
Fusion Engineering and Design 162 (2021) 112079

Available online 9 November 2020
0920-3796/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Performance of a high vacuum, high temperature compatible 
millimeter-range viewing dump for the vertical ECE experiment on TCV 

A. Tema Biwole a,*, L. Porte a, A. Fasoli a, A. Simonetto b, O. D’Arcangelo c, the TCV team1 

a Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015 Lausanne, Switzerland 
b CNR Istituto per la Scienza e Tecnologia dei Plasmi (formerly CNR-IFP), via R. Cozzi 53, 20125 Milano, Italy 
c ENEA Centro Ricerche Frascati (formerly with CNR-IFP), Via Enrico Fermi 45, 00044 Frascati (Roma), Italy   

A R T I C L E  I N F O   

Keywords: 
Tokamak 
Electron cyclotron emission (ECE) 
Microwaves 
Viewing dumps 
MACOR 

A B S T R A C T   

A high vacuum and high temperature compatible viewing dump, made of MACOR, was designed and installed in 
TCV for Vertical ECE experiments in the 75–110 GHz frequency range. Measurements of the dump prior to 
installation in the tokamak showed in more than 99% of absorption of the incoming radiation. The dump has 
remained in-vessel more than 7 years, protected from direct plasma exposure by carbon tiles. However it has still 
been exposed to carbon and boron deposition. Very recently, ex-vessel and in-vessel measurements were carried 
out over an extended frequency range up to 170 GHz to assess the change in performance of the dump due to 
exposure in the Tokamak. The new results show that the dump performance has not been adversely affected by 
seven years of in-vessel exposure and in fact match the original measurements, showing that the dump is still 
suitable for Vertical ECE experiments on TCV.   

1. Introduction 

In TCV, the Tokamak Configuration Variable, Electron Cyclotron 
Emission (ECE [1,2]) is used routinely to infer the electron temperature 
[3]. This is made possible by measuring the emission along a horizontal 
line of sight from the Low magnetic Field Side of the machine, see Fig. 1. 
This arrangement known as LFS ECE allows measurements of local 
electron temperature exploiting the 1/R dependence of the emission 
frequency (ωce ∼ 1/γR), R being the machine major radius and γ the 
relativistic factor. Under certain conditions, the measured frequency can 
be unequivocally attributed to a radial location in the plasma, and the 
temperature at that location can be deduced from the emission intensity. 
When the conditions change such as when, for example, the plasma 
electrons depart from a Maxwellian distribution, another ECE arrange-
ment, the Vertical ECE (VECE) [4] can be used to diagnose the properties 
of the high energy (suprathermal) electrons. The VECE focuses on a sight 
at constant major radius (R ≈ constant⇒ωce ∼ 1/γ), making it optimal to 
measure the downshifted (in frequency) emission of suprathermal 
electrons. VECE measurements, whose aim is measuring suprathermal 
electron radiation, need the presence of a viewing dump to absorb un-
wanted thermal radiation. Another way to prevent the contamination of 
VECE measurements by thermal radiation is to use a retro-reflector 

instead, which bounces back any incoming wave [5]. The thermal ra-
diation, reflected from the retro-reflector undergoes multiple other re-
flections in the machine chamber and may ultimately reach the 
detection system. Viewing dumps have thus been preferred throughout 
years to retro-reflectors as they drastically reduce multiple reflections of 
the thermal radiation [6,7]. In this paper, we present the design and 
performance of a custom-made viewing dump made of MACOR. Of 
particular interest is the evolution of the dump properties after years of 
exposure in the high vacuum and high temperature environment of the 
TCV tokamak. The performance of the dump is characterized in terms of 
its capacity to absorb electromagnetic radiation in the millimeter range 
with wavelengths 1.75 < λ(mm) < 4. The wavelength window corre-
sponds to the frequency range of VECE measurements on TCV 
(75 < f(GHz) < 170). The absorbing properties of the dump are assessed 
by measuring its reflectivity both on-axis i.e. the reflection of a wave 
incident normal to the plane of the dump, and off-axis i.e. the reflection 
in the normal direction of waves incident with different angles with 
respect to the normal, as illustrated in Fig. 1. On-axis reflectivity is 
needed for an accurate estimate of the radiation reaching the VECE 
antenna facing the dump at the top of the machine. Off-axis reflectivity, 
on the other hand, is the key parameter to assess the dump capability to 
prevent stray thermal radiation from entering the detection system. In 
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general, the performance of several dump designs has been very well 
ascertained and their importance for VECE experiments is now 
confirmed [8]. The assessment of the dump performance and its 
degradation due to exposure in the tokamak is the most novel contri-
bution of this paper. 

2. Design 

A viewing dump for the vertical ECE experiment on TCV must be 
highly absorbing (> 99% of incoming radiation) and compatible with 
the high temperature and high vacuum environment of the tokamak. 
The dump is made out of MACOR, a machinable glass-ceramic. 

Glass-ceramics were accidentally discovered by S. Donald Stookey at 
Corning Inc in the early fifties [9]. Successively, some measurements 
[10] reported the absorption coefficient of MACOR to vary between 
0.08 < α(mm− 1) < 0.15 (in our frequency range). These values of ab-
sorption coefficient increase with frequency and are at least one order of 
magnitude higher than the values for common low loss ceramics. In 
appearance, MACOR is a white, porcelain-like material composed of 
46% Silicon – SiO2, 17% Magnesium – MgO, 16% Aluminum – Al2O3, 
10% Potassium – K2O, 7% Boron – B2O3 and 4% Fluorine – F, see [11]. 
MACOR has a continuous operating temperature of 800 ◦C and a peak 
temperature of 1000 ◦C. It is easily machinable and can be considered to 

withstand high heat fluxes. It does not outgas in vacuum environments. 
It is strong, non-porous, radiation resistant and therefore a good 
candidate for a viewing dump in a plasma confinement device. 

The preferred viewing dump shapes are straight grooves, array of 
horns or pyramid arrays. Those shapes increase the absorption of the 
incident wave by geometric means inducing multiple reflections. 
Straight grooves are the easiest to fabricate but the absorption is strongly 
dependent of the relative orientation of the dump. In fact, dumps 
featuring straight grooves exhibit high reflectivity for wave polarization 
parallel to the grooves. The TCV dump (Fig. 2) is an array of pyramid 
(10 × 10× ∼ 11.6 mm), which is difficult to manufacture but does not 
have a preferential orientation. The angle between faces of adjacent 
pyramids is 45◦ (see Fig. 3) resulting in at least 4 reflections of the wave 
in the MACOR, thus greatly enhancing absorption. 

Spatial constraints on TCV limit the size of the dump to a maximum 
diameter of ∼200 mm (Fig. 4). This number will end up to be very 
important for the application of the dump, as it can be sometimes 
smaller than the beam size at the dump location due to refraction effects. 
The size of the pyramids was chosen based on the optical thickness of 
MACOR in this frequency range, approx. 10 mm. 

3. Performance 

The performance of the TCV dump is evaluated measuring its 
reflectivity in the proper frequency range. This was done prior to the 
installation of the dump in the TCV tokamak and has now been repeated 
12 years later. 

3.1. Before the exposition to the plasma in the TCV tokamak 

The dump was measured at CNR-IFP (now CNR-ISTP) Milano in 2007 
prior to installation in TCV [12]. Measurements were made with an AB 
Millimetre 8-350 Vector Network Analyzer equipped with WR-10 heads. 
Transmittivity, on- and off-axis reflectivity were measured with rows of 
pyramids parallel and at 45◦ to incident polarization. Off-axis reflec-
tivity was also measured for polarizations parallel and perpendicular to 
the plane of incidence. Measurements were made using antennas 
directly viewing the dump, their distance chosen for minimizing sensi-
tivity to individual pyramids and to dump edge effects. On- and off-axis 
reflectivities were always lower than approx − 25 and − 35 dB 

Fig. 1. TCV cross section with a representation of the MACOR viewing dump 
and the antennas for horizontal and vertical ECE. The radiation reaching the 
VECE antenna may originate from a region outside the line of sight, in the Low 
Field Side, following the path 1’-2-3. This is the unwanted thermal radiation for 
which the assessment of the off-axis reflectivity of the dump is needed. The path 
1-2-3 can be taken by both the thermal and the suprathermal radiation within 
the VECE line of sight. 

Fig. 2. TCV viewing dump design: array of pyramids with 90◦ rota-
tional symmetry. 
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respectively. On-axis reflectivity measurements were limited by noise 
and incomplete removal of systematics due to the poor match of the 
antennas available at the time, so the results should be viewed as an 

upper limit. 

3.2. After several years in the TCV tokamak 

The original dump measured in Section 3.1 was damaged and 
replaced by an identical copy in 2012. It was damaged by high micro-
wave power (∼500 kW) from the plasma heating system. The damage is 
probably the result of the high absorption coefficient, low thermal 
conductivity and low toughness of the MACOR, coupled with a mishap 
in the orientation of the microwave antenna. During routine operation 
though, the dump is irradiated without risk by the plasma itself, 
receiving microwave power ≲10− 4 W. What is first discussed in this 
section is the effect on the dump of the direct heat and particle flux from 
the scrape off layer plasma in TCV, i.e. the plasma outside the last closed 
flux surface (LCFS). 

The dump has been present in the machine for about seven years and 
has witnessed ∼17,580 plasma discharges. Not all plasmas could have 
potentially affected the dump directly. The discharges in the so-called 
limited configuration (Fig. 5a) allow only minimal interaction be-
tween the plasma and the dump. The interaction can lead to relevant 
particles and heat deposition on the dump only in diverted configura-
tions such as the one represented in Fig. 5, with the divertor leg at the 
radial position of the dump. In that case the exposure of the dump to the 
plasma also depends on the angle of incidence of the grazing magnetic 
field lines. A minimum angle of incidence of 13◦ would be necessary for 
direct heat deposition along the magnetic field lines. This value is 
unpracticable on TCV. In fact, the combination of the magnetic field 
generated by the plasma current and the one externally generated from 
poloidal and toroidal coils leads to field lines with an incident angle on 
the dump of at most ∼8◦. In this worst case scenario, the power in the 
order of a few MW/m2, is deposited at ∼17 mm above the dump pyra-
mids, see Fig. 6. 

As a conclusion, it is clear that the TCV dump never faced direct heat 
and particle deposition from the plasma, explaining its integrity. What 
has changed is the color of the front face of the dump which departed 
from the initial white color of the ceramic due to some carbon deposi-
tion. The carbon deposition observed on the dump and pictured in Fig. 7 
may have originated from cross-field transport of carbon ions, sputtered 

Fig. 3. Drawing of TCV viewing dump showing detailed design parameters.  

Fig. 4. Viewing dump fit within a TCV port.  

A. Tema Biwole et al.                                                                                                                                                                                                                          



Fusion Engineering and Design 162 (2021) 112079

4

from graphite tiles in the machine and then travelling mostly along the 
magnetic field lines. Another process for carbon deposition, although 
less important (deposited material will be much thinner), is the depo-
sition of carbon from the neutral carbon atoms and neutral carbon 
molecules [13]. These electrically neutral particles can be deposited 
even in region hidden from the direct exposure to the magnetic field 
lines. The presence of the carbon coating on the dump, following its 
exposition in the Tokamak (Fig. 8), could have altered its properties; this 
is the motivation of the following measurements. 

Fig. 5. Example of plasma discharges in a limited configuration (a) and in a diverted configuration with divertor leg on the dump (b). Both configurations are 
ohmically heated Low confinement-mode discharges. LCFS and divertor legs are represented in bold lines. 

Fig. 7. Preferential carbon deposition (more deposition on the top, less in the 
bottom on the right-hand-side figure) tells that TCV experiments are more 
frequently performed with a specific helicity. 

Fig. 6. The dump pyramids are 45 mm below the floor, with an incidence angle 
of 8◦ which is a limit value on TCV, the heat and particles are deposited ∼16.7 
mm above the dump pyramids. 
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3.2.1. Measurement of the dump reflectivity, removed from the machine 
The dump reflectivity was first measured, while removed from the 

machine, with two different optical setups. Both setups used a Keysight 
Vector Network Analyzer (VNA) of type PNA N5224A 10 MHz to 43.5 
GHz. The native frequency range of the VNA was extended above the 

43.5 GHz limit using modules of Virginia Diodes Inc (VDI) extension 
heads. The heads included a transceiver/receiver module (TX/RX) and a 
only receiver module (RX). The on-axis reflectivity of the dump was 
readily measured with the TX/RX module in reflectometry mode, while 
the off-axis reflectivity was measured using both modules with the RX 
modules fixed on axis, and the TX/RX modules scanning different angles 
around the normal direction. 

One of the optical setups included the use of horn antennas for 
measurements in the frequency range 70–110 GHz, see Fig. 9a. For the 
on-axis reflectivity, a smooth-walled circular horn of aperture ∼16.3 
mm was attached to the TX/RX module, thus producing a beam of 
diameter ∼12.3 mm at the antenna aperture. A Teflon lens (index of 
refraction ∼1.4 [14]) was positioned at ∼150 mm from the horn, 
obtaining a beam waist of ∼49 mm for a wave at 70 GHz (focal length at 
∼430 mm from the lens) and a beam waist of ∼30 mm for a wave at 110 
GHz (focal length at ∼270 mm from the lens). The beam size was 
computed using Gaussian beam optics [14]. The computed beam 
diameter at the dump (situated at ∼1 m from the lens, see Fig. 9b) varied 
with frequency between ∼80 mm at 70 GHz and ∼86 mm at 110 GHz. 
Stray environmental reflections were suppressed with Eccosorb as 
absorbing material. The pieces of Eccosorb are not shown in the figure, 
they were put all around the antenna. An attempt was made to measure 
off-axis reflectivity, this time keeping the receiver in front of the dump 
and moving the transceiver, a picture is in Fig. 10. It was much difficult 
in this case to focus the beam and the resulting values of reflectivity were 
much lower than the ones measured on-axis and shown in Fig. 11. 

Fig. 9. Experimental setup for dump on-axis reflectivity measurement with horn antenna and focusing Teflon lens (a). The pattern of a 90 GHz beam has been 
computed using Gaussian beam optics applied to our experimental setup (b). The bold line corresponds to the beam size at which the field amplitude falls to 1/e 
relative to its on-axis value, ω (1/e power width). The dashed lines corresponds respectively to 1.5ω (98% power width) and 2ω (99.97% power width.) 

Fig. 8. Viewing dump exposed to heat and particle flux in the TCV vessel.  
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Fig. 10. Example of setup for off-axis reflectivity.  

Fig. 11. Result of dump on-axis reflectivity measurement.  

Fig. 12. Optical table configuration for only S11 measurement.  
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Another measurement of the dump was performed on the free-space 
quasioptical table pictured in Fig. 12 in the frequency range 110–170 
GHz. The table is equipped with corrugated horn antennas in the WR-6.5 
and WR-4 bands which produce axially symmetric beams with low side 
lobes. The focus of the table allows samples of ∼100 mm diameter to be 
measured. For the reflectivity measurement of the dump, the instrument 
was calibrated using as perfect reflector, an Aluminium plate whose S11 
parameter is shown in Fig. 13 (S11 defines the reflectivity, the term 11 of 
the scattering matrix). All the measurements presented in this work used 

the same plate for the S11 normalization. The result of dump reflectivity 
on optical table is shown in Fig. 14. 

3.2.2. Measurement of the dump reflectivity while in the machine 
The objective of this last measurement was to check the reflectivity 

of the dump as seen by the VECE diagnostic. This measurement is 
important mostly to check the alignment between the dump and the 
VECE receiving antenna, which is crucial for the application of the 
dump. While more will be discussed about the dump application in TCV 
elsewhere, in this section we focus on the measurement itself. The 
measurement took place with the dump installed at its location at the 
bottom of the machine (∼1.5 m from the top) and using the optical setup 
of the VECE. The VECE optics on TCV produces at the dump location, 
beams of radius ∼36 mm at 110 GHz and ∼46.4 mm at 70 GHz. Multiple 
reflections occurred along the path from the VNA to the dump, 
complicating the measurement. One reflection certainly occurred at the 
window through which the VECE observes the plasma. Other reflections 
originated in the waveguides and other metallic spots around the win-
dow and the dump. To remove the pervasive reflections shadowing the 
dump reflectivity, the plate of Aluminium was installed to cover the 
dump and, by time of flight we isolated the reflection arising exactly at 
the position of the plate (time gating). We used that value for the cali-
bration and then removed the plate of Aluminium and repeated the 
process with the dump instead. 

The result for this measurement is shown in Fig. 15. The reflectivity 
at the lower frequencies is unexpectedly low compared to the one at 
higher frequencies. It can be that the radiation at low frequencies are 
diffused in the machine chamber and do not reach back the antenna. The 
bigger radiation pattern at lower frequencies could explain the signifi-
cant loss of signal. This hypothesis cannot be confirmed on the basis of 
what has been done in this work, but what is interesting in the result are 
the values at higher frequencies which set the upper limit of the 
reflectivity as seen by the VECE. In fact, values of reflectivity at higher 
frequencies, which come close to − 20 dB include also the reflection at 
the metallic frame around the dump. Situations where the VECE beam 
pattern intersects the frame around the dump are common during TCV 
operation, the frame around the dump was previously shown in Fig. 8. 

4. Conclusion 

The measurement of the dump prior to installation in TCV [12] 
resulted in an average (over frequencies) of off-axis reflectivity below −
35 dB (see Fig. 16). The average value for on-axis reflectivity was 
around − 30 dB. The dump on-axis reflectivity measured in 2019 after 
years in the tokamak resulted in average value around − 31 dB in the 
110–170 GHz range (Fig. 14), and around − 35 dB in the 70–110 GHz 
range. 

It is important to mention that both measurements were made using 
a simple correction of the response, instead of a free-space VNA cali-
bration including all the discontinuities up to the antenna (see e.g. 
[15–17]). Therefore, both measurements overestimate the dump 
reflectivity. Nonetheless, the new measurement is fully compatible with 
the old one, see Fig. 17, which shows beyond doubt that the dump 
performance was not affected by the plasma within the sensitivity 
margins of the measurements. Thus, the reflectivity of the TCV viewing 
dump was not altered after years in the machine and lies below a value 
of − 30 dB. In practice, a reflectivity of around − 30 dB means that the 
dump reflects ∼0.1% (or alternatively that it absorbs ∼99.9%) of the 
incident power. Therefore, the dump performance still fulfills the re-
quirements for VECE experiments on TCV. 
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Fig. 15. Result of dump S11 measurement on TCV site. Higher values come 
from the frame of the dump, as the beam pattern did miss the dump in part. 

Fig. 13. Measurement of the reflectivity of the Aluminium plate.  

Fig. 14. Result of dump reflectivity on optical table.  
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