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We report the observation and analysis of ion cyclotron emission (ICE) in the Wendelstein 7-X (W7-X) stellarator
during discharges without a significant fast-ion population. In these experiments, ICE is observed using the strap of
the ICRF antenna, while remaining undetectable on the B-dot probes during ECRH-only phases. At low electron
densities, the ICE signal on the ICRF strap exhibits an exponential increase in time, ultimately leading to diagnostic
saturation, coinciding with the absence of low-frequency MHD activity and a rise in energy transport. Although a
causal relationship cannot be firmly established, the correlation is striking. The ICE spectrum also displays multiple
local maxima spaced by ≈700 kHz; simulations based on Kolesnichenko’s model suggest that the origin of the ICE is
outside of the last closed flux surface (LCFS). While the model can be used for studying the observations in hydrogen,
it fails to describe ICE in helium discharges, where the signal peaks at 41 MHz instead of the expected 17MHz.

I. INTRODUCTION

Most observations and interpretation of ion cyclotron
emission (ICE) from magnetically confined tokamak1–30,
stellarator31–36 and cylindrical37 plasmas relate to strongly
suprathermal signals driven by minority energetic ion pop-
ulations whose velocity-space distributions deviate strongly
from a Maxwellian. Examples of such populations include
fusion-born ions1,3,6,7,11,22,26,27 within Ohmic and additionally
heated plasmas, together with neutral beam injected (NBI)
ions9,13,15,17,18,24,26,38 and ion cyclotron resonance heated
(ICRH) minorities38,39. Suprathermal ICE has provided a
highly sensitive detector of the presence of fusion-born ions
at very low concentrations < 10−7: examples include Ohmic
plasmas in JET, see for example Fig.5 of Cottrell4, and unan-
ticipated sub-populations of 3MeV protons born in deuterium
plasmas in the KSTAR tokamak11,13 and LHD heliotron-
stellarator32,33 . In the present paper, our focus is observa-
tions of suprathermal ICE from hydrogen and helium plasmas
in the Wendelstein 7-X (W7-X) stellarator, in which no en-
ergetic ions are present. Specifically, in the plasmas studied
here, there are: no externally applied or internally induced (for
example, by reconnection) electric fields that might accelerate
ions; no fusion-born ions, since hydrogen is highly inert in this
respect; and no energetic ions from NBI or ICRH, neither of
which is applied. It follows that only the thermal population of
ions can generate the observed signal, whose spectral structure

incorporates ion cyclotron frequency features. We therefore
refer to this phenomenon hereafter as thermal population ion
cyclotron emission (TPICE). Seemingly similar signals were
observed in MAST Upagrade40, where ICE emission was de-
tected in the absence of auxiliary heating and was only visi-
ble by the Doppler back-scattering diagnostic and not by fast
Mirnov coils. However, there the observations were attributed
to the generation of small fractions of fast ions in the recon-
nection events.
The TPICE of the electromagnetic nature were observed in
JT-60U41 and Tuman-3M42.

This paper is organized as follows. Section II provides an
overview of Wendelstein 7-X and the experimental setup used
for ICE measurements. The possible nature of TPICE is dis-
cussed in Section III. Section IV presents the experimental
observations of ICE under various plasma conditions. A pos-
sible interpretation of these observations is offered in Section
V. Finally, Section VI summarizes the main findings of the
paper.

II. SETUP

Wendelstein 7-X is an optimized quasi-isodynamic stellara-
tor with five-fold toroidal symmetry. It has an aspect ratio of
R/ra ≈ 10 and a major radius of R ≈ 5.5 m. The device is cur-
rently equipped with up to 9 MW of steady-state-capable elec-
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FIG. 1. A sketch showing the first wall of Wendelstein 7-X and the
relative locations of ICE detectors in the stellarator.

tron cyclotron resonance heating (ECRH), 7 MW of neutral
beam injection (NBI) power, and a 2 MW ion cyclotron res-
onance frequency (ICRF) heating system, which is presently
being commissioned. Key results from Wendelstein 7-X can
be found in the following publications43–48.

A detailed description of the ICE diagnostic is provided in
reference49. Briefly, the system includes four B-dot probes
(three operational, one damaged) installed behind the heat
shield of the CTS diagnostic, such that they do not face the
plasma directly. The probes are connected via 25 dB ampli-
fiers to an analog-to-digital converter (ADC) with a sampling
rate of 1 GS/s and 14-bit resolution, using 25 m long triaxial
Ultraflex-10 cables. In addition, one strap of the ICRF antenna
is connected to the same ADC through a 10 dB attenuator lo-
cated at the measurement disconnect terminal. After attenua-
tion, the signal is transmitted via 72 m of triaxial Ultraflex-10
cable, following a similar path to the B-dot probe signals. The
ICRF antenna is not protected by a Faraday shield and, al-
though grounded, is sensitive to high-frequency electrostatic
pickup as well as magnetic field fluctuations.

The relative locations of the ICE detectors are shown in fig-
ure 1. The detectors are installed on opposite sides of the torus
and in regions with different magnetic field strengths: the B-
dot probes are located in the AET10 port, near a cross-section
with minimum average magnetic field, while the ICRF an-
tenna in the AEE31 port is positioned near a maximum-field
cross-section.

The data is sampled in 20 µ s intervals every millisecond.
For spectral analysis, a fast Fourier transform with a Hann
window function is applied. The signal power is calculated as
the root-mean-square (RMS) of the recorded voltage. While
this measure does not allow direct comparison of signal power
between the ICRF strap and the B-dot probes, it is suitable for
tracking temporal evolution on a given detector and compar-
ing the signal strength across different B-dot probes.

III. NATURE OF ICE IN MAXWELLIAN PLASMAS

ICE driven by fast ions was predicted for Wendelstein 7-X
in reference50, where the emission is attributed to the magne-

toacoustic ion cyclotron instability. In that case, the signal is
detectable both on the B-dot probes and on the ICRF antenna
strap. More recently, Kolesnichenko51 proposed a theory de-
scribing the formation of ICE through the interaction of ions
from a Maxwellian distribution, without any fast ions, with
purely electrostatic fluctuations. This theory was a reaction to
the above-mentioned observations from MAST-Upgrade40.

Figure 2 compares signals collected by the ICRF antenna
strap and a B-dot probe during Wendelstein 7-X discharge
20250423.48. This was a purely ECRH-heated plasma, with
neutral beam injection (NBI) blips added for diagnostic pur-
poses. A clear ICE signature is observed on the ICRF strap
throughout most of the discharge. When NBI is applied after
t = 4 s, fast-ion-induced ICE (also referred to as NBI-induced
ICE) appears and is superimposed on the pre-existing TPICE
in the ICRF strap signal. Importantly, the fast-ion-induced
ICE is also clearly visible on the B-dot probe. This is con-
sistent with results from DIII-D, where full-wave simulations
demonstrated that NBI-driven ICE can propagate across the
plasma-wall gap and be detected as a fast electromagnetic
wave52.

In contrast, TPICE - although similar in power to the
NBI-induced ICE - is entirely absent on the B-dot probe.
According to ICRF strap measurements (Figure 2(C)), the
NBI-induced signal is only about four times stronger than
TPICE. Given that the B-dot probe reliably detects the
fast-ion-induced signal, the absence of a TPICE signature
on the same probe suggests that the Maxwellian emission
lacks a substantial magnetic component. This supports the
hypothesis that TPICE is predominantly electrostatic in
nature.

Importantly, this observation differs from the observations
from TUMAN-3M42, where the emission from the plasma in
absence of NBI was detected by the magnetic probes.

Since the measurements are performed at different toroidal
locations, where plasma cross-sections and the magnetic field
topologies are different, we cannot completely exclude the
spatial effect, although it is unlikely since the observations are
consistent though all the magnetic field configurations which
we tried in the last experimental campaign.

IV. ICE AT DIFFERENT STAGES OF A DISCHARGE.

Quasi–steady-state emission on harmonics of the ion cy-
clotron frequency is regularly observed in W7-X during the
developed phase of the discharge. The frequency and power
of this emission depend on the working gas, electron tem-
perature and density, and the magnetic configuration in use.
A so-called cleaning discharge, 20250306.34, carried out in
the standard configuration (EIM), is shown in Fig. 3. These
discharges are typically used to regain density control after
high-density experiments when subsequent experiments re-
quire low or moderate densities. In such cases, the target den-
sity is set intentionally low—practically unreachable—and
the plasma is sustained by recycled gas from the vessel walls,
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FIG. 2. Wendelstein 7-X discharge 20250423.48. (A) Spectrogram of the ICE signal from the ICRF antenna strap after 10 dB attenuation (log
scale); (B) Spectrogram of the ICE signal from the B-dot probe after 25 dB amplification; (C) Power of the attenuated signal collected from the
ICRF strap; (D) Power of the amplified signal collected from the B-dot probe; (E) Time trace of line-integrated electron density; (F) Heating
power trace during the discharge.

thereby helping to unload them. The heating power is pro-
vided by 1.5 MW of central X2 ECRH (gyrotrons D1 and D5
at fixed settings) and kept constant for reproducibility. A well-
executed cleaning discharge typically ends due to a density
interlock.

The upper panel of Fig. 3 presents a spectrogram of the
ICRF strap signal, where the intensity of the emission lines
steadily increases as the plasma density decreases and the tem-
perature difference between electrons and ions grows.

The first ICE harmonic, initially faint, becomes clearly vis-
ible at around 11 s. As the temperature drops, higher harmon-
ics begin to appear. At even lower densities, we observe a
sharp increase in ICE power, the emergence of a broadband
feature around 14 MHz, and the eventual disappearance of
harmonics into a broadband signal. It is unclear whether this
broadband feature is truly physical or an artifact of receiver
saturation; however, in the later stages of the discharge, we
see an exponential increase in signal power without any indi-
cation of detector saturation.

This phenomenon is illustrated in Fig. 4, which shows the
plasma stored energy as a function of the line-integrated den-
sity. The plot reveals multiple transport regimes, with Wdia ∝

τE under conditions of constant heating power and deposition.
A non-monotonic trend is evident, suggesting a degradation
of plasma energy confinement with increasing density over a
certain range.

Just before the exponential increase in ICE power, a mode
appears at 15 MHz. As shown by the blue markers in fig-
ure 4, the response of Wdia to increasing density is weaker
than during the earlier stages of the discharge. A linear re-
gression shows that the slopes of Wdia(ne) differ significantly
between these two regimes: 117·10−19 kJ ·m2 (red squares)
vs. 74·10−19 kJ ·m2 (blue circles). Given a steady decrease
of radiated power in the discharge towards lower densities, it
indicates that energy transport becomes more efficient at low
density.

Figure 5 (top panel) shows 100 ms-averaged power spectra
at different times during the discharge, normalized to the spec-
trum at t = 15 s. Initially, the signal shows modest growth,
followed by a sudden increase in power below 200 MHz. Dur-
ing this phase, harmonics vanish and are replaced by a strong
broadband emission. The middle panel shows the maximum
ADC voltage recorded in each 20 µs segment, indicating that
saturation begins only at t = 28.6 s, well after the broadband
signal becomes apparent. Thus, the broadband character is not
a result of detector saturation.

The nature of this broadband ICE is still unclear. However,
it is the only fluctuation-related signal that increases signif-
icantly in power during the phase associated with enhanced
transport, as shown in the blue region of figure 4.

Although the power spectral density (PSD) of the broad-
band signal in the 10–200 MHz range exceeds that at t = 15 s
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FIG. 3. W7-X hydrogen discharge 20250306.34. The upper panel
shows the ICE spectrogram, followed by the relative signal power.
Plasma parameters near the core are shown in the lower panel.

FIG. 4. Diamagnetic energy as a function of line-integrated elec-
tron density. The region marked in red corresponds to regular ICE
harmonics (ne,dl < 2.9 · 1019 m−2). The blue section indicates the
regime with exponential growth in ICE power.

by factors of 10–104, the harmonics themselves do not show
a comparable increase. Most of the broadband power lies be-
tween 25 and 50 MHz. The main peak shifts to higher fre-
quencies, and the signal becomes modulated by harmonics of
two components around 700–800 kHz. A weaker version of
this modulation is already visible at t = 15 s. We observe sim-

FIG. 5. W7-X hydrogen discharge 20250306.34. Top: Average
power spectra (100 ms) at different times, relative to t = 15 s. Mid-
dle: Maximum ADC voltage during each 20 µs acquisition, showing
signal saturation beginning at t = 28.6s. Bottom: PSDs at t = 15 s
and t = 28 s, the latter scaled by 1/50.

ilar modulation patterns in simulations (see section V).

V. INTERPRETATION OF THE ICE SIGNAL

Ion cyclotron emission is usually generated near the last
closed flux surface (LCFS), close to the receiving antenna. In
Wendelstein 7-X, this appears to be the case as well. Due to
the stellarator’s three-dimensional magnetic geometry, edge
profiles vary poloidally and toroidally. Nevertheless, reliable
profile measurements exist for electron temperature, electron
density, and ion temperature all the way up to the separatrix
inside the LCFS.

In this study, we use the theoretical model proposed by
Kolesnichenko et al.51, where TPICE is generated through
the interaction of electrostatic fluctuations with ions from the
Maxwellian tail whose velocities slightly exceed the thermal
value, as well as by excitation of ion cyclotron waves.

The growth rate of the instability and the corresponding fre-
quency shift from the ion cyclotron frequency for the case of
interaction with the electrostic waves are given by:
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ei(1− Î0)2 +σ2

0e
(1)

∆ω = ω Îlτei
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Here:

• ω = lωci+∆ω is the angular frequency of the emission,

• ωci is the ion cyclotron frequency,

• Îl and Î0 are modified Bessel functions of the lth and 0th

order evaluated at k2
⊥ρ2

i ,

• x0e = ω/(k∥vTe),

• ρi is the ion gyroradius,

• k⊥ is the perpendicular wavenumber,

• τei = Te/Ti,

• n′e/ne and T ′
e/Te are the normalized radial gradients of

electron density and temperature, respectively. Partic-
ularly, it shows that temperature and density gradients
are sources of free energy for the instability.

The frequency shift and the growth rate originating from
interaction with ordinary cyclotron waves is given by:
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Here:

• xli =
ω−lωci

k∥Ti
,

• ωpe is electron plasma frequency

• xli =
ω−lωci

k∥vti
.

Due to the unknown localization of the emission source,
the stability analysis was performed across a scan of toroidal
angles and radii at the outer mid-plane of Wendelstein 7-
X. The simulated spectrum is constructed as a histogram of
growth rates for which γ > 10s−1, plotted as a function of
frequency f = (ωci+∆ω)/2π . The perpendicular wavevector
was scanned from k⊥ = 2000 to 8000m−1, and k∥ < 10m−1.

Figure 6 compares the normalized simulated spectrum with
the measured one. The simulation begins at 35 MHz, which
corresponds to the minimum ion cyclotron frequency at the

FIG. 6. W7-X experiment 20250306.34 @ t = 20 s. Simulated spec-
trum (blue bars for simulated ICE from electrostatic fluctuations,
red bars for destabilized ordinary cyclotron waves) overlaid with the
measured ICE spectrum for the first (upper panel) and the second
(lower panel) ICE harmonics.

LCFS on the outer mid-plane. In both cases, the unstable re-
gion is located in the outer half of the minor radius.

When the excitation is driven by electrostatic fluctuations,
the instability appears with a frequency offset of about 2–5
MHz above the cyclotron frequency. If the excitation is in-
stead due to amplification of ordinary cyclotron waves, the
offset is much smaller, less than 0.1 MHz—and it can be ei-
ther positive or negative. Since ion cyclotron waves are elec-
tromagnetic and no TPICE is observed in the B-dot probe sig-
nal, we believe that TPICE is unlikely to be caused by ion cy-
clotron waves, even though the simulations suggest they can
become unstable.

The simulation only reproduces the tail of the emission dis-
tribution, while the actual maximum lies at 34.25 MHz and is
orders of magnitude stronger than in the tail. This suggests
that the main source of TPICE is located outside the LCFS, in
a region that cannot be modeled with the available experimen-
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tal data.

FIG. 7. TPICE signal in helium discharge 20250507.74. Top: spec-
trogram (log scale); Middle: time trace of ICE signal power; Bottom:
ICE spectrum at t = 15s.

Helium discharges exhibit a completely different behav-
ior. Figure 7 presents results from discharge 20250507.74 in
helium-4, performed in the reversed mirror (XIM) configura-
tion, where the coil currents in the bean-shaped cross-section
exceed those in the triangular cross-section.

In this discharge, the fundamental cyclotron harmonic is
completely absent. Only a weak feature is visible at approx-
imately 35–36 MHz, which could correspond to the second
harmonic. The dominant spectral peak appears at 41.8 MHz,
which does not correspond to any ion cyclotron harmonic.
This feature is seen in both helium and hydrogen discharges
in the XIM configuration, suggesting a magnetic configura-
tion effect rather than an isotope effect.

The theory by Kolesnichenko requires emission to occur
predominantly at the fundamental harmonic. This condition
is not satisfied in helium discharges at Wendelstein 7-X, and
the theory therefore appears to be inapplicable in this case.

Colloquially, the parametric decay instability (PDI) of the
gyrotron beam53–56 was also considered a possible cause of
the observed instability. This type of instability was previ-
ously observed in Wendelstein 7-X57 when a powerful gy-
rotron beam intersected a divertor island. The decay cascade
of the gyrotron beam proceeds as follows: the extraordinary-
polarized pump wave (i.e., the gyrotron beam) transfers its
energy to two upper hybrid (UH) waves trapped in the island,

which in turn decay into a cascade of ion Bernstein waves
(IBWs). The final stage of this decay, involving the genera-
tion of IBWs, raises suspicion that this might indeed be the
mechanism behind the observed signal.

However, for the initial decay of the pump wave into UH
waves to occur, a specific condition must be met: the sum of
the frequencies of the two trapped UH waves must equal the
frequency of the pump wave, and the UH frequencies must
both lie near 70 GHz. In Wendelstein 7-X, this condition is
only transiently satisfied, typically early in the discharge, and
requires a specially developed plasma scenario.

In contrast, TPICE is regularly observed over a broad range
of densities and temperatures. Therefore, it is unlikely that
PDI is responsible for the observed TPICE signal.

VI. CONCLUSIONS

In this paper, we investigated TPICE in Wendelstein 7-X,
with particular emphasis on its detection, spectral characteris-
tics, and theoretical interpretation.

Our key findings are summarized as follows:

• TPICE is consistently detected only on the strap of the
ICRF antenna, which is sensitive to both magnetic and
electrostatic components of plasma fluctuations. In con-
trast, the B-dot probes, which detect only magnetic fluc-
tuations, do not observe TPICE, indicating that electro-
static effects may play a significant role in its genera-
tion.

• We observe that TPICE evolves differently across trans-
port regimes. At low electron densities in standard mag-
netic configuration, the ICE signal exhibits an exponen-
tial growth in power, ultimately saturating the ADC.
This phase correlates with a transition to a degraded
confinement regime, even though no significant low-
frequency plasma activity is observed, suggesting a pos-
sible (though not proven) link between ICE and trans-
port processes.

• The ICE spectrum often exhibits multiple local max-
ima, separated by approximately 700–800 kHz.

• The theoretical model proposed by Kolesnichenko can
only be tested for the plasma inside the LCFS. There,
the simulations predict instabilities driven by both the
interaction of thermal ions with electrostatic fluctua-
tions and with ordinary cyclotron waves. However, the
predicted frequency range for these instabilities is much
higher than what is observed, indicating that the actual
source of the instability may lie at the plasma edge,
where modeling is not feasible.

• Discharges in helium cannot be studied with
Kolesnichenko’s theory, since no ICE at the fun-
damental frequency is observed.

In conclusion, TPICE in Wendelstein 7-X reveals
rich diagnostic and physical information about the edge
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plasma and underlying microinstabilities. While the
theory of Kolesnichenko provides a promising insights
in certain regimes, further theoretical and experimental
work—particularly in helium plasmas and varied magnetic
configurations—is required to fully understand the origins and
implications of TPICE.
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