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Abstract

In this paper we present the first measurements of the fast-ion-driven ion cyclotron emission (ICE) measured by the
B-dot probes installed in the min-B cross-section of the stellarator and by a strap of the ICRF antenna, installed in the max-B
cross-section of the stellarator. We report here on the dependence of ICE intensity on the magnetic configurations, the first
measurements of the global Alfvén eigenmode (GAE) and a core-localized ICE. The first measurements of 174 GHz collective
Thomson scattering measurements are also presented, including the spectra during the short pulses of NBI.
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1. INTRODUCTION

Wendelstein 7-X (W7-X) is an optimized stellarator with five-fold toroidal symmetry. A key design criterion of this quasi-
isodynamic reactor was improved fast-ion confinement in high-beta regimes. To verify this optimization, a broad set of fast-ion
diagnostics is required. Here we present results from two diagnostics at W7-X: collective Thomson scattering (CTS), which
measures confined fast ions, and ion cyclotron emission (ICE), which probes mainly lost ions.

ICE denotes electromagnetic or electrostatic fluctuations at frequencies of about 10~ '~10* times the ion cyclotron fre-
quency. It is usually driven by fast ions through the magnetoacoustic cyclotron instability (MCI) or by high-frequency Alfvén
eigenmodes (AE). ICE can also appear in plasmas without energetic ions, termed thermal population ICE (TPICE). MCI is
often linked to fast-ion losses. Because ICE is sensitive to distribution functions with sharp positive gradients in phase space, it
can be used to detect fusion products, as found recently in ASDEX Upgrade, KSTAR, and LHD. We report the first observation
of fast-ion-driven ICE in W7-X.

CTS measures microwave radiation scattered from plasma fluctuations. For a Salpeter parameter o > 1 [[1]], the diagnostic
is sensitive to collective fluctuations, in particular perturbations of electron density and magnetic fields induced by ion motion.
A detailed description of the method is given in the review [2]. The diagnostic is currently also being used on ASDEX Up-
grade [3, 4], LHD [5.16], GDT trap [7} 8], is proposed for ITER and SPARC [9} [10], and is used for diagnosing local plasma
parameters in laser-produced high energy density plasmas [11}112].

The paper is structured as follows. Section [2] shows CTS findings. Section [3] presents ICE results. Section [] gives the
conclusions.

2. COLLECTIVE THOMSON SCATTERING MEASUREMENTS

The CTS diagnostic at W7-X originally operated using 140 GHz gyrotron as a source of probing radiation. It was one of the
gyrotrons that are used for the second harmonic electron cyclotron resonance heating (ECRH). Although this choice allowed
to demonstrate technical capabilities of the system [13]], due to strong noise from the electron cyclotron emission at around
140 GHz, the diagnostic was moved to a new frequency, 174 GHz [14}15]. The measurements can be done both at the min-B
(triangular) and max-B (bean-shaped) cross-sections of the machine. In this preprint, we report the results obtained in the
bean-shaped cross-section of W7-X.

The CTS receiver is a single heterodyne radiometer, where the RF scattering signal coming from the quasi-optical transmission
line is collected through a broadband horn. The RF signal, being filtered by the band-pass filters to avoid aliasing and by the
notch filtered to block stray radiation from the gyrotron, is amplified by a 25 dB low-noise amplifier (LNA). The filters are
followed by the actively controlled voltage-controlled attenuator and an isolator before the 176 GHz RF mixer. The mixed-
down signal in the frequency range 0 - 6 GHz is further filtered through low-pass filter and amplified, before being sampled
with a 12.5 GS/s 8 analog-to-digital converter with 5 GHz analog bandwidth. More detailed description of the receiver can be
found in the literature [16]].

The front-end steering antennas from the gyrotron launcher were used to both launch the 174 GHz probing beam at the power
of about 200 kW, and to receive the scattering radiation into the radiometer. In order to avoid multiple overlaps of the receiver
beam with the reflections of the probing gyrotron beam, the gyrotron fired into a specially designed tile on the opposite side of
the vacuum vessel. The tile has pyramidal structures on its surface, that scatter the oncoming directed beam into a large solid
angle, basically converting it into stray radiation radiation.

The scattering geometry is chosen such that the wave vector of the resolved fluctuations, k? = k® — k°, where k® and k*
denote the wave vectors of the scattered and incident radiation, respectively, is nearly perpendicular to the magnetic field in
the plasma. In such a geometry, the scattering spectrum also contains information on the ion cyclotron motion, which allows
studying plasma composition [17].

Figure [I] shows two scattering spectra from the W7-X experiment 20250514.52. Those spectra are taken slightly off-axis, at
the normalized radius of 0.3 in the nearly perpendicular geometry with the angle ¢ = L(k‘;, B) = 92°. This gives rise to
the ion cyclotron feature in the spectrum with the spacing of ~ 35 MHz, which corresponds to the ion cyclotron frequency
of hydrogen in the location of the measurements. Spectroscopy measurements at the plasma edge also confirm almost pure
hydrogen plasma.

A peak at 173.4 GHz is a spurious mode of the gyrotron.

The short pulses of NBI with the NBI source S8 probably triggers a lower hybrid instability, which was previously observed
in CTS spectra on Wendelstein 7-AS [18], TEXTOR, and ASDEX Upgrade [19]. We consider it unlikely that the observed
feature is a direct signature of the NBI fast-ion population, i.e. a feature that originates from the projected fast-ion velocity
distribution itself. Instead, we argue that it is a secondary effect, caused by the instability excited by the fast ions:

¢ Only a single peak is detected on the CTS spectra. NBI at W7-X has three energy components: 55 keV, 27.5 keV and
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18 keV. EAch of the energy components is significant and all of the peaks should be pronounced.

» Should the fast ion population have a direct detectable influence on the scattering spectrum, their contribution must be
nearly symmetrical with respect to the gyrotron frequency due to the chosen scattering geometry.

* The density of fast ions is too small from a single short pulse from one NBI source.
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FIG. 1. CTS spectra from W7-X experiment 20250514.52. Red curve shows the measurements during the short
pulse of NBI from the source S8, blue curve is a spectrum taken during the NBI off phase.

3. ION CYCLOTRON EMISSION MEASUREMENTS

ICE measurements are conducted at two spatially different locations. The first one is in the max-B cross-section in module 3
(out of 5), it is an unshielded strap of the ICRF antenna [20]]. The ICRF strap is sensitive both to the electrostatic and electro-
magnetic fluctuations since it does not have a Faraday shield in front of it.

There are additionally four B-dot probes installed at the min-B cross-section of W7-X in module 1 at the CTS heatshield [21].
A sketch with the relative locations of the diagnostic is shown in figure 2]

The ICREF strap is connected to the 1 GS/s 14 bit ADC using 75 m Ultraflex-10 triaxial cable and a 10 dB attenuator via a
measurement insert terminal.

Fast-ion-driven ICE is not observed in every magnetic configuration of Wendelstein 7-X. Typically, ICE is detected in all
discharges in the standard configuration and in the low-mirror configuration. However, in the high-mirror and low-shear con-
figurations, practically no ICE signatures were observed, or it is orders of magnitude weaker than in the experiments in standard
or low-mirror configuration.

Typically, edge ICE is caused by fast ions which create a ring distribution in the velocity space and drive MCI unstable, and
that was predicted for W7-X [22]]. This mechanism implies that the strength of the instability driving the ICE depends on the
energy of the NBI ions in combination with the orientation of the NBI beam with respect to the local magnetic field direction.
We choose two W7-X experiments with similar plasma parameters and the same NBI source used for the charge-exchange
diagnostic. Figure[3]shows two discharges, one is 20250403.79 in the standard magnetic field configuration and the magnetic
field of 2.52 T on two left panels, and another one is 20250306.65 also in the same standard configuration and the inverted
magnetic field of -2.52 T. The power of ICE in the reversed field configuration is several times higher, which could be explained
by higher fast ion losses due to initially unfavorable grad-B drift direction of freshly ionized ions. The spectrogram reveals, that
the experiment 20250306.65, conducted in the reversed field configuration, completely lacks a peak at the second harmonic of
ICE. In order to have a closer look at the harmonics, we show time-averaged spectra of the first nine ion cyclotron harmonics
in figure [} The averaging is done over one short pulse of NBI. For the direct field case (20250403.79) the averaging is done
in the period t = [5.5 5.55] s. For the reversed field measurements (20250306.65) the averaging window was t = [2.1 2.15]
s. In both cases, fundamental harmonics is the strongest. The lower harmonics, the first, third and fourth, cover roughly the
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FIG. 2. Top view of Wendelstein 7-X with indicated locations of the diagnostic.
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FIG. 3. Upper panels: spectrograms of ICE in the W7-X experiments 20250403.79 and 20250306.65 from left to
right, respectively. Bottom panels show the corresponding power of the ICE signals, picked up by the ICRF strap.
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same bandwidth. From the sixth harmonic, the direct field experiment has frequencies that are consistently shifted to the lower
frequencies.
It is interesting to compare signals from the ICRF strap with the data obtained by the B-dot probe. According to the theoret-
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FIG. 4. First nine harmonics of the ion cyclotron emission in the W7-X experiments 20250403.79 (red curve) and
20250306.65 (blue curve).

ical investigation [22]], the first harmonics of ICE should be predominantly of electromagnetic nature, while the electrostatic
fluctuations dominate in the higher harmonics. We investigate the same discharge 20250403.79, which was conducted in the
standard configuration with the magnetic field on axis at the max-B cross-section of 2.52 T. Figure[5]shows first nine harmonics
of ICE measured by the ICRF strap (blue), toroidal B-dot probe (red), and poloidal B-dot probe (black). The spectra are on a
linear scale and are time-averaged over 50 ms (¢ = [5.5 5.55] s). The B-dot spectra are scaled by factor 50. Firstly, in contrast
to the thermal population ICE in W7-X [23]], where the signal was detected solely on the ICRF strap, the fast-ion-driven ICE
is visible on all the detectors, although its signatures are different depending on the type of the detector.

Firstly, when watching at the first harmonic, we should note that all three spectra cover the same frequency range, although the
ICREF strap and the B-dot probes are separated toroidally by approximately 150° and are located at the regions with different
magnetic strength and topology. This indicates that the signal has a common origin, which is likely located along the neutral
beam path.

Both first and second harmonic signatures look very similar, which indicates that they have an electromagnetic nature and a
small (if any) electrostatic component. The third harmonic is strongly pronounced on the strap but is weakly visible on the B-
dot probes. On the B-dot probes it is several times stronger on the poloidally oriented probe. Strong spectral lines at 220 MHz
and 320 MHz on the poloidal B-dot probe are due to the electronic issues and not related to the NBI. The fact that the signal
from the ICRF strap persists to exist at higher harmonic numbers and vanishes on the B-dot probe is in agreement with the
numerical investigation of ICE in W7-X [22]], where it was found that the higher harmonics of ICE should be of electrostatic
nature, to which B-dot probes are not sensitive.

4. CONCLUSIONS

The CTS diagnostic at 174 GHz is fully commissioned in the bean-shaped cross-section of W7-X. The diagnostic can be used
for inferring the bulk ion parameters, such as ion temperature and plasma composition. It is also sensitive to the fast-ion-driven
instabilities. So far the fast ion density was too small to measure the contribution of the projection of the velocity distribution
function directly in the fast ion experiments with CTS, but given a very high signal-to-noise ratio it should be possible. It
should be noted that the good signal-to-noise ratio is achievable at electron temperatures below 5 keV, otherwise the level of
electron cyclotron emission from relativistically downshifted electrons gets too high.

Fast-ion-driven ICE is regularly observed at W7-X on both the ICRF strap and on the B-dot probes, in contrast to the thermal
population ICE, which is detectable exclusively on the ICRF strap. Spectra, obtained from different toroidal locations with
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FIG. 5. Comparison of the ICRF strap and the B-dot probe measurements in the W7-X discharge 20250403.79.
Blue curves show the ICRF strap measurements; red and black curves show the measurements from the B-dot
probes with toroidal and poloidal polarization, respectively. The B-dot PSD is scaled by a factor of 50 in order to
be compared with the ICRF strap measurements.

different magnetic field topology, cover the same frequency range, which indicates a common origin of the detected signal.
This location is likely to be along the neutral beam path.

The signal from the B-dot probes is very similar to the signal on the ICRF strap on the first three harmonics, however for the
higher harmonic numbers it only exists on the ICRF strap. This agrees well with the previous numerical study of ICE at W7-X,
where it was predicted that low harmonic numbers are of electromagnetic nature and have to be observed by both types of
detectors, while high harmonics are of electrostatic nature and could only be seen by the unscreened ICRF strap.

We notice, that fast-ion-driven ICE is strongly dependent on the magnetic field configuration. The exact reason for it is yet

unknown.
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