toroidal view, allowing flow velocity measurements domi-
nated by the parallel component [32, 33]. It provides line of
sight integrated flow velocities in the SOL which are inferred
from the Doppler shift of CIII impurity emission. Two mea-
surement results are presented in figure 7, which have been
taken at the time instances of the probe plunges in program 16
of figures 2, 4. Each plot resembles a full cross-sectional view
in the region of the lower divertor in module 3 (covering
approximately one full module of W7-X along the optical
axis), revealing a pattern of co- and counter-streaming regions
which are characteristic for the island divertor [33]. Com-
paring both plots, one finds that at the later time instance (at
higher plasma current), the parallel flow pattern generally gets

more negative, i.e. tends to flow against the magnetic field,
out of the image plane. This is consistent with the Mach probe
measurements presented in figure 2.

The agreement is further corroborated by the CIS traces
shown in figure 4 which are taken from the region of interest
(ROI) marked in figure 7. In particular, ROI2 is selecting the
lines of sight that are intersecting the same magnetic island
crossed by the reciprocating probe (which is located about
10 m away along the field lines). A more detailed invest-
igation on the mapping between CIS and reciprocating probes
is presented in [32]. Flow velocity evolution in this ROI is
generally expected to match the effect measured by the probe,
assuming that the distance between both diagnostics is much
smaller than the distance to the stagnation point. More
quantitative investigations into cross validation of CIS and
Mach probes require to disentangle the exact 3D mapping
(possibly incorporating magnetic error fields), the role of the
line-integrating nature of the CIS and the possible dis-
crepancy between flows of impurities (as measured by CIS)
and the main plasma species (as measured by Mach probes),
which is outside the scope of this paper and will be addressed
in a future publication.

Figure 7. Parallel plasma flow patterns measured by coherence
imaging spectroscopy at the time instants of the probe plunges in the
same plasma program (20 181 010.16) as in figures 2, 4. Positive
plasma flows are defined as along the magnetic field, i.e. into the
image plane. From the regions of interest marked here the traces in
4(f) were taken. ROI2 corresponds to the position of the MPM probe
mapped along the magnetic field.
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