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Abstract
A frequency modulated continuous wave (FMCW) reflectometer is developed for the electron
density profile measurement in front of the ICRH antenna in Wendelstein 7-X (W7-X).This
reflectometer diagnostic is planned to be operated in the OP 2 campaign of W7-X in 2021. It
operates in the extraordinary polarization mode (X-mode) between 67.2 and 110 GHz, which
corresponds to a cut-off density range of ne ≤ 6 × 1019 m−3 at the central magnetic field of
B0 = 2.5 T. The front-end of the reflectometer is integrated with the ICRH antenna. The
waveguide in Ka-band (WR-28) is equipped in the vacuum, which length is 4.7 m/path in the
upper branch and 4.1 m/path in the lower one. And the waveguide in the vacuum is bent with
certain angles due to a low space availability. Two sectoral horn arrays are placed between the
straps of the ICRH antenna. The horn with an elongated H-plane is customized for a sufficient
directivity and gain (15 to 19.5 dB, typically). In the reflectometer electronic, a layout for a
fast frequency scan in the heterodyne scheme is realized. In this paper the arrangement of the
front-end in the vacuum is described, the performances of key components, and the calibration of
the signal are presented in detail.
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I.

INTRODUCTION

A new Ion Cyclotron Resonance Heating (ICRH) system has been scheduled for the
installation at Wendelstein 7-X (W7-X) aiming at the resonant plasma heating, fast ions
generation, and wall conditioning[1]. This ICRH antenna consists of two parallel straps with
no Faraday shielding, it can generate 2 MW of maximum RF coupled power for 10 seconds
launching into the plasma with an operational frequency range of f = 25 ∼ 38 MHz. In
order to adapt to different magnetic flux surfaces in W7-X, the shape of the ICRH antenna
box and straps has been optimized, resulting in a 3 dimensional surface for the purpose of
improving the ICRH heating efficiency.
The behavior of the density in front of the ICRH antenna is one of the critical issue
concerning the ICRH wave-plasma coupling, as well as its influence to the electric field.
The density profile has to be measured with a good spatio-temporal resolution, that leads
to a reflectometer system as a suitable diagnostic due to its non-invasive approach and
flexible selection of probing frequency range. The scheme of frequency modulated continuous
wave (FMCW) reflectometer has been applied for the electron density profile and associated
fluctuation measurements in the magnetic confined devices all over the world, including both
tokamaks[2–4] and stellarators[5, 6].
In ASDEX Upgrade the multichannel reflectometer was embedded at different poloidal locations on the ICRH antenna successfully[7]. By
means of which, the ICRH power coupling, edge
density profile evolution in front of the ICRH
antenna have been studied.
We describe herein the design and current
status of the reflectometer system for the edge
density profile measurement in front of the
ICRH antenna in W7-X. The layout of the transmission line in the vacuum will be illustrated
in section II, following with the scheme of electronic box in section III. The current status and
an outlook are foreseen in the last section IV.

2

FIG. 1: Poincaré figure in a standard configuration with
5/5 island chains in the SOL. The launcher are labeled
by the red triangles. And the lines of sight for each the
reflectometer are indicated by the red lines.
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II.

TRANSMISSION LINE IN VACUUM

FIG. 2: Layout of the transmission line in vacuum, as well as the sectoral horn and the electronic box of reflectometer. The
reflectometer components are emphasized by the color of dark blue. Details of the horn and electronic box are shown besides.

The ICRH antenna will be installed in the equatorial plane of module 3 at W7-X port
AEE31 (toroidal angle 12.8◦ ). The reflectometer’s horns are located between the two straps
of ICRH antenna oriented perpendicularly to the plasma surface. As shown in figure 1 the
Poincaré calculation in a standard configuration, each sight line of reflectometer goes through
the O- and X-point of island individually, the coverage for density profile measurement spans
from the scrape of layer to plasma edge region, which also enables us to investigate the island
behavior. Due to the limited space, the size of the horn’s mouth is required to prevent any
reflection from the side lobs of the radiation pattern, and the E-plane of the incident wave
needs to be perpendicular to the magnetic field. Therefore a sectoral horn pair in particular
dimension are customized in order to fit the gap between straps. As described in the figure
2, the horns are made in steel with an aperture of dimensions of 40 × 3.6 × 30 mm. The
E-plane is fixed to the Ka band whereas the H-plane is elongated and tilted by 13◦ in order
to be in parallel of the wave to the magnetic field line. The horn array is located behind the
ICRH straps by few millimeters to avoid any arcing in between.
Oversized waveguides are chosen as the transmission line (TL) in the vacuum, which
feed through the ICRH brace in vacuum. Figure 2 depicts the TL and electronic box of
reflectometer. The routing of the oversized waveguides in vacuum have to be adjusted to
the ICRH transmission line. Meanwhiles, in order to minimize the excitation of higher order
modes and hence to reduce the transmission loss, the bends have been manufactured in
the hyperbolic shape with an increasing curvature to decrease mode conversion. The total
length of the waveguide is 4.7 m/path in the upper branch and 4.1 m/path for the lower one.
3

14th
Intl. Reflectometry Workshop - IRW14 (Lausanne) 22-24 May 2019
O.108
___________________________________________________________________________

The electronic box is located on the sliding carrier of ICRH close to the vacuum window.

III.

ELECTRONIC LAYOUT

The electron density in front of the ICRH antenna is expected to be rather low (< 1019 m−3 ),
and the right cutoff wave of X-mode propagation
is preferable for the reflectometer. In figure 3, the
corresponding cutoff density range is estimated for
various cases of density scales at the central magnetic field of B0 = 2.5 T. The implemented probing
wave frequency is designed in a combination of Eand W-bands (67.2 ∼ 110 GHz), which corresponds
to a cutoff density range of 0.15 ∼ 6×1019 m−3 . The
initial probing frequency of 67.2 GHz is decided by

FIG. 3:

The corresponding cutoff frequency estima-

tion in different density profiles at B0 = 2.5 T. The
red and blue regions indicate the probing frequency

the minimum VCO’s frequency of 8.4 GHz to the

range for the reflectometer.

E-band multiplier.
A scheme for a fast frequency scan in the
heterodyne measurement is assembled. The
layout of the reflectometer electronic is presented in figure 4. It is similar to the other reflectometer schemes present on EAST[8] and
Tore Supra[9]. Two voltage controlled oscillators (VCO) are used to generate the signal
for E and W-band branches. The waveform
is controlled remotely via a programmable
waveform generator in order to realize a linear

FIG. 4:

Layout of the reflectometer electronic. The power

level for each is labeled in red. SSBM: single side-band modulator, LPF: low-pass filter, and LNA: low noise amplifier

frequency sweep.

The VCO’s signal is coupled with an 100 MHz signal in the single side-band modulator
to realize a heterodyne detection. The reflected signal feeds into the mixer, then the intermediate frequency (IF) signal down-converts in I/Q demodulator to generate both in-phase
and 90◦ − shifted signals, which allow the absolute phase and amplitude detections for the
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profile inversion process. Typically a full probing frequency is swept within 20 µs for both
of the two bands. The acquisition module contains 8 channels with a 14-bit resolution. A
maximum sampling rate of 50 MSamples/s, and a total 512 MB memory per channel allow
us a maximum 3.2s digitizing during one discharge. All the microwave components, together
with the power supply module, are intended to be included into the electronic box.

IV.

CURRENT STATUS AND OUTLOOK

FIG. 5: Fundamental tests for (a) voltage-frequency curvature of VCO, and (b) output power of single side-band modulator.

Figure 5 shows the static calibration for the voltage-frequency curvature of VCO, and the
output power for the harmonics in single side-band modulator. Note that only a fraction of
VCO’s frequency is adaptable, which is compromised with the input frequency range of the
multiplier. The up-converted signal carries an output power level of −10 dBm with a 10 dB
side-band suppression.
Currently, the reflectometer electronic is under testing in the lab, the waveguide and horn
are manufacturing in the workshop. Further tests will be conducted in a short term as soon
as all the in-vessel components are ready. Meanwhile, an ICRH mock-up will be ready in
few months, tests of the reflectometer will be performed on the mock-up. The installation
and in-situ calibration on W7-X is scheduled in the year of 2020. The communication and
data acquisition in W7-X will be finished before the W7-X OP2 campaign in 2021.
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