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Abstract. TCV is a medium sized tokamak equipped with a large suite of plasma diagnostics, a versatile
array of poloidal shaping coils, an electron cyclotron heating system, and a two source neutral beam injection
(NBI) system. The NBI system is capable of a simultaneous injection of energetic neutrals in the co- and
counter-current directions. The resulting fast ion (FI) populations are used to study a multitude of Fl-driven
instabilities. While plasma instabilities in the below 1 MHz frequency range can be observed via standard
diagnostics such as soft x-ray detectors, magnetics, fast ion loss detectors, and reflectometers, fluctuations
in the range of >10 MHz require a specialized diagnostic. For this purpose the TCV tokamak has been
equipped with a dedicated ion cyclotron emission (ICE) diagnostic, following a similar approach to AUG

[1] and W7-X [2]. The diagnostic consists of a pair of magnetic coils (8 turns, 177 nH, 16 mm long, 7 mm

in diameter), oriented orthogonally to each other to detect magnetic field fluctuations in the toroidal and
poloidal directions. The coils are housed in a stainless steel electrostatic shield with a slit and are installed
on the torus low field side at the midplane location, behind graphite protection tiles. The coil electric outputs
are routed to the vacuum feedthroughs via a pair of coaxial cables, at which point one of the outputs is
grounded at the feedthrough, from the airside. The second output is then routed to a rectifying radio
frequency wave detector and a fast digitizer in the diagnostics rack. The rectifying detector is sensitive to
signals in the 10-100 MHz frequency range and can measure the signal amplitude and the phase difference
between the two probes, while the frequency information of the signal is lost. The benefit of this detection
method is that the output signal can be digitized at a “slow” speed (200 kHz in the case of TCV) with a low
cost digitizer and the data volume per plasma discharge is low. The fast digitizer, on the other hand, preserves
the frequency information, albeit with a larger data volume. For the case of TCV, a 250 MHz sampling rate
digitizer has been temporarily used, while a dedicated 1 GHz digitizer is currently being implemented. First
results of high frequency (>10 MHz) instabilities detected in the presence of energetic ions will be presented.

followed on TCV. Although beam-injected fast ions on
standard tokamaks, such as TCV and AUG, have a
generally sub-Alfvénic initial velocity, the phenomenon

1 Introduction

Stability of burning plasmas is a key factor

determining the efficiency of a fusion reactor. The
importance of energetic (or fast) ions (FIs) on the plasma
stability has been recognized early in nuclear fusion
research [3, 4], where the source of fast ions can be in
the form of fusion born products [5], or neutral beam
injection (NBI) particles [6], or radio frequency (RF)
accelerated ions [7]. In order to detect Fl-driven
instabilities in the ion cyclotron frequency range
(typically >10 MHz) one generally needs a specialized
diagnostic. B-dot probes (or inductors) are used for this
purpose on ASDEX Upgrade (AUG) [1] and W7-X [2]
and these probes detect the magnetic field component of
high frequency instabilities. A similar approach is
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of ICE is also observed in devices with super-Alfvénic
beam-injected fast ions, such as spherical tokamaks [8]
and standard tokamaks with highly energetic NBI, as in
JT-60U [9]. For the case of spherical tokamaks the
super-Alfvenic beam-injected ion velocities are
obtained by utilizing low toroidal magnetic field values
[8] and for the case of JT-60U, by utilizing highly
energetic negative-ion source NBI [9]. In the following
sections of the paper we provide a detailed hardware
description of the ion cyclotron emission (ICE)
diagnostic on TCV. First results of NBI-driven
instabilities detected with the diagnostic are presented.
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Fig. 1. (a) An in-vessel layout of the two dt probes installed on the outer wall, toroidally midway between sectors 2 anc

(b) a detailed view of a single ICE probe with the cover removed.

The paper concludes with a list of on-going and
currently planned ICE diagnostic upgrades for TCV.

2 Machine and diagnostic description

TCV is a medium-sized standard carbon-walled
tokamak with the major radius,R= 0.88 m and the
minor radius a = 0.25 m [10]. The tokamak operational
space is the on-axis magnetic field value of up 4&=B
1.5 T and the plasma current value of uppte IL MA
[10]. Some of the unique capabilities of TCV are: 1)
shaping, provided via 18 (16 external and 2 internal)
poloidal field coils that allow the machine to produce a
wide range of plasma shapes; 2) the ability to change the
wall geometry on a short-term basis; and 3) the
possibility of operating simultaneous co- and counger-|
neutral beam injection (NBI) sources. The auxiliary
heating system consists of ~3 MW of electron cyclotron
resonance heating (ECRH) and ~2 MW of NBI, where
the exact maximum heating power delivered to the
plasma depends on the target discharge.

Relevant for ICE and fast ion studies, the NBI
heating system consists of two main NBI sources. The
first source (NBI-1) has been in service since 2015 and
can operate at 12-28 keV in deuterium and at a similar
energy range in hydrogen [11]. This peak energy results
in maximum deliverable power of 1.3 MW (in neutral
deuterium form). The second source (NBI-2) is in
operation since 2021 and can run in deuterium at 26-52
keV (up to 1.1 MW in neutral deuterium), as well, as in
hydrogen at similar energies [11]. The injection
direction of the two sources is almost anti-parallel to
each other, with a slight toroidal shift to avoid direct
source-to-source exposure (see Fig. 1 in [11]).
Poloidally, the two NBI beam lines are oriented along
the Z = 0 m axis. Additionally, the tokamak is equipped
with a diagnostic neutral beam system (DNBI), which
normally operates in hydrogen at 47-50 keV, delivering
~80 kW to the plasma.

One of the simplest diagnostic methods to detect
electromagnetic waves in plasmas is to use a B-dot
probe [12]. The method relies on Faraday’s law where a

time varying magnetic flux passing through a coil or an
inductor generates a voltage output at the coil's
terminals. The working principle of this probe also
limits the detection to electromagnetic waves with a
strong magnetic field component. Dedicated B-dot
probes are commonly used in diagnostics in both
tokamaks [1, 13-15] and stellarators [2] but ion
cyclotron range of frequencies (ICRF) antenna straps
can also be used as large single-turn inductors to detect
RF waves and ion cyclotron emission (ICE) signals [14,
16].

For the case of TCV, the B-dot probe design is
based on inductors that have been used successfully on
the ASDEX Upgrade tokamak [1] and the W7-X
stellarator [2] for RF wave detection, with EAST [13]
and WHAM [17] following a similar approach. The coil
is a 8-turn, 177 nH inductor from Sumida [18], with a
ceramic vacuum-compatible base (16 mm long, 7 mm in
diameter) that maintains a constant inductivity value
over a wide temperature range, making it ideal for use
in vacuum vessels with baking and high heat loads from
plasma. The coil is housed in a stainless steel casing that
acts as an electrostatic shield to minimize noise pick up
(Fig. 1). The magnetic RF flux reaches the coil via a
small, 1 mmx 20 mm, slit in the steel casing. The caoll
terminals are connected to the inner conductors of a pair
of semi-rigid vacuum-compatible coaxial cables from
Thermocoax (Fig. 2). The cable inner to outer conductor
diameter ratio is 0.34 mm / 0.74 mm and the cable
insulator is magnesia with the overall capacitance of 400
pF/m. The two coaxial cables are formed into a twisted
pair that leads to a 6-pin vacuum feedthrough on the
vacuum side. Two such probes are currently installed on
TCV, oriented to detect the horizontal jjBand the
vertical (B,) magnetic RF wave field components (Fig.
1). The two probes are located ~50 mm above the
midplane on the low-field side between Sectors 2 and 3,
directly behind graphite protection tiles (Fig. 1). From
the air side, in the present configuration one of the two
coil terminals is grounded at the feedthrough flange.
Note that the probe coils are electrostatically shielded
from stray electric fields by a stainless-steel cover,
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Fig. 2. Schematic of the ICE diagnostic showing key electronics components.

therefore, digitizing only one coil output while keeping
the second output grounded is justified. However, the
setup can be easily modified to allow for both coil output
terminals to be electrically floating. The remaining
floating signals are routed via regular flexible RG 316 U
50 Ohm coaxial cables from Huber + Suhner. A 26 dB
RF amplifier is used to increase the signal strength
before it is divided via a 3 dB power splitter. One half
of the signal power is routed into a logarithmic (log) RF
rectifier/detector (Fig. 2), which converts an RF signal
in the 10-100 MHz frequency range into a DC voltage
output, proportional to the amplitude of the RF input
signal. This RF-to-DC conversion is performed using a
rms-power detector stage from Analog Devices
(AD8362) [18]. The DC voltage is then digitized at a
“slow” speed of 200 kHz and the digitized signal is then
stored in the general MDS data tree under
\dt4g_ice_001: channel_00x (where x=1,2,3,4). The
first two data channels correspond to the two floating

1P (kA) BT (T)

0.4 0.6 0.8 1.0

signals from the probes (channel 001 is &nd
channel_002 is B and the remaining two data channels
can be used to reconstruct the phase difference between
the two input signals in the 0-36@ange. The phase
detection is performed by a phase detector stage from
Analog Devices (AD8302) [18]. An in-depth
description of the log RF detector is provided in [18].
The second half of the split signal power is routed into a
“fast” digitizer that is used to reconstruct the signal
frequency spectra. In the present configuration a 2-
channel Red Pitaya digitizer is temporarily used for this
purpose. The sampling rate of the Red Pitaya can be
varied at 250 MHz, 250/2 MHz, 250/4 MHz, etc. and the
unit is equipped with 60 MHz anti-aliasing filters. The
same trigger pulse at the beginning of the plasma
discharge is used for the “slow” and the “fast” data
acquisition systems. In the next section we show first
ICE signals measured with these “slow” and “fast”
methods on TCV.
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Fig. 3. One of the first ICE observations in a TCV discharge (80763) obtained with the ‘slow’ data acquisition. Keypfasnete!
are shown as a function of time. The insert on the right shows the ICE probe data between 1.0-1.1 s.



EPJ Web of Conference3l6 03009(2026)

https://doi.org/10.1051/epjconf/202634603009

RFPPC2{25

#81325

R,xm

LIUQE.M
81325
+0.411
+0.121

-1.442

NBI-1 (counter-I;)
~

Frequency MHz
I}
i

\? * NBI-2 (co-l,)

| | " }
T, p— +

+1.650
+0.007
+0.382
-1.159

+1.392
+1.268
+0.307
+0.312
+0.302
-6.616

+0.258

|— ECRH — NBI.I — NBI2'

+0.912
+0.055

s P

+0.000

Power MW

o5t (
0 L s " L 1

= +0.004
+0.254

0.6 0.8 1 a

0.35 0.4 0.45 0.5
ts

Close figs R [m]

Fig. 4. An example ICE frequency spectrum obtained with the Red Pitaya digitizer at 31.25 MHz samglingegahown time histori
are for the radial axis position, the frequency spectra, and the heating powers. The plasma equilibrium is also shown.

3 Experimental results and discussion

The “slow” detection method has provided the first
evidence that NBI-heated plasmas on TCV generate
plasma emission in the ion cyclotron frequency range,
i.e. 10-100 MHz. The main parameters of one such
discharge (shot 80763) are shown in Fig. 3. We have an
NBI-heated H-mode plasma at 81.44 T andd= 400

kA. Both the NBI species and the plasma species are in
deuterium. The plasma confinement transitions between
ELMy and ELM-free H-mode varieties and the ICE
amplitude shows a strong modulation, as can be seen on
the right-hand-side insert in Fig. 3. The strong ICE
sensitivity to the presence (or absence) of ELMs in this
discharge suggests that we are dealing with the so-called
edge ICE variety. Next we show ICE measurements
obtained with the “fast” data acquisition in a different
discharge.

Although the “slow” data acquisition is a relatively
“inexpensive” method of detecting ICE, the information
on the emission frequency is inherently lost as the RF
signal is rectified into a DC output. In order to obtain the
emission frequency spectra, the diagnostic has to
sample/digitize the signal at multiple time points during
a single ICE period. An example of such a “fast”
measurement is shown in Fig. 4 (shot 81325). Note that
the measurement has been performed at the 31.25 MHz
sampling rate and the frequency spectra in Fig. 4 have
been reconstructed from their aliased form. These
measurements have been confirmed later in the un-
aliased form at a higher (>62.5 MHz) sampling rate [19].
The discharge is a lower single null H-mode heated
simultaneously with both NBI sources (2 MW total) and
ECRH (1.6 MW). The magnetic field is -1.44 T and the
plasma current is +120 kA. Two ICE modes are visible,
at ~22.5-23. 5 MHz and at 20-21 MHz. Both values are
within ~1 MHz of the on-axis value for th&‘2yclotron
harmonic of the deuterium beam iog2f21.5 MHz. As

the magnetic axis radially shifts its position during the
discharge, the two ICE modes follow the changesdh 2f
(Fig. 4). This behaviour is similar to the core ICE
observed on other tokamaks [1, 14, 15, 20-22].
Interestingly, we also observe the mode sensitivity to the
presence of ECRH: ICE is stabilized after the ECRH
power is switched off (Fig. 4). The effect of pure
electron heating on the ICE stability and drive is
currently under investigation on TCV.

Subsequent discharges have revealed that the beam
ions injected in the cosldirection are associated with
the ICE mode below the #fvalue and the counteg-I
injected beam ions are linked to the ICE mode above
2f.° [19]. This relation between the mode frequency and
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Fig. 5. A particular solutia of the Doppler shifted resona
condition, with n =-2 and = 2, projected on the energytch
space. The shown NBI fast ion populations are computt
plasma condition in shot 81325 using ASCOT.
distribution is averaged over the plasma volume.
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the beam ion injection direction is maintained in
discharges with positive and negative plasma currents.
This trend suggests that the fast ion drift velocity v
plays a role in establishing the ICE stability criterion via
the Doppler shifted resonance conditian:— loc® =
nv/Rst, where o is the mode frequency, is the
cyclotron resonance coefficient is the on-axis fast

ion cyclotron frequency, n is the toroidal mode number,
vy is the resonant fast ion parallel drift velocity, and R
is the on-axis major radius. We can see that a particular
solution of the Doppler shifted resonance condition,
with | = +2 and n =2, intercepts both the co- and the
counter-} injected beam ion populations in the energy-
pitch space (Fig. 5), suggesting that these particular
beam ion populations could drive these modes unstable.
The observed mode frequency values, with respect to
the on-axis cyclotron value (above or below), are also
consistent with the fast ion drift direction (countgot
co-ly, respectively). The beam ion populations shown in
Fig. 5 have been computed using ASCOT [23].

To conclude the paper, we would like to list a
number of on-going improvements and enhancements to
the ICE diagnostic on TCV. A dedicated 2-channel 1
GHz digitizer is being added as a permanent “fast” on-
demand acquisition, where the high sampling rate will
allow the diagnostic to digitize modes in the frequency
range above 100 MHz, such as fast electron driven
whistlers [24]. More B-dot probes at additional toroidal
locations are in the process of being added to allow for
the toroidal mode number reconstruction. Overall, the
ICE diagnostic on TCV has been successfully
commissioned and can now be regularly used to detect
and study high frequency instabilities.

4 Conclusion

The ion cyclotron emission (ICE) diagnostic has been
successfully designed, installed, and commissioned on
TCV. The diagnostic consists of a pair of B-dot probes,
oriented orthogonally to measure the poloidal and the
toroidal magnetic field components of high frequency
instabilities (Fig. 1). The diagnostic signals are acquired
using two methods. The “slow” acquisition first rectifies
the RF wave into a DC output voltage proportional to
the wave amplitude before digitizing the output at 200
kHz (Fig. 2). The “fast” acquisition digitizes the
acquired RF voltage directly at a rate of up to 250 MHz
(Fig. 2). Both methods are capable of detecting ICE in
TCV discharges (Figs. 3 and 4). In order to expand the
existing capabilities of the ICE diagnostic on TCV, the
“fast” acquisition is being upgraded with a 1 GHz
digitizer and additional toroidally spaced B-dot probes
are being added inside the torus to allow for the toroidal
mode number measurements.
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