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Abstract. We review parametric decay instabilities (PDIs) expected in connection with electron cyclotron
resonance heating (ECRH) of magnetically confined fusion plasmas, with a specific focus on conditions relevant
for the ITER tokamak. PDIs involving upper hybrid (UH) waves are likely to occur in O-mode ECRH scenarios
at ITER if electron density profiles allowing trapping of UH waves near the ECRH frequency are present. Such
PDIs may occur near the plasma center in ITER full-field scenarios heated by 170 GHz O-mode ECRH and on
the high-field side of half-field ITER plasmas heated by 110 GHz or 104 GHz O-mode ECRH. Additionally,
110 GHz O-mode ECRH of half-field ITER scenarios may have low ECRH absorption, due to the electron
cyclotron resonance being located on the high-field side of the main plasma. This potentially allows PDIs
driven by a significant amount of ECRH radiation reaching the UH resonance in X-mode to occur, as X-mode
radiation can be generated by reflection of unabsorbed O-mode radiation from the high-field side wall. The
occurrence of PDIs during ECRH may damage microwave diagnostics, such as the electron cyclotron emission
and low-field side reflectometer systems at ITER, as well as complicate the calculation of heating and current
drive characteristics. However, if PDIs are induced in a controlled manner, they may provide novel diagnostic

tools and allow the generation of a moderate fast ion population in plasmas heated only by ECRH.

1 Introduction

Parametric decay instabilities (PDIs) of millimeter wave
radiation from gyrotron sources used for electron cy-
clotron resonance heating (ECRH) of magnetically con-
fined fusion plasmas have been a topic of significant inter-
est in recent years. The main reason for this is that PDIs
can generate strong microwave signals capable of dam-
aging microwave diagnostics [1], as well as transfering a
significant fraction of the ECRH power from electromag-
netic waves to quasi-electrostatic plasma waves, altering
the heating and current drive characteristics from those
expected based on linear ECRH theory [2, 3]. However,
the microwave signals caused by PDIs can also serve as
plasma diagnostics, e.g., allowing the occurrence of O-
X-B heating to be confirmed [4, 5] and the properties of
edge-localized modes to be explored [6]. Additionally,
the low-frequency waves produced by some PDIs also al-
low generation of a moderate number of fast ions in pure
ECRH plasmas [7-11]. In the present paper, we provide
an overview of the ECRH PDIs studied in recent years and
assess their potential impact on the O-mode ECRH scenar-
ios planned for ITER [12].

In a PDI, a strong quasi-coherent pump wave, e.g., the
millimeter waves used for ECRH in magnetic confinement
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fusion research, decays to two daughter waves once the
pump wave amplitude exceeds a threshold determined by
the nonlinear interaction strength between the three waves.
Energy conservation in the three-wave process requires the
frequency, f, and wave vector, k, of the pump wave to
equal the sum of those of the daughter waves, i.e.,

fo=fi+ fo

where subscript O refers to the pump wave, while sub-
scripts 1 and 2 refer to the daughter waves. Equation (1)
requires the daughter waves excited by PDIs to be shifted
in frequency relative to the pump wave, meaning that their
frequencies will often be outside the protective diagnostic
filters around the ECRH frequency in the case of ECRH
PDIs. This is the root cause of the microwave diagnostics
damage associated with such PDIs [1]. Traditionally, mag-
netic confinement fusion ECRH PDIs were only expected
in connection with extremely high power ECRH provided
by pulsed free-electron maser sources [13] or in scenar-
ios with lower ECRH power where a significant fraction
of the ECRH power would reach the upper hybrid reso-
nance (UHR) with X-mode polarization [4, 5, 9-11, 14—
30]. PDIs are expected in the above cases due to the occur-
rence of electric fields with large amplitudes. These large
amplitude electric fields allow the convective losses nor-
mally suppressing PDIs in inhomogeneous plasmas [31—
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33] to be overcome. In the free-electron maser case, the
electric field amplitude is large enough to overcome the
losses in the bulk plasma [13], while the UHR case relies
on enhancement of the electric field amplitude associated
with X-mode waves near the UHR, where their group ve-
locity becomes very small [34]. Although PDIs involving
X-mode waves reaching the UHR can occur at relatively
low ECRH power levels without strict requirements on the
plasma conditions [26, 27], they have generally only been
considered to play a role in certain ECRH scenarios. This
is due to the fact that X-mode waves cannot reach the UHR
directly from the usual low-field side ECRH launcher po-
sition in tokamaks, owing to the R-cutoff always occur-
ring on the low-field side of the UHR. The analysis of
PDIs at the UHR is distinct for strongly overdense plasmas
[18, 19, 22], commonly found in spherical tokamaks, and
underdense/weakly overdense plasmas [17, 24-30], com-
monly found in conventional tokamaks and during plasma
start-up, owing to the different dispersion properties of the
electron Bernstein waves (EBWs) involved in the PDI in
these cases. Specific scenarios in which PDIs at the UHR
are of interest in connection with magnetic confinement
fusion include fundamental X-mode [9-11, 17] and O-
mode [9, 11, 21, 24-30] ECRH with optically thin/gray
resonances, O-X-B heating [4, 5, 18-20], and EBW start-
up [35-37].

In spite of previous expectations, strong PDI-like mi-
crowave signals were observed in connection with ECRH
of plasma scenarios with tearing modes at the TEXTOR
tokamak that did not fulfill any of the above criteria
[38, 39]. This was explained in terms of ECRH PDIs in-
volving trapped daughter waves [40], for which the con-
vective losses normally limiting the occurrence of PDIs in
inhomogeneous plasmas [31-33] are essentially removed.
Specifically, the TEXTOR results at higher densities were
explained in terms of decay of X-mode ECRH waves into
two trapped UH waves near the O-point of the magnetic
island [41-48], which has also been demonstrated at the
ASDEX Upgrade tokamak [1, 6, 34], in low-temperature
plasma filament experiments [2], and in particle-in-cell
simulations [30, 49, 50]. The PDIs leading to microwave
diagnostics damage at ASDEX Upgrade [1] and signif-
icant anomalous ECRH absorption in low-temperature
plasma filaments [2] were both of the above type. More
recently, an explanation of strong microwave signals ob-
served at the Wendelstein 7-X stellarator in terms of decay
of an X-mode ECRH wave into a trapped UH wave and a
propagating X-mode wave around the O-point of a divertor
island [51, 52], has also provided a potential explanation
of the strong microwave signals observed at lower densi-
ties in TEXTOR [38, 39]. Apart from the PDIs driven by
X-mode ECRH, PDIs driven by O-mode ECRH, relevant
for the full-field ITER scenarios [12], have also been in-
vestigated. Particularly, decay of an O-mode ECRH wave
to a trapped UH wave and a low-frequency lower hybrid
wave has been investigated theoretically [53-56], in a low-
temperature plasma filament [3], and at the FTU tokamak
[57-59]. Additionally, it has recently been suggested that
trapped low-frequency waves existing as a consequence
of the strong gradients in the ITER and ASDEX Upgrade

pedestals could lead to PDIs near the plasma edge during
O-mode ECRH [60]. In this paper, we review the basic
conditions under which the above PDIs may occur and as-
sess their relevance for the O-mode ECRH scenarios pro-
posed for ITER [12], in a manner similar to the investiga-
tions in Section 4 of [1], but covering different scenarios.

The remainder of the paper is organized as follows.
Section 2 discusses the theoretical background of the em-
ployed criteria. In Section 3, the criteria are applied to the
O-mode ECRH scenarios planned at ITER. Finally, Sec-
tion 4 presents our conclusions.

2 Theoretical Background

ITER is a large tokamak with a minor radius a = 2m and a
major radius Ry = 6.2 m [12]. The magnetic field strength,
B, is approximately proportional to 1/R, with R being the
distance from the symmetry axis. Thus,
Ry

B~ By R 2
where By is the field at the magnetic axis; in full-field sce-
narios, By = 5.3 T, while By = 2.65 T in half-field scenar-
ios [12]. For quasi-perpendicular ECRH injection in the
non-relativistic limit, absorption occurs when fj is equal
to multiples of the electron cyclotron frequency [61],
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where e is the elementary charge and m, is the electron
mass. Additionally in the cold plasma limit, O-mode radi-
ation has a cutoff at the electron plasma frequency,

f en,
e = > 4
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where n, is the electron density and ¢ is the permittivity
of vacuum. The UHR occurs for X-mode radiation at the

UH frequency,
Juu = [fp + 12 (5)

in cold plasmas, although we note that its properties are
substantially influenced by warm plasma effects at elec-
tron temperatures 7, > 3keV [1]. ECRH radiation with a
frequency of f;y will encounter the cold UHR (fy = fum)
at an n, value of

(6)
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We investigate nY# for O-mode ECRH radiation at ITER,
as such radiation may drive a PDI involving a trapped UH
wave and a low-frequency lower hybrid wave in the pres-
ence of an inhomogeneous n, profile with a local maxi-
mum slightly above nU# [53-56]. Additionally, in connec-
tion with O-mode ECRH at ITER, we investigate whether
scenarios are likely to occur in which a significant amount
of X-mode radiation reaches the UHR upon reflection
off the high-field side wall, as PDIs have been observed



in such scenarios at ASDEX Upgrade, even without UH
wave trapping [23-27]. We note that the trapping-n, of
the UH wave is slightly different from the value in Eq. (6),
since it is down-shifted relative to f; by the frequency of
the low-frequency lower hybrid wave in accordance with
Eq. (1). However, this shift can be ignored, as Eq. (6) al-
ready ignores finite-T, effects, which will modify the UHR
condition in the core of ITER plasmas [1, 12]. Equation
(6) should thus be considered a rough estimate of the n,-
value at which UH wave trapping and field enhancement
of X-mode ECRH waves may occur.

In addition to nY#, we consider the n,-limits and typi-
cal n,-values at ITER. To avoid disruptions, n, should not
exceed the Greenwald density,

1,IMA]
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at the plasma edge [62-64]; I,, is the plasma current, which
is 15 MA in standard full-field ITER scenarios and 7.5 MA
in half-field ITER scenarios [12]. We note that the core-
n, can exceed n¢ in the case of peaked plasma profiles
obtained by pellet fueling [64] and that the empirical n¢
given by Eq. (7) may underestimate the n,-limit in ITER
[65], meaning that nf does not represent a hard limit on 7,
in ITER, but still serves as a useful upper estimate of the
edge-n,. Further, the line-averaged n, values leading to the
minimum L—H threshold, ﬁ’e“i“, which are representative of
the lower bound of r, in the core of typical H-mode plas-
mas, are given by 5x 10'° m~2 in full-field ITER scenarios
and 2.5 x 10! m=3 in half-field ITER scenarios according
to [12, 66].
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3 Potential O-Mode ECRH PDI Scenarios
atITER

We plot nVH, n¥, i, along with the (cold) fundamen-
tal (fo = |fe.|) and second-harmonic (fy = 2|f.|) electron
cyclotron resonances (ECRs) for the O-mode ECRH sce-
narios planned at ITER [12] in Fig. 1. The plots cover
R € [4.11 m, 8.48 m], corresponding to the R-range of the
ITER vacuum vessel in the midplane, while the R-ticks at
Ry—a=42m, Ry = 6.2m, and Ry + a = 8.2 m represent
the extent of the main plasma in the midplane [12].

The top panel of Fig. 1 shows the situation for fun-
damental O-mode ECRH of the full-field ITER scenario
(By = 53T, I, = 15MA) using the main ITER ECRH
system operating at fy = 170GHz [12]. In this case,
nYH attains values from 0 to n¢ in the central part of the
plasma. Since the ECRH waves are injected from the low-
field side (large R) [12] and thus encounter the region
with n/# €]0,n¢[ before they are absorbed around the
fundamental ECR, PDIs involving decay of the O-mode
ECRH waves to trapped UH waves and low-frequency
lower hybrid waves are likely occur if a region allowing
UH wave trapping is present near the plasma center in
full-field ITER scenarios. It is also possible to operate
plasmas with core n,-values approaching 2n¢ when the
plasma is fueled by pellets [64], in which case trapped UH
wave PDIs may be possible over a wider range of the full-
field ITER plasmas; the requirement that n, < nf at the
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Figure 1. nU%, n¢, i™", fy = |f.l, and fy = 2|f.| of the O-

mode ECRH scenarios planned for ITER [12]. The top panel
shows the situation for the full-field scenario (By = 5.3T, I, =
15 MA) heated by the main ECRH system, f; = 170 GHz. The
middle and bottom panels show the situations for O-mode ECRH
of the half-field scenario (By = 2.65T, I, = 7.5MA) with f; =
110 GHz and f; = 104 GHz, respectively.

plasma edge means that there will always be some point
with R < Ry + a at which fy = fyy in stable plasmas.
Trapped UH wave PDIs in the ITER full-field scenarios
may create strong microwave signals with frequency shifts
~ 10GHz from fy = 170 GHz [1]. This makes them a po-
tential risk to the ITER electron cyclotron emission (ECE)
and low-field side reflectometer systems, operating in the
frequency ranges 70—1000 GHz [67, 68] and 30—165 GHz
[69], respectively. PDIs involving a significant amount of
X-mode ECRH power reflected from the high-field side
wall reaching the UHR are unlikely to occur in the full-
field ITER scenario, as the fundamental ECR is located
close to the plasma center and therefore expected to be op-
tically thick for the O-mode ECRH waves [61].

The middle and bottom panels of Fig. 1 show the sit-
uation for fundamental O-mode ECRH of the half-field



ITER scenario (By = 2.65T, I, = 7.5MA) using the two
lower-frequency ECRH options considered for ITER to
enable ECRH start-up in the one-third-field scenarios [12],
fo = 110 GHz (middle panel) and f; = 104 GHz (bottom
panel). In these cases, n/" covers the range from 0 to
nY on the high-field side of the plasma. Since the ECRH
waves are still injected from the low-field side, they will
encounter the region with nU# €]0,n[ before potentially
being absorbed at the fundamental ECR [61]; the second-
harmonic ECR occurring far on the low-field side, outside
the main plasma, for fy = 110GHz is optically thin due
to the low n, and T, in this region [61]. This means that
110 GHz and 104 GHz ECRH waves are also likely to
drive PDIs involving decay of the O-mode ECRH waves
into trapped UH waves and low-frequency lower hybrid
waves in regions allowing UH wave trapping on the high-
field side in ITER half-field scenarios. Such trapped UH
wave PDIs would again pose a risk to the ECE [67, 68] and
low-field side reflectometer [69] systems at ITER. Opera-
tion with pellet fueling above nS would allow the trapped
UH wave PDIs to occur near the plasma center and on the
low-field side in addition to the high-field side; once again,
the requirement of n, < n¢ at the plasma edge means that
there will always be some point with R < Ry + a at which
fo = fum in stable plasmas. While the f; = 110 GHz
and fy = 104 GHz cases are similar in terms of their be-
havior with respect to PDIs involving a trapped UH wave,
the conclusions regarding the possibility of having a sig-
nificant amount of X-mode radiation reaching the UHR
due to reflections from the high-field side wall and driving
PDIs differ. For fy = 110 GHz, the middle panel of Fig.
1 shows that the fundamental ECR is located on the far
high-field side, slightly outside the main plasma, meaning
that its absorption is highly dependent on the precise value
of By and the angle at which the O-mode ECRH waves
are launched [24-27, 61]. If virtually no particles inside
the last closed flux surface are able to fulfill the ECR reso-
nance condition [61], a significant amount of the injected
O-mode radiation may reflect off the high-field side wall
and (for a specific range of angles, which can be com-
puted using [24]) re-enter the plasma as X-mode radia-
tion that can drive PDIs at the UHR [17, 24-27]. This
mechanism has been demonstrated experimentally in AS-
DEX Upgrade [24-27] and can be assessed for given ITER
plasma conditions and ECRH beam geometries using the
theory of [24]. We note that by slightly increasing B, such
that the fundamental ECR occurs inside the last closed flux
surface at the midplane, the absorption of 110 GHz ECRH
radiation from the midplane launchers can be made more
certain, which should also limit the occurrence of PDIs
relying on X-mode radiation reaching the UHR. The min-
imum value of By at which ECR absorption around the
midplane is guaranteed, Bomi“, is given by the condition that
fo = |feel at R = Ry — a, from which Eq. (3) yields

. m, Ry — a
BMY ~ 27 ffy—= .
0 ﬁ] e R()

For f = 110GHz, we find BOmin ~ 2.66T, so operating
at By slightly above 2.65 T should prevent the occurrence
of PDIs relying on a significant amount of X-mode ECRH

®)

power reaching the UHR. In the case of fy = 104 GHz,
shown in the bottom panel of Fig. 1, the fundamental ECR
occurs well inside main plasma around the midplane for
By =2.65T, so no PDIs relying on X-mode ECRH waves
reaching the UHR are expected in this case. Additionally,
Bg‘i“ ~ 2.52T for fy = 104 GHz, meaning that operation at
By values somewhat below 2.65 T is also possible without
the occurrence of PDIs relying on X-mode ECRH power
around the UHR.

4 Conclusion

We have investigated the potential occurrence of PDIs in
O-mode ECRH scenarios at ITER [12], using an approach
similar to that employed for the ITER X-mode ECRH sce-
narios in Section 4 of [1]. We found that PDIs are likely
to occur near the UHR in connection with phenomena
leading to non-monotonic n.-profiles allowing UH wave
trapping in a wide variety of O-mode ECRH scenarios at
ITER, as well as in situations with X-mode radiation re-
flected off the high-field side wall reaching the UHR with-
out restrictions on the n,-profiles in scenarios with limited
ECRH absorption. Specifically, trapped UH wave PDIs
may occur near the plasma center during 170 GHz ECRH
in full-field scenarios (By = 5.3T, I, = 15MA), while
PDIs requiring limited ECRH absorption are unlikely in
these scenarios. Trapped UH wave PDIs may also occur
on the high-field side during 110 GHz or 104 GHz ECRH
of half-field scenarios (By = 2.65T, I, = 7.5MA). Such
scenarios may further allow PDIs requiring limited ECRH
absorption at sufficiently low By. For 110 GHz ECRH,
a By > 2.66T was found to make such PDIs unlikely
for ECRH beams launched from the outboard midplane,
while a less strict requirement of By > 2.52T was found
to apply for 104 GHz ECRH. It is possible to mitigate the
potential damage to microwave diagnostics due to ECRH
PDIs by installing additional filters around the frequencies
expected to be affected and by minimizing the abilitiy of
the radiometers to pick up strong signals generated in the
ECRH beams [1].

While trapped UH wave PDIs have been found to
lead to diagnostics damage [1] and significant anomalous
ECRH absorption [2, 3], which would generally be detri-
mental to the operation of the ITER ECRH system, we
note that PDIs may also allow novel diagnostics and heat-
ing schemes to be implemented. For instance, PDIs in-
volving X-mode radiation reaching the UHR are being
considered for generating fast ions with ECRH in spherical
tokamaks [7, 8], although we note that the efficacy of this
scheme has yet to be demonstrated, and trapped UH wave
PDIs occurring near the plasma edge have already been
used to investigate edge-localized mode and L-mode blob
characteristics at ASDEX Upgrade [6]. Since PDIs involv-
ing low-frequency trapped waves in the density pedestal
are expected in connection with O-mode ECRH at ITER
[60], it would be of particular interest to assess their value
as an edge diagnostic.
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