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ABSTRACT

Microwave diagnostics will be one of the few diagnostic techniques that can be operated in future fusion devices. In the past, they have
contributed significantly to the understanding of the plasma dynamics, in particular electron cyclotron emission (ECE) and reflectometry.
While these provide 1D measurements of plasma electron temperature and density along a line of sight, the advancement of electron
cyclotron emission imaging (ECEI) and microwave imaging reflectometry (MIR) allows to obtain 2D images with high temporal and spatial
resolution. Recent technological improvements will not only reduce the overall dimensions of these systems, thereby fulfilling requirements
of future fusion devices, but also increase their sensitivity, reduce their costs, and ease maintenance, which increases operational time of the
devices they are installed on. This paper aims to present an overview of ECE diagnostics and reflectometry. It first discusses their 1D
implementations, followed by a more detailed examination of ECEI and MIR, including recent developments, and a perspective on future
directions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0259713
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NOMENCLATURE ECEI  Electron cyclotron emission imaging
ECRH  Electron cyclotron resonance heating
AM  Amplitude modulation EHO  Edge harmonic oscillation
ATF  Advanced Toroidal Facility ELM  Edge-localized mode
AUG ASDEX Upgrade, Axially Symmetric Divertor FADIS  Fast directional switch
Experiment FDTD  Finite-difference time-domain
CECE  Correlation electron cyclotron emission FM  Frequency modulation
CER  Charge-exchange recombination FMCW  Frequency-modulated continuous-wave
CFETR  Chinese Fusion Engineering Testing Reactor GAM  Geodesic acoustic mode
DBS  Doppler backscattering HDPE  High-density polyethylene
DIII-D  Divertor III D HL-2A Huan-Liuqi-2A
DR  Doppler reflectometry HL-3  Huan-Liugi-3
DTT Divertor Tokamak Test facility IF  Intermediate frequency
EAST  Experimental =~ Advanced  Superconducting IFMIF-DONES  International Fusion Materials Irradiation
Tokamak Facility-DEMO Oriented Neutron Source
EBE  Electron Bernstein wave emission IMAS  Integrated Modelling & Analysis Suite
EBW  Electron Bernstein wave ITB Internal transport barrier
ECCD  Electron cyclotron current drive ITER  International ~Thermonuclear Experimental
ECE  Electron cyclotron emission Reactor
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JET  Joint European Torus

JT-60SA  Japan Tokamak-60 Super Advanced

J-TEXT  Joint TEXT

KSTAR Korea Superconducting Tokamak Advanced
Research

LCFS  Last closed flux surface
LHD  Large helical device
LNA  Low-noise amplifier
LO  Local oscillator
MAST-U  Mega Ampere Spherical Tokamak—Upgrade
MCF  Magnetic confinement fusion
MHD  Magnetohydrodynamics
MIR  Microwave imaging reflectometry
NBI  Neutral beam injection
NIF  National Ignition Facility
NTM  Neoclassical tearing mode
PCR  Poloidal correlation reflectometry
PLL  Phase-locked loop
PPR  Plasma position reflectometry
QCM  Quasi-coherent mode
RCR  Radial correlation reflectometry
RMP  Resonant magnetic perturbation
RTP  Rijnhuizen Tokamak Project
SAMI  Synthetic Aperture Microwave Imaging
SNR  Signal-to-noise ratio
SoC  System-on-chip
SOL  Scrape-off layer
SPARC Smallest Possible ARC (affordable, robust,
compact)
SST-1  Steady State Superconducting Tokamak
TAEs Toroidal Alfvén eigenmodes
TCV  Tokamak a Configuration Variable

TEXTOR Torus Experiment for Technology Oriented
Research
TEXT-U  Texas Experimental Tokamak Upgrade

TFR  Tokamak de Fontenay-aux-Roses
TJ-I  Toro de la Junta de Energia Nuclear—II
TST-2  Tokyo Spherical Tokamak 2
W7-AS  Wendelstein 7-Advanced Stellarator
W7-X  Wendelstein 7-X
WCM  Weakly coherent mode
WEST Tungsten (W) Environment in Steady-state
Tokamak
YIG  Yttrium iron garnet

I. INTRODUCTION

More than 100 years ago, Sir Arthur Eddington predicted that the
sun is powered by subatomic processes turning hydrogen into helium
and continued that “we sometimes dream that man will one day learn
to release it [the sun’s energy source] and use it for his service.”' Today,
realizing controlled fusion is no longer just a dream:™” fusion research
has reached a point where not only publicly funded projects like
International Thermonuclear Experimental Reactor (ITER)” are being
built aiming at achieving a Q-value (Q is the ratio of fusion power
released to auxiliary heating power) larger than one, or having
achieved it already in the case of National Ignition Facility (NIF),”* if
comparing instead the energy being coupled into the vacuum chamber

REVIEW pubs.aip.org/aip/pop

with the released energy. Also, privately funded fusion projects have
gained impressive momentum over the last few years, with some of
them currently assembling devices that are designed for a Q-value
larger than one.”

Electromagnetic waves in the microwave frequency range (also
referred to as millimeter-waves for the higher frequency values in this
range) play an indispensable role in magnetic confinement fusion
(MCF) plasma experiments for heating®” and diagnostic purpose'”"’
due to the characteristic frequencies (i.e., cutoffs and resonances),
which are functions of plasma density and background magnetic field.
An advantage of microwave systems is the small space requirements
for in-vessel components (e.g., emitting and receiving antennas,
reflecting and polarizing mirrors) compared to other heating or diag-
nostic systems. This is of special importance in a potential fusion
power plant where the in-vessel wall will be covered with Tritium-
breeding blankets.'” The requirement of having a Tritium-breeding
ratio larger than 1 strongly limits the space available for plasma diag-
nostics: slightly less than 1 % of the vessel wall is available for diagnos-
tics in a DEMO-type device,"” compared to approximately 20 % in
ITER. The diagnostic components are, on the other hand, large enough
with not too strong demands on mechanical precision of their respec-
tive surfaces such that small imperfections caused by the harsh envi-
ronment around a fusion plasma do not degrade the components’
performance significantly.

The most advanced MCF concepts are tokamak and stellarator,"*
whose successful operation relies heavily on microwave plasma diag-
nostics. These diagnostics can be sorted into two groups: active and
passive diagnostics. The group of active diagnostics encompasses inter-
ferometry, polarimetry, reflectometry, and wave scattering. Passive diag-
nostics include electron cyclotron emission (ECE) and electron
Bernstein wave emission (EBE). While all of those were in the early
days of fusion research situated in the microwave range of frequencies,
this is no longer the case for interferometry'” and polarimetry'® which
have moved into the infrared range in modern fusion devices. We will
therefore not discuss them further. Scattering diagnostics'” will also be
omitted as they are not set up as imaging diagnostics (see further below
for a discussion about imaging diagnostics). Hence, only the cases of
reflectometry and electron cyclotron and electron Bernstein wave
emission will be discussed in this paper. The dielectric properties of a
plasma are mainly determined by its electrons; thus, information on
their properties is primarily obtained through these diagnostics. Active
and passive diagnostics are both important as they are capable of prob-
ing the electron species with a high spatial and temporal resolution.

Small-scale turbulence is responsible for a majority of the
observed radial heat and particle transport in MCF plasmas, which is
highlighted by large-scale numerical models.'” ** Validation of the
simulations’ results by experimental data is a crucial factor in the trust-
worthiness of the models themselves™ and thus also for the predictions
and extrapolations made with these models for future fusion devices.
For these validations, it is crucial to not only investigate the temporal
behavior of the electron plasma density and temperature along a line
of sight and thus only obtain 1D measurements. Instead, the spatial
extent in the full poloidal cross section is required. This has been made
possible with microwave imaging diagnostics, which correspond basi-
cally to a microwave camera obtaining 2D images with a high temporal
resolution in a poloidal cross section. Outside of fusion, microwave
imaging diagnostics also play an important role in medical
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applications,” ~~ security screening,” and synthetic aperture radar

systems.”' For a general overview, the interested reader is referred to
the book of Pasterino.™

From the large number of plasma diagnostics developed over the
last 70 years,” *” microwave-based diagnostics together with neutron
diagnostics are considered to be the most (and probably the only ones)
compatible with the harsh environment in high-performance future
fusion reactors.”® A potential fusion power plant differs significantly from
fusion experiments currently in operation or under construction. The
role of the diagnostics is no longer to study and investigate plasma physics
processes but rather to protect the machine and ensure operation at the
optimum conditions”*” (i.e., control, not research-driven investigation).

Microwave diagnostics do not only play an indispensable role in
conventional tokamaks and stellarators; they also play a major role
in spherical tokamaks, like ST40 being operated by Tokamak Energy,””
in the field-reversed configuration device C-2W from TAE
Technologies,” or in the high-field and more compact tokamak
SPARC from CFS, which is currently under construction.”!

The intention of this review is not to cover all aspects of plasma
microwave diagnostics. For this purpose, the interested reader is
referred to the textbooks by Heald and Wharton™ and by Hartfuf3 and
Geist,"" and to a number of review or overview papers.'”” ** The pre-
sent review seeks to give an overview of microwave imaging diagnos-
tics, including recent findings and results, developments, and
advances, and also a perspective of what to expect in the future. To get
a better understanding of the general capabilities of reflectometry and
emission diagnostics, we do not restrict ourselves to their imaging ver-
sions but also give a brief description and overview of their 1D imple-
mentations. Let it be noted that several decades of research with
microwave diagnostics have formed the basis for this work.***’

This paper begins with an overview of waves in plasmas in Sec. I,
followed by a discussion of electron cyclotron emission diagnostics in
Sec. III. Electron Bernstein wave emission is described in Sec. IV, after
which reflectometry is discussed in Sec. V. A summary and conclusion
in Sec. VI closes the paper.

Il. WAVES IN PLASMAS

This article does not intend to give a thorough introduction into
the fascinating and wide field of waves in plasmas. Instead, a brief
overview with the most important fundamentals will be presented,
providing the reader with the necessary background for the following
chapters. For a comprehensive work on waves in plasmas, we refer the
interested reader to one of the seminal textbooks in this field.”’

Burning plasmas, as well as hot plasmas from existing devices,
require a relativistic treatment to fully cover the behavior of waves in
plasmas. To understand the basic principles of the microwave diagnos-
tics, however, a cold plasma description is sufficient. Assuming a plane
wave with an angular frequency , propagating at an angle 0 with
respect to the background magnetic field By, and the wave vector k
being oriented along the z axis in a Cartesian coordinate system, the
index of refraction N is given by the Appleton-Hartree equation,’
which was originally introduced to describe the propagation of radio
waves in the ionosphere:”*

2X(1 - X)

N>=1-

)

2(1-X) —Y? sinzei\/Y‘* sin0 + 4Y2(1 — X)* cos 20
1

REVIEW pubs.aip.org/aip/pop

with the commonly used abbreviations X = @y, /»§ and Y = ./,
where @y, and w,, correspond to the electron plasma and cyclotron
frequencies, respectively. The plus and the minus sign in the denomi-
nator of Eq. (1) refer to the ordinary mode (O-mode) and the extraor-
dinary mode (X-mode).

Cutoffs and resonances are found by solving Eq. (1) for N — 0
and N — o0, respectively

Dcutl = Wpey,  Deur 3 = iwce/2 + wé/‘l + (1)12727 (2)
2 2 2 2\ 2
s, + w w=, +
2 o ce pe ce pe 2 2 2
Dipes1 2 = 5 i\/( 5 ) — wzw;,cos’0.  (3)

For the often applied case of propagation perpendicular to the
background magnetic field, 0 = 90°, the dispersion relations of O- and
X-mode simplify to

2

1))
N=1-X=1-—-£, (4)
0 P
? (w27w2>
NZZI_X(le) o pe\ 0 pe . )
X 1-X-Y? w%(w%—wﬁ—aﬂ)
e ce

The O-mode exhibits a cutoff at the electron plasma frequency,
as already shown in Eq. (2). For the X-mode, two cutoffs are found, as
can also be seen in Eq. (2), referred to as the right-hand cutoff for the
+ sign and the left-hand cutoff for the — sign. Only the X-mode expe-
riences a resonance, which simplifies from Eq. (3) to

W = oy = wp, + 0 )

ce’

denoted as upper-hybrid resonance. These characteristic frequencies
define the accessible region for electromagnetic waves, as they can
freely propagate only if there is no cutoff or resonance. Figure 1 shows
the characteristic frequencies in a plasma corresponding to an ITER
reference case’ as a function of the radial coordinate in a poloidal
cross section. As can be seen, all characteristic frequencies lie within
the microwave range, which is usually defined as™”’ ranging from
300 MHz to 300 GHz, corresponding to wavelengths of 1m and
1 mm, respectively.

As shown in Fig. 1, typical electron temperatures in ITER are
expected to be around T, < 20keV. At these values, relativistic effects
start to play a role. An effective electron mass can be used to take these
effects into account:™

Me = Mg \/mv (7)

with m, the electron rest mass and u = myc®/T, with T, in units of
J. The cutoff frequencies are reduced by relativistic effects, as can be
seen in Fig. 1. Using the effective electron mass, the resulting cutoff fre-
quencies and refractive indices were shown to be in good agreement
with a fully relativistic computation.™

lll. ELECTRON CYCLOTRON EMISSION

In magnetized plasmas, charged particles gyrate around magnetic
field lines, emitting radiation at their respective cyclotron frequency
and its harmonics. The electron cyclotron frequency reads™

Phys. Plasmas 32, 060502 (2025); doi: 10.1063/5.0259713
© Author(s) 2025

32, 060502-3

9% :6€ :TT 920C U2 JaN 9¢


pubs.aip.org/aip/php

Physics of Plasmas

frequency in GHz

radius in m

FIG. 1. (Top) Radial profiles of electron density and electron temperature and (bot-
tom) characteristic frequencies, see Egs. (2) and (3), as a function of radius for
parameters corresponding to an ITER reference case.” The effect of taking into
account relativistic corrections is indicated for the cutoff frequencies by the respec-
tive dotted lines.

eB
yme’

Wee =N (8)
with # the harmonic number, e the electron charge, B the magnetic
field strength, y = (1 — v?/ c%)fl/ ? the relativistic Lorentz factor, and
m, the electron mass. Assuming y = 1, Eq. (8) can be translated to
fee = 0/ (2m) ~ 28 GHz/T for the fundamental (n = 1). A magnetic
field strength of 5T yields therefore a cyclotron frequency of
fee = 140 GHz, lying in the microwave frequency range.

If the plasma density and temperature are sufficiently high, the
plasma becomes optically thick. The intensity of the electron cyclotron
emission (ECE) radiation at a certain frequency is then given within
the Rayleigh—Jeans law by''

_ CUZkB Te

I(w) =

; &)
813ck
describing black-body radiation where the radiation intensity I is pro-
portional to the electron temperature T,, I o< T,. Since the magnetic
field strength along a radial cut in a tokamak poloidal cross section
varies with radius,

_ BoRy
=
with By the field on axis and R the major radius, and thus also the
electron cyclotron frequency f, a frequency-resolved measurement of
the ECE intensity yields a 1D radial profile of the electron temperature.
For Eq. (9) to hold, the optical thickness T (corresponding to the
strength of absorption) has been assumed to be large. If this is not the
case, the dependency of I on 7 needs to be taken into account, and
Eq. (9) changes o'’

B(R)

(10)
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?kgT, 1—e¢°

STCSC% 1-— Prefl * et

I(w) = (11)
with p,.q accounting for reflections from the inner vessel wall having
values between 0 and 1, where for metal wall surfaces values close to 1
are approached.”” Note that for large values of 7, Eq. (11) approaches
Eq. (9).

The optical thickness 7, sometimes also referred to as optical
depth, is the integral absorption by the plasma, described by the quan-
tity o, along a ray path s, 7 = focds, and is a function of n,, T,, By, and
the harmonics number. Figure 2 shows t for O- and X-mode up to
harmonics of n = 3 obtained using the formulas derived by Bornatici
et al.* for the ITER reference case as shown in Fig. 1. One can clearly
see the optical thickness at the second harmonic of the X-mode x>
being the largest everywhere with values well above 1, i.e., having the
highest absorption. Note that 701, Tx1, and tx3 are all also well above
1, 7oz on the other hand might need a more careful treatment here. In
particular, at the edge, the optical depth can be close to 1 or even
below, no longer fulfilling the condition for a blackbody, meaning that
the radiation temperature is no longer equal to the local electron tem-
perature but instead dominated by higher values from further inside
where the plasma still acts as a blackbody. This is referred to as shine-
through and requires forward modeling to include the plasma edge in
the data analysis process.”’ ** Likewise, non-thermal electron compo-
nents spoil the ECE signal and need to be taken into account in the
forward model.”* Note that also very hot plasmas with a bulk electron
temperature of T, > 5 keV, require a dedicated forward model.””

The sensitive receiver frequency range of ECE diagnostics often
includes the frequency range of high-power microwave heating sour-
ces, the gyrotrons.”” To protect these sensitive diagnostics from stray
radiation due to non-absorbed power, notch filters are an essential
part of it. They exist in different implementations’’ "’ and are very
narrow band-stop filters with a width of ~ 2 GHz and an attenuation
of typically more than 50 dB.

The ECE spectrum is usually measured in discrete frequency
channels to ideally cover the full radius, where each channel allows for

1750}

1500¢

1250t

1000¢

750

optical depth T

500

250t

radius in m

FIG. 2. Optical depths as a function of radius for parameters corresponding to an
ITER reference case,” see Fig. 1, calculated using the formulas provided by
Bornatici et al.””

Phys. Plasmas 32, 060502 (2025); doi: 10.1063/5.0259713
© Author(s) 2025

32, 060502-4

9% :6€ :TT 920C U2 JaN 9¢


pubs.aip.org/aip/php

Physics of Plasmas

REVIEW

pubs.aip.org/aip/pop

FIG. 3. Schematic diagram of a typical multi-channel heterodyne ECE radiometer system. Note that the optical path is usually more complicated than illustrated here.

a high enough data acquisition rate to investigate the plasma dynamics.
To obtain a full 1D profile at once, the ECE signal is, after passing the
notch filter, first down-converted to an intermediate frequency (IF)
and then amplified by a broadband amplifier. As illustrated in Fig. 3, a
power divider then divides the signal into separate channels, each of
which is equipped with a bandpass filter, selecting a different part of
the spectrum and feeding it to a data acquisition system.”' The width
of the filters and the distance of their central frequency define the
radial resolution of the resulting T, profile. Selecting the bandwidth of
the filter constitutes a compromise between spatial resolution and sig-
nal-to-noise ratio (SNR): a smaller bandwidth allows for better spatial
resolution but reduces the SNR. In tokamaks, the ECE radiometer typ-
ically measures in the equatorial plane across the poloidal cross
section.

To ensure accurate absolute measurements of the electron tem-
perature, the ECE diagnostic system must be absolutely calibrated.
This is usually done by employing a large-aperture black-body radia-
tion source of known temperature, e.g., a heated glass ceramic and lig-
uid nitrogen-cooled absorber plates.”"”* For improved SNR, the usage
of silicon carbide plates, allowing very high temperatures up to 600 °C,
is currently explored.”” Instead of using such a hot/cold calibration, it
is also possible to use a hot calibration source only, which is capable of
operation at different temperatures, as successfully demonstrated on
the tokamaks Tore Supra,74 K-STAR,” or EAST.”® The calibration is a
challenging task due to the necessary extrapolation from a measure-
ment at a few hundred degrees to millions of degrees in the plasma.
The linearity of the amplifiers must thus be very good, and a cross-
calibration with other diagnostics measuring T, is recommended.”*””
If only the relative fluctuation level 6T, /T, is of interest, an absolute
calibration is not necessary and might just be omitted.”* Note that T,
in this case should be understood as the radiation temperature T rad,
and (sTe/Te = 5Te4rad/Te,rad~

While ECE radiometers are fast enough to investigate turbulent
electron temperature fluctuations extending up to the MHz range of
frequencies, thermal noise, inherent to ECE radiation, is typically on
the order of 5 % making it impossible to resolve small-scale and small-
amplitude fluctuations of the electron temperature."””” However,

measuring and understanding the behavior of these fluctuations is
considered to be of major importance when it comes to correctly
describing turbulent (also referred to as anomalous) transport
losses.”’ %% In particular, toward the plasma center, the fluctuation
amplitude becomes small,”” on the order of 0.1 %, making it impossi-
ble to measure them with conventional ECE. To overcome this limita-
tion, correlation techniques can be used, based on the idea that
thermal noise exhibits no correlation features, in contrast to the ther-
mal T, fluctuations.”” Cross correlating signals from either two sepa-
rate radiometers”’ or from neighboring channels”**” thus yields the
fluctuations 6T, while suppressing the noise (assuming that the struc-
tures are larger than the corresponding spatial channel separation).
This technique is known as correlation electron cyclotron emission
(CECE) and is (or was) employed on many fusion devices around the
world: Tore Supra,”® DIII-D,” Alcator C-Mod,”**” AUG,” TCV,”
and J-TEXT.”* As will be briefly shown in Sec. 111 A, CECE plays an
important role in turbulent transport studies.

For plasmas with low optical depth of T < 4, electron tempera-
ture fluctuations measured by CECE are affected by contamination
from electron plasma density fluctuations.”””* Their contribution to
the CECE signal can be quantitatively accounted for, provided that the
electron plasma density fluctuations are known, for example, obtained
from another diagnostics.

In the remaining part of this section, a brief overview of the 1D
ECE diagnostic system will be given in Sec. III A to understand the
capabilities and limitations of the 1D diagnostics and to better compre-
hend and put into perspective those of the 2D electron cyclotron emis-
sion imaging (ECEI) system, which is discussed in Sec. III B.

A. 1D electron cyclotron emission diagnostics

ECE has been first applied as a diagnostics in 1974 at the CLEO
tokamak,” and is nowadays considered a standard diagnostics for
MCEF devices. For a detailed description of the challenges that needed
to be solved and pushed the development of the ECE diagnostics for-
ward, we refer the interested reader to the comprehensive overview by
Costley.”” As indicated in Table I, ECE is installed on basically all
major MCF devices. It is the primary diagnostic technique for
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TABLE I. ECE diagnostics on the upper part and CECE diagnostics on the bottom part of the table (separated by the blank row) installed on various fusion experiments in

operation.
Device Frequency in GHz Mode Channels Comment References
AUG 85...185 X2 60 Profile ECE”” 96
132.5...147.5 X2 6 Inline ECE 97
DIII-D 83...130 X2 40 98,99
EAST 97...167 X2 56 100
LHD 50...150 X2 14 + 32 101,102
34...65 X2 32 Low-B, 103
KSTAR 110...162 X2 40 104
163...196 X2 8 105
SST1 74...86 X2 8 106
TCV 66...114 X2 48 107
78...148 02, X2 24 Vertical ECE 108
TJ-11 50...60 X2 16 109
W7-X 126...162 X2 32,16 110
AUG 105...125 X2 30 111
105...113 X2 24 112
DIII-D 72...108 X2 8 CECES8 113
92...106 X2 2 CECE2 87
EAST 104...132 X2 8 100
TCV 67...100 X2 6 107

obtaining electron temperature measurements in future fusion devices
like ITER," """ the EU DEMO, ™ or the proposed CFETR." "

1. Fusion devices in operation

The conventional ECE diagnostics does not only play an impor-
tant role in obtaining the equilibrium profile of the electron tempera-
ture, but, by combining spatial and temporal resolution, it can provide
important information on the localization of magnetic islands. These
are formed when a neoclassical tearing mode (NTM) is growing, an
instability that significantly reduces confinement and can trigger a dis-
ruption.''” The diagnostics might thus offer vital information on
where to drive current by localized microwave heating to stabilize these
instabilities."'*''” Having the ECE diagnostics and the electron cyclo-
tron resonance heating (ECRH) antenna usually positioned at different
toroidal positions, additional equilibrium reconstruction and mapping
of the ECE port onto the ECRH port are required. This step can be
overcome by inline ECE,"*”"*" where the ECRH system and the ECE
diagnostics share the antenna and thus have the same line of sight.
Such a system was installed at AUG,” allowing for direct feedback
experiments for stabilizing NTMs.'*” A bidirectional diplexer, referred
to as a fast directional switch (FADIS),'*’ developed originally for fast-
switching between two launcher positions, was installed for this pur-
pose behind the launcher to connect the ECE radiometer and ECRH
source to the same antenna (in principle, the diplexer is used as a fre-
quency filter). As illustrated in Fig. 4, FADIS acts as a ring resonator
with two fixed corrugated mirrors and two focusing mirrors of which
one is movable to adjust the resonator frequency. For a given input
port, one of the output ports has a peak in the transmission frequency,

while the other output port exhibits a notch filter characteristic and is
referred to as a non-resonant output port. Tuning the resonance fre-
quency of FADIS to the ECRH frequency, the ECRH power is passed
to the plasma and suppressed at the ECE port, while the radiation
coming from the plasma is passed directly to the ECE port. Further
suppression of the signal is needed, as the power reaching the radiome-
ter should typically not exceed 1 mW. This is achieved by an oversized
Mach-Zehnder interferometer,'”* a notch filter based on a waveguide
Bragg reflector,'”” and a PIN switch.”” A quasi-inline configuration,
where ECE and ECRH systems share the same toroidal position but a
different poloidal position, has been successfully tested at TCV.'*

Another implementation to detect NTMs has been sug-
gested'”'** and successfully tested in DIII-D recently.'”” Using a tun-
able yttrium iron garnet (YIG) bandpass filter in the IF section of the
radiometer allows one to either acquire a radial T, profile with using
only one channel or, without requiring an absolute calibration, esti-
mate the T, gradient scale length Ly, = T./|VT,| in real time.
Varying the frequency, the measured intensity variation is propor-
tional to the variation of T, (r) and thus a fast frequency scan yields an
estimation of Lr,(r) which can then be used to localize NTMs. This
technique has also been suggested recently for the upgraded CECE
diagnostics on EAST.""’

Another method to determine Ly, has been implemented'*’ in
DII-D: channels from two CECE diagnostics, CECE8'"” and
CECE2,” were correlated to estimate the radial correlation length to
Ly, = 10p,, with p, the ion Larmor radius calculated using the elec-
tron temperature.

Upgraded CECE diagnostics on AUG''" and DIII-D” enable
measurements of 67T,/ T, with spatial resolutions of a few millimeters
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FIG. 4. Schematic of the bidirectional diplexer FADIS as used in AUG with the paths traveled by ECE and ECRH indicated in blue and red, respectively, with the transmission as a function
of the frequency as shown on the right. When in resonance, as for the ECRH beam, FADIS transmits a narrow frequency band via the top right port, while when being out of resonance, as
is the case for the broad frequency spectrum of the ECE signal, it is directly reflected out of the diplexer, here via the top left port, into the radiometer. Adapted with permission from Van

Den Brand, "Modelling and measurements for control of magnetic instabilities in tokamak plasmas," Ph.D. thesis (Technische Universiteit Eindhoven, 2016).

only. This allows for quantitative comparison of numerical approaches
to simulate plasma turbulence with actual experimental data, yield-
ing"”" good agreement for Ly, (r) but revealing an overestimation in
the simulations of 0T,/T, by roughly a factor of 2. Such validation
studies are of particular importance on the path to a better under-
standing of the turbulence-driven heat flux in MCF experiments, con-
sidered to be the major loss channel in tokamaks.'**

Understanding the physics of the transition from low- to high-
confinement mode (from L- to H-mode), in particular of the observed
variation of the heating power threshold (to enter the H-mode) with
magnetic configuration, was the subject of recent studies in AUG:'*’
fluctuation amplitudes of the electron temperature at the edge obtained
from CECE measurements were found to be larger in less favorable
magnetic configurations prior to the transition, accompanied by a
larger power threshold, in agreement with an observed reduced shear
layer (playing an important role in the H-mode as it suppresses turbu-
lence at the edge'*").

An important characteristic of the H-mode is the formation of a
transport barrier at the edge leading to steep plasma pressure profiles
and the formation of a pedestal. The pedestal is, however, unstable and
collapses more or less periodically with the release of substantial heat
and particles, imposing a risk for the divertor. These periodic events
are referred to as edge-localized mode (ELM)."”” Combining and corre-
lating the CECE diagnostics with other diagnostics installed on EAST,
it could be shown that boron powder injection resulted in a suppres-
sion of ELMs accompanied by the onset of edge harmonic oscillations
(EHO), avoiding impurity accumulation.'*®

A promising and often applied technique to suppress ELMs
involves generating a stochastic magnetic field at the plasma edge, a
method known as resonant magnetic perturbation (RMP)."”” CECE
diagnostics in DIII-D enabled measurements showing that the electron
temperature fluctuations increase after successful transition to ELM
suppression triggered by RMPs,'” indicating increased gradient-
driven turbulent transport as a mechanism to enable H-mode opera-
tion without ELMs.

A regime between L- and H-mode is the I-mode, which is charac-
terized by L-mode-like particle transport (i.e., exhibiting no particle
transport barrier) but reduced, H-mode-like, heat transport, 139 making

““ Copyright Vian Den Brand.

it an interesting scenario for a future fusion reactor (since it is an
ELM-free regime). An edge instability, referred to as weakly coherent
mode (WCM), is thought to be responsible for the comparably strong
particle transport in the I-mode."*’ CECE measurement in AUG
showed that the WCM has its origin in the L-mode and that a continu-
ous increase in frequency is seen when going from L- to I-mode.""’
With two toroidally separated CECE diagnostics, it could be shown
that the WCM features long toroidal correlation lengths, hence low
toroidal mode numbers.' "

The enhanced H-mode is a confinement regime free of ELMs but
still exhibiting very good confinement."”” A quasi-coherent mode
(QCM) is thought to regulate transport and thus keep the pedestal sta-
ble. The absence of the dangerous type-I ELMs (dangerous due to their
violent impact on the divertor'*’) makes this scenario an interesting
candidate for fusion experiments. Similar to the WCM in the I-mode
regime, the QCM is localized at the plasma edge. This was recently
confirmed'** in AUG with the CECE diagnostics, where the radial
position of maximum mode amplitude was found to be correlated
with the position of maximum T, gradient. Strong fluctuation levels of
0T,/ T, = 7% were found, although care has to be taken with these
absolute values due to the relatively low optical depth at these posi-
tions.'*” The combination of the CECE diagnostics and the profile
ECE system allowed tracing the origin of the QCM back to the core
regions of the plasma.

A modification of the CECE diagnostics in DIII-D enabled the
first measurement of electron temperature fluctuations on the high
magnetic field side via fundamental O-mode emission.” Investigating
fluctuations on both low- and high-field sides allowed studies of poloi-
dal asymmetries in turbulence. Fluctuation levels of OT,./T.
~ 0.9...1.7 % were found, where the large span was due to the rela-
tively low optical depth of ¥ a2 2.7, resulting in a noticeable influence
of plasma density fluctuations on the optical depth and thus on the
measurement of the temperature fluctuation.

In a recent study in DIII-D, the temporal resolution of the ECE
system allowed the investigation of the broadening of an ECRH micro-
wave beam due to turbulent plasma density fluctuations at the edge. A
deposition profile broadened by up to 150 % was found to be corre-
lated with the fluctuation level of edge density turbulence by
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conducting microwave heat pulse propagation experiments ~ where

transport analysis of the electron temperature response to the ECRH
power modulation yields the deposition profile. The experimentally
deduced broadening was found to be in good agreement with full-
wave simulations.'”” A novel approach to determine the deposition
profile of NBI has been developed'* using coherently averaged ECE
data based on different time scales of the respective terms in the equa-
tions for the local power and particle balance.

Recently, negative triangularity plasmas have raised much interest
due to their improved confinement properties without ELM activities,
making it a promising candidate for a reactor configuration.'*’ The tri-
angularity J refers to the shape of the poloidal cross section, more pre-
cisely of the last closed flux surface (LCFS). The CECE diagnostics was
one of the diagnostics involved, showing DIII-D is able to sustain a
negative triangularity plasma at reactor-relevant parameters.”” The
tokamak TCV offers great flexibility in the configuration of the back-
ground magnetic field, making it an ideal candidate to investigate the
influence of triangularity on plasma turbulence. With the CECE diag-
nostics, it was found that negative triangularity leads to an increasingly
narrower turbulence frequency range’’ and that the fluctuation level
decreases when going from +6 to —& plasmas,””'”" as shown in Fig. 5.

In a study combining the ECE diagnostics with an interferometer,
Langmuir probe arrays in the vicinity of the divertor, and an infrared
camera looking at the divertor, the heat flux onto the divertor was
studied in dependence of the edge turbulence.”” Both particle and
heat flux were found to increase with an increase in amplitude of
coherent modes in the pedestal, driven by plasma pressure gradients.
Correlating the CECE diagnostics with a reflectometer in AUG
allowed to deduce the cross-phase between density and temperature
fluctuations aiming for a better understanding of the nature of the
underlying instabilities'* (a technique that has been used before in dif-
ferent experiments' ™" ' ™).

The turbulent electron heat transport, determined by fluctuations
of 1, and T, and their respective phase,'”” is of particular interest as
the majority of the heating power in a fusion device goes directly to the
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FIG. 5. Relative electron temperature fluctuation amplitude as a function of the
radial coordinate for varying triangularity ¢ as obtained from the CECE diagnostics
in TCV. Adapted with permission from Fontana et al., Rev. Sci. Instrum. 88, 083506
(2017). Copyright 2017 AIP Publishing LLC.""
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electrons and only indirectly to the ions via collisions. With the CECE
diagnostics on EAST, a degradation of energy confinement time was
shown'”” to be correlated with an increase in 07T, /Te.

Fast-ion populations in the core of fusion plasmas are known to
drive toroidal Alfvén eigenmodes (TAEs), resulting in an overall perfor-
mance reduction and imposing a threat to the first wall by fast-ion
transport losses.'”® In a recent studylf’q in KSTAR, TAE was studied,
with their footprint in the T, spectra being used to spatially localize
them. ECCD was shown to mitigate the TAE, thus increasing fast-ion
confinement. The mode structure of TAE was reconstructed from
ECE measurements in TCV,'” yielding good agreement with compu-
tations, putting the conclusions drawn from these computations on
solid ground.

In contrast to tokamaks, stellarators have a more complicated, 3D
structure of the background magnetic field: in large helical device
(LHD), the ECE diagnostics is installed at the horizontal port, where
the magnetic field features a maximum in the plasma center, which
requires having two antenna systems to obtain a full profile, one
located at the inboard side and one at the outboard side. The diagnos-
tics played an important role in studying the dynamics of an internal
transport barrier (ITB),”* the formation of magnetic islands, °"'%” and
the collapse of magnetohydrodynamics (MHD) modes.'”” Two new
radiometers have been developed recently at LHD,'” tailored for
investigating plasmas with lower background magnetic fields.

A novel approach for the absolute calibration of ECE diagnostics
based on the hot/cold method has been employed on W7-X."" A for-
ward model was developed evaluating not just the reference tempera-
tures of the calibration sources but also taking into account intermediate
effective temperatures caused by the finite width of the microwave beam
and thus providing a measurement for the beam width. A Bayesian anal-
ysis for this model was implemented within the Minerva framework,
which is used at several fusion experiments across the world."*>'* This
approach allows a much faster calibration, which might become manda-
tory for the envisaged long-pulse operation of W7-X, where noticeable
drifts in the ECE signals are expected, requiring regular calibrations.'"’
In a recent work, the responses of the individual components in the
transmission line have been treated separately in the calibration process,
allowing for enhanced the understanding of the overall signal quality
and thus also proposing potential improvements.'®’

The ECE diagnostics in W7-X played a crucial role in heat pulse
experiments, where VT, and the spatiotemporal evolution of T, is
used to estimate the electron heat flux by solving a heat transport equa-
tion."” It was found that the observed electron heat transport is larger
than the neoclassical transport, thereby confirming one of the design
criteria of W7-X, exhibiting reduced neoclassical transport.

Temporal and spatial measurements of T, performed with the
ECE diagnostics played furthermore a crucial role in recent studies in
W?7-X, where periodic crashes of the central electron temperature (simi-
lar to sawtooth crashes in tokamaks) were observed in current drive
experiments.'”” In a very recent set of experiments, ELM-like events
were observed after the build-up of a pedestal in the T, profile.”’ For
the high-density operation planned in W7-X, X2 radiation would be in
cutoff, and the possibility of using X3 instead is currently explored.'”!

2. Future fusion devices

COMPASS Upgrade is a tokamak with a major and minor radius
of R=10.894m and a = 0.27 m, respectively, and a magnetic field
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strength of By, < 5T. It is currently under construction in Prague,
addressing among other topics, advanced confinement scenarios and
power exhaust. An ECE system will be available from the beginning of
the operation.'”” In addition to the perpendicular view to obtain T,
and 0T,/ T, profiles, an additional oblique view, 12° from perpendicu-
lar view, is planned to be used for non-thermal electron investigations.
Two radiometers with 40 channels each have been designed for X2-
mode operation, one for full magnetic field operation covering
f =215...306 GHz and the other for low magnetic field operation
covering f = 105...160 GHz.

Another tokamak currently under construction is Divertor
Tokamak Test facility (DTT), which is a major radius of R =2.2m
larger than COMPASS Upgrade. It is located in Frascati (near Rome)
and dedicated to divertor studies. Two ECE systems are planned to be
implemented:'”* one system in O1-mode is capable of measuring a full
radial profile with a frequency range of f = 130...250 GHz. The sec-
ond system is in X2-mode configuration, able to perform measure-
ments from the low-field side up to the center, and is sensitive to
radiation with a frequency of f = 260...380 GHz. The transmission
line is currently planned to primarily consist of waveguides.

The ECE diagnostics for the ITER tokamak, currently under con-
struction in Cadarache (France), has two primary purposes: deliver
radial T, profiles from the plasma core together with the Thomson
scattering system'’* and provide information on fluctuations &7,
which are associated with NTMs'”>'”® in order to stabilize them with
localized microwave heating and subsequent current drive.””” " In
addition, the diagnostics is foreseen''” for contributing to measure-
ments of the edge T, profile, of fluctuations 67, related to Alfvénic
activities, of the stored energy in the plasma, of the power being radi-
ated in the frequency range to which the ECE radiometer is sensitive,
of runaway electrons, and of the existence of the H-mode and accom-
panying ELMs. Two lines of sight will be available: a radial and an obli-
que view, which both yield T, profiles in the absence of non-thermal
electron components. Non-thermal distortions in the bulk electron
distribution would spoil the oblique view. The combination of the two
views, however, allows to reconstruct a two-temperature bulk
distribution."*’

Essential for a reliable operation of the full diagnostic system,
which is foreseen to operate for up to 30 years over the lifetime of
ITER, is the construction and intensive testing of prototypes of the var-
ious components. Status updates of the ECE system, including the sta-
tus of the prototype testings, are regularly published,"" >'*" '*’ making
it easy for the community to follow the progress and also allowing to
review certain aspects where necessary. The diagnostic setup includes
four transmission lines: a polarization splitter divides the two lines of
sight into four beams, selecting O- and X-mode for each line of sight.
The transmission lines have a length of 43 m each, connecting the
front end at the ITER vacuum vessel with the ECE diagnostic room.
Circular waveguides with smooth inner walls will be used, as they have
been found' ™' to yield the lowest transmission losses over the full
frequency operational range of 70...1000 GHz. Microwaves over such
a wide frequency range suffer from a few resonant absorption lines in
the atmosphere, mostly due to water vapor.'”” As using evacuated
waveguides for the transmission line would add a significant risk of
failure to the whole system (due to the large number of potential vac-
uum leakages), it was decided to use compressed air/dry N, purged
transmission lines instead.'®® A hot calibration source will be used,

REVIEW pubs.aip.org/aip/pop

which is capable of operation at different temperatures. In the tradi-
tional hot-cold calibration, as previously described, a microwave
absorber cooled with liquid nitrogen to 77 K is used as a cold source.
However, the use of cryogenic fluids is typically not permitted for in-
vessel calibrations in fusion devices.'”” Using a hot source instead sim-
plifies the calibration setup. Moreover, performing the calibration over
a broader temperature range and incorporating multiple calibration
points, yields a more reliable calibration. The harsh environment in
ITER together with the requirement of long-term reliability makes the
development of a hot source a non-trivial challenge,'* with the out-
come of favoring an emitter made of SiC after promising tests of a
prototype. 1

Although the JT-60SA tokamak is already operational,” it
remains at an early stage of its commissioning and is therefore
included in this section on future fusion devices. A vertical ECE diag-
nostics is considered to be installed in JT-60SA, aiming to investigate
high-energy, non-thermal electrons.'”’ The general idea is that high-
energy electrons lead to a downshift of the frequency due to the relativ-
istic mass increase, see Eq. (8). By collecting the ECE radiation along a
vertical line of sight with |B| = const., harmonic overlap is avoided,
and emissions from small populations of high-energy electrons accu-
mulate and are thus easier to observe.'”>'”

B. 2D electron cyclotron emission imaging diagnostics

The fundamental enhancement of the electron cyclotron emis-
sion imaging (ECEI) diagnostics, compared to conventional ECE, is
due to the usage of large-aperture optics, which focuses a vertically
extended region onto an array of detectors (an imaging array). As indi-
cated in Fig. 6, this allows to obtain a 2D image in a poloidal cross sec-
tion to investigate the spatial and temporal behavior of small-scale
structures in the T, profile. The development of this diagnostics is gen-
erally considered a breakthrough,’**>'”> which enabled a series of
investigations not possible otherwise:

* The study of NTM suppression in great detail on TEXTOR using
2D T, profiles to track the dynamical behavior of magnetic
islands and the effect of localized microwave heating on them in
comparison with theoretical models.' ™

* Significant enhancement of a model for sawtooth oscillations and
crashes by obtaining 2D images of 0T, in the core of
TEXTOR."”

* The 2D visualization of the full lifetime cycle of ELMs in
KSTAR."

* Push forward the understanding of Alfvén instabilities with
detailed measurements of the 2D poloidal structure of Alfvén
eigenmodes in AUG'”” and DIII-D.”""*"!

e Study of the interplay of ELMs and plasma turbulence by analyz-
ing their spatial structure and temporal behavior in KSTAR.*"”

* Detailed observation of fishbone instabilities driven by energetic
electrons in HL-2A.”"

This list is, of course, not complete, and we would like to refer the
interested reader to previous review papers on ECEI
diagnostics.”l 6,48,195,204

The concept of the ECEI diagnostics has been developed and
operated for the first time at the TEXT-U tokamak,”*>*"® followed by
the tokamaks RTP’”*%® and TEXTOR.””*'? Figure 6 shows as an
example the implementation of an ECEI diagnostics in AUG. The
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FIG. 6. Overview of the ECE and ECEI diagnostics installed on AUG. As can be seen, the systems share two lenses (made of HDPE) and are separated by a beam splitter. A
movable lens in the ECEI system allows to radially shift the diagnosed plane. The LO is fed into the beam path via another beam splitter, dichroic plates are used as a high-
pass filter before the signal is mixed the first time to the IF range. Each of the 16 (vertically separated in the plasma) channels is then split up into 8 channels, each of which is
further down-converted and then bandpass-filtered with slightly different central frequencies, providing the radial resolution in the plasma. Adapted with permission from
Classen et al., Rev. Sci. Instrum. 81, 10D929 (2010). Copyright 2010 AIP Publishing LLC."**

imaging optics, located just outside of the vacuum, can be clearly iden-
tified, followed by the first local oscillator (LO) to mix the signal down
to the IF range. After the power divider (to achieve spatial resolution),
a second LO and mixer arrangement is used. An overview of ECEI sys-
tems on current MCF devices is given in Table II. In the following, a
brief overview of some important recent ECEI experiments and the
respective findings will be given, followed by a discussion of the techni-
cal advances.

ELM crashes are usually preceded by so-called inter-ELM modes
observed over a broad spectral range.zw ECEI observations in AUG,
including a forward model to account for the effect of edge density
fluctuations on the comparably low optical depth at the plasma edge,
allowed to characterize these inter-ELM modes in great detail:* a
low-frequency mode with a frequency on the order of 10 kHz, corre-
lated with high-frequency magnetic fluctuations on the order of
200 kHz, was identified in the upper part of the steep gradient with a
toroidal mode number of 13-14. In a recent study,”' the frequency
was found to decrease with increasing toroidal rotation velocity

TABLE II. ECEI diagnostics installed in fusion experiments currently in operation.

(modified by NBI). The CECE diagnostics were used for localizing the
structures, while ECEI delivered the poloidal velocity and the mode
structure. Figure 7 shows as an example time-resolved 2D snapshots of
the plasma edge region in AUG obtained from the ECEI diagnostics.
The coherent, mode-like structure of the electron temperature fluctua-
tions can clearly be seen, propagating in an upward direction with a
velocity corresponding approximately to the E x B velocity, inferred
from measurements of the radial electric field.””"

The so-called quiescent H-mode’”” is a promising candidate for
future large-scale fusion devices as it features no ELMs. Enhanced
transport, as found in DIII-D via CECE measurements,”* due to edge
harmonic oscillations”** or QCMs** allows for sustaining a stable
pedestal. ECEI diagnostics aiming at improving the physics under-
standing of these MHD modes were recently conducted on DIII-D,”*
requiring forward modeling of the ECE radiation due to the plasma at
the edge, which is not necessarily optically thick. It was demonstrated
how MHD fluctuations at the pedestal cause fluctuations of the radia-
tion temperature in the pedestal and scrape-off layer (SOL). The

Device Frequency in GHz Mode Number of channels (vertical x horizontal) References
AUG 90...140 X2 16 x 8 +20 x 8 194 and 211
DIII-D 75...140 X2 2 % (20 x 8) 212
EAST 90...140 X2 24 x 16 213
HL—-2A 60...135 X2 24 x 8 214
J—TEXT 90...140 X2 2 X (16 X 8) 215
LHD 50...57 X2 8 x 8 216
35...42 X2 8 x 8 217
KSTAR 80...140 X2/01 2 % (24 x 8) 218
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FIG. 7. Successive snapshots in time, covering a time span of 50 us, of the radiative temperature fluctuation level, with red indicating positive and blue negative values, respec-
tively, in a poloidal cross section in AUG as obtained from the ECEI diagnostics. The solid curved lines indicate flux surfaces, and the dots indicate the position of the measure-
ments. The gray arrows are included as a visual guide to follow the evolution of minimum and maximum values over time. Adapted with permission from Vanovac et al.,

Plasma Phys. Controlled Fusion 65, 095011 (2023). Copyright 2023 IOP Publishing.””’

radiation in the SOL was found to be very sensitive to radial displace-
ments of the separatrix caused by MHD activities and thus provides a
measure of this displacement, which is important to accurately predict
the wetted area in the divertor (i.e., the area onto which the plasma
flows).

Disruptions describe the sudden, uncontrolled, and catastrophic
loss of plasma control resulting in large amounts of power and destruc-
tive forces on the structural components surrounding the plasma.””” A
deep convolutional neural network has been applied to predict disrup-
tions in DIII-D using data from the ECEI diagnostics only. Based on a
dataset of 2747 shots, the neural network achieved an accuracy slightly
above 90% in predicting whether a shot will disrupt or not,”** demon-
strating that the ECEI diagnostics alone is a useful tool for disruption
prediction.

Significant noise suppression of ECEI data was achieved in DIII-
D by using short time intervals of 1 ms and average spatially localized
ensembles.””” Only channels on the same flux surface exhibit high
coherence, yielding frequency and radial structures of MHD modes.
Using this technique, TAE can be clearly seen in the ECEI data, see
Fig. 8.

In recent studies in DIII-D, finite-n interchange modes were
observed with the ECEI diagnostics in the edge of negative triangular-
ity plasmas.””” Combined with simulations, a low-n pressure-driven
resistive ballooning mode at the plasma edge was concluded to be
responsible for the absence of an H-mode during negative triangularity
plasmas.

In a so-called hybrid scenario the plasma current is driven by a
combination of inductive and non-inductive current.””" It features a
different g-profile, with g being the safety factor, than the standard
H-mode. This prevents sawtooth activities in the core and also

DIII-D 179229, 1D ECEI
spectrogram at p~0.6
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FIG. 8. Spectrogram of the radiative temperature fluctuation obtained from the
ECEI diagnostics on DIII-D using a dedicated noise suppression analysis yielding
clear Alfvén eigenmodes. Reproduced with permission from Yu et al., Plasma Phys.
Controlled Fusion 63, 055001 (2021). Copyright 2021 IOP Publishing. 1229
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prevents triggering large NTMs, resulting in a relatively large normal-
ized plasma beta of S ~ 3. The improved stability makes this sce-
nario attractive for fusion experiments, and it has therefore been
implemented at various fusion devices. In a recent study in KSTAR,”*”
a coherent edge-localized mode was identified in this scenario as being
related to the presence of a broader and heightened pedestal and a
reduced pressure gradient. This mode was observed between ELM
crashes and leads to a somewhat increased particle and heat transport
likely related to the aforementioned edge properties and thus to the
good confinement.

Using two toroidally separated ECEI diagnostics allows to study
variation and correlations along the toroidal direction. Such a 3D
imaging diagnostics has been implemented on KSTAR,”'® which
allowed to track and visualize the evolution of MHD instabilities in
3D, as shown in Fig. 9.

ELMs, a “side effect of the H-mode,””* can be mitigated and sup-
pressed using RMPs, as described in Sec. III A. The interplay of sto-
chastic magnetic fields and plasma turbulence is an active area of
research, where KSTAR has recently performed an interesting set of
experiments,” applying a statistical method known as complexity-
entropy analysis. It is a useful method to characterize the state of
plasma turbulence and quantify the predictability of time series. Using
the ECEI diagnostics to observe fluctuations at the plasma edge, it was
found that the ELM suppression phase due to RMP reduces the cha-
otic nature of the observed turbulence, thus indicating a fundamental
change in the dynamics.

The existing ECEI systems installed at KSTAR are currently
upgraded to realize higher data acquisition rates allowing the investiga-
tion of ion cyclotron waves and harmonics.””> After successful numeri-
cal design and optimization studies, the upgraded system is scheduled
to be in operation for the next experimental campaign.

(shot#7328,t=7.917s)
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C. Technological advances of ECE

One of the most important technological developments in recent
years is probably the system-on-chip (SoC) technology from the
University of California Davis:"*”"” instead of a quasi-optical
Schottky diode mixer with planar antenna arrays in microstrip tech-
nology, a double-balanced down-converting mixer, a x4 multiplier,
and a preceding low-noise amplifier (LNA) have all been integrated
into a single receiver chip, as illustrated in Fig. 10. A strong improve-
ment in sensitivity of at least a factor of 20 is achieved””® (mostly due
to the preceding LNA). Furthermore, manufacturing large quantities
of the chips is possible, reducing the overall costs. In the design usually
followed, see e.g., Fig. 6, the LO signal is fed into the beam path via
quasi-optical coupling structures. The new approach uses an internal
x 8 multiplier chain which reduces the LO frequency to below 12 GHz,
thereby replacing the large-aperture optics with coaxial connectors and
allowing for a much more compact design, see Fig. 10. After a first suc-
cessful proof-of-principle setup,” this concept has been installed and
used on the ECEI diagnostics at DIII-D.”** As a next step, chips based
on the wide-bandgap semiconductor GaN are currently explored”***’
due to their promising resilience against the harsh conditions in burn-
ing fusion plasmas.”*’

The ECEI radiometer in KSTAR has been recently updated™*' by
a modular antenna/detector array, as shown in Fig. 11. The modular
character of the array allows single channels to be easily replaced in the
case of a failure, instead of replacing the whole array. In addition, the
upgraded antenna/detector modules provide an increased gain of
10-20dB compared to the previously used conventional antenna/
detector array.

Modern ECRH systems often make use not only of high-power
but also of multi-frequency gyrotrons.”® For the ECE diagnostics, this
means the necessity of notch filters to effectively suppress more than
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FIG. 9. Quasi 3D image of an ELM obtained from two toroidally separated ECEI diagnostics in KSTAR. The color scale represents normalized fluctuation amplitude of the emis-
sion ;r?gnperature, with a value of 1 corresponding to 100 %. Adapted with permission from Yun et al., Rev. Sci. Instrum. 85, 11D820 (2014). Copyright 2014 AIP Publishing
LLC.
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FIG. 10. Single receiver module for the ECEI diagnostics in DIII-D, sensitive to f = 75...110 GHz, based on the SOC technology. The module, shown at the top, consists of an
RF board and DC board inside of a shielding housing. The pyramidal horn antenna receives the ECE radiation, which is fed via a waveguide-to-microstrip transition directly to a
broadband LNA, see the chip at the bottom of the figure, then to a down-converting mixer, followed by two IF amplifiers. The LO is provided via an external coaxial connector,
as indicated at the bottom right. Adapted with permission from Zhu et al., Rev. Sci. Instrum. 91, 093504 (2020). Copyright 2020 AIP Publishing LLC.**®

one frequency. This has been realized at AUG and W7-X by so-called
Bragyg reflectors, which are based on circular oversized waveguides with
a corrugation whose periodic structure satisfies the Bragg condition.'*”
These components have the disadvantage of being expensive to manu-
facture due to their complex structure. A simpler and more compact
approach has been recently proposed and successfully tested:"’ coupled
waveguide resonators with varying rectangular cross sections were
shown to suppress the typical gyrotron frequencies of 105 and
140 GHz by approximately 90 dB. Figure 12 shows simulations for
these filters performed with the mode matching method, illustrating
the strong suppression of the aforementioned frequencies. In contrast
to notch filters realized as coupled cavities, this method also suppresses
higher-order modes™** being potentially excited due to the usage of
oversized waveguides in the transmission line.

A somewhat similar approach is investigated at DIII-D: a wave-
guide with resonant cavities of cylindrical shape has been numerically
designed”” and shown to suppress the resonant frequency, here
140 GHz, by 90 dB.

When designing new optics systems, it is important to properly
evaluate the overall performance of the new system before actually
building it. To this end, using synthetic diagnostics is mandatory,
including not only the wave path through the optics but also the actual
plasma response.”** Only then it is possible to elaborate the design

properly. As an example, Fig. 13 shows the complete set of imaging
optics guiding the emission from the plasma to the antenna array for a
newly designed ECEI diagnostics in HL-2M included in simulations
using a diffractive optical simulation module.”*” Also, for existing ECE
diagnostics, the development of a synthetic ECE can be helpful in the
interpretation of the acquired data.”’

Tunable yttrium iron garnet (YIG) filters have been added to a
number of recently updated radiometers.””'*”*** Traditional radio-
meters employ bandpass filters with fixed frequencies in the IF sec-
tion, thereby binding a frequency channel to a certain radial
position. As the center frequency of a YIG bandpass filter can be
tuned, adjustments of the corresponding radial position can be easily
performed.”"” Since each of these filters can be adjusted individually,
a great degree of flexibility is gained. Note that such adjustments can
even be performed during a discharge, thus allowing an ECE channel
to keep its view onto a certain flux surface instead of a fixed radial
position, which might enable further insights into plasma
dynamics.”"’

Increasing the duration of plasma discharges in modern devices
does not only constitute a challenge for plasma-facing components but
also for data acquisition and handling. The amount of acquired data
per year from the ECEI diagnostics alone has, for example, been esti-
mated to be on the order of several hundred terabytes for KSTAR
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FIG. 11. Modular antenna/detector proposed for KSTAR at the top, single-unit antenna/detector module at the bottom, consisting of an elliptical lens, a dual-dipole antenna with
a Schottky diode, where the signal from the plasma is mixed with an LO signal fed into the optical path via a beam splitter, an antenna balun, a low-noise amplifier, and a frame.
Adapted with permission from Lee et al., Appl. Sci. 12, 2431 (2022). Copyright 2022 Authors, licensed under a Creative Commons Attribution 4.0 License.”*’

when going to long-pulse discharges.”* A new procedure for filtering
and cleaning the acquired ECEI data prior to storing it has been devel-
oped at EAST.”* Machine learning techniques are applied to identify
saturated, weak, and zero signals in the raw data to ease the data

width (m

width (mm)

0 5 10 15 20 25
length (mm)

FIG. 12. Normalized intensity distribution along a 105/140 GHz notch filter based
on coupled waveguide resonators for 105GHz (top) and 140 GHz (bottom).
Reprinted with permission from Wagner et al., [EEE Trans. Microwave Theory Tech.
71, 2558-2566 (2023). Copyright 2023 IEEE."

analysis and also save computational resources. A similar approach is
pursued at the J-TEXT tokamak.”"

Another machine learning approach is used at EAST to support
data analysis:”" pattern recognition is used to identify spatiotemporal
structures of 0T, in a 2D plane obtained with the ECEI diagnostics. A
method based on spectral clustering was shown to achieve successful
recognition of sawtooth patterns with a success rate between 90%
and 97%.

IV. ELECTRON BERNSTEIN WAVE EMISSION

If the electron plasma frequency exceeds the electron cyclotron
frequency, a plasma is referred to as over-dense.””” > Microwave
heating at the electron cyclotron resonance layer is then no longer pos-
sible. This can be overcome by heating at harmonics of the electron
cyclotron frequency but requires high electron temperatures to be effi-
cient”” and is generally not performed for harmonic numbers larger
than three”* > due to the increasingly strong dependence of the
absorption on the electron temperature. The electron Bernstein wave
(EBW)*® provides an alternative as it propagates in plasma densities
exceeding the corresponding cutoff density of a given wave frequency.
It is an electrostatic wave that is very well absorbed (and emitted) at
the electron cyclotron resonance and its harmonics. The optical depth
for EBWs significantly exceeds that of the O- and X-mode. While con-
ventional tokamaks are usually not operated in over-dense regimes,
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FIG. 13. Arrangement of the imaging optics of the newly designed ECE| diagnostics considered for HL-2M. The complete set of imaging optlcs |s included in simulations, result-
ing in a synthetic ECEI diagnostics. Adapted with permission from Jiang et al., Fusion Eng. Des. 191, 113570 (2023). Copyright 2023 Elsevier.”*

other MCF configurations like stellarators, spherical tokamaks, or
reversed field pinches can very well be operated in such regimes.
Because of their electrostatic nature, EBWs must be coupled to
electromagnetic waves at the plasma boundary via mode conversion
processes. Describing the mode coupling processes from a heating per-
spective, two processes are possible: the first and more common is the
O-X-B conversion.””" As illustrated in Fig. 14, an O-mode is injected
at an optimum angle with respect to the background magnetic field
into the plasma. In the vicinity of the plasma frequency layer, O- and
X-mode degenerate, their polarization coindices, and the O-mode cou-
ples to the X-mode, which continues to propagate slightly further into
regions of higher plasma density until it is reflected at the so-called
turning point.””> The X-mode propagates outwards, and upon
approaching the upper-hybrid resonance layer, it becomes increasingly
electrostatic until it can couple to the backwards propagating EBW.
The optimum injection angle of the O-mode depends on the normal-
ized plasma density gradient length koL, = kon/|Vn|, with ko the

©-mode cutoff

_/ UH Resonance

-

FIG. 14. lllustration of the O-X-B mode conversion process for fundamental heat-
ing (solid line) and second harmonic heating (short-dashed line).

vacuum wavenumber of the microwave, and on the normalized back-
ground magnetic field Y = .. /wp. The overall coupling efficiency is
dominated by the O-X coupling, which is best”*” approximated by”**

nox:exp{ koLn\/Y /2[2(1 + Y)(N; — Ny opt)’ +Ny2]}, (12)

where N, and N, are the refractive index components in the z (along
B) and y (perpendicular to By and Vn) directions, respectively, and
N opt refers to the optimum injection angle given by

Y
N = Tt (13)
Collisional damping™®” in the vicinity of the upper-hybrid resonance
or non-linear effects™ can reduce the X-B coupling efficiency, which
is otherwise usually assumed to be perfect.

For very steep density profiles with values of koL, < 5, the X-
mode can tunnel through the evanescent layer defined by upper-
hybrid resonance and right-hand cutoff layer and leave the plasma.
This reduces the overall conversion efficiency, and another coupling
process becomes more suitable, the so-called direct X-B coupling: an
X-mode is injected perpendicularly onto the right-hand cutoff layer,
where it can tunnel through the evanescent layer as just described. In
the triplet of left-hand cutoff, upper-hybrid resonance, and right-hand
cutoff, EBWs can then be excited.”®”

Both processes are reciprocal, i.e, EBWs being generated by
coherent electron motion inside of the plasma can couple to electro-
magnetic waves at the plasma boundary and thus carry information
about the electron temperature to a receiving antenna and a subse-
quent radiometer, which can be identical to those used in ECE systems.
Such a diagnostics is referred to as electron Bernstein wave emission
(EBE) diagnostics. Localized T, measurements can be performed even
in cold plasmas, due to the large optical depth of EBWs. Additional
ray tracing calculations are, however, required to determine the exact
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location where the emission originated from due to the dependence of
the EBW’s wavenumber on local background magnetic field and elec-
tron plasma density.

EBE diagnostics have been successfully operated at the stellarators
W7-AS,”% TJ-11,*” WEGA,””° and Heliotron ], at the spherical
tokamaks MAST,”” NSTX,”” CDX-U,”"” and TST-2,”"” at the toka-
maks COMPASS”* and TCV,””” and at the reversed field pinch
MST*’® among others.

Modern or future tokamaks designed for actual fusion experi-
ments will not be operated in over-dense regimes. Stellarators can be
operated at higher densities, but with large magnetic field strengths of
several Tesla, EBE is not attractive as a core diagnostics: with increas-
ing magnetic field strength, and thus increasing electron cyclotron fre-
quency, the parameter koL, becomes very large, reaching values of
koL, > 100, which reduces the width of the angular window for effi-
cient O-X coupling to values below 1 degree.”””

Spherical tokamaks are operated at lower magnetic field strengths
and therefore have lower electron cyclotron frequencies, resulting typi-
cally in values of koL, < 20 which are more suitable for efficient cou-
pling. At MAST-U, for example, a high-power EBW heating system is
presently under construction.””* A novel approach for an EBE imaging
diagnostics had been developed and implemented at the MAST toka-
mak:”""**" the concept of interferometric imaging, well known in radio
astronomy,””" was adopted to an EBE radiometer with the advantage
of no longer requiring large optical components like mirrors and lenses
to focus the radiation onto the antenna plane. Instead, the phase and
amplitude of the signal are recorded at each antenna, allowing to
“sweep” the imaging microwave beam by adjusting the phase at each
antenna by subsequent data processing. This diagnostics, referred to as
Synthetic Aperture Microwave Imaging (SAMI), operates in the
10...40 GHz frequency range, using eight antipodal Vivaldi anten-
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nas (see Fig. 15). SAMI corresponds to a phased-array antenna,
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FIG. 15. (Leff) Photo of an antipodal Vivaldi antenna realized in microstrip technol-
ogy as used in the SAMI diagnostics, overall length is 66 mm. (Right) Arrangement
of eight such antennas in the diagnostics, as derived from an optimization algorithm.
Adapted with permission from S. Freethy, “Synthetic aperture imaging of B-X-O
mode conversion,” Ph.D. thesis (University of York, 2012). Copyright 2012 Author,
licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 2.5
International License.”*
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where careful spatial arrangement of the individual antennas is impor-
tant,”* illustrated in Fig. 15, as the image is reconstructed from cross
correlating the antennas and multiple measurements of the same sam-
ple in Fourier space should be avoided. On the other hand, grating
lobes, which occur when antenna spacing is larger than half the wave-
length, should be minimized. An optimization algorithm is used to
find the best antenna positions as a compromise between the afore-
mentioned criteria. The digitizer of the radiometer was realized by a
customized FPGA.”® A similar approach is pursued at the spherical
tokamak QUEST, where an array antenna without lenses is designed
to collect EBE and, via a subsequent data analysis obtain the direction
from which the radiation originate.”**

Figure 16 shows the mode conversion efficiency obtained from
the SAMI diagnostics on MAST compared with analytical estimations.
Excellent qualitative agreement is found while the two mode conver-
sion windows do not agree quantitatively well with each other. The
inclination between the two conversion windows corresponds to the
inclination of the magnetic field line at the mode conversion layer and
allows thus, in principle, to estimate the current density in the pedes-
tal,””” an important parameter to better understand the physics in the
pedestal. A diagnostics like SAMI might therefore not only be useful in
devices with lower magnetic fields but could also play an important
role in diagnosing the divertor region of conventional tokamaks and
stellarators.

V. REFLECTOMETRY

Reflectometry is based on the principle of radar,”* where an elec-
tromagnetic wave of relatively low power is launched toward an object
and its reflected part is then detected by a receiving antenna.
Reflectometry has been first applied to the ionosphere in the 1930s™”
to measure its height distribution, a technique also referred to as iono-
sonde, and proposed to be used in the laboratory in 1961.”*° More
than two decades later, in 1985, the first plasma density profile was
successfully measured by means of reflectometry in the Tokamak de
Fontenay-aux-Roses (TFR),”*” only to be quickly used thereafter as a
standard diagnostics in magnetic confinement experiments (see, e.g.,
Refs. 290 and 291, and the references listed therein). In-depth discus-
sions on the basics of reflectometry can be found, e.g, in Ref. 291,
whereas here we will restrict ourselves to the general concepts and
focus more on the diagnosed plasma physics.

If an electromagnetic wave is launched into a plasma, it can prop-
agate as long as the corresponding refractive index, see Eq. (1), is larger
than zero, N > 0. For N = 0, the wave encounters a cutoff and is
reflected, as illustrated in Fig. 17. The position of this cutoff layer
depends only on electron density in the case of the O-mode and on
electron density and background magnetic field (via the electron cyclo-
tron frequency ) in the case of the X-mode, see Eq. (2). While prop-
agating through the plasma, the wave experiences a phase shift ¢
depending on the local index of refraction. After being reflected at the
cutoff layer and reaching the receiving antenna, the wave will thus
have accumulated a total phase shift ¢» which reads™”

Tedge
qb:zﬂj N(r)ydr — =, (14)
€0 J ot 2

with 7euof and 7egge the radial positions of the cutoff layer and plasma
edge, respectively (and assuming reuoff > Tedge)s the additional phase
of m/2 due to reflection at the cutoff layer, and the factor 2 due to
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FIG. 16. O-X-B mode conversion efficiency as a function of poloidal and toroidal injection angle as obtained from (leff) analytical estimations using Eq. (12) and (right) from
measurements with the SAMI diagnostics at MAST. Reproduced with permission from Freethy et al., Plasma Phys. Controlled Fusion 55, 124010 (2013). Copyright 2013 IOP

Publishing.”*

propagating forth and back. Equation (14) is valid under the condi-
tions of geometric optics, i.e., assuming that the refractive index varia-
tion is small within one wavelength.”’

Figure 17 illustrates the basic principles of a reflectometer with
two antennas, one for transmitting and one for receiving the micro-
wave, referred to as a bistatic configuration (in contrast to monostatic
configurations, where a single antenna is used for both transmitting
and receiving the signal). The illustrated setup features homodyne
detection, in which the mixer inputs are at the same frequency. As a
result, after low-pass filtering, the output contains information on
both, amplitude and phase. While the phase, being caused by the
plasma, is the main quantity of interest (after removing contributions

FIG. 17. Schematic diagram of a typical homodyne and bistatic reflectometry sys-
tem. Note that the sine wave serves just as an illustration to distinguish transmitting
and receiving antennas and is not intended to indicate the actual physical path of
the wave.

from the microwave circuit and from waveguide dispersion via calibra-
tion measurements), amplitude fluctuations are also present in the
extracted signal. In a heterodyne detector,” the frequency inputs at the
mixer would be slightly different, either by two oscillators kept at a
small, constant frequency difference [often by a phase-locked loop
(PLL)***] or one oscillator and a frequency-shifting component. The
signal at the mixer output, the IF, retains spectral information within a
chosen band centered at the frequency difference between the two
inputs and also preserves the phase relation (heterodyne detectors are
also referred to as coherent detectors.'"). A heterodyne detector works
around a predefined center frequency, which facilitates the signal con-
ditioning (filtering and amplification) and can later go through an I/Q
demodulator tuned for the predefined center frequency.”' The 1/Q
demodulation allows for isolated measurement of the phase and
amplitude, which allows for a more precise interpretation of each
quantity unaffected by the other.

The phase shift ¢ in Eq. (14) can be measured directly (instanta-
neous phase) and put into the equation, but it often has a relatively
high noise level as it takes into account all frequency components.
Alternatively, a spectrogram of the signal can be calculated, and only
the contribution from the reflection at the plasma cutoff can be
extracted (the maximum of the spectrogram is a good starting point).
This technique allows stacking spectrograms from multiple sweeps to
significantly reduce the contribution of spurious reflections and
emphasize the plasma reflection.””” The beat frequency fyc, resulting
from the interference of the reflected signal with a reference signal, can
be extracted from the spectrogram and translated into phase incre-
ments. This is achieved by first dividing by the frequency sweep rate
S, = df/dt, followed by integrating over the probing frequency:"”
d¢/df = 27 - foear/S:- The phase increments for each probing fre-
quency increment allow to determine the position of the cutoff layer
after applying inversion methods™” (analytically for the O-mode””’
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and numerically for the X-mode””**”") and thus retrieve a radial elec-

tron plasma density profile, hence the expression profile reflectometry.
To actually obtain these profiles, different measurement techniques
exist, which will be briefly described in the following. For typical ITER
parameters, relativistic effects should be taken into account, changing
the spatial position of the cutoff layers, as illustrated in Fig. 1.
Neglecting these effects can lead to errors as high as 35 % for density
profile reconstruction in ITER plasmas.””® In some cases, the down-
shift of the cutoff frequency can even lead to hollow profiles, thus lim-
iting access to the plasma core.”””

An emitted pulse with a central frequency wy offers the opportu-
nity to probe a large part of the electron plasma density profile at once
due to its range of Fourier components, each being reflected at differ-
ent locations of the profile, resulting in a range of time delays. This
technique is referred to as pulse radar reflectometry and has been used,
for example, at TEXTOR™ or LHD.”” It can be further separated
into short pulse reflectometry’” and ultrashort pulse reflectometry.’”"
In the first case, the pulses are not too short such that a single pulse
covers only a limited radial region, whereas the latter employs ultra-
short pulses spanning a larger radial area due to the wider spectrum,
thereby requiring in principle only a single pulse for profile reconstruc-
tion at the plasma edge. A recent example for the implementation of a
short pulse reflectometer is provided by TCV.””* An ultrashort pulse
reflectometer has recently been developed and successfully tested at
EAST.”” A disadvantage of pulse radar reflectometry is that the pulse
can be significantly broadened,”” as different frequency components
experience different refractive indices. This can lead to errors in the
measured propagation time and, consequently, in the inferred spatial
position of the respective cutoff layer. In general, pulse radar reflec-
tometry is not too common, which is also due to the required broad-
band microwave components and high-speed digitizers.

Applying amplitude modulation (AM) is another technique, used
for example in the W7-AS stellarator,””” the Alcator C-Mod toka-
mak’ or in the TJ-1I stellarator’”” and the HL-2A tokamak.”"® The
amplitude of the probing wave is modulated with frequencies on the
order of 100 MHz and instead of the phase delay, the group delay is
measured in this case. More common"” are profile reflectometry sys-
tems based on frequency modulation (FM), also commonly referred to
as frequency-modulated continuous-wave (FMCW) reflectometry,
where the launched frequency is swept on time scales below the life-
time of plasma density fluctuations. While sweeping times were some
tens of microseconds in early implementations,’' times as fast as 1 s
have been demonstrated already a few years ago.”'' FM profile reflec-
tometry was applied on a variety of devices, eg, on JET,"”
COMPASS,”" or Tore Supra'm and is used on, eg, EAST,*">?'° HL-
24,7 J-TEXT,”"® AUG,”"” KSTAR,”*’ and DIII-D,”*' to name just a
few. It is furthermore under consideration for ITER,”*” MAST-U,”*’
COMPASS Upgrade,””* or the high-field tokamak SPARC.”” A
detailed overview of different profile reflectometry systems can be
found, e.g., in Refs. 10,290, and 326.

Instead of obtaining just a single radial profile of the electron
plasma density, profile reflectometry is considered to be important in
future fusion devices for monitoring the plasma position and shape
via multiple viewing cords. This technique is referred to as plasma
position reflectometry (PPR). It has been successfully demonstrated
for a single line of sight on AUG™”” and COMPASS, ** and for mul-
tiple chords on the reversed field pinch device RFX-mod2.””” PPR

REVIEW pubs.aip.org/aip/pop

will be installed on DTT and is considered for the EU
DEMO™*""' and CFETR.™**"

Obtaining background electron plasma density profiles is only
one application of reflectometry. The second application consists of
extracting plasma dynamics like turbulent plasma density fluctuations
or MHD modes. This is, in principle, possible with the techniques
described so far, although only within some simplifying assump-
tions,”** as outlined in Sec. V A. More suitable methods are correlation
reflectometry and Doppler reflectometry (DR), which will both be dis-
cussed briefly in Secs. V A and V B. Microwave imaging reflectometry
(MIR) is a third method, which will be described in more detail
afterwards.

A. Correlation reflectometry

Profile reflectometry needs to ensure that the measurements are
performed on time scales faster than the propagation speed of plasma
density structures, approximately given by the electron diamagnetic
drift velocity as a general upper limit,””” such that the diagnosed
plasma density profile does not vary during the measurement. The
presence of turbulent plasma density fluctuations leads otherwise to a
broadening of the spectrum of the reflected wave due to the variation
and movement of the reflective layer with a strong weighting of the
fluctuations in the vicinity of the cutoff layer.* A technique aimed at
determining the spatial size of the density variations is correlation
reflectometry.””® " If two (or more) waves with slightly different fre-
quencies are used, such that the corresponding reflection points are
slightly separated, see Fig. 18, the method is referred to as radial corre-
lation reflectometry (RCR). In poloidal correlation reflectometry (PCR),
only one wave is injected, but multiple receiving antennas, distributed
poloidally, are used, as illustrated in Fig. 18. The spatial separation of
the reflection points needs to be on spatial scales below the size of the
coherent density structures. The cross correlation of the two signals
allows them to estimate the structure sizes or the poloidal propagation
speed of density fluctuations from which the radial electric field E, can
be derived, linked via the E, x B drift.

Correlation reflectometry has been studied numerically””***’ and
used in the past at the ATF stellarator,”! at TEXTOR,”***** the T-10
tokamak,”** JT-60U,”* and JET.****" A list of current experiments
equipped with correlation reflectometry diagnostics is given in
Table II.

Poloidal correlation
reflectometry

Radial correlation
reflectometry

f1

FIG. 18. lllustration of (leff) radial correlation reflectometry where two (or more)
probing frequencies are used corresponding to different radial positions of the
reflective layer and (right) poloidal correlation reflectometry where the reflected
microwave beam is collected at two (or more) poloidally separated positions.
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TABLE lI. Correlation reflectometry diagnostics currently in operation.

Channels

Device Frequency in GHz Mode Radial pol. x tor. References

AUG 24...37,40...57 o 2 2x2 348
EAST 20.4...40 (@) 4 2x1 349
40...60 o 4 2x1 350

61.2...73.6 o 4 2x1 351

79.2...96 X 4 2x1 352

W7-X 22...40, 40...60 O 1 2x2 353

A set of experiments at TEXTOR enabled the first experimental
investigations of long-range correlations of plasma density fluctuations
along magnetic field lines with correlation reflectometry.””* This was
done previously mostly with Langmuir probes, which are restricted in
fusion experiments to a very small radial region at the plasma
boundary.”>*>

On DIII-D, a correlation reflectometer allowed to compare the
radial correlation length L, of plasma density fluctuations in L-mode
discharges with analytical predictions and values deduced from gyroki-
netic simulations.””” An experimentally obtained value of L, = 5...
10p,, where p; is the ion Larmor radius evaluated using the electron
temperature, showed good agreement with predictions and marked an
important milestone in experiment-simulation comparisons.

In a series of experiments on W7-X, a PCR diagnostics’ was
used to investigate the shear layer at the plasma edge by monitoring
the poloidal velocity of density structures and thus determining the
transition into the SOL by a change in sign of the rotation velocity.””
Very recently, using the same diagnostics, it was possible to detect a
QCM on W7-X for the first time.””” It was observed in the plasma
core, found to be of electrostatic nature, and its frequency and velocity
were found to depend on the injected ECRH power.

The poloidal correlation reflectometer on AUG, consisting of
four receiving antennas, was recently upgraded to inject two frequen-
cies simultaneously, thus providing an additional radial channel.”*
This allows to differentiate between perpendicular and radial correla-
tion length, L and Ly,g, of the turbulent electron plasma density fluc-
tuations. Furthermore, the velocity v; and the dissipation time 7,4 can
be obtained from the diagnostics. The importance of correctly
accounting for the influence of the local fluctuation level by a weight-
ing function was clearly shown, leading to an overestimation of the
correlation length up to a factor of 4 otherwise.”*

EAST is currently equipped with four separate PCR diagnostics,
see Table I11. This enables investigation of plasma dynamics from the
edge to the core. In particular, the formation of an internal transport
barrier (ITB) in EAST was studied with these diagnostics. The onset of
an ITB in a plasma results in a reduction of heat transport, driven by
small-scale turbulence, and thus an increase in temperature and den-
sity in the plasma core.’*’ The turbulent plasma density fluctuations in
the core of EAST could be observed during the formation of an ITB
with one of the PCR systems, where it was found that the turbulence
inside of the ITB is not completely suppressed.”' Interestingly, an
increase could even be observed in a later stage, which was attributed
to the occurrence of reversed shear Alfvén eigenmodes.

REVIEW pubs.aip.org/aip/pop
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cut-off layer

FIG. 19. lllustration of Doppler reflectometry.

B. Doppler reflectometry

In the reflectometry techniques described so far, a wave is injected
normal to the flux surfaces, or rather along the density gradient to be
more precise, and, interpreting the cutoff layer as a diffraction grating,
its Oth order reflection is analyzed. These schemes are often referred to
as conventional reflectometry. If, instead, the injection happens at an
angle Oy with respect to the normal of the reflecting layer, the —1
order of diffraction is scattered back to the antenna, as illustrated in
Fig. 19, reducing the Oth order in the acquired signal. A poloidally
moving perturbation at the reflecting layer then causes a Doppler shift
in the frequency of the reflected signal,”” hence the name Doppler
reflectometry (DR) or Doppler backscattering (DBS).””” The Doppler
shift is proportional to the velocity of the perturbation and thereby
also to the radial electric field’** (assuming that the phase velocity of
the perturbation is small compared to the plasma flow caused by the
E, x B drift'™) The perturbations in the reflecting layer can be inter-
preted as a thin phase grating. Assuming the perturbation to be of
sinusoidal shape with a wavelength of A,, for the injected wave to
return to the antenna, i.e., for the —1 order of the diffraction pattern,
the Bragg condition requires

kL = 2k0 sin 0tilt7 (15)

with k; the wavenumber of the perturbation and k, the wavenumber
of the probing wave. Different injection angles 0y allow thus to probe
different fluctuation wavenumbers. For low turbulence levels, the
power S of the backscattered microwave is furthermore proportional
to the square of the density fluctuation amplitude, S o |on,|, and
allows thus to also probe the fluctuation strength.”****”

DR has been first used in 1999 at the W7-AS stellarator,”* fol-
lowed by the Tore Supra tokamak.”**"" It is nowadays considered a
standard diagnostics for studying the perpendicular velocity v, of elec-
tron plasma density fluctuations,”*""”"~"”* the spectrum of the perpen-
dicular wavenumber of these fluctuations,”” their radial correlation
length‘;74 and fluctuation levels,”'” and the radial electric field E,.”” It
is thus installed on many MCF devices currently in operation, see
Table IV (and was also installed in some devices no longer in opera-
tion, like IET‘W and JT-60U,>* the spherical tokamak Globus-M>" or
the C-2 field-reversed configuration””) In Sec. V B 1, we will elaborate
further on a few of those devices, followed by a brief discussion on
future implementation.
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TABLE IV. Doppler reflectometry diagnostics currently in operation.

Frequency
Device inGHz Mode  Injection angle References
AUG 75...110 O/X —14°...16° 376
DIII-D 55...75 O/X —15°...20° (pol.) 377
—10°...10° (tor.)
55...75 O/X 0°...15° 378
60..90 O/X  —18°...0° (pol.) 379
—7°...0° (tor.)
EAST 60...90 X —10°...20° 380
55...75 X 5°...12° 381
80.4...96.4 X —4°...12° 382
Globus-M2 20...48 ¢} 0°...15° (pol.) 383
0°...8° (tor.)
Heliotron | 26.5...40 (@) Fixed 384
33...50 X Fixed 385
26...40 O Fixed 386
HL-2A 34...48 X Fixed 387
52.5...75 X Fixed 387
HL-3 34...48 X Fixed 388
JTEXT 50...75 X Fixed 389
LHD 26...40 O/X Fixed 390
26...40 O/X Fixed 391
MAST-U 32.5...50 O/X 0°...10.6° 392
34...67.5 X 0°...12° 393
TCV 40...75  O/X  10°...58 (pol.) 394
~180°...180° (tor.)
TJ-11 33...50 X +20° 371
TUMAN-3M 18...26 O +10° 395
W7-X 50...75 (@] Fixed 396

1. Doppler reflectometry in operating fusion devices

To obtain radially resolved measurements of turbulent plasma
density structures with a DR diagnostics, a set of frequencies should
ideally be injected simultaneously into the plasma (frequency hopping,
where the probing frequency is scanned, is an alternative solution”’**"’
with the drawback of the long time needed to perform a full scan). In
AUG, a novel method to create such a frequency comb has been
implemented in a DR diagnostics, allowing to freely tune remotely
both the center frequency and the difference between the frequencies
by using a three-tone signal put into a frequency multiplier.”” In most
existing DR diagnostics with a frequency comb, their center frequency
and frequency difference are fixed.””***"*"' *** After successful testing
in the laboratory, first data have been obtained, monitoring the transi-
tion from L- to H-mode, thus illustrating the reliability of the novel
technique.

Sometimes, experimentally obtained spectra of the wavenumber
of the density fluctuations are found to disagree with spectra from cor-
responding density turbulence simulations. At AUG, full-wave simula-
tions of the DR diagnostics using realistic plasma density turbulence
data generated by turbulence codes showed clearly how the spectrum
obtained from the diagnostics was different from the underlying

REVIEW pubs.aip.org/aip/pop

spectrum of the density fluctuations, caused by a non-linear saturation
at low-to-intermediate wavenumbers and a superlinear signal
enhancement at larger wavenumbers."”* Such simulations are thus
important to guide the interpretation of obtained spectra from DR
diagnostics in certain scenarios.

The Doppler reflectometry diagnostics installed on W7-X showed
a clear dependence of the velocity shear layer near the separatrix and
of the radial electric field E, in the SOL on the injected heating power
and on plasma density.””® In a recent set of experiments, the diagnos-
tics was used to perform systematic studies of ion-scale plasma density
fluctuations in the core, providing evidence that microscale turbulence
and not neoclassical losses is the main mechanism limiting the ion
confinement in W7-X, thereby proving the optimization of W7-X a
success.”” A scaling of the amplitude of the turbulence with the ratio
of density to temperature gradient was also found (as expected for ion
temperature gradient-driven instabilities), allowing the increase the
global confinement time by reducing that ratio.""®

In 2022, the first detailed comparisons on DIII-D between the
DR diagnostics and the charge-exchange recombination (CER) diag-
nostics were performed’”’ to infer the toroidal angular velocity
g, x5 = E,/(RBy). CER measures ions undergoing charge-exchange
reactions with neutrals provided by a neutral beam injection system.
Despite the different underlying physics, the two diagnostics showed
good agreement at different strengths of torque applied by the neutral
beam injection.

A preceding paper from DIII-D studied a predator—prey-like rela-
tionship between plasma density turbulence acting as a predator of pro-
file gradients via turbulent transport, and then as prey to the E x B
shear flow, deduced from DR measurements."”” Such a cycle can regu-
late transport and may thus contribute to the development of ELM-free
plasma scenarios. In particular, the role of these predator-prey dynamics
in sustaining a quiescent H-mode was a central focus of the studies."”’

In a recent paper, a novel synthetic DR diagnostics applied to
DIII-D was reported:"'” a beam-tracing code, called Scotty, to calculate
the weighting function along the injected microwave beam, using a
model for the turbulent plasma density fluctuation spectrum obtained
from a quasi-linear code, was used to calculate the electron density
fluctuation spectrum from the backscattered power spectrum mea-
sured with the DR diagnostics. Scotty”'" has been developed to bridge
the gap between fast but simplifying ray tracing calculations''” and
more rigorous but computationally heavy full-wave simulations.

The same code was used to show the importance of toroidal wave
vector matching: the reflected power was found to decrease exponen-
tially with toroidal angular mismatch.*'* This makes measurements of
large poloidal wavenumbers ky challenging. Using a toroidally steer-
able antenna of one of the DR diagnostics installed at DIII-D, it could
be shown that high wavenumbers up to kg < 20 cm™! are accessible
when trying to take care that the toroidal launch angle is perpendicular
to the magnetic field line of interest."'”

A novel DR diagnostics has been installed in 2023 at DIII-D,
operating from 60...90 GHz, see Table IV. It has the unique ability to
investigate not only electron plasma density fluctuations up to a few
MHz, but also in the Alfvénic range at 6.5 MHz, the ion cyclotron fre-
quency range of around 20 MHz, and fluctuations around 476 MHz
driven by externally injected helicon waves.””” This diagnostics will
play an important role in studying helicon wave propagation, absorp-
tion, and net toroidal current drive.

413
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A new DR diagnostics is planned to be installed by the end of
2024 on DIII-D,"'® aiming to investigate the pedestal and the SOL,
regions that are important for transport studies and validation of
transport models. The system will encompass a frequency range of
33...50 GHz, and it will be integrated into one of the existing DR sys-
tems by modifying the quasi-optical setup such that it can be used for
both systems. A full-scale mockup has been successfully tested in the
laboratory.*'

EAST is equipped with three DR diagnostics, see Table IV, all of
them capable of measuring simultaneously at different radial positions
by injecting multiple frequencies provided by a comb generator. Using
two poloidally separated DR diagnostics, it was possible to observe a
geodesic acoustic mode (GAM)*" and its interaction with the back-
ground turbulence. A GAM is basically a transient branch of a zonal
flow and thought to play an important role in the transition from low-
to high-confinement mode.”®”

A new DR diagnostics has been recently installed on the MAST-U
spherical tokamak.™” It operates over a rather large frequency range, see
Table IV, encompassing the Q- and the V-band. While separate micro-
wave sources are used for each band, they share the quasi-optical system,
consisting of a focusing lens made of high-density polyethylene (HDPE)
and a fixed and rotatable mirror. First experiments were performed,
where the diagnostics has been successfully benchmarked against
another, well-established DR diagnostics on MAST-U.”*” This DR,
which had been previously installed in 2022, is special due to its capabil-
ity of operating in both O- and X-mode by a large-scale polarizer, part
of the quasi-optical transmission system, and a system of waveguide
switches.””” The system can also operate at different launching and
receiving polarizations, allowing to perform so-called cross polarization
scattering for probing magnetic field fluctuations."'®

Injecting pellets into the core of MCF devices is often accompa-
nied by improved plasma performance.’"”**' Recently, such an
improvement has also been observed in the TJ-II stellarator.”” The
DR diagnostics showed a more negative radial electric field, together
with a reduction of the plasma density fluctuation level, in regions of
strong density gradient.

LHD is equipped with two DR diagnostics, see Table IV, being
installed at different toroidal positions, which enables toroidal correla-
tion studies. Both systems generate a series of frequencies via a comb
generator to allow for radially resolved measurements. Only recently, a
design for one of the systems has been developed using an arrange-
ment of multiple mixers to reduce the intermediate frequency’”' and
thus make data acquisition less challenging compared to the previous
implementation.””’

2. Doppler reflectometry in future fusion devices

Reflectometry in ITER will play an important role in measuring
the plasma density profile during long-pulse discharges.””” Two lines
of sight for a DR diagnostics are foreseen to be installed together with
the profile reflectometry diagnostics. While the general design of the
reflectometry diagnostics is set to a frequency range of 30...165 GHz,
supporting both O- and X-mode, details for the DR system are still in
an early stage of development.””*

Although JT-60SA is already operational, it remains at an early
stage of its commissioning and is therefore included in this section on
future fusion devices. A feasibility study has been performed,*”

REVIEW pubs.aip.org/aip/pop

showing that a DR diagnostics would play an important role in accom-
plishing the envisaged scientific program of JT-60SA.

C. Microwave imaging reflectometry

Assuming 1D plasma density fluctuations, where the cutoff layer
moves forth and back in the frame of the wave results in variations of
the phase of the reflected wave. Measuring these phase changes allows
thus to deduce the plasma density fluctuations in the vicinity of the
cutoff layer. Magnetically confined plasmas exhibit, however, plasma
density fluctuations that are 2D in nature, leading to a corrugated cut-
off layer that reflects an incoming wave into multiple directions and
not only back to the antenna.***** The detection antenna will therefore
see a complicated interference pattern, and the simple relation between
phase and Jn, is no longer true. As Hutchinson states in his text
book,” “Fluctuation measurements in the plasma interior using reflec-
tometry are relatively straightforward to perform but rather hard to
interpret.”

To overcome this problem, the concept of microwave imaging
reflectometry (MIR) has been developed: as illustrated in Fig. 20, the
reflective cutoff layer is illuminated by a beam, covering a poloidal area
as large as possible. A beam splitter, built for example of Teflon, Mylar,
or Plexiglas,"”® is used to separate injected and reflected microwave
beam. Using large-aperture optics, the rays reflected from the corru-
gated cutoff layer are collected simultaneously at an image plane by a
series of antennas, allowing the reconstruction the spatial shape of the
density structures. Care has to be taken that the wavefront curvature of
the microwave beam matches the curvature of the cutoff layer.
Additional radial resolution is achieved by using multiple frequencies
simultaneously, as seen in Fig. 20. The principle of MIR has been con-
firmed first by numerical studies”” and shown experimentally in a
proof-of-principle experiment on TEXTOR,*** following a systematic
study in the laboratory (not at the tokamak) using a corrugated reflect-
ing target to simulate a fluctuating reflection layer in the plasma.**’

Since ECEI and MIR diagnostics can share the imaging optics,
they can, in principle be installed in parallel. Due to being more chal-
lenging to operate, though, MIR diagnostics are only installed on a few
devices, """ see Table V.

At DIII-D, a MIR diagnostics was successfully commissioned in
2014."* The optics transmission system was realized by a combination
of large-aperture HDPE lenses and one beam-forming mirror, as well
as a mini-lens array detector collecting the reflected signal. This design
was chosen to reduce problems encountered on TEXTOR, where a set
of tilted curved mirrors resulted in asymmetrical aberration in the
beam and the planar antenna array with a large substrate lens in front
introduced significant spherical aberration in the focal plane.””***
Before installation at DIII-D, the full MIR diagnostics was thoroughly
tested in the laboratory and compared with Gaussian beam propaga-
tion calculations, yielding excellent agreement.”””

As illustrated in Fig. 21, the MIR diagnostics at DIII-D enabled
studies of edge harmonic oscillation (EHO) in quiescent H-mode
regimes,”'" where they are thought to play an important role in avoid-
ing the necessity for ELMs due to providing a continuous, instead of
intermittent and thus more violent, flux of particles and energy across
the edge. In a combined study of experimental data and results from
modeling, it was found that EHO can be destabilized by plasma rota-
tion or rotational shear."*” The importance of a synthetic diagnostics
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FIG. 20. Principle of a microwave imaging reflectometry diagnostics illustrated. Multiple lines of sight are imaged from the 2D sampling volume, indicated in the plasma by the
grid, onto a 1D array of detectors. Note that the optical path is usually more complicated than illustrated here.

TABLE V. MR diagnostics installed on various fusion experiments in operation,
upper part of the table, and MIR diagnostics that have been operated in the past, bot-
tom part of the table.

Channels
Frequency _

Device in GHz Mode Radial pol. x tor. References
DIII-D 56...74 X 4 12 x 1 432
EAST 75...105 X 8 12x 1 433 and 434
HL-2A 32...38 Oo/X 4 8 X2 308
KSTAR 78...96 X 4 16 x 1 435
TST-2 23...32 (@) 2 6 X6 436
LHD 60.41...64.61 X 4 7x7 437

26...34 o 4 8 x8 438
TEXTOR 88 X 1 16 x 1 428

to correctly interpret the experimental data was highlighted and is
investigated in more detail in another study."*’

The MIR diagnostics at KSTAR has received an upgrade in 2018,
with the resulting parameters given in Table V. Among other things,
the imaging optics have been upgraded to use mini-lenses in front of
each individual antenna instead of a single, large substrate lens.”” The
MIR diagnostics in KSTAR has been used intensively to study the
occurrence of a QCM. "’ In recent experiments, the complete life cycle
of a QCM could be studied, as shown in Fig. 22. Starting from a coher-
ent mode at around 40 kHz in the plasma core, excited by ECRH, a
sudden transition into the QCM occurs at the same time when a sud-
den increase in plasma density is observed (not shown in the figure).
With further increase in the plasma density, and thus also in collision-
ality, the QCM changes gradually into broadband turbulence, see

Fig. 22(b). The third transition, where the QCM is again present due
to a decrease in plasma density, occurs suddenly when plasma current
is ramping down and results in its complete disappearance.

The successful implementation of a combined ECEI and MIR
diagnostics on EAST has been reported in 2023."* The diagnostics
share part of the imaging optics, specifically an HDPE lens (and the
vacuum window), as can be seen in Fig. 23. A beam divider separates
the beams of the two diagnostics, which do not overlap in frequency.
Such a frequency-selective beam divider is realized via the frequency-
selective surface method:*" thin periodic structures of 2D shape are
printed onto a dielectric substrate, resulting either in transmission or
reflection of the incoming wave, depending on if the incoming wave
matches the resonant frequency of the structures.”* Preceding the
installation on EAST, the diagnostics were intensively tested in the lab-
oratory, including the usage of a rotating metal wheel with a sinusoidal
corrugated surface to simulate a perturbed and poloidally moving cut-
off layer""” and measurement of the wavefront curvature of emitting
and receiving antenna, which needs to match the cutoff layer."”* In
addition, a synthetic diagnostic suite has been developed to aid in the
future interpretation and analysis of experimental data,”* with the
MIR part based on a 2D full-wave model to propagate the microwave
to the cutoff and back using the FDTD method.

As listed in Table V, the MIR system in HL-2A is a 64-channel
diagnostics.”” It uses an adjustable antenna to match the wavefront of
the diagnosing microwave as well as possible to the reflecting cutoff
layer. This was realized by constructing the antenna as an array com-
posed of 8 poloidal x 2 toroidal horn antennas, which can each indi-
vidually be adjusted in vertical and horizontal direction."”®

While, at the moment, there is no MIR diagnostics in operation
on LHD, the focus is on the ECEI diagnostics; two systems have been
operated in the past, see Table V. As these systems can, in principle, be
reactivated, the diagnostics are included in our list of active experi-
ments. Figure 24 illustrates the radiometer of the X-mode MIR
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FIG. 21. Spectrograms acquired with the MIR diagnostics on DIII-D. The left column corresponds to a quiescent H-mode, while the right column corresponds to a conventional
H-mode. The strong signal of the EHO during the quiescent H-mode can be clearly seen, while in the conventional H-mode, ELMs are frequently triggered. Adapted with per-
mission from Ren et al., J. Instrum. 10, P10036 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution 3.0 License.**
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FIG. 22. Spectrograms acquired with the MIR diagnostics in KSTAR. Shown are three transitions of the QCM: (a) until 11 = 3.2's a coherent mode is dominant (exhibiting a
narrow frequency band), followed by a sudden transition into a QCM (featuring a wider frequency band); (b) transition from a QCM into broadband turbulence at 2; (c) suppres-
sion of the QCM at t4 followed by the onset of an MHD mode and its harmonics. Adapted with permission from Lee et al., Nucl. Fusion 61, 016008 (2021). Copyright 2021
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diagnostics. The receiving antenna is realized as a stack of seven
7-channel horn antenna mixer arrays (a mixer is included on a
thin printed circuit board (PCB) inside of each of the horns),
resulting in a 2D imaging device. To investigate the performance
of the optics setup, both the injected and reflected waves have
been simulated using 2D FDTD simulations taking into account

this MIR diagnostics,
not in H-mode.

all mirrors in the beam paths."”” As can be seen from Fig. 24,
the mirrors act as intended, illuminating a specific position at the
cutoff layer with the injected beam, and cover the antenna aper-
ture of the receiving antenna. EHO was observed in LHD with

appearing in medium-density plasmas but
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FIG. 23. The optics components of the MIR and ECEI diagnostics on EAST. It can be seen that both systems share the lens, made of HDPE, installed directly before the vac-
uum window (outside of the vacuum). Reproduced with permission from Zhang et al., J. Instrum. 20, T03008 (2025). Copyright 2025 IOP Publishing.**

A second MIR diagnostics at LHD had been subsequently oper- of a horn antenna array: while in the previous version, the mixer
ated. As listed in Table V, it was an O-mode system, which was used included in the antenna array had to be irradiated with the LO signal,
to diagnose electron plasma density fluctuations at the edge during this is no longer necessary due to the inclusion of a quadrupler on the
H-mode operation.””” A major improvement was the implementation PCB.*’ The quadrupler reduces the frequency of the LO by a factor of
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FIG. 24. (Left) Schematic of the radiometer setup for the (currently not operational) MIR diagnostics on LHD (HMA: horn-antenna mixer array). (Right) Full-wave simulations
based on the FDTD method of (a) injected and (b) reflected waves with the plasma being located as a point source at position (0,0). Adapted with permission from Nagayama
et al., Rev. Sci. Instrum. 83, 10E305 (2012). Copyright 2012 AIP Publishing LLC."*"
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4, which can now directly be coupled by coaxial connectors without
significant losses. This leads to a significant reduction of the overall
size, as illumination optics to couple the LO into the mixers in the
antenna array are no longer needed."”’

Some of the electronics from the O-mode MIR diagnostics in
LHD, including the compact receiving antenna array, are reused in the
recent MIR diagnostics in the TST-2 spherical tokamak."® In a first
series of experiments, it was possible to observe an internal reconnec-
tion event, which is somewhat similar to a disruption in a conventional
tokamak but less severe since it only affects flux surfaces in a small,
radially localized region.

D. Technological advances of reflectometry

Scanning the injection angle in DR corresponds to scanning the
probed wavenumber of the turbulent plasma density fluctuations, see
Eq. (15). Systems capable of scanning the injection angle achieve this
usually by moving the plasma-facing mirror, as in the diagnostics listed
in Table IV. An alternative method is provided by phased-array anten-
nas. Not only does this remove the necessity of mechanically moving
an in-vessel component, but it also allows for scanning the injection
angle on much shorter time scales: oblique injection in this case is the
result of a phase difference of neighboring channels from an array
antenna. Such systems are well known from radar techniques used for
weather or space observations.””” Such an antenna prototype’”’ has
been designed, manufactured, and successfully tested in W7-X,"" real-
ized as a 32-element H-plane sector horn antenna array working in the
frequency range of 75...110 GHz. A similar antenna has been designed
for AUG."” KSTAR has also recently designed and constructed a
phased-array antenna prototype’ ™ to be used as a DR diagnostics,"””
scheduled to be installed in 2025. A promising approach to
manufacturing such antenna arrays is 3D metal powder additive
manufacturing, which has recently proved to be capable of producing
prototype antennas.’”® Metal additive manufacturing is a promising
technological advancement for many microwave components,
enabling quick and affordable manufacturing.

The SAMI diagnostics, discussed in Sec. IV, can not only be
used as a passive antenna array but also as an active diagnostics. As
such, it can also be used as a phased-array antenna for DR purposes,
albeit via a different realization: an array of small Vivaldi antennas,
built as printed circuit board devices, is used instead of the heavy
antenna array discussed in the previous paragraph. Measurements in
the spherical tokamaks MAST and NSTX-U have demonstrated the
usefulness of this approach”” by successfully determining the pitch
angle of the magnetic field line at the plasma boundary. An advanced
version, SAMI-2, has been designed and constructed, featuring an
array of dual-polarization sinuous antennas.””’ SAMI-2 allows mea-
suring a radial profile of the pitch angle and thus obtaining the edge
current density profile. The diagnostics is now being commissioned
at MAST-U.

MIR requires the phase front of the probing wave to match the
cutoff layer, which is usually achieved by appropriate lenses. A lens-
less reconstruction employing a deep learning neural network based
on convolutional neural networks was shown to work for scattering off
simple geometrical objects.”’ Although a plasma density structure is
more complicated in shape, the promising results from this proof-of-
principle test justify a further investigation of this approach. The study
also showed the importance of sufficient training data for the neural

REVIEW pubs.aip.org/aip/pop

network, which needs to be provided by proper simulations. To fully
capture small-scale and large-amplitude effects, full-wave simulations
are necessary instead. Such simulations are also important to develop
synthetic diagnostics in order to assess the capabilities of already exist-
ing systems and guide the design of future systems.*"*

Like for the ECEI diagnostics, the most significant technological
breakthrough for MIR and reflectometry in general is probably the
SoC developments. In contrast to the passive ECEI system, reflectome-
try is an active diagnostics and requires therefore in addition a minia-
turization of a transmitting module (and not only of the receiving
module). This has been successfully reported’®” for the V-band
(55...75 GHz), with a transmitter being able to simultaneously emit
eight tunable frequencies at an output power of approximately 1 mW
(0 dBm). Using the wide-bandgap material GaN allows increasing the
output power levels of up to 1 W while still maintaining a good SNR
(note that the transmitting signal in an MIR diagnostics should not be
too low due to the probing beam propagating through an optical sys-
tem resulting in losses at each component'®) GaN has the further
advantage of being able to operate in the harsher radiation environ-
ments.”” The SoC technology has the potential to greatly simplify and
enhance the capability of reflectometry in general, and MIR systems in
particular, as the technology is already enabling direct sampling in the
GHz range’™ and combining several functions into single
components.

VI. SUMMARY, CONCLUSION, AND OUTLOOK

In the preceding pages, we gave a glimpse into the vast areas of
plasma physics and fusion research that microwave-based diagnostics
can contribute to. The 1D version of ECE and reflectometry has been
crucial to enable physics understanding of various plasma dynamics
processes. The next evolution of these diagnostics was the imaging
diagnostic ECEI and MIR, which provide 2D images of plasma
dynamics with high temporal and spatial resolution, thus significantly
enhancing the understanding of particle and heat transport.
Observations of confinement mode transitions, of amplitude and cor-
relation lengths of electron temperature and electron density fluctua-
tions, of MHD modes, and of plasma rotation and radial electric fields
were all made possible with these diagnostics as described throughout
the paper (note that this list is not exhaustive). While the first iterations
of ECEI and MIR might have been bulky, their size could recently
have been significantly reduced by the system-on-chip technology.
This development not only reduces the size while maintaining a good
signal-to-noise ratio, but it also reduces the power requirements, and
all that at a lower cost. The latter fact eases maintenance, as entire diag-
nostic systems can be swapped in the case of a failure thereby increas-
ing the uptime of a diagnostics and thus also of the fusion device.
Furthermore, in the latest iteration, components are utilized that are
resilient to the harsh environment of fusion reactors.

As outlined in the beginning of the paper, microwave diagnostics
are one of the few diagnostics that can be operated in future fusion
reactors. While their scope might shift from diagnosing plasma physics
phenomena to controlling and monitoring purpose, their importance
for safe operation is thereby increasing. Efficient use of the few avail-
able diagnostic ports in future devices®” requires diagnostics to share
them, as for example, illustrated in Fig. 25 and also already realized in
some experiments discussed above. Further integration with other
diagnostics through multi-purpose ports will be necessary to make the
best use of the limited available space. While this is relatively
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FIG. 25. lllustration of an ECEl and MIR diagnostics sharing part of the imaging
optics, thereby making efficient usage of port space in fusion devices (which is gen-
erally limited). All components are simplified.

straightforward for microwave and optical diagnostics, it is more chal-
lenging when trying to combine microwave diagnostics with neutron
diagnostics. Since the required optical components impose limitations
on the overall size of the diagnostics, a potential next step to reduce
their size involves using, for example, arrays of small lenses, as outlined
in the ECEI section, or more compact implementations, where the
lenses are directly integrated onto the circuit board.*® Alternatively,
lenses could be eliminated altogether by reconstructing the signal from
phase and amplitude using machine learning algorithms, an approach
that is currently being explored. Neutrons, thermal and electromag-
netic loads, long discharges, and structural challenges, all need to be
addressed for the realization of the microwave diagnostics in ITER.
Numerical studies, which simulate these loads on both individual com-
ponents and the entire diagnostic system, play a key role in this pro-
cess. In-vessel components, like mirrors for microwave diagnostics,
require regular inspection, performing, for example calibration mea-
surements. All this needs to be done remotely, as access to the vessel is
no longer possible after a burning plasma. While the next-step devices,
i.e., electricity-producing devices like DEMO, have in principle chal-
lenges similar to ITER, those are all on a much higher magnitude.”®”
Operating these diagnostics in ITER will therefore teach us valuable
lessons to prepare them and adjust the designs where necessary for
DEMO-like machines. A unique and essential opportunity to test the
plasma-facing components of the diagnostics under neutron irradia-
tion conditions expected in DEMO will be provided by the
International Fusion Materials Irradiation Facility-DEMO Oriented
Neutron Source (IFMIF-DONES), currently under construction in
Granada, Spain.4(’8’4(’9

Stray radiation from non-absorbed microwave heating will
become significantly higher in future fusion devices due to the
increased heating power, imposing a threat for the microwave diagnos-
tics. While there exist promising solutions like the multi-frequency
notch filters, as discussed, those solutions need to be tested in current
devices like JT60-SA."”" Stray radiation needs to be monitored thor-

oughly,””" such that shutters can react on short time scales, shielding

REVIEW pubs.aip.org/aip/pop

the microwave diagnostics from the hazardous power load."”
Furthermore, for the long discharge times of future devices, care has to
be taken that the frequency of the gyrotron is monitored, as it is known
to drift, e.g., 250 MHz for a 140 GHz gyrotron.70 This requires tun-
able notch filters, or filters with a sufficiently wide bandwidth. The fre-
quency drift is most prominent in the first few seconds after turning
on a gyrotron,””” when the acceleration voltage is still rising and the
degree of ionization in the gyrotron’s cavity is increasing. A second,
slower drift, which can take several tens of seconds for the frequency
to stabilize and reach its asymptotic value,"”**” it due to thermal
effects and can vary strongly depending on the gyrotron manufacturer.

The development of synthetic diagnostics is becoming more and
more important to model the experimental setup as close as possible
and thus help with the correct interpretation of the acquired data.””®
While the straightforward way might be to apply full-wave simula-
tions,””” """ this is not always necessary and new numerical models
might offer computationally less expensive alternatives with only little
reduction in the physics captured.”'"'* Combining several synthetic
diagnostics for a multi-diagnostic inference is implemented in Integrated
Modelling & Analysis Suite (IMAS) being developed for ITER*™ but
applicable to other machines as well.””' Numerically designing the diag-
nostics and optimizing each of their components before actually con-
structing them is playing another important role.”>* This is in
particular, true for future machines, where diagnostics have to be reliable
from the very first plasma. After extensive numerical tests of a diagnos-
tics, the next step should always be a full setup of a prototype in the lab-
oratory, trying to emulate plasma effects as closely as possible.

Machine learning is becoming more and more important in
fusion research. In particular, deep learning and neural networks are
already used for recognizing structures in experimental data, as
described for the ECEI diagnostics in EAST. Another example is an
ELM detecting neural network at DIII-D,** or a discharge classifica-
tion model based on deep convolutional neural networks applied to
edge reflectometry data on KSTAR.** With increasing discharge dura-
tion and increasing spatial and temporal resolution, data processing
becomes a challenge.“* Machine learning can help here as well, to pre-
analyze and then to clean the data prior to storing it, as already
explored on a few devices.

The main author of this paper is working at a well-established
and equipped university in Germany. Nonetheless, not all papers cited
here were accessible from that university, and different ways to access
them had to be found. Publishing open access should be mandatory to
not exclude certain groups but instead try to include as many as possi-
ble, as this strongly increases the chances of getting a fusion reactor
running within the next few decades. Not only results in the form of
peer-reviewed papers should be openly available, but also codes for
modeling and data analysis should be made available and released as
open access. This will allow colleagues to cross-check, benchmark, and
simply use each other’s codes. Remote participation in experimental
campaigns at large machines should be possible, and is for example
foreseen for ITER,"” and acquired data should be made available (after
an embargo period if necessary). From relatively early on, fusion was a
collaborative effort, and the community should continue to openly dis-
cuss progress and challenges and try to continue to adapt the principles
of open science’™ to the benefit of the whole community and even
beyond, as the openness is expected to boost knowledge transfer
between publicly funded fusion research and private companies.*”’
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This paper has hopefully convinced the reader of the usefulness
of microwave diagnostics in general, and microwave imaging diagnos-
tics in particular, by providing a few examples of the rich plasma phys-
ics phenomena that can be studied with them. The development of
these diagnostics is progressing fast, adjusting to the needs of future
fusion experiments. It can therefore be expected that they play an
important role in advancing current, and developing new, plasma
physics models to enable safe and efficient operation of a future fusion
power plant.
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