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Abstract
Electron cyclotron heating by high-power microwave beams is a key method for plasma heating
in tokamaks and stellarators. Under some conditions, these beams engage in nonlinear three-wave
interactions, known as parametric decay instabilities (PDIs), where energy is transferred from the
main beam to two downshifted waves. PDIs are well documented to occur during fundamental
electron Bernstein wave heating, with observations in multiple devices. However, PDIs were over-
looked in the more common second-harmonic electron cyclotron heating until recently, when
nonlinear scattering was observed. This has been attributed to a class of absolute PDIs that involves
wave trapping in density fluctuations. Here we provide an overview of recent numerical and exper-
imental results in the study of PDIs. We show direct observations of PDIs at the devices ASDEX
Upgrade, TCV, Wendelstein 7-X, and NORTH, and show that the occurrence of PDIs is correl-
ated with density fluctuations in the scrape-off layer caused by edge localized modes and blobs as
well as density fluctuations in the plasma core due to NTMs. We outline the consequences of PDI
occurrence, which could include a decrease in heating efficiency and an associated fast-ion pro-
duction. In addition, we discuss possible schemes for exploiting PDIs, including controlled energy
transfer to selected plasma waves and potential diagnostic techniques for density fluctuations.

1. Introduction

Electron cyclotron resonance heating (ECRH) has long been a cornerstone of plasma heating and cur-
rent drive in magnetic confinement fusion devices [1]. Its precision and localization make it particu-
larly valuable for controlling magnetohydrodynamic (MHD) instabilities and tailoring plasma profiles.
However, over the past two decades, a growing body of experimental and theoretical work has revealed
that ECRH in some cases is susceptible to nonlinear wave–plasma interactions, most notably paramet-
ric decay instabilities (PDIs), which can potentially alter the expected behavior of the injected microwave
power.
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PDIs occur when a high-power electromagnetic pump wave decays into two or more daugh-
ter waves, typically under conditions of reduced group velocity or wave trapping. In the context of
second-harmonic ECRH, this often involves the decay of an X-mode wave into two upper hybrid (UH)
waves near half the ECRH frequency. These UH waves can become trapped in regions of non-monotonic
electron density—such as near the O-point of rotating or locked MHD modes—leading to strong sec-
ondary instabilities and anomalous microwave emissions [2].

Experimental observations from devices such as ASDEX Upgrade, TEXTOR, and TCV have demon-
strated that these PDIs can cause significant diagnostic interference and even physical damage to
microwave systems. In some cases, up to 80% of the injected ECRH power has been predicted to be
diverted into daughter waves, which could in principle alter the heating profile and reduce the effi-
ciency of current drive [3]. Theoretical models [4, 5] and PIC simulations [6, 7] have further refined
our understanding of the threshold conditions for PDI onset, emphasizing the role of magnetic islands,
density gradients, and harmonic resonance layers.

This article reviews the key developments in the study of parametric decay of ECRH waves in toka-
mak and stellarator plasmas over the past twenty years. We synthesize the main findings from experi-
mental campaigns and numerical simulations to provide a comprehensive overview of the mechanisms,
diagnostics, and implications of PDIs in fusion-relevant conditions.

2. Background

In a linear medium, an electromagnetic wave induces a current that is proportional to the field amp-
litude. This leads to a linear wave equation, implying that different waves propagate independently of
one another. In contrast, in a nonlinear medium, the induced current depends nonlinearly on the elec-
tric field amplitude, resulting in a nonlinear wave equation. Under such conditions, waves with different
frequencies and wave numbers can interact, allowing energy transfer between them.

Waves used for ECRH are launched outside the plasma and propagate to a cyclotron resonance
layer typically close to the plasma center. When describing the propagation of these heating waves away
from resonances, the non-linear contribution of the induced current can often be neglected, and wave
propagation within a linear medium can be assumed. However, this assumption can break down under
certain conditions to be discussed here.

The PDI is a three-wave interaction that results from a quadratic nonlinearity where energy is trans-
ferred from a primary wave, often called a pump wave, into two secondary waves, often called daugh-
ter waves. For this process to be efficient, the angular frequency, ω, and the wavenumber, k, must be
approximately conserved. This can be written as the phase-matching conditions

k0 ≈ k1 + k2, ω0 ≈ ω1 +ω2. (1)

Here, subscript 0 refers to the pump wave, and 1,2 to the daughter waves.
A general condition for the occurrence of PDIs, i.e. for the interactions to become unstable, is that

the interacting waves must exceed a certain power threshold. Due to spatial gradients in plasma para-
meters, the wave numbers of the involved waves often vary, meaning that the PDI matching condition is
typically satisfied only within a narrow spatial region. This is illustrated in figure 1(a), where the pump
wave transfers energy to the daughter waves only within a finite region. The resulting energy transfer
is limited and is referred to as convective PDI. Typically, convection through the interaction region is a
stronger suppression mechanism of the instability than linear wave damping.

On the other hand, if the daughter waves can return to the interaction region multiple times, as
illustrated in figure 1(b), more energy can be transferred to them. When daughter waves are trapped
and the PDI matching condition is satisfied within the trapping region, the daughter waves can grow
exponentially over time. This phenomenon is known as an absolute PDI and can lead to a significant
reduction in the instability power threshold [8].

The two methods that are most commonly used to model PDIs in plasmas are kinetic particle-in-cell
(PIC) simulations and coupled mode equations based on WKB theory. The latter approach will not be
covered here, but is discussed in, e.g. [5, 9, 10].
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Figure 1. Illustration of the two types of parametric decay instabilities. Blue color indicates the pump wave, red and yellow the
daughter waves. (a) Convective instability with a finite energy transfer to daughter waves. (b) Absolute instability with exponen-
tial growth of daughter waves in time.

3. PIC simulations of PDIs

3.1. Convective PDIs near the UH layer
Under most conditions, the power levels used for ECRH in tokamaks and stellarators are orders of
magnitude below the PDI power threshold. However, when an X-mode wave approaches the UH layer,

i.e. where the wave frequency equals the UH frequency fuh =
√
ω2
pe +ω2

ce/2π , the wave is slowed down

and linearly converted to a backward propagating electron Bernstein wave (EBW), which has a much
lower group velocity than the X-mode wave. Here, we use the usual definitions of the plasma frequency
squared as ω2

pe = neq2e/(meϵ0) and the cyclotron frequency as ωce = qeB/me. Both the X-mode wave
approaching the UH layer and the linearly converted EBW can engage in PDIs. To demonstrate this, a
PIC simulation of an X-EBW conversion is carried out in a 1D domain. The incoming X-mode wave has
a frequency of 105GHz and a very modest intensity of 11.6kWcm−2. Additional details of the simula-
tion can be found in [10]. The assumed background density profile and evolution of the longitudinal
wave electric field, Ex, in space and time are shown in figure 2. The background magnetic field is con-
stant pointing in the z-direction, and the X-mode wave gradually approaches the UH resonance at x =
26mm. To investigate PDIs in the simulation, a 2D fast Fourier transformation (FFT) of Ex has been
computed within three different spatio-temporal windows. In the first 2D FFT, shown in figure 3, the
pump X-mode wave has not yet converted to an EBW. The second 2D FFT taken at the UH layer at a
later time is plotted in figure 4 and shows how a convective PDI occurs when the X-mode wave is loc-
ated at the turning point, where its local group velocity goes to zero. Although a resonant decay satis-
fying the phase-matching conditions (equation (1)) is not possible, the field amplification of the pump
wave is strong enough to initiate a PDI into an EBW propagating towards higher x (forward propagat-
ing) and a non-propagating quasi-mode. The longitudinal electric field of the forward propagating EBWs
can be seen to the right of the UH resonance in figure 2(b).

The fraction of the pump wave not lost due to this PDI converts linearly to an EBW that propagates
away from the UH layer. When a 2D FFT is taken further away from the UH layer as shown in figure 5,
this EBW is seen to be involved in a different class of convective PDIs. These PDIs consist of multiple
coupled Stokes and anti-Stokes processes, generating both upshifted EBWs, downshifted EBWs, and a
high-harmonic ion Bernstein wave on the lower hybrid wave branch. A detailed analysis of this class of
PDIs is found in [10].
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Figure 2. Results of PIC simulations of X-EBW conversion (a) assumed 1D background density profile. (b) Longitudinal electric
field in (x), (t) space. The red dashed line marks the UH layer and the two arrows indicate the injected slow X wave and the EBWs
generated at the UH layer. The regions A, B, and C represent the 2D FFT windows used in the figures 3–5, respectively.

Figure 3. 2D FFT of the longitudinal wave electric field, Ex within the window A in figure 2. The solid black lines show the disper-
sion curves for the slow X-mode (SX), EBW, and lower hybrid wave.

3.2. Absolute PDIs near the second-harmonic UH layer
Waves near the UH frequency can be partially trapped in non-monotonic density profiles. This hap-
pens because UH waves can be localized between several UH layers, which they are unable to pass, in
such a profile. The UH waves can therefore form quantized modes which are superpositions of forward
propagating X-mode waves and backward propagating EBWs that couple to each other near the UH lay-
ers. This mechanism works even at low mode numbers, enabling trapping in density structures down to
the mm range in typical tokamak plasmas [11].

If an injected ECRH wave propagates through such a non-monotonic density structure near the
second-harmonic UH layer, it can couple to a pair of trapped UH waves. This is primarily of concern
for second-harmonic X-mode heating and current drive. Since the convection of the daughter waves of
the interaction region is low, the instability can grow exponentially in time. This absolute instability can
be suppressed by collisions and diffraction of the daughter waves out of the interaction region. However,
with only these effects, the power threshold is typically substantially reduced.

The exponential growth of the trapped daughter waves eventually saturates due to secondary instabil-
ities. Typically the amplitudes of the primary daughter waves exceed a threshold for a PDI involving
a downshifted UH wave and an ion wave, as was discussed in section 3.1. A dynamic cascade of such
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Figure 4. 2D FFT of the longitudinal electric field in window B in figure 2. The solid black lines show the dispersion curves for
the X-mode, EBW, and lower hybrid wave, and the solid dashed line shows all quasi-modes satisfying the selection rules for PDIs
where the SX-mode couples to a downshifted forward propagating EBW. Several of this type of convective PDIs appear to be
occurring with the circles and arrows marking the most prominent one.

Figure 5. 2D FFT of the longitudinal electric field in window C in figure 2. The solid black lines show the dispersion curves for
the X-mode, EBW, and lower hybrid wave. The colored circles mark the linearly converted EBW (denoted EBW 0) as well as a
range of upshifted and downshifted EBWs satisfying the selection rules for PDIs involving a lower hybrid wave, marked with a red
circle. The black arrows indicate Stokes processes, and the white arrows indicate anti-Stokes processes.

decays can follow until the downshifted UH daughter waves are able to escape the non-monotonic
structure. The waves of the cascade can also recombine into waves with frequencies close to that of the
ECRH pump wave. Figure 6(a) shows an illustration of waves and interactions in such a cascade, and
figure 6(b) shows how a cascade can terminate after a few subsequent decays.

This model was first suggested in [8] and has often been referred to as an absolute two-plasmon
decay (TPD) instability. The model has since been discussed and expanded upon in various primarily
analytical papers [3–5], as well as a number of numerical papers where the quantization of UH modes
and growth rates of the reduced models are tested against PIC simulations [7, 11–13].

A demonstration of the TPD cascade is shown in figure 7, where a 1D simulation was carried out
to assess the TPD under plasma conditions relevant to the NORTH tokamak. The simulation was per-
formed with the fully kinetic PIC code EPOCH [14]. The plasma consisted of electrons and a single ion
species, modeled as hydrogen. Both species were initialized with a non-monotonic density profile and a
uniform temperature of 5eV. The system used 3300 grid cells with 12000 superparticles per cell and was
immersed in a perpendicular magnetic field of 0.09T. A transversely polarized 5.8GHz wave with a large
intensity of 1kWcm−2 was continuously injected from the left boundary. This configuration led to wave
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Figure 6. (a) Schematic of the two plasmon decay instability chain. In the primary absolute PDI, the pump wave decays into two
trapped UH waves with amplitudes growing exponentially in time. When the amplitude of the primary UH waves becomes suf-
ficiently large, the primary decay saturates due to a series of parametric instabilities of the type shown in figure 5, where energy
gets divided among downshifted and upshifted UH waves and a high-harmonic ion Bernstein wave. This decay chain can con-
tinue until some UH waves are no longer trapped, which introduces convective losses. Additional recombination processes gener-
ate radiation around the gyrotron frequency. (b) Schematic of a non-monotonic density profile (black) that can act as a trapping
structure for daughter waves. Remaining contours show the wavenumbers of the daughter waves. The superscript+marks their
electron Bernstein component and the−marks the X-mode. Once an UH wave (ω4,k4) is no longer trapped, the PDI chain will
terminate, and the decay wave may travel towards the plasma center.

Figure 7. Overview of a 1D PIC simulation used to study TPD. Panel (a) shows the electron number density as a function of
space. The ions, modeled as hydrogen, have the same densities. The red lines show the UH layer. (b) The longitudinal electric
field component as a function of space and time. The shaded region marks the spatiotemporal window for the 2D FFT shown in
figure 8.

trapping of EBWs near half the injected wave’s frequency. The boundaries were set to absorb electromag-
netic fields and to re-inject any escaping particles in a thermalized state. The longitudinal electric field
component can be seen to increase within the UH layers of the profile after 300 ns, indicating parametric
excitation of the daughter waves.

Figure 8 shows the 2D FFT of the longitudinal electric field into (f, k)-space from the simula-
tion in figure 7. The transform uses a temporal window t ∈ [350,450]ns and a spatial window of x ∈
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Figure 8. The 2D FFT into ( f, k)-space of the longitudinal electric field component shown in figure 7. Panel (a) shows frequency-
and wavenumber ranges around the trapped EBWs, and the circles highlight excited UH waves from both the Stokes and anti-
Stokes processes. The black lines show the dispersion curves for the X-mode and EBW branch. Panel (b) shows the lower hybrid
wave frequency range, and the circles highlight the two excited lower hybrid waves from the instability.

Figure 9. Left: geometry of the Versator II tokamak with X-mode injection from the high field side. Once the X-mode reached
the UH resonance after passing the optically thin cyclotron resonance the beam was subject to convective PDI. Center: measured
high frequency daughter wave. Right: measured low frequency daughter wave. Adapted from [15], with the permission of AIP
Publishing.

[30,50]mm. Two strong signals near 2.90GHz are evident, and they correspond to the primary daugh-
ter waves excited by the instability. They appear on the Bernstein branch as well as in their X-mode
component at small wavenumbers. The subsequent decays into frequency-downshifted EBWs and lower
hybrid waves are visible, as well as anti-Stokes processes with another lower hybrid wave into upshifted
waves.

4. Experimental evidence of PDIs

4.1. Convective PDIs near the UH layer
The experimental observation of convective PDIs near the UH layer was first reported from the Versator
II tokamak [15] where an X-mode beam was injected from the high-field side as shown in figure 9. The
X-mode is only weakly absorbed by the fundamental electron cyclotron resonance and is then linearly
converted into EBWs at the UH resonance. A radiometer measured clear escaping waves downshifted by
a lower hybrid frequency from the injected pump wave corresponding to the EBW daughter wave, and
a loop antenna picked up signatures of the daughter waves in the vicinity of the lower hybrid frequency.
Similar results have been reported at a number of devices, such as W7-AS and TJ-K, also during EBW
O-X-B conversion where the final conversion point is similar to the scenario from Versator II [16–18].

A detailed study of the convective PDI was recently reported from ASDEX Upgrade where O-mode
waves were injected from the low-field side and partly converted into X-mode upon reflection at the
high-field side wall. By changing the plasma parameters the fractional X-mode power that reached the
UH resonance was varied and the predicted power thresholds were experimentally validated [19]. In
figure 10 the measured spectra are presented for varying power levels reaching the UH resonance. In
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Figure 10. Escaping microwave signals near the pump frequency in ASDEX upgrade during convective PDI experiments.
Reprinted from [19], with the permission of AIP Publishing.

figure 10(a) signatures of up- and down- shifted daughter waves appear when the power is just above
the theoretical power threshold Pth. When the power is increased further (figure 10(b)) more harmonics
of the ion Bernstein waves appear, and for yet further increases in power the process seems to saturate
and a complex spectrum of daughter waves appears.

4.2. Absolute PDIs near the second-harmonic UH layer
The theory of TPD was first proposed in 2015 [8] to explain observations of anomalous scattering at
the TEXTOR tokamak at frequencies near the gyrotron frequency [2, 20]. The TEXTOR results revealed
strong signals emitted from the plasma near the ECRH gyrotron frequency, which were correlated with
the passing of the O-point of a rotating magnetic island through the gyrotron beam. The clear identi-
fication of the magnetic island position close to the location of the UH resonance at half the gyrotron
frequency led to the hypothesis that half-frequency waves were generated via TPD.

The location of the second-harmonic UH resonance layer, where a non-monotonic density per-
turbation would facilitate the TPD, depends on the magnetic field and density profile. To illustrate
the location, figure 11 shows the location of the second-harmonic UH resonance for 140GHz for an
ASDEX Upgrade equilibrium at 2.5 T with varying central electron density. At zero density the second-
harmonic UH resonance coincides with the second-harmonic electron cyclotron resonance but moves
further towards the plasma edge for increasing density. Thus at low density, PDI may be generated in
the plasma center and at high density at the plasma edge.

The experimental confirmation of the above hypothesis was achieved at ASDEX Upgrade, where a
radiometer observed the microwaves escaping the plasma in the spatial vicinity of the gyrotron, near
70GHz, during heating with 140GHz X-mode ECRH [21]. An example from ASDEX Upgrade is shown
in figure 12. Here, a radiometer channel centered at 69.6GHz with a bandwidth of 80MHz is shown,
alongside a 139.7GHz channel and a measurement of the ion saturation current in the divertor region.
Sudden drops in the ion saturation current indicate edge localized mode (ELM) events, which show a
strong correlation with both radiometer signals. A comprehensive analysis of all radiometer channels is
presented in [21], which also includes MHD simulations of ELM events demonstrating that trapping of
70GHz daughter waves in the associated density perturbations lowers the PDI threshold well below the
injected power levels.

When the UH resonance is placed at mid radius, as illustrated in figure 11(b), density perturbations
associated to magnetic islands may result in TPD and generate waves as illustrated in figure 6(a). The
signals at half of the gyrotron frequency have so far been observed both on ASDEX Upgrade and TCV
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Figure 11. Location of the 140GHz second-harmonic UH resonance for three different density profiles. (a) Core ne = 4×
1019m−3, (b) ne = 2× 1019m−3, and (c) ne = 1× 1019m−3. The density profiles are shown in (d).

Figure 12. Experimental evidence for generation of daughter waves at half the frequency of the pump wave from ASDEX
Upgrade, with the location of relevant resonances shown in (a). The intensity of half-frequency decay waves (b) and of signals
just below the ECRH frequency (c) both correlate well with ion saturation currents in the divertor (d) that indicate the times of
ELM events.

during rotating magnetic islands [22]. The recombination waves centered around the gyrotron frequency
have frequently been observed at the TEXTOR [20] and ASDEX tokamaks [22], and examples of the
frequency spectra are presented in figure 13.

Since rotating magnetic islands are highly dynamic, the associated TPDI signal is seen to vary in
time as the island moves. We note that time evolution of the magnetic islands is typically much slower
than the inverse growth rate of the TPDI. When the O-point of the magnetic island passes in front of
the gyrotron launcher, the resulting density perturbation typically enables wave trapping. As the island

9



Plasma Phys. Control. Fusion 68 (2026) 055010 S K Nielsen et al

Figure 13. Example of measured recombination of PDI daughter waves when applying second-harmonic 140GHz X-mode
ECRH during rotating magnetic islands in ASDEX-Upgrade #35 186 (left) and TEXTOR #108 115 (right). The location of
the second-harmonic UH resonance at 140GHz is, in both cases, close to the island O-point. Reproduced from [22]. © IOP
Publishing Ltd. All rights reserved. Reproduced from [20]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

Figure 14. Time and frequency resolved measurements of TPD waves near half the ECRH frequency for ASDEX Upgrade [R=
1.65, B= 2.6 T] (left), TCV [R= 0.8m, B= 1.2 T, and NORTH [R= 0.25m, B= 0.1 T].

continues to rotate both toroidally and poloidally, the trapping conditions change, and eventually no
trapping is possible when the island’s X point aligns with the gyrotron launcher position. This dynamic
evolution disrupts the TPDI process and leads to intervals without detectable TPDI signals, as shown in
figure 13.

The TPD process has been confirmed in very different tokamak environments. Recently, results
from the tokamak NORTH [23] also showed decay waves at half the heating frequency during second-
harmonic heating. Operating with a toroidal magnetic field of 0.1 T, NORTH uses a 5.8GHz mag-
netron for second-harmonic heating [24]. Due to the low plasma temperature in NORTH (5–15 eV),
the parametrically induced waves can be measured directly using Langmuir probes inside the plasma.
Figure 14 shows examples of measured TPD waves in ASDEX Upgrade, TCV, and NORTH. Since the
frequency is normalized to the ECRH frequency, it is evident that the dynamics of the decay waves in
all three devices exhibit similar behavior both with respect with frequency separation and timing. This
is remarkable, considering that the plasma parameters differ significantly across the devices. In partic-
ular, the densities, temperatures, and magnetic fields vary by several orders of magnitude in the three
devices. This observation further motivates TPD experiments in smaller devices, as they can provide
valuable insights into the TPD processes occurring in larger systems such as ASDEX Upgrade and ITER
at reduced cost and complexity.

Measurements have also been performed at the Wendelstein 7-X stellarator. Here, powerful signals
with frequencies near the gyrotron frequency—close to 140GHz—were observed to exhibit strong non-
linear behavior with respect to gyrotron power [25]. It was identified that the signals originated from
PDI of the ECRH beam in the non-monotonic density profile at the divertor mangetic island in front of
the gyrotrons. The underlying PDI process responsible for the observations involved only one trapped
daughter wave, and the developed model predicted a power depletion of a few percent [25, 26].

5. Consequences of PDIs

So far, this paper has considered numerical simulations and experimental detections of PDIs. In this
section, limitations on reactor systems, such as heating, current drive, and diagnostics, are discussed. The
main concern of PDIs is the drain of injected wave power that is otherwise intended to be absorbed by
the electrons near the cyclotron resonance but is instead transferred to waves with other propagation and
absorption characteristics than those of the pump wave.

10
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Historically, the occurrence of PDIs during microwave heating has mainly been considered in EBW
heating and current drive experiments, where the convective instabilities discussed in sections 3.1 and 4.1
can occur. Signatures of this instability have been suggested to be a characteristic of the excitation of
EBWs [27], and the relatively slow group velocity of EBWs compared to X-mode waves means that the
power threshold for nonlinear wave effects is typically much smaller for EBWs. Nevertheless, no signific-
ant power loss has been reported in any experiment. EBWs remain of great interest for current drive in
future spherical tokamaks such as the STEP device [28]. However, PIC simulations of EBWs in MAST-
U suggest that PDIs and other nonlinear effects could be detrimental to the linear excitation of EBWs
[29] in some cases. This may not be the case for STEP because the coupling to the EBWs is planned to
occur between the fundamental and second-harmonic electron cyclotron frequency. In MAST-U, on the
other hand, coupling to the EBW will occur between the second and third-harmonic electron cyclotron
frequency, which allows other interactions to come into play [30].

It is important to note that even if PDIs can deplete the pump wave in severe cases, this does not
necessarily mean that power would be lost from the plasma, as that would require the produced daugh-
ter waves to not interact with it. Rather, it may simply lead to absorption in other regions of the plasma,
so an understanding of PDIs may be crucial in order to predict EBW power deposition profiles in
devices like MAST-U. When EBW heating was demonstrated for the first time in an overdense H-mode
plasma in a tokamak, there was a discrepancy between the predicted and measured power deposition
profile [31]. Additionally, there have been a number of reports of anomalous microwave deposition
profiles [32] and suprathermal electron populations in the outer parts of confined plasmas where no
resonance was nearby [33]. It has been speculated that such observations could be caused by PDIs,
although a direct link has not been established.

Convective PDIs also significantly limits the operation of collective Thomson scattering (CTS) on
ASDEX Upgrade, which relies on detecting scattered radiation from a gyrotron to extract information
about ion dynamics in the plasma. In this case, the injected O-mode reflects off the inner wall—similar
to the mechanism described in section 4.1—and daughter waves within the CTS spectral range can be
generated at the UH resonance. The daughter waves reaching the CTS radiometer are often orders of
magnitude stronger than the scattered CTS signal, preventing straightforward identification of the CTS
spectrum itself. This type of PDI can be mitigated by controlling the magnetic field and optimizing the
plasma and gyrotron geometry to enhance absorption of the reflected X-mode, thereby reducing the
power reaching the UH resonance to below the PDI threshold [34].

Although rarely considered, the occurrence of absolute TPD, generating trapped half-frequency waves
during second-harmonic X-mode heating, can also cause problems. One issue is that a fraction of the
gyrotron beam power is channeled to the half-frequency waves, potentially leading to unwanted power
deposition in the plasma edge. The fraction of anomalous power absorption during TPD varies with the
gyrotron power and plasma parameters. Experimental results from the Granite linear device have shown
a power drain of a microwave beam due to TPD in a low-temperature plasma of 40% in steady state
with transients up to 70% [35, 36], aligning with model predictions. Yet, up to now no significant power
losses due to TPD have been reported from tokamaks or stellarators.

What has instead been reported numerous times are observations of unexpected suprathermal ion
populations [37–40] and ion cyclotron emissions [41] in purely second-harmonic X-mode ECRH plas-
mas. In a recent study [42], measurements of suprathermal ions were correlated with the occurrence of
TPD and the subsequent decay chain illustrated in figure 6. The generated ion Bernstein waves in the
lower hybrid range are known to interact strongly with the ion population [43] and could be responsible
for the observed ion acceleration. Thus, these measurements indicate that some energy is channeled from
the electron cyclotron range of frequencies to the lower hybrid range of frequencies during TPD.

The presence of the absolute TPD instability may also inhibit the operation of various microwave
diagnostics. The first documented case of interference between TPD and plasma diagnostics was repor-
ted in the electron cyclotron emission (ECE) system on the TEXTOR tokamak, where TPD prevented
the determination of the electron temperature from ECE measurements and hindered the observation
of electron dynamics associated with rotating magnetic islands [44]. Additionally, significant damage of
microwave components correlated with TPD has been reported from ASDEX Upgrade [45]. This indic-
ates that the power losses of the pump beam could be large, but perhaps more urgently that microwave
sensitive equipment needs to be protected from escaping signatures of this instability.
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Figure 15. Intensities of a range of EBWs and the LH wave due to a cascaded parametric amplification process with four different
seed wave intensities I−1 relative to that of the pump wave I0. All waves are propagating from right to the left. The pump wave
has an intensity of I0 = 50kWcm−2 and a frequency of f0 = 45GHz, and the seed wave has a frequency of f−1 = 44.62GHz.
Reproduced from [10]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

6. Potential exploitations of PDIs

The goal of most research on PDIs is to assess and possibly mitigate the associated consequences in a
variety of heating schemes. As knowledge about PDIs improves through experiments, theoretical work,
and numerical simulations, new ways to exploit PDIs have recently been suggested.

As was demonstrated in the previous sections, absolute PDIs can be caused by trapping of waves in
nonmonotonic density structures. The occurrence of such PDIs as well as frequency shifts of the daugh-
ter waves are very sensitive to the properties of the density structure. One idea is therefore to use meas-
urements of radiation from PDI daughter waves to diagnose density fluctuations around the second-
harmonic UH resonance. An early effort to diagnose density fluctuations due to blob filaments in the
plasma edge was presented in [46]. A similar procedure could be used to assess density perturbations in
the plasma core, e.g. due to rotating magnetic islands, by moving the second-harmonic UH layer fur-
ther into the plasma. This could be done by modifying the plasma density, the magnetic field, or simply
by modifying the gyrotron frequency significantly. For such a method to be reliable, further advances in
theoretical work are required.

Another intriguing feature of PDIs is that they present a way for energy flow between waves in the
electron cyclotron range of frequencies, the lower hybrid range of frequencies, and the ion cyclotron
range of frequencies. If PDI processes can be controlled, they could enable a channeling of energy from
microwaves (e.g. from gyrotrons) to low-frequency waves. As is customary in many optical processes, it
is possible to seed a convective parametric instability of the type shown in figure 5. A new study pre-
dicts that doing so can initiate a long cascade of PDIs, which can channel up to 12% of the total energy
to high-harmonic ion Bernstein waves [10]. An example of this mechanism, called cascaded parametric
amplification (CPA), is shown in figure 15. Here, the effects of four different seed wave amplitudes are
considered in a simulated plasma that emulates the pedestal region of the ST-40 tokamak. At low seed
wave intensities (top panel in figure 15), the energy is simply distributed among a few up- and down-
shifted EBWs due to Stokes and anti-Stokes processes, as was seen in figure 5. Increasing the seed wave
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amplitude initiates a long cascade of PDIs dominated by Stokes decays, resulting in a large amplification
of the ion Bernstein waves. Pursuing the CPA method and similar controlled PDI schemes could poten-
tially pave the way for ion heating using microwaves in the 100GHz range.

7. Conclusions

In this work, we have introduced the concept of PDIs of microwave in the electron cyclotron resonance
range of frequencies, with a focus on fusion plasmas. Using both PIC simulations and various exper-
imental data, we have demonstrated that both convective and absolute instabilities can occur during
ECRH in stellarators and tokamaks.

Convective instabilities are likely to arise when an X-mode wave reaches the UH resonance from the
high-field side. While this scenario may happen in the uncommonly used high-field-side launched fun-
damental ECRH in X-mode, it can also occur under more typical circumstances. This includes funda-
mental or second-harmonic EBW O-X-B conversion planned for MAST-U, as well as in O-mode-based
CTS experiments on ASDEX Upgrade.

Absolute instabilities may occur during second-harmonic X-mode ECRH, where daughter waves can
become trapped in non-monotonic density perturbations near the second-harmonic UH resonance.
Model cases predict power losses exceeding 50%, which have been confirmed in low-temperature plas-
mas. However, no significant reduction in heating or current drive efficiency has been observed to date
in high-temperature tokamaks. Nevertheless, ion acceleration associated with PDIs has been observed at
TCV, and unexplained ion acceleration in TJ-II has also been suggested to originate from PDIs. Although
fundamental O-mode ECRH planned for ITER has been predicted to undergo PDI, this has not yet been
experimentally verified and is therefore not addressed further in this work.

Finally, PDIs have also been proposed as a diagnostic tool for edge density fluctuations and is cur-
rently being investigated as a novel method for exciting high harmonics of ion Bernstein waves within
plasmas.
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