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Abstract. Following two initial campaigns [1], Stellarator Wendelstein 7-X (W7-X) has now completed the
construction phase by installation of active cooling of all plasma facing components. The machine is presently
commissioned for the next campaign (OP2) aiming at 1 GJ per pulse, e.g. 100 s at 10 MW, eventually aiming
at 18 GJ, e.g. 1800 s at 10 MW. The key heating system is the Electron Cyclotron Resonance Heating (ECRH)
system, consisting of 10 gyrotrons with power per gyrotron ranging from 0.6 MW up to 1.0 MW at 140 GHz.
A phased upgrade of the installation is in progress with the addition of 2 gyrotrons and the development of
1.5 MW and 2.0 MW gyrotrons, such that at the end of the upgrade 4 gyrotrons will be available in each
power class of 1.0, 1.5 and 2.0 MW [2]. The increased ECRH power, combined with O2 and X3 heating
schemes at high densities, will lead to increased microwave stray radiation. This is non-absorbed microwave
power that diffuses inside the vessel and is incident on all in-vessel components including vacuum windows
and attached diagnostic systems. A fraction of the stray radiation is absorbed by resistive or dielectric losses
of these components, leading to thermal loads that scale with stray radiation levels and pulse length. At W7-X
a high power microwave stray radiation launch facility ’MISTRAL’ is available that is used to qualify in-
vessel components for use at specified microwave surface power densities [Wm−2]. This paper reports on
MISTRAL campaigns in 2020 - 2021 for testing of stray radiation loads during OP2 in W7-X, as well as on an
EUROfusion program assessing stray radiation loads on ITER components. A dedicated, absolutely calibrated,
caloric load was developed for the campaign to obtain measurement of stray radiation power levels as well as to
conveniently expose samples. Amongst other we report on shielding concepts using metal enclosures combined
with microwave absorbing coatings and dielectric heating of vacuum windows.

1 Introduction

Electron Resonance Cyclotron Heating (ECRH) or Elec-
tron Cyclotron Current Drive (ECCD) are a key actuators
in magnetically confined fusion experiments. In optically
thick plasmas the absorption of the microwaves is very
high but heating scenarios, or plasma conditions, with re-
duced optical thickness may apply. A technical issue is
a practical limit to the accuracy of the launching angle
and polariation of the microwave beam. Both operational
and technical conditions may lead to an inevitable fraction
of non-absorbed microwave power that, after many passes
through the vessel and the plasma, diffuses into microwave
stray radiation. This power is incident on the vessel inte-
rior resulting in thermal loads but also propagates through
ports interfering with diagnostic operation. These prob-
lems are actively worked on in the community and in this
paper we report on recent work using the MISTRAL stray
radiation exposure facility: reduction of stray radiation,
response of microwave absorbing coatings and stray radi-
ation exposure of vacuum windows.
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2 MISTRAL

The Microwave Stray Radiation Exposure Facility ’MIS-
TRAL’ is a large resonator in which a microwave stray ra-
diation field is generated to qualify components for stray
radiation loads in the vessel [3–6]. It is a tube with length
2 m and a diameter of 1.5 m. A gyrotron Gaussian beam
at 140 GHz is injected through a sapphire vacuum window
into the vessel where reflects off a mirror with two incli-
nations: a large inclination directing the beam to the ves-
sel circumference such that the beam makes a trajectory
around the inner circumference (Fig. 1a), and a small incli-
nation directing the beam towards the long side of the tube
such that it also propagates along the vessel (Fig. 1b.) On
each bounce off the vessel wall some of the beam power is
scattered towards the centre of the vessel resulting in a mi-
crowave stray radiation field in the centre region of the ves-
sel. The reflecting mirror is in fact V-shaped such that two
beams are generated, one travelling clockwise, as shown
in Fig. 1a), and one travelling counter clockwise. By ad-
justment of gyrotron settings and duty cycle the CW input
power can be set up to 10 kW. The high wall reflectiv-
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ity combined with modest size apertures leads to a surface
power density of p = (55 ± 5) kWm−2. This was measured
with a caloric load which was developed for the work de-
scribed here and is located near the centre of the vessel
closure plate when viewing the face in Fig. 1a). A cartoon
of the caloric load arrangement is shown in Fig. 2. Sam-
ples such as vacuum windows or filters may be mounted
in the sample holder. In the interior Teflon hoses with a
steady water flow are mounted. The low refractive index
of Teflon, combined with the high absorption of water and
the reflecting cone at the far end, ensure a very low reflec-
tion coefficient, of the order of 2%. In the cone a pyrom-
eter is mounted to monitor the temperature of samples in
the sample holder. More details are available in [7].

a) b)

Figure 1. Conversion of collimated beam to stray radiation.
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Figure 2. Caloric load attached to MISTRAL DN150 port.

3 Reduction of stray radiation

Full metallic shielding of components against stray radia-
tion is not always possible. Effort is then directed towards
using low-loss components, providing sufficient thermal
sink and measures to reduce stray radiation levels. In this
section, the reduction of stray radiation in a sub-volume
by limiting the input stray radiation level, combined with
the use absorbing coatings, is discussed. A detailed model
for analysing coupled cavities is found in [8, 9].

3.1 Surface power densities in coupled cavities

Often the task is to reduce stray radiation levels inside a
sub-volume in the vessel or in a system attached to the
vessel. The most basic model is that as depicted in Fig. 3.

Sub volume:
- Wall surface Sw
- Wall absorption coefficient:

Coupling aperture with:
- Surface: S
- Transmission: T

ps
pm

Main
Volume

Figure 3. Cartoon of coupling between a main volume with
surface power density pm and a small sub-volume with surface
power density ps.

The large volume is considered to be a constant source of
stray radiation with surface power density pm. The sub-
volume is shown attached to the vessel, such as a diag-
nostic, but it could also be a structure inside the vessel
such as an ECW launcher or a divertor enclosure. An intu-
itive measure is to reduce the surface power density in the
sub-volume by reducing the coupling: making the aper-
ture surface S smaller or by placing a filter in the aper-
ture with a low transmission coefficient T for microwaves.
But this may not necessarily lead to a reduction of the sur-
face power density inside the sub-volume as in equilibrium
the surface power density is determined by the power that
flows into the sub-volume AND the losses inside the sub-
volume. This is best seen using the power balance:

pm · S · T = ps · S · T + ps · S w · αw ⇔ (1a)

ps

pm
=

S · T
S · T + S wαw

, (1b)

with the symbols are defined in the sketch in Fig. 3. It is
seen that in the limit of loss-less walls the surface power
density in both cavities is the same. But placing absorb-
ing material in the sub-cavity allows to significantly lower
the surface power density in the sub-cavity. This is illus-
trated in Fig. 4. This does not go at the cost of massive
dissipation as the product ST can be lowered by e.g. a re-
duced aperture or a filter. A practical application of this
is the stray radiation protection of the pressure gauges on
the MISTRAL. The gauges are mounted on the pumping
lines to the turbo pumps. A wire mesh was placed over
the pumping aperture and a microwave absorbing coating
was placed inside the port, see the photo in Fig. 5. For the
selection of the mesh 3 commercially available meshes of
different wire and mesh size (unit: lines per inch) were
purchased and tested in the sample holder. Four measure-
ments were taken: 1) no mesh, and 2-4 ) with meshes. The
mesh transmission is found by normalising the calorime-
ter power with mesh to the measurement with no mesh.
The results are shown in Fig. 6. For use in the MISTRAL
the 24 lines/inch mesh was selected as it resulted in low
enough stray radiation levels, being mechanically strong
and not impeding the pumping speed too much.

3.2 Absorbing coating

Stray radiation levels can be lowered by dissipation of the
microwaves. The losses can be introduced by application
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Figure 4. Reduction of stray radiation by using a wire mesh filter
with transmission T and for two different wall absorption coeffi-
cients. While a coating with up to 75% absorption was demon-
strated, 50% is shown in the example as usually not all walls are,
or can be, coated.

Figure 5. Protection of the vacuum gauges in the pumping port.
The photo is take outside the MISTRAL with the vacuum pumps
removed. At the far end of the port (vacuum side) the mesh is
seen. The insert is a microwave absorber: an aluminum sheet
coated with a microwave absorbing layer, refer to section 3.2.

of a microwave absorbing coating on metal surfaces [10–
12]. This is practical as a thin layer can applied with At-
mospheric Plasma Spraying onto walls or pipes, providing
a heat sink at the same time. Another advantage of a coat-
ing in the mm-wave region is that the thickness can be set
such that the electric field reflection coefficient on the sur-
face is minimised, leading to a maximum in absorption.
This is caused by multiple internal reflections inside the
layer. The resonance occurs under the condition d = m 1

4λ,
with d the coating thickness, m an odd integer (1, 3, · · · )
and λ the wavelength inside the dielectric. This is the vac-
uum wavelength λ0 divided by the square root of the rel-
ative permittivity. The reflection can also be maximised,
leading to a minimum in the absorbed fraction. The anti-
resonant condition is d = n 1

2λ, with n an integer (1, 2,
· · · ). Absorption is quantified using plane wave propaga-

Figure 6. Insertion loss of wire meshes using the caloric load.
MISTRAL not at vacuum: to avoid possible arcing the calibra-
tion pulse (blue) was limited to one minute.

tion: E = E0e jωt−γz where γ = α + jβ is the propagation
constant with α the attenuation constant and β the phase
constant 2π/λ. As the electrical field propagates into the
coating it exponentially decays: E(z) = E0e−αz, while the
power decays as P(z) = P0e−2αz. The attenuation constant
is determined by the losses in the coating. These are found
by the current densities in the coating [13]:

J = jωϵ′
(
1 − j

[
σa

ωϵ′
+
σs

ωϵ′

])
E (2)

The three terms left to right are: i) the loss-less displace-
ment current density, ii) a loss current density induced by
the alternating field (σa), and iii) a loss current density
caused by a finite static conductivity (σs). In the expres-
sion ϵ′ is the real part of the complex permittivity, which
is defined in ϵ = ϵ′ − jϵ′′ = ϵ0

(
ϵ′r − jϵ′′r

)
. The imaginary

part ϵ′′ is defined by the relation σa = ωϵ
′′. It is com-

mon to express the dielectric losses by the loss tangent
tanδa = ϵ′′/ϵ′. One then obtains for the ratios between the
square brackets: tanδa +σs/ωϵ

′. These are physically dif-
ferent: the measure for dielectric losses and the measure
for ohmic losses, however, with the MISTRAL at a single
frequency, they cannot be distinguished [14] and they lead
to a net heating rate (∆T/∆t) of the coating. In experiment
and modelling at the MISTRAL therefore the two terms
are replaced by a single measure for conduction losses:
tanδ, noting that this is not necessarily the dielectric loss
tangent as quoted for ceramics.

The coating response is evaluated by illumination with
a plane wave. The propagation constant γ of the wave is
obtained by using both Maxwell equations and by substi-
tution of a plane wave solution. This results in:

γ = jω
√
µ0ϵ0ϵ′r

√
1 − jtanδ (3)

Following the methodology for a vacuum window as in
[7], plane wave propagation inside the coating is modelled
by considering the layer to be a lossy ceramic but now ter-
minated with a reflecting metal wall. See the schematic

3

EPJ Web of Conferences 277, 04009 (2023)   https://doi.org/10.1051/epjconf/202327704009
EC21



in Appendix A. For instruction only normal incidence is
shown but the full model includes oblique incidence. An
additional change, following Hentrich [12], is the using
the complex permittivity in computation of the refracted
angle in the layer as opposed to taking only the real part.
This has been applied too for computation of the layer
impedance. This is required as, contrary to low-loss vac-
uum windows, the imaginary part of the complex permit-
tivity may no longer be much smaller as the real part.

The coating used in this work is an Al2O3/TiO2 coat-
ing [10–12], mixed to ratio 87% / 13%. For this coat-
ing Hentrich [14] extracted a 0.25λ resonance thickness of
165 µm at 140 GHz. MISTRAL measurements (section
4.3) showed an absorption coefficient of 67% at a thick-
ness of 150 µm. Using the data a fit was made using a
complex permittivity with ϵ′r = 11.2 and tanδ = 0.13, see
Fig. 7. In the experiment a coating with 300 µm thickness
showed 30% absorption. This is in broad agreement with
the model. Evaluation of the substrate surface resistance
Rs shows this to be an insensitive parameter in the model:
as long as a metal is used, the response is the same within
fractions of a percentage point.

Figure 7. Modelled absorbed fraction (1-R) in coating fitted to
experiment data. The maxima and minima are caused by mul-
tiple internal reflections. At larger thickness these fade and the
absorption converges to 1-Ri, with Ri the initial reflected frac-
tion off the boundary. The model shows even larger absorption at
next two maxima. These are not experimentally verified but re-
sult from larger bulk absorption (longer optical path) coinciding
with maxima due to multiple internal reflections.

The model was next used to investigate the response
at oblique incidence. This shows, besides the effect of
the Fresnell equations, little variation with incidence an-
gle. This is explained, as also noted by Hentrich [12], by
only small differences in optical path due to the small re-
fracted angels given the high relative permittivity.

The stray radiation response is now found following
the methodology in [7]. In short: the coating is exposed
to isotropic stray radiation which is modelled by an angu-
lar spectrum of incidence angles with a normal distribu-
tion and considering both polarisations. The normal dis-
tribution is important as large incidence angles are more
pronounced as small incidence angles, which may be un-

derstood by considering the rays to be incident through
a virtual dome placed over the coating. The modelled
isotropic stray radiation response of the coating is shown
in Fig. 8. In the plot the x-axis shows the maximum con-
sidered incidence angle θi, for example: θi = 20◦ means an
isotropic stray radiation response when considering angles
up to 20◦. The plot shows the absorbed fraction for the res-

Figure 8. Modelled isotropic stray radiation response with input
data from Fig. 7. Upper traces: resonant, 165 µm, lower traces:
anti-resonant, 318 µm. The absorbed fractions are plotted as a
function of considered range of incident angles, e.g. θi = 0◦ is
normal incidence while θi = 20◦ includes all incidence angles
up to 20◦. For each thickness the response to perpendicular and
parallel polarisation is plotted. The averages of these (label ’av-
eraged’) is the overall isotropic stray radiation response.

onant layer and the anti-resonant layer. For each layer the
stray radiation response for either polarisation is shown
(perpendicular and parallel). For a layer, the average of
both polarisations predicts the isotropic stray radiation re-
sponse. The data for minima and maxima at normal inci-
dence has been taken from Fig. 7. The predicted isotropic
stray radiation response as function of considered range of
incidence angles shows a flat response, except for a mod-
est effect when including the very large incidence angles.

These modelling results together with absorbed frac-
tions of stray radiation power measured (section 4.3) are
consistent with a scan over fixed angles by Hentrich [12].
This allows to conclude that the absorbed fraction of
power using stray radiation exposure is not significantly
affected by the angular distribution of the stray radiation.

Measurement and modelling was all at 140 GHz in this
work. It is worth noting that in case the dielectric heating
is dominant, the coating absorption at frequencies not too
far off, say at 170 GHz, will be the same as long as the
layer thickness is adapted to this new frequency too. This
may be seen as follows. In case the loss tangent is no too
excessive one can approximate α by π

√
ϵ′rtanδ f /c [7]. The

attenuation goes as e−2αd, but as d = 0.25(1/
√
ϵ′r)(c/ f ), the

scaling with frequency and layer thickness cancels out.
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4 Vacuum Windows

The work on vacuum window exposure during the MIS-
TRAL campaigns in 2020 and 2021 addressed three top-
ics: i) stray radiation loads in vacuum windows, ii) expo-
sure of ITO-coatings on vacuum windows, and iii) proto-
type test of ITER window stray radiation sensors.

4.1 Stray radiation loads in vacuum windows

The isotropic stray radiation response of vacuum windows
is reported in [7]. The work is summarised here.

Vacuum windows are critical components, yet consid-
erable thermal loads may result due to dielectric heating
by microwave stray radiation. For low-loss windows the
absorbed fraction of power can be computed accurately
using the loss tangent and the permittivity. But two ques-
tions are frequently raised: i) what is the loss tangent at
microwave frequencies? and ii) what is the isotropic stray
radiation response? To address these questions the permit-
tivity and loss tangent at 140 GHz for a number of com-
mercially available windows were measured using a colli-
mated beam at low power in the laboratory [15, 16]. The
stray radiation response was next measured and modelled
at high power in the MISTRAL.

The outcome of the work is that, for a window in a
typical port geometry, i.e. by excluding the very large in-
cidence angles, the single pass absorbed fraction may be
taken as a upper limit by isotropic stray radiation, while
applying a safety margin (1+ ϵ′r)/2

√
ϵ′r . As the single pass

absorption is easily calculated using the permittivity and
loss tangent, laboratory data is now sufficient to get the
high power load.

4.2 ITO-coated windows

In order to reduce the stray radiation transmitted through
a vacuum window an ITO-coating may be applied. This
is an Indium Tin Oxide layer which has a surface resis-
tance inversely proportional to the ITO-conductivity and
the layer thickness. Note that the surface resistance has
unit Ω/□ as it is defined with the wave incident on a sym-
metrical surface [17]. Using data extracted from coatings
in use at W7-X, the surface resistance is plotted as func-
tion of layer thickness using Rc = 1/(σcτ) [17], with σc

the thin layer ITO conductivity and τ the layer thickness,
see Fig. 9. Then, using transmission line theory, the re-
flected fraction of power due to an impedance step from
air → ITO is computed, see Fig. 10. Exposure of ITO-
coated windows in the MISTRAL confirm that relatively
thick coatings, having a surface resistance 20 Ω/□ or less,
show very high stray radiation reflection, comparable to
reflection off a metal surface. As a consequence, there is
very little absorption inside the ITO coating. On the other
hand, very thin coatings with high surface resistance show
high transmission and high ITO-induced absorption, re-
sulting in poor attenuation of stray radiation and excessive
window heating rates. A practical issue is that an ITO-
coating close to the plasma may be eroded by it. The coat-
ing must then be on the air-side of the window. While this

Figure 9. ITO surface resistance as function of layer thickness.

Figure 10. Reflection due to impedance step air→ ITO-layer.

still gives the large reduction in transmission for stray ra-
diation, it results in double pass absorption in the window
which may now cause a considerable thermal load.

4.3 ITER stray radiation sensors

A novel development at ITER [18] are stray radiation win-
dow sensors. These are Molybdenum rings with a mi-
crowave absorbing coating that are placed at the edge of
the window aperture. A prototype test was made at the
MISTRAL, the arrangement is shown in Fig.11. At three
locations of the ring the temperature is measured with an
embedded thermocouple. The absorbing coating is as de-
scribed in section 3.2. Figure 12 shows the heating rate for
a ring with an almost resonant layer thickness (150 µm),
for a ring with an almost anti-resonant layer thickness (270
µm) and for a ring with an anti-resonant layer (300 µm).
In the experiment the MISTRAL stray radiation exposure
was set to p = (53±5) kWm−2. The heating rate is equated
to the power flowing into the body and the heat capacity:
∆T/∆t = (p · A · S c)/(m · cv), with A the absorbed fraction,
S c the coated ring surface, m the mass and cv the specific
heat capacity. The absorbed fractions are solved giving:
A150 = 67% and A270 ≈ A300 = 30%, both with relative
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Figure 11. ITER window sensor mounted on MISTRAL port.

error of 10%. Having found the absorbed fractions in situ,
the sensors are calibrated and can be used to provide the
incident surface power density from the measured heating
rate. At modest temperature linear scaling can be used but
at elevated temperatures the heating rate is no longer linear
as radiation becomes important.

Figure 12. Heating rate of the ITER window sensors

This work has been carried out within the framework of the EU-
ROfusion Consortium, funded by the European Union via the Eu-
ratom Research and Training Programme (Grant Agreement No
101052200 - EUROfusion). Views and opinions expressed are
however those of the author(s) only and do not necessarily re-
flect those of the European Union or the European Commission.
Neither the European Union nor the European Commission can
be held responsible for them.
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