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Abstract. Parametric decay instabilities (PDIs) lead to the generation of strong

frequency-shifted radiation when powerful X-mode polarized microwaves, injected for

electron cyclotron resonance heating (ECRH) of fusion plasmas, cross a region of non-

monotonic electron density near the second-harmonic upper hybrid resonance (UHR).

For the standard second-harmonic X-mode ECRH scenarios used at the ASDEX

Upgrade tokamak, the second-harmonic UHR occurs near the plasma edge, meaning

that PDIs occur in connection with phenomena leading to non-monotonic edge electron

density profiles, e.g., blobs, edge-localized modes (ELMs), and inter-ELM modes. We

present the first study of strong signals near half the ECRH frequency in fusion-relevant

plasmas and demonstrate their PDI-like features, such as an ECRH power threshold

required for their occurrence, through analog modulations of the ECRH power. The

signals near half the ECRH frequency are found to be far more prevalent than expected

based on previous theories, and we hence present a qualitative explanation of their

origin, in terms of cross-polarized microwaves generated through nonlinear interactions

of the waves involved in the PDIs, which captures the basic features of the experimental

observations. We additionally present examples of the PDI-related microwave signals

just below the ECRH frequency which indicate the location of the microwave source.

Furthermore, based on a nonlinear magnetohydrodynamics simulation of an ELM crash

in ASDEX Upgrade, performed using the JOREK code, the duration of the PDI-like

microwave spikes observed in connection with ELMs is shown to match the transit

time of an ELM filament though an ECRH beam. Finally, the PDI power threshold

expected theoretically, calculated using the electron density and temperature profiles

from the JOREK simulation, is shown to match the experimentally observed values.

Keywords : parametric decay instability, ECRH, upper hybrid waves, wave trapping,

microwave diagnostics, ELMs, blobs
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1. Introduction

Parametric decay instabilities (PDIs) are nonlinear phenomena in which a large-

amplitude pump wave decays to two daughter waves once its amplitude exceeds a

threshold determined by the coupling strength between the three waves. Due to energy

and momentum conservation, the frequencies and wave vectors of the daughter waves

should sum to those of the pump wave. The wave vector selection rule particularly

means that PDIs will only occur in a narrow region in inhomogeneous plasmas [1–6],

ordinarily increasing the PDI power thresholds of electron cyclotron resonance heating

(ECRH) beams in fusion-relevant plasmas to & 10 MW [4, 5], which is an order of

magnitude above the power available from the gyrotron sources (∼ 1 MW) typically

used for ECRH in such plasmas [7, 8]. However, the PDI power thresholds may be

reduced to a level accessible with ECRH when the daughter waves excited by the PDIs

are trapped, since the amplification region is traversed multiple times in such cases [9].

This can particularly happen if the upper hybrid (UH) frequency has a maximum

slightly exceeding half the ECRH frequency, which allows decay of the electromagnetic

(X-mode) ECRH wave to two, approximately half-frequency, UH plasmons trapped

around the maximum [5, 6, 10–15]. Such PDIs have previously been reported in low-

temperature plasma filaments [16,17], during rotating magnetic islands at the TEXTOR

tokamak [18, 19], in connection with edge-localized modes (ELMs) at the ASDEX

Upgrade tokamak [6, 20, 21], and have recently been shown to occur in particle-in-cell

simulations as well [22]. However, the experimental investigations performed under

fusion-relevant conditions so far have only focused on microwave signals close to the

ECRH frequency, which orginate from combination of the main daughter waves near

half the ECRH frequency [10], limiting their usefulness for exploring the basic PDI

mechanism. Here, we present the first investigation of microwave signals near half

the ECRH frequency under fusion-relevant conditions and conclusively demonstrate the

validity of the theoretical framework.

The strong, frequency-shifted radiation generated by the above PDIs poses a threat

to microwave diagnostics such as electron cyclotron emission (ECE) in connection with

magnetic islands [6]. In these cases the PDIs may even lead to the conversion of a

very large fraction (up to 80 %) of the ECRH power to UH plasmon power according to

current theories [14,15], changing the power deposition and current drive characteristics;

PDI-mediated absorption of 45 % of the ECRH power has been demonstrated in low-

temperature plasma filament experiments [17]. On the other hand, as shown in the

present paper, the PDIs allow detection of structures possessing non-monotonic electron

density profiles along an ECRH beam near the edge of fusion plasmas, e.g., ELM

filaments, inter-ELM modes [23], and blobs [24], since the wave amplitudes generated

in these cases are generally insufficient to damage microwave diagnostics. The question

of the ECRH power fraction converted to waves near half the ECRH frequency in the

above structures is not addressed in detail, owing to the difficulty of measuring the

exact ECRH heating efficiency or trapped wave amplitude, but we do present calibrated
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measurements of the microwave spectral power density near the ECRH frequency and

half the ECRH frequency observed on the low-field side of the plasma, which should

facilitate such investigations.

As microwave bursts in connection with ELMs have been observed under a number

of different experimental conditions in the past [6, 20, 21, 25–33], we provide a brief

overview of these bursts and their connection, or lack thereof, to PDIs. Many of the

earlier observations of microwave bursts during ELMs occurred without ECRH [33] and

additionally had frequencies proportional to the magnetic field strength [29,33]. This is

a strong indication that they do not originate from PDIs, which require an ECRH beam

to drive the instabilities and lead to emissions with frequencies depending on the ECRH

frequency, but rather from ECE associated with fast electrons. Several mechanisms

for ECE bursts during ELMs exist, which may describe the observations for different

experimental conditions. In larger devices, such as the JET and TFTR tokamaks, the

bursts have been explained by a reduction of the optical thickness of the plasma edge

during ELMs, allowing ECE from fast electrons in the core to escape the plasma [25–28].

In medium-sized devices, such as the DIII-D, MAST, and ASDEX Upgrade tokamaks,

the bursts have on the other hand been explained by ECE from fast electrons near

the plasma edge generated during the ELM crash [29, 31–33]. In contrast to the above

observations, the microwave bursts from ASDEX Upgrade discussed in this paper are

shown to require the ECRH beam power to exceed a certain threshold, to be strongest

for receivers viewing an ECRH beam near the plasma edge, and to have frequencies

confined to narrow bands around the ECRH frequency and half the ECRH frequency,

which are all features consistent with a PDI-origin; additionally, similar signals are

found in connection with inter-ELM modes and blobs. We do, however, note that

previous observations of microwave bursts in connection with ELMs during collective

Thomson scattering (CTS) experiments at ASDEX Upgrade [30] may be consistent with

ECE from fast electrons generated by ECRH of the ELM filaments themselves, as the

fundamental and second-harmonic electron cyclotron resonances (ECRs) occur in the

high- and low-field side scrape-off layers, respectively, in these experiments.

This paper is organized as follows. Section 2 presents the theory of PDIs near

the second-harmonic upper hybrid resonance (UHR) used to interpret the experimental

results. Section 3 describes the experimental setup used to detect PDIs at ASDEX

Upgrade. Section 4 presents the experimental results demonstrating the occurrence of

PDIs near the plasma edge at ASDEX Upgrade; it further shows that PDIs near the

plasma edge are expected in connection with an ELM at ASDEX Upgrade, simulated

using the nonlinear magnetohydrodynamics (MHD) code JOREK [34–36]. Section 5

discusses the interpretation of the obtained results. Finally, section 6 presents our

conclusions.
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2. Theory of PDIs near the Second-Harmonic UHR

The primary PDI near the second-harmonic UHR involves decay of an electromagnetic

X-mode pump wave to two UH plasmons. For propagation perpendicular to the

magnetic field, B = Bez, the linear UH plasmon dispersion relation is given by [6]

D = D′ + iD′′ = 0, D′ = `2Tek
4 + Sk2 − ω2

c2
(S2 −D2), D′′ = k2

ω2
pe(ω

2 + ω2
ce)

(ω2 − ω2
ce)

2

νe
ω
, (1)

where

`2Te =
3ω2

pe(Te/me)

(4ω2
ce − ω2)(ω2 − ω2

ce)
, S = 1−

ω2
pe

ω2 − ω2
ce

, D =
ωce
ω

ω2
pe

ω2 − ω2
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, (2)

with ω being the (complex) frequency, k being the wave number, ωpe =
√
e2ne/(ε0me)

being the electron plasma frequency, ωce = −eB/me being the electron cyclotron

frequency, νe being the electron Krook collision frequency (generally set equal to the

electron−ion Coulomb collision frequency [37]), Te being the electron temperature in

energy units, ne being the electron density, me being the electron mass, e being the

elementary charge, ε0 being the vacuum permittivity, and c being the vacuum speed of

light. In the weakly collisional regime relevant to fusion plasmas, νe/|ω| � 1, D′′ may

be considered a perturbation, such that the zeroth order solution of (1) becomes D′j = 0,

where D′j is D′ evaluated at the real frequency (ω = ωj) and wave number (k = kj).

D′j = 0 is a quadratic equation for k2j , which may be solved to give

(k±jx)
2 = − Sj

2`2Tej

(
1±

√
1 +

4`2Tejω
2
j

c2
S2
j −D2

j

S2
j

)
− k2jy, (3)

where we have used that k2j = k2jx + k2jy, since k ⊥ B ‖ z, and written Sj, Dj, `Tej
for S, D, `Te evaluated at ω = ωj. The ”+” and ”−” roots of (3) coincide when

S2
j = −4(`2Tejω

2
j/c

2)(S2
j −D2

j ), which is known as the warm UHR; when Te � mec
2, this

condition becomes Sj ≈ 0, i.e., the well-known cold UHR at which ωj =
√
ω2
pe + ω2

ce =

ωUH , with ωUH being the UH frequency. Far from the UHR, the ”+” root of (3)

corresponds to electrostatic electron Bernstein waves (EBWs), while the ”−” root

corresponds to electromagnetic X-mode waves [6]; X-mode waves reaching the UHR

will be converted to EBWs and vice versa [38–41]. Cold X-mode waves are propagating

for ωj < ωUH , which will also be the case for EBWs, provided that ωj < 2|ωce| [6]. Under

these circumstances, a pair of UH plasmons from the EBW and X-mode branches can be

trapped around a maximum of ωUH if points where ωj = ωUH exist on both sides of the

maximum. To illustrate this, we consider a slab with plasma parameters only varying

along the x direction (and B ‖ z) in pane (a) of figure 1; only the waves with j = 1

should be considered for the time being. In such a system, B is constant and maxima

of ωUH coincide with maxima of ne. If UHRs (values of ne leading to ω1 = ωUH) are

found on both sides of the maximum of ne, the UH plasmons will be trapped around the

maximum, where they are converted from EBWs to X-mode waves, and vice versa, every

time they reach a UHR; the x values of the UHRs to the left and right of the maximum
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of ωUH are referred to as xl and xr, respectively. The trapping region acts as a cavity

for the UH plasmons and only permits trapping of certain wave modes, distinguished by

phase shifts which are a multiple of 2π after each round trip in the trapping region to

ensure a single-valued potential. Accounting for the phase shift of π associated with the

mode conversions at the UHRs during a round trip through the trapping region [42], we

arrive at the Bohr−Sommerfeld condition for wave trapping, also found in [5, 6, 9–12],∫ xr

xl

(k+1x − k−1x) dx = π(2m+ 1), (4)

where m ∈ Z. For given ω1 and m, a mode may be found by varying k1y, which is a

conserved quantity due to the homogeneity of the slab along the y-direction, such that

(4) is satisfied.

As a PDI involves decay of a single pump wave, characterized by subscript 0,

into two daughter waves, characterized by subscripts 1 and 2, energy and momentum

conservation in the three-wave process impose the selection rules,

ω0 = ω1 + ω2, k0 = k1 + k2. (5)

Taking the pump wave to propagate along the x direction (k0 = k0ex, k0 > 0 for all x)

and the daughter waves to propagate perpendicular to the z direction, the k selection

rules become

k1x = k0 − k2x, k1y = −k2y. (6)

Since the kx selection rule (k1x = k0 − k2x) can only be satisfied at discrete points

in the x direction, PDIs generally only lead to finite spatial growth of the daughter

wave amplitudes in narrow regions around such points for untrapped daughter waves

[1–6]. However, when the pump wave can decay into two trapped daughter waves, the

amplification regions are traversed multiple times, allowing such PDIs to cause temporal

growth of the daughter wave amplitudes in the trapping region [9].

To keep the analysis relatively simple, we consider decay of the X-mode pump wave

to two trapped UH plasmons with identical frequencies, ω1 = ω2 = ω0/2. This type of

PDI may occur when a maximum of ωUH occurs near the point where ω0 = 2ωUH , i.e.,

the second-harmonic UHR of the pump wave. We take k±1x > 0 and k±2x = −k±1x < 0,

which permits the satisfaction of the kx selection rule for the EBW branch of daughter

wave 1 and the X-mode branch of daughter wave 2 (k+1x = k0−k−2x at some points in the

trapping region), as seen in pane (a) of figure 1. The trapped modes are found using

(4), choosing the m value which minimizes |k1y| = |k2y|. This is done to minimize the

convective losses of daughter waves from the pump wave beam along the y-direction,

since these are determined by the group velocity of the daughter waves along the y

direction in the trapping region,

vy = |v1y| = |v2y| =
∣∣∣〈∂D′1/∂ky〉〈∂D′1/∂ω〉

∣∣∣, (7)

where

〈f1〉 =
1

N1

∫ xr

xl

(
f+
1

|∂D′+1 /∂kx|
+

f−1
|∂D′−1 /∂kx|

)
dx,



PDIs near the Second-Harmonic UHR in Fusion Plasmas 6

Figure 1. Geometry of the plasma and pump beam used for the theoretical

calculations. Pane (a) shows the variation of the plasma parameters, ne, Te, and B,

along the inhomogeneous x-direction, along with the dispersion curves of the trapped

UH plasmons; the PDI selection rules are satisfied at points where k1x = k0 − k2x
(marked by black circles). Pane (b) shows the square pump beam as a shaded area,

indicates the convective losses of the UH plasmons along the y-direction, and shows B

pointing along the z-direction.

N1 =

∫ xr

xl

(
1

|∂D′+1 /∂kx|
+

1

|∂D′−1 /∂kx|

)
dx (8)

denotes the average of a function f evaluated at the parameters of daughter wave 1

and weighted by the square amplitude of daughter wave 1, which is proportional to

1/|∂D′1/∂kx| [6], in the trapping region; note that v1y = −v2y, since k1y = −k2y from

(6) and D is an even function of ky.

Taking the pump beam to be a uniform square beam of infinite extent along the

x-direction and width 2Ly along the y-direction, as shown in pane (b) of figure 1, and

neglecting diffraction losses along the z-direction, the inital growth rate of the PDI near

the second-harmonic UHR, γ, may be evaluated using (4.85) of [6], which is similar to

(6) of [43],

2QyLy cot(2QyLy) = −2(γ + Γ)Ly
vy

; (9)

Γ = 〈D′′1〉/〈∂D′1/∂ω〉 is the damping rate of the UH plasmons in the trapping region and

Qy =

√
γ12(0, 0)γ∗21(0, 0)− (γ + Γ)2

vy
, (10)

where

γ12(0, 0)γ∗21(0, 0) =
ω2
1

4N2
1 〈∂D′1/∂ω〉2

∣∣∣ ∫ xr

xl

E0y(x, 0, 0)

B

ω2
peω

2
cek0k

+
1xk
−
1x

(4ω2
1 − ω2

ce)(ω
2
1 − ω2

ce)
2
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× 3 + (1− ω2
ce/ω

2
1)/2√

∂D′+1 /∂kx
√
∂D′−1 /∂kx

e
i
∫ x
xl
(k0+k

−
1x−k

+
1x) dx

′
dx
∣∣∣2 (11)

is the nonlinear coupling factor responsible for the PDI and E0y(x, 0, 0) is the central

electric field amplitude of the pump beam along the y direction. The quantity

γ12(0, 0)γ∗21(0, 0) is proportional to the square pump electric field amplitude, meaning

that it is also proportional to the pump beam power, P0, which may be connected

to E0y(x, 0, 0) using the method described in [44]. It is therefore possible to write

γ12(0, 0)γ∗21(0, 0) = γref12 (0, 0)γref∗21 (0, 0)P0/P
ref
0 , where γref12 (0, 0)γref∗21 (0, 0) is the coupling

factor evaluated at an arbitrary reference pump beam power, P ref
0 . We are interested in

finding the pump beam power PDI threshold, P th
0 , which is the point where γ = 0 and

Qy = Qth
y =

√
γref12 (0, 0)γref∗21 (0, 0)P th

0 /P
ref
0 − Γ2/vy, recasting (9) as

2Qth
y Ly cot(2Qth

y Ly) = −2ΓLy
vy

. (12)

(12) is a transcendental equation for P th
0 , which can be solved numerically once the

averages over the trapping region have been performed. It is, however, instructive

to solve (12) in an approximate analytical fashion to obtain the dependence of P th
0

on the various parameters. To do this, we assume that ΓLy/vy � 1, i.e., that the

damping losses of the UH waves in the trapping region are small compared with the

convective losses from the pump beam. This requires the left hand side to be numerically

small, allowing us to replace cot(2Qth
y Ly) by a first order Taylor series around its zeros,

cot(2Qth
y Ly) ≈ −[2Qth

y Ly − π(s + 1/2)], where s ∈ N0. Inserting the Taylor series in

(12), and rearranging, yields

(Qth
y Ly)

2 − π

2

(
s+

1

2

)
Qth
y Ly −

ΓLy
2vy

= 0, (13)

which is a quadratic equation for Qth
y Ly that may be solved, subject to the requirement

Qth
y Ly > 0, to give

Qth
y Ly =

π

4

(
s+

1

2

)
+

√
π2

16

(
s+

1

2

)2

+
ΓLy
2vy

. (14)

Clearly, Qth
y , and hence P th

0 , is minimized for s = 0, i.e., at the first zero

of the cotangent. Thus, the primary P th
0 is obtained by inserting Qth

y =√
γref12 (0, 0)γref∗21 (0, 0)P th

0 /P
ref
0 − Γ2/vy in (14) with s = 0,

P th
0 =

(π
8

+

√
π2

64
+

ΓLy
2vy

)2

+
Γ2L2

y

v2y

 v2y
γref12 (0, 0)γref∗21 (0, 0)L2

y

P ref
0 . (15)

We note that the P th
0 given by (15) is equivalent to (4.88) of [6] for Γ = 0, but that

the inclusion of the right hand side of (9), which leads to the ΓLy/(2vy) term in the

square root of (15), made here is necessary to realistically evaluate the effect of UH wave

damping on P th
0 . On the other hand, the P th

0 of (15) is significantly different from that

obtained using (34) of [5] for the reasons discussed in [6]. In section 4, the P th
0 obtained

from (12) and (15) are shown to be in good agreement with the experimental P th
0 .
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3. Experimental Setup

The experiments discussed in this paper were carried out at the medium-sized tokamak

ASDEX Upgrade, which has a major radius of 1.65 m, a minor radius of 0.5 m, a typical

plasma current Ip ∼ 1 MA, and a typical on-axis toroidal magnetic field Bt ∼ −2.5 T

[45]. Specifically, the observations were made using the CTS system [46], which is a

heterodyne radiometer utilizing two receivers (referred to as Receiver A and Receiver

B [47]), each consisting of a filter bank system sampling at 100 kSamples/s [48] and a

fast-acquisition system sampling a single channel at 6.25 GSamples/s [47], connected to

the ECRH waveguide and steerable mirror systems [7]. Rather than the CTS system

operating near 105 GHz described in [47,48], the measurements are made by an upgraded

version of the system operating near 140 GHz [20, 49], which is the ECRH frequency

used in standard second-harmonic X-mode ECRH at ASDEX Upgrade [7,8]. In addition

to the channels sampling the signal near 140 GHz, the upgraded system has channels

operating near 70 GHz to detect signatures of the waves at around half the ECRH

frequency expected in connection with PDIs at the second-harmonic UHR [13]. Figure

2 shows a block diagram of the front-end of the 140/70 GHz CTS system at ASDEX

Upgrade. The microwave horn of the 140/70 GHz CTS system is shared by the 105 GHz

CTS system of Receiver A, with a waveguide switch enabling the 140/70 GHz or the 105

GHz system to be selected [20]. The 140 GHz line contains two notch filters damping

stray radiation from the ECRH gyrotrons around 140 GHz, a band pass filter to select

the frequency range to which the radiometer is sensitive, a PIN variable attenuator

enabling operation at various levels of signal strength, an isolator, and a mixing stage of

the filtered signal with a 130.5 GHz local oscillator to produce an intermediate frequency

(IF) signal that can be digitized; after mixing, the IF signal is amplified and processed

using the infrastructure of Receiver A, described in [47]. The 70 GHz line is split off

from the 140 GHz line using a directional coupler before the filters. It contains an

isolator, along with two low pass filters removing signals above 80 GHz, and since the

waveguide has a cutoff for frequencies below 59 GHz, this selects the frequency range

to which the line is sensitive. After the filters, the signal is mixed with that of a 60.01

GHz local oscillator, producing an IF signal which is amplified and sampled using the

infrastructure of Receiver B, presented in [47]; only the mid-IF band (8.16−10.64 GHz)

is digitized by the filter bank of Receiver B.

This paper focuses on four ASDEX Upgrade discharges, labeled Discharges 1−4 for

easy reference, whose basic parameters and ASDEX Upgrade shot numbers are listed

in table 1; plasma scenarios at selected time points from the discharges, calculated

using the CLISTE code [50] and integrated data analysis [51], are seen in figure 3.

All discharges have Bt = −2.5 T, leading to a central second-harmonic ECR for the

140 GHz X-mode ECRH radiation (seen in figure 3), sufficient heating power to enter

H-mode, and sufficiently high ne for the second-harmonic UHR to occur at the plasma

edge, which is a necessary condition for the PDIs discussed above to occur in connection

with relatively small edge density perturbations; additionally, the ELMs found in the
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Figure 2. Block diagram of the 140/70 GHz CTS system front-end at ASDEX

Upgrade; the arrows represent isolators. The waveguides have a cutoff for frequencies

below 59 GHz, the low pass filters block frequencies above 80 GHz, the notch filters

block frequencies in the range 139.7 − 140.1 GHz, and the band pass filter transmits

frequencies in the range 135−145 GHz. The signals in the frequency ranges 68.1−70.7

GHz and 135 − 145 GHz are sampled by filter bank systems at 100 kSamples/s; the

signals in the frequency ranges 68.16−70.50 GHz and 138.4−141.2 GHz are additionally

sampled by fast-acquisition systems at 6.25 GSamples/s.

Discharge # 1 2 3 4

ASDEX Upgrade Shot # 37156 37155 32027 33616

Ip [MA] 0.8 0.8 1.0 0.8

Bt [T] −2.5 −2.5 −2.5 −2.5

Central Chord n̄e [1019 m−3] 5.8− 7.6 5.9− 7.5 8.0 6.1

Neutral Beam Power [MW] 2.5 2.5 5.0 2.5

ECRH Power [MW] 2.0 1.5− 1.8 0.6 1.7

ICRH Power [MW] 0 0 0− 1.8 0

Table 1. Basic parameters during the relevant H-mode phases of the ASDEX Upgrade

discharges considered in this Paper.

discharges are all of type I [52].

Discharges 1 and 2 are similar in terms of plasma shape, Ip, and heating. Further,

Discharges 1 and 2 both include an ne scan during the time interval 3.5 − 7.5 s,

indicated by the range of the line-averaged ne, n̄e, from the central chord (H-1) of

the ASDEX Upgrade interferometer system [53] in table 1, to allow the impact of

changing ne on the PDI characteristics to be investigated; from figure 3 it is evident

that the second-harmonic UHR remains close to plasma edge throughout the ne scan,

as the plasma scenario of Discharge 1 shows the situation near the end of the ne scan

(n̄e = 7.2 × 1019 m−3), while the plasma scenario of Discharge 2 shows the situation

before the ne scan (n̄e = 6.1×1019 m−3). The main difference between Discharges 1 and

2 is that the probe gyrotron, whose beam overlaps with the CTS receiver view near the
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Figure 3. Plasma scenarios of Discharges 1− 4 (left to right) at selected time points.

Here, (R,Z) are cylindrical coordinates, green thick lines are the 140 GHz second-

harmonic ECR, regular black lines are the plasma vessel components, thin golden lines

are the flux surfaces of the core plasma, dashed-dotted pink lines are probe gyrotron

beams, dashed blue lines are CTS receiver views, and purple fine dotted lines are the

140 GHz second-harmonic warm UHR.

plasma edge, is run in continuous wave mode in Discharge 1, while it is subject to fast

analog modulations of P0, indicated by the ECRH power range in table 1 and resembling

those from [54], in Discharge 2 to allow determination of P th
0 . In Discharges 1 and 2,

the polarizer of the CTS receiver [55] is set such that the 70 GHz and 140 GHz systems

both accept roughly 50 % X-mode polarized and 50 % O-mode polarized radiation. This

allows all strong microwave signals to be identified at the cost of detailed information

about the polarization of the strong signals; we do, however, note that the signals near

70 GHz are observed for polarizer settings corresponding to pure X-mode as well as

pure O-mode, based on other discharges, indicating the occurrence of processes leading

to cross-polarization.

Discharge 3 has a larger Ip, n̄e, and more neutral beam power than Discharges 1

and 2. Additionally, ion cyclotron resonance heating (ICRH) is introduced in the latter

part of the discharge, as indicated by the ICRH power range in table 1, which changes

the poloidal velocity of the ELM filaments [56–58]. Further, Discharge 3 includes a scan

of the receiver view, allowing the location of the microwave source to be pin-pointed.

Since Discharge 3 is an older discharge, it only includes the 140 GHz CTS system and

has the receiver located above the midplane, as opposed the receiver location below

the midplane in Discharges 1 and 2; the polarizer is set such that the 140 GHz system

accepts predominantly X-mode radiation.

Finally, Discharge 4 is the discharge for which an ELM crash is simulated using

the nonlinear MHD code JOREK [34–36]. It matches Discharges 1 and 2 before the

start of the ne scans in terms of plasma shape, Ip, n̄e, and heating, but does not include

measurements by the CTS system, so figure 3 shows the beams of all ECRH gyrotrons.
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4. Experimental and Numerical Results

Now that the theory of PDIs near the second-harmonic UHR and the experimental setup

used to detect them at ASDEX Upgrade has been discussed, we proceed to present

the experimental results. This is done by covering the most important aspects of the

discharges from table 1 and figure 3 in individual subsections.

Discharge 1: General Characteristics

Since the probe gyrotron is operated in continuous wave mode in Discharge 1, this

discharge is ideal for presenting the general microwave features observed near the ECRH

frequency (140 GHz) and half the ECRH frequency (70 GHz). Microwave bursts are

clearly visible in the spectral power density (SPD) of the filter bank channels at 69.61

GHz and 139.55 GHz, shown in figure 4, after the probe gyrotron is switched on at

1.5 s. Just after the probe gyrotron is switched on, quasi-continuous strong signals are

observed at both 69.61 GHz and 139.55 GHz. These signals occur while the plasma

is still in L-mode, meaning that they are most likely related to the blobs which are

continually ejected from the plasma in connection with L-mode turbulence [24]; in the

discussion of Discharge 2, these signals are shown to have power a threshold, which

justifies identifying their origin with PDIs. As the plasma enters H-mode, the strength

of the quasi-continuous signals is greatly reduced, consistent with the suppression of

edge turbulence in H-mode relative to L-mode [59]. In place of the quasi-continuous

strong signals are quasi-periodic microwave bursts coinciding with the occurrence of

ELMs, as indicated by the spikes of the divertor current in figure 4. These results are

in agreement with previous observations of microwave bursts from the edge of ASDEX

Upgrade plasmas near 140 GHz [6,20,21]. We note that the values of the SPD near 70

GHz and 140 GHz observed in connection with the bursts are both ∼ 100 keV.

In order to give an overview of the ne scan and its impact on the microwave signal

near half the ECRH frequency, we show the development of n̄e from two chords of

the ASDEX Upgrade interferometer system [53], one which passes close to the plasma

center (H-1) and one which passes through the plasma edge (H-5), in pane (a) of figure

5, along with the SPD from the 70 GHz filter bank CTS system in pane (b) of figure

5; pane (b∗) of figure 5 shows the mean SPD for the H-mode plasma before the start

of the ne scan (2−3 s) and during the latter part of the ne scan (5−7 s) for easier

identification of the various peaks. We note that strong signals only occur while the

probe gyrotron is on (1.5−7.5 s), as well as the existence of strong signals in particular

frequency bands, which are modified by the ne scan from 3.5 s onward. The narrow

bands containing strong signals in figure 5 are related to inter-ELM modes, which can

lead to a local ne maximum allowing the UH wave trapping necessary for the PDIs

to occur near the pedestal top [23], and are partially replaced by broadband features

during ELMs, to be discussed in connection with figure 6. Two bands (1 and 1∗) are

visible just above and just below 70 GHz; they have SPD maxima at 70.09 GHz and

69.77 GHz before the ne scan and at 70.17 GHz and 69.69 GHz during the latter part of
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Figure 4. SPD at 69.61 GHz (solid line) and 139.55 GHz (fine dotted line) from the

filter bank CTS systems (1 keV = 1.602 × 10−16 J), along with the divertor current

(dashed line), in Discharge 1; the L−H transition is marked by the dashed-dotted line.

The correlation of microwave bursts with ELMs is clearly visible.

the ne scan, as seen in pane (b∗) of figure 5. Adding the frequencies of the SPD maxima

of bands 1 and 1∗, while accounting for the channel widths, yields 139.86 ± 0.08 GHz,

which agrees with the probe gyrotron frequency of 139.94 GHz, seen in figure 6. It is

thus possible to interpret bands 1 and 1∗ as signatures of the primary daughter waves,

and this interpretation is further justified by the increasing frequency shift between the

two bands with increasing ne, in agreement with theoretical expectations [22]. The two

lower bands (2 and 3) in figure 5 are down-shifted by 880 MHz and 2 × 880 MHz from

band 1 throughout the discharge, while the upper band appearing during the ne scan

(2∗) is shifted by 880 MHz from band 1∗. We can therefore interpret these bands as

beat waves created by mixing of one of the daughter waves with an 880 MHz wave, e.g.,

an ion Bernstein wave, excited in a secondary PDI, or as the direct products of such

a secondary PDI [10]. The precise nature of the signals reaching the CTS receiver is

discussed in section 5.

Returning to the signals observed in connection with ELMs, we consider the signals

measured by the fast-acquisition CTS systems during an ELM before the ne scan (from

2.059−2062 s) and an ELM near the end of the ne scan (from 6.987−6.990 s) in figure

6. The bands of figure 5 are visible before the start of the ELM (indicated by the drop

of the divertor current) in the data from the 70 GHz fast-acquisition system, shown in

panes (1a) and (1b) of figure 6. During the ELM, the bands, particularly the ones near

70 GHz, are weakened and augmented by strong spikes in the frequency regions between

the bands. The signals near 140 GHz, seen in panes (2a) and (2b) of figure 6, are in

agreement with previous observations [6]. Before the ne scan, a line down-shifted by 1.5

GHz from the ECRH frequency is visible during the inter-ELM and early ELM phases,

which may be attributed to combination of the wave slightly above 70 GHz (band 1 of
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Figure 5. Pane (a) shows n̄e measured by an interferometer chord passing through

the plasma center and edge versus time, pane (b) shows the SPD measured by the

filter bank of the 70 GHz CTS system versus time, and pane (b∗) shows the mean

SPD measured by the filter bank of the 70 GHz CTS system from 2−3 s and 5−7 s in

Discharge 1. The frequency bands with strong signals are marked (1, 1∗, 2, 2∗, 3) for

easy reference.

figure 5) with the wave near 68.4 GHz (band 3 of figure 5) [10]; this interpretation is also

consistent with fact that the signals in the 140 GHz CTS system occur simultaneously

with increases of the 68.4 GHz line strength. During the latter part of the ne scan, the

inter-ELM signal is virtually non-existent in the 140 GHz CTS system and the down-

shifted line only occurs briefly during the early ELM phase, in agreement with previous

observations [6], as well as the general reduction of the strength of the lines in the 70

GHz CTS system visible in figure 5 and panes (1a) and (1b) of figure 6. Both before

and throughout the ne scan, broadband spikes occur during the ELM phase. The spikes

in the 140 GHz CTS system appear to be correlated with the spikes in the 70 GHz CTS

system, although they are less frequent since they originate from a higher-order PDI

than the spikes in the 70 GHz CTS system [10], as demonstrated below. We again note

that SPD values ∼ 100 keV are observed for the spikes in both frequency ranges.

To investigate the nature of the spikes in the 70 GHz and 140 GHz CTS systems

during ELMs, we compute the spectral power (SP), by integrating the SPD from the

fast-acquisition systems, in the frequency ranges where spikes occur in connection with
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Figure 6. Microwave and ELM signals during an ELM with low ne (at 2.059−2.062

s) and one with high ne (at 6.987−6.990 s) in Discharge 1. Panes (a) are related to

the ELM at low ne, while panes (b) are related to the ELM at high ne. Panes (1a)

and (1b) show the fast-acquisition CTS signal near 70 GHz. Panes (2a) and (2b) show

the same signals near 140 GHz; the white lines mark the frequency edges of the notch

filter around the ECRH frequencies and the strong signal near 139.94 GHz originates

from the probe gyrotron. Panes (3a) and (3b) show the divertor current.
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Figure 7. Histograms of the microwave spike duration in the frequency ranges

69.55−69.85 GHz and 139.25−139.65 GHz in Discharge 1.

ELMs (69.55−69.85 GHz for the 70 GHz system and 139.25−139.65 GHz for the 140

GHz system). The spikes are identified by first smoothing the measured SP using

the smoothdata function from Matlab to reduce the SP noise. We then apply the

findpeaks function from Matlab to the smoothed SP, with the requirement that the

prominence of the spikes exceed a set threshold to avoid the inclusion of spurious spikes.

Histograms of the duration of the spikes (full-width at half-prominence) in the frequency

ranges 69.55−69.85 GHz and 139.25−139.65 GHz are shown in figure 7. Overall, the

spike duration distributions are very similar. This is further substantiated by the similar

statistics of the spike duration distributions in the frequency ranges 69.55−69.85 GHz

and 139.25−139.65 GHz, e.g., the means of 3.31±0.06µs and 3.33±0.08µs, the standard

deviations of 1.92 ± 0.04µs and 1.78 ± 0.06µs, and the maximum probability density

from 2−3 µs (in both cases), respectively. Based on figure 7, it is also clear that there

are more spikes from 69.55−69.85 GHz than from 139.25−139.65 GHz in all duration

intervals (except the one from 8 − 9µs where both histograms record 7 spikes). The

above facts indicate that the spikes have similar origins and that the spikes near 70 GHz

appear more readily than the spikes near 140 GHz, consistent with them originating from

a lower-order PDI. This point may be more conclusively demonstrated by application of

the conditional averaging technique, which is well-known in connection with the analysis

of turbulent structures, such as blobs and eddies [24,60].

Conditional averaging involves taking the average of a signal around time points

where the signal satisfies a particular condition, in the present case the condition by

which spikes are identified in figure 7, to construct a typical signal associated with

the spikes in the 70 GHz and 140 GHz CTS systems. Defining τ69.55−69.85GHz as

the time relative to the spikes identified in the frequency range 69.55−69.85 GHz

and τ139.25−139.65GHz as the same quantity for the spikes identified in the frequency

range 139.25−139.65 GHz, the conditional averages of the SP in the frequency ranges
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Figure 8. Conditionally averaged SP in the frequency ranges 69.55−69.85 GHz and

139.25−139.65 GHz. Pane (a) shows the conditional averages versus τ69.55−69.85GHz,

while pane (b) shows the conditional averages versus τ139.25−139.65GHz. In both cases,

spikes in one frequency range are related to spikes in the other. Spikes in the frequency

range 139.25−139.65 GHz appear to predict spikes in the frequency range 69.55−69.85

GHz more reliably than the inverse.

69.55−69.85 GHz and 139.25−139.65 GHz seen in figure 8 are obtained. Pane (a)

of figure 8 shows the expected significant increase of the SP from 69.55−69.85 GHz

around τ69.55−69.85GHz = 0, while the SP from 139.25−139.65 GHz shows a smaller

increase, indicating that spikes in the frequency range 69.55−69.85 GHz are only weakly

correlated with spikes in the frequency range 139.25−139.65 GHz; this is in agreement

with the fact that the frequency range 69.55−69.85 GHz contains approximately twice as

many spikes as the frequency range 139.25−139.65 GHz based on figure 7. By contrast,

pane (b) of figure 8 shows a significant increase of the SP in both frequency ranges around

τ139.25−139.65GHz = 0, indicating that spikes in the frequency range 139.25−139.65 GHz

have a strong correlation with spikes in the frequency range 69.55−69.85 GHz; it is also

noted that the SP in the two frequency ranges reach similar values (∼ 2µW) during

the spikes, in agreement with the similar values of the SPD observed in figures 4 and 6.

As stated above, this supports the interpretation that the spikes near 70 GHz originate

from a lower-order PDI than the spikes near 140 GHz, since in this case spikes near 140

GHz imply the occurrence of spikes near 70 GHz, while the inverse is not necessarily

true. We further observe that the conditionally averaged spikes all have full-widths at

half-prominence of approximately 2µs, which coincides with the maximum probability

density of the spike widths in figure 7. Finally, as will be shown in the discussion of

the JOREK simulation of Discharge 4, the spike duration distributions indicated by

figures 7 and 8 are consistent with the passage time of a region allowing trapping of UH

plasmons at half the ECRH frequency through an ECRH beam at ASDEX Upgrade,

meaning that PDIs near the second-harmonic UHR can account for the spikes.
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Discharge 2: Half-Frequency Signal and PDI Power Threshold

With the general features of the signals observed from the plasma edge established, we

now turn to the demonstration of an experimental probe gyrotron PDI power threshold,

P th
0 , which will be compared with the theoretical estimates of (12) and (15) for the waves

near half the ECRH frequency in the discussion of Discharge 4. This is done using the

analog modulations of P0 from Discharge 2, which are similar to the ones described

in [54], but run from 150−530 kW, rather than 0−310 kW.

Before discussing P th
0 in connection with ELMs, we consider the signal measured

by the fast-acquisition CTS systems just after the probe gyrotron is switched on in

figure 9. As seen in pane (a) of figure 9, a chirping narrow line, labeled line 1, appears

around 70 GHz. Comparing the chirping of line 1 with that of the probe gyrotron line,

labeled line 0, in pane (b) of figure 9, which is caused by the analog modulation of

P0, it is clear that line 1 may be interpreted as a signal originating directly from the

half-frequency waves excited by the primary PDI in the blobs associated with L-mode

turbulence [24]; this is further substantiated by the fact that line 1 is only visible for

low probe gyrotron frequencies, corresponding to high P0. We discuss the precise nature

of line 1 in section 5. Apart from lines 1 and 0, broadband signals (bands 1 and 0 in

figure 9) are present below 70 GHz and 140 GHz, respectively, just after the probe

gyrotron is switched on. These signals are interpreted as the L-mode blob equivalents of

the spikes observed during H-mode ELMs, which are also discussed in section 5. Their

quasi-continuous nature during the high P0 phases, as opposed to the separate spikes

observed during ELMs, reflects the continual ejection of blobs in L-mode. Additionally,

the SPD of bands 0 and 1 are comparable (∼ 10 keV). We note that band 1 appears

before the signals with a greater down-shift and band 0, indicating the occurrence of a

cascade of PDIs with the signals in band 1 being of a lower order, in agreement with

theoretical predictions [10] and the discussion of Discharge 1. Pane (b) of figure 9 also

shows that a secondary heating gyrotron is switched on after the probe gyrotron. In

spite of this, the signals in bands 1 and 0 are still clearly correlated with the chirping

of the probe gyrotron frequency, indicating that the signals primarily originate from

the overlap between the probe gyrotron beam and the CTS receiver view, consistent

with what is expected for PDI-generated signals; the signals in band 1 appear to be

somewhat more affected by the secondary gyrotron than the signals in band 0.

To demonstrate that the signals just after the probe gyrotron is switched on are

due to PDIs, rather than effects with a linear dependence on P0, we plot the SP in the

frequency ranges of line 1 (69.975−70.025 GHz), band 1 (69.65−69.95 GHz), and band

0 (139.25−139.65 GHz) versus P0 in figure 10. The SPs only show significant deviations

from the background level present before the probe gyrotron is switched on above a

critical P0, which we identify as the experimental P th
0 , indicating that they can all be

attributed to PDIs. In order to have an objective measure, we compute SP thresholds

of 20 SP standard deviations above the mean SP before the gyrotron is switched on

and define P th
0 as the lowest P0 values for which the SP thresholds are exceeded; the
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Figure 9. SPD from the fast-acquisition CTS systems just after the probe gyrotron

is switched on in Discharge 2. Pane (a) shows the signal near 70 GHz, while pane (b)

shows the signal near 140 GHz; the solid lines mark the frequency edges of the notch

filter around the ECRH frequencies, the fine dotted lines mark the time point at which

the probe gyrotron is switched on, and the dashed lines mark the time point at which

the secondary heating gyrotron is switched on. Panes (a∗) and (b∗) show the mean

SPD near 70 GHz and 140 GHz, respectively, after the probe gyrotron is switched on.

The lines at the ECRH frequency and half the ECRH frequency are marked (0, 1,

respectively), along with the bands down-shifted relative to the ECRH frequency and

half the ECRH frequency (also 0, 1, respectively), for easy reference.

SP thresholds and P th
0 for line 1, band 1, and band 0 are seen in figure 10. Line 1

and band 1 have similar values of P th
0 , 127 kW and 103 kW, respectively, which we

interpret as estimates of the primary P th
0 . On the other hand, the signal in band 0 has

a higher P th
0 = 212 kW, further supporting the interpretation that this signal originates

from a higher-order PDI, as expected theoretically [10] and based on the discussion of

Discharge 1.

We now determine P th
0 of the microwave spikes observed in connection with ELMs,

which is directly compared with the theoretical values of (12) and (15) in the discussion

of Discharge 4. While it is possible to use a technique similar to that of figure 10

for computing P th
0 of the ELM spikes, the highly intermittent nature of the strong

signals and the lack of a P0 = 0 reference during the analog modulations, which run

from 150−530 kW, favor a different method. We identify the microwave spikes using
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Figure 10. SP in the frequency ranges of line 1 (69.975−70.025 GHz), band 1

(69.65−69.95 GHz), and band 0 (139.25−139.65 GHz) from the fast-acquisition CTS

system versus P0 just after the probe gyrotron is switched on in Discharge 2. We

compute P th
0 (fine dotted lines) as the lowest P0 values for which SP thresholds (dashed

lines) of 20 SP standard deviations above the mean SP before the probe gyrotron is

switched on are exceeded.
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Figure 11. Values of P0 during the microwave spikes in the frequency intervals

69.55−69.85 GHz (◦) and 139.25−139.65 GHz (×) of Discharge 2 versus n̄e from the

edge chord; the errorbars are determined by the P0 variation over the duration of the

individual spikes. At a given n̄e, spikes only appear above a particular P0, which we

identify as P th
0 . The dash-dotted lines show empirical estimates of P th

0 in the low and

high n̄e ranges, calculated using the method outlined in the text.

the algorithm employed in constructing figure 7 and obtain the P0 at which each spike

occurs by interpolating the P0 signal to the spike time points identified by the algorithm;

errorbars of P0 are further obtained through the P0 variation over the duration of the

individual spikes. When the P0 values of the spikes in the frequency ranges 69.55−69.85

GHz and 139.25−139.65 GHz are plotted against n̄e from the edge chord (H-5), figure

11 emerges. Figure 11 shows the strong correlation of the spikes near 140 GHz with

the spikes near 70 GHz expected from figure 8, as well as the previously mentioned

higher P0 necessary for the occurrence of the spikes near 140 GHz compared with

those near 70 GHz, consistent with them originating from a higher-order PDI [10].

Additionally, the spikes in both frequency ranges display a distinct P0 value which must

be exceeded in order for spikes to occur at a given edge chord n̄e, which we identify

as P th
0 . The P th

0 values in both frequency ranges appear to decrease with increasing n̄e
for low edge chord n̄e values (3.3 − 4.0 × 1019 m−3), reach a minimum at intermediate

values (4.0 − 4.3 × 1019 m−3), and increase for larger values (4.3 − 5.0 × 1019 m−3). To

obtain an empirical estimate of the primary P th
0 in the high and low n̄e ranges, which

may be compared with theory, we least-square fit a linear function of n̄e to the minimum

P0 values of the spikes in the frequency range 69.55−69.85 GHz for bins with widths

of 1018 m−3 in each of these n̄e ranges; the intermediate n̄e values are not treated, as

the primary P th
0 for these values may be below the lowest P0 during the analog P0

modulations (150 kW). The resulting fits of the primary P th
0 are seen in figure 11 and

show good agreement with the P0 edge above which spikes occur. For a comparison

with the JOREK simulation of an ELM crash in Discharge 4, we note that the edge



PDIs near the Second-Harmonic UHR in Fusion Plasmas 21

chord n̄e = 3.76 × 1019 m−3 for the time point of Discharge 4 shown in figure 3, which

serves as an initial condition for the ELM simulation, giving an empirical estimate

of P th
0 = 250 kW to be compared with the value obtained by applying the theory of

section 2 to the JOREK simulation. Finally, we note that the possibility of computing

P th
0 based on the strong relation between the P0 value at which spikes appear and the

edge chord n̄e, rather than n̄e from a central chord, is a strong indication that the signals

originate from the plasma edge during ELMs, as further demonstrated in the discussion

of Discharge 3.

Discharge 3: Source Location and ICRH Impact

Before discussing the JOREK simulation of Discharge 4, we address the issues of the

spatial location of the source of the spikes near 140 GHz and the impact of ICRH on

the spike duration distribution in Discharge 3.

The location of the origin of the strong signal near 140 GHz is pin-pointed by sweeps

of the CTS receiver view along the probe gyrotron beam, performed by scanning the

position of the spindle of the CTS reveiver mirror during the discharge [7]. Figure 12

shows the SP from 139.25−139.65 GHz versus Roverlap, defined as the R value at which

the central ray of the receiver view is closest to the central ray of the probe gyrotron

beam; cf. figure 3, where Roverlap = 1.989 m for the time point shown for Discharge 3.

Evidently, the large microwave spikes just below the ECRH frequency associated with

ELMs only occur when Roverlap is sufficiently large, corresponding to a receiver view

overlapping with the probe gyrotron near the plasma edge, which is illustrated by the

location of the last closed flux surface in figure 12. This is a clear indication that the

signal originates from the probe gyrotron beam near the plasma edge, as expected if its

source is PDIs in the ELM filaments.

Figure 12. SP in the range 139.25−139.65 GHz from the fast-acquisition CTS system

versus Roverlap in Discharge 3. Strong signals are observed for overlaps near the plasma

edge, as indicated by the solid line giving the location of the last closed flux surface.
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Figure 13. Histograms of the microwave spike duration in the frequency range

139.25−139.65 GHz during the receiver sweeps without and with ICRH in Discharge

3. The spike duration is generally longer during the sweep with ICRH.

As indicated in figure 12, two sweeps of the receiver view are performed, one without

ICRH of the plasma and one with (1.8 MW) ICRH of the plasma. Histograms of the

duration of the spikes from 139.25−139.65 GHz in the two sweeps, calculated using the

same method as in figure 7, are shown in figure 13. For the sweep without ICRH,

the spike duration distribution is relatively similar to that of Discharge 1, seen in

figure 7, albeit with a somewhat increased general spike duration, illustrated by the

mean of 5.08 ± 0.29µs, the standard deviation of 2.41 ± 0.21µs, and the maximum

probability density from 3− 4µs. For the sweep with ICRH, the general spike duration

is significantly increased, indicated by the mean now being 8.7 ± 0.9µs, the standard

deviation being 4.3± 0.6µs, and the maximum probability density from 4.5− 9µs; the

distribution still appears to have a shape similar to that in the earlier case, though

the small number of observed spikes makes this somewhat uncertain. The difference of

the spike duration distributions for the two sweeps may be explained by the fact that

ICRH changes the poloidal drift velocities of the ELM filaments through a steady radial

electric field induced by sheath rectification of the injected radiation [56–58].

Discharge 4: Comparison with JOREK Simulation

Having discussed the experimental observations, we now turn to the issue of comparing

them with the theoretical predictions of section 2. In order to apply the theory,

detailed knowledge of ne and Te at the plasma edge is required with a time resolution

∼ 1µs. Since such information is generally not available experimentally, the required

information is extracted from a simulation of an ASDEX Upgrade discharge using the

nonlinear MHD code JOREK [34–36]. Specifically, we look at the simulation of an

ELM crash from Discharge 4, described in [35, 36]; B is extracted from the CLISTE

equilibrium [50] used as the initial condition for the simulation, shown in figure 3, and
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is assumed to remain virtually constant during the ELM. We estimate P th
0 along with

the burst duration using the theory of section 2. As seen in figure 3, Discharge 4 has a

similar plasma shape to Discharges 1 and 2; table 1 further shows that the Ip, Bt, and

heating mix of Discharges 1 and 2 have been chosen to match Discharge 4, leading to

similar ne and Te profiles before the start of the ne scans.

The spike duration distributions found in figure 7 are consistent with the passage

time of the ne structures allowing trapping during an ELM crash through an ECRH

beam. This is demonstrated in figure 14, which shows the evolution of ne and the

warm 70 GHz UHR according to the JOREK simulation of Discharge 4 [35,36]. For the

snapshots shown in figure 14, the simulation time, t (which is 0 at the beginning of the

ELM crash), runs from 52.1 − 60.5 µs and during this time interval (8.4 µs), a region

allowing trapping of two 70 GHz UH plasmons, which is necessary for the considered

PDIs to generate microwave spikes, passes through the lower pair of ECRH beams. The

time interval of 8.4 µs thus represents an (upper) estimate of the spike duration which

is similar to the experimental values from figure 7. The agreement with experiment is

only obtained due to the fact that the JOREK simulation is based on extended MHD,

which takes neoclassical and diamagnetic drift effects into account, such that the plasma

flows are obtained self-consistently. This causes the radial electric field to evolve in a

manner comparable to the experimental observations during the ELM crash, as shown

in [35], which is essential not only for capturing the ELM dynamics correctly, but also

for obtaining correct transit times of the non-monotonic ne structures across the ECRH

beams.

We can further use the theory developed in section 2 to estimate P th
0 when the

trapping region crosses the central rays of the ECRH beams; the plasma and beam

parameters used for these calculations are extracted along the lower pair of ECRH

beams in figure 14 at t = 55.4µs and shown in figure 15. For pane (a) of figure

15 the resulting profiles give the parameters m = 5, ky = 3.78 mm−1, vy = 264 km/s,

Γ = 141 ms−1, and
√
γref12 (0, 0)γref∗21 (0, 0) = 19.9µs−1 at P ref

0 = 500 kW; for pane (b) of

figure 15 the parameters are m = 8, ky = 2.89 mm−1, vy = 258 km/s, Γ = 140 ms−1, and√
γref12 (0, 0)γref∗21 (0, 0) = 19.7µs−1 at P ref

0 = 500 kW. Following [6], we set Ly =
√
π/8W ,

where W = 2.873 cm is the (1/e electric field) width of the Gaussian ECRH beams in the

trapping regions, and with this we obtain P th
0 = 175 kW and P th

0 = 171 kW for panes (a)

and (b) of figure 15, respectively; the relative error of the analytical approximation of

P th
0 from (15) compared with the numerical solution of (12) is < 7.6×10−7 in both cases.

Use of the estimates from [5] give significantly lower values of P th
0 , 2.65 kW and 2.63

kW for panes (a) and (b) of figure 15, respectively, with the threshold due to diffraction

losses along B being higher than that due to convection losses, despite the domination

of the convection loss terms; the reason for these issues are outlined in [6]. The P th
0

values of 171−175 kW are similar to the experimentally estimated P th
0 in Discharge 2

(250 kW, based on figure 11), providing further evidence in favor of the second-harmonic

UHR PDI theory of the microwave spikes. Considering the greatly simplified theoretical

model used for determining P th
0 and the MHD nature of the simulation, the agreement
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Figure 14. Evolution of ne and the warm 70 GHz UHR (fine dotted line) in the

JOREK simulation of Discharge 4. The dashed-dotted lines mark the gyrotron central

beam rays; the dashed lines mark the (1/e electric field) widths of the Gaussian ECRH

beams.

Figure 15. Plasma and wave parameters in the trapping regions of the lower beams

at t = 55.4µs in the JOREK simulation of Discharge 4; see figure 14. Pane (a) shows

the situation for the beam with P th
0 = 175 kW; pane (b) shows the situation for the

beam with P th
0 = 171 kW.

is very good.

5. Discussion

With the experimental and numerical results presented, we are now in a position to

discuss the interpretation of the obtained results, particularly the nature of the signals

with frequencies near half the ECRH frequency reaching the CTS receiver.

As seen in panes (a) and (a∗) of figure 9, the PDI signals during the L-mode phase
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consist of a narrow line at exactly half the ECRH frequency (line 1), as well as broadband

features, such as band 1. On the other hand, the PDI signals during the H-mode phase,

seen in panes (1a) and (1b) of figure 6, consist of a number of bands, significantly wider

than line 1, during the inter-ELM phases, augmented by broadband spikes during the

ELMs. We further note that the microwave signals near half the ECRH frequency are

not limited to a narrow ne range, since they appear throughout the ne scan shown in

figure 5 with only minor changes. Additionally, microwave signals are present above,

as well as below, half the ECRH frequency. The above features are at odds with the

mechanism of microwave emissions near half the ECRH frequency proposed in [13],

where it is assumed that the primary daughter wave with a frequency below half the

ECRH frequency is non-trapped (limiting its occurrence to a narrow ne range), such

that its X-mode branch can escape the plasma on the high-field side, be cross-polarized

to O-mode by a reflection at the high-field side vessel wall, and then reach the receiver

at the low-field side of the plasma, provided that absorption at the ECR is limited. We

hence consider alternative mechanisms allowing emission of microwaves near half the

ECRH frequency.

An obvious candidate is direct tunneling of the X-mode branch of the trapped

daughter waves through the evanescence layer between the trapping region and the low-

field side of the tokamak. To estimate the strength of this signal for wave j, we utilize

the Budden power transmission coefficient, Tj, from cold plasma theory [61,62],

Tj = e−πdjωj/c, (16)

where dj is the width of the evanescence region of wave j. For the JOREK simulation

of Discharge 4, the narrowest width of the evanescence layer around the trapping region

is dj ≈ 7 mm, leading to Tj . 10−14. Thus, even assuming that the daughter waves

carry the maximum power of the pump wave (approximately 500 kW), the transmitted

power will be . 5 nW, which is far below the SP recorded by the 70 GHz system

during an ELM, cf. figure 8. We note that use of the Budden power transmission

coefficient does not account for modifications of the transmission through the X-mode

evanescence layer due to standing wave effects, but is appropriate if we treat the cavity

as a slab with a transmission (and reflection) coefficient associated with each interface,

since the referenced power is that circulating in the cavity [63]. If we instead were to

use the mode coupling coefficient commonly used in connection with X-B heating and

B-X emission in spherical tokamaks [38–41], we would find Tj < 4 e−πdjωj/c, leading to

a transmitted power . 20 nW, which is still far below the SP recorded by the 70 GHz

system during an ELM, cf. figure 8. The mode coupling coefficients of [38–41] include

the effect of X-mode waves being reflected toward the UHR by an L-cutoff, which can be

treated using the cold plasma approximation. By contrast, the cavity effect of relevance

in the present paper is mode conversion of X-mode waves to EBWs (and vice versa)

at the UHR near the main plasma and their return to the UHR near the vessel wall,

which would necessitate the inclusion of hot plasma effects to be properly accounted for.

Based on the above analysis, direct tunneling is not able to account for the strong signals



PDIs near the Second-Harmonic UHR in Fusion Plasmas 26

near half the ECRH frequency from H-mode plasmas. However, L-mode blobs have a

significantly smaller spatial extent than ELM filaments, compare figure 14 with figure 2

of [24], meaning that direct tunneling may account for some strong signals from L-mode

plasmas. Particularly, the narrow line at exactly half the ECRH frequency seems to

originate from direct tunneling of the primary daughter waves through the evanescence

region, as it disappears during the H-mode phase and is not broadened by secondary

nonlinear wave interactions.

The strong signals near half the ECRH frequency during the H-mode phase, as

well as the broadband features during the L-mode phase, seem to require conversion

of the trapped EBWs/X-mode waves to O-mode waves (cross-polarization) for their

power to be able to reach the CTS receiver, since this mechanism is insensitive to

the exact width of the X-mode evanescence layer and is not limited to a narrow ne
range. Cross-polarization is a three-wave effect facilitated by mixing of the waves near

half the ECRH frequency with low-frequency waves and PDIs involving low-frequency

waves and waves near half the ECRH frequency [64]. The requirement of interactions

with low-frequency waves leads to the observed frequency shifts and broadening of the

microwave bands relative to the direct tunneling line during the L-mode phase, due

to the three-wave interaction frequency selection rule. Additionally, this mechanism

explains why the bands near 70 GHz, which are related to the primary daughter

waves, are weaker than the bands possessing frequency shifts near multiples of 880

MHz from these bands in figure 5 during the inter-ELM phases: waves near 880 MHz

are abundant due to the occurrence of secondary PDIs, allowing generation of significant

O-mode power at frequencies shifted by multiples of 880 MHz from the primary daughter

waves, while the waves near 70 GHz can only be converted to O-mode through mixing

with low-frequency fluctuations. The particular weakening of the bands near 70 GHz

during ELMs observed in figure 6 can be interpreted as being due to the altered low-

frequency fluctuations during ELMs within this framework, while the broadband spikes

observed during ELMs are attributed to the different trapping characteristics of the ELM

filaments compared with the inter-ELM modes [23] that generate the narrower bands

discussed above. The broadband signals observed during the L-mode phase appear to be

similar to the broadband spikes related to ELMs and are interpreted as cross-polarized

radiation generated by PDIs in the L-mode blobs.

We interpret the strong signals near the ECRH frequency in the same way as [10],

namely as (X-mode) microwaves generated by combination of two daughter waves near

half the ECRH frequency. In connection with ELMs and L-mode blobs, these signals

appear as broadband spikes coinciding with the spikes near half the ECRH frequency,

while a narrow band down-shifted by approximately 1.5 GHz from the ECRH frequency

is present during the inter-ELM phase at low ne. The latter signal is consistent with

combination of waves from two of the bands near half the ECRH frequency (particularly,

bands 1 and 3 of figure 5). The disappearance of the narrow band during the inter-ELM

phase at higher ne is consistent with the weakening of the bands near half the ECRH

frequency observed in figure 5 and with the fact that they are a consequence of a
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higher-order PDI. We further note that the fact that not all of the bands present near

half the ECRH frequency are recovered near the ECRH frequency is likely related to

the impossibility of satisfying the wave vector selection rules when combining certain

modes to a microwave near twice their frequency. Finally, the fact that strong signals

occur almost exclusively below the ECRH frequency is a strong indication that they are

a result of PDIs driven by the ECRH radiation.

There are several points deserving further theoretical, numerical, and experimental

investigations. First, the interpretation of the signals near half the ECRH

frequency as originating from cross-polarized trapped waves should be investigated

analytically. According to [64], the cross-polarized signals near the UHR originate from

(electromagnetic) fluctuations of B, as well as from fluctuations of the electron velocity

parallel to the background B. Neither of these effects are included in the basic theory

of PDIs near the second-harmonic UHR in a plasma slab, since it assumes electrostatic

trapped daughter waves propagating perpendicular to the background magnetic field.

An inclusion of electromagnetic effects and oblique propagation of the daughter waves

may thus be necessary to estimate the theoretically expected signal levels near half

the ECRH frequency, which could be compared with the experimental observations of

the present paper; we note that oblique daughter wave propagation has already been

included in the theory of PDIs near the second-harmonic UHR in (circular) plasma

filaments [11,16,17]. Further, the applicability of the PDI theory to the signals observed

in connection with L-mode turbulence should be confirmed in a similar manner to that

of the ELM-related spikes, using the output of an edge turbulence code, e.g., HESEL [24]

or GRILLIX [65], which could also be used to confirm the possibility of direct tunneling

of the half-frequency X-mode daughter waves through the cutoff region. The character

of the signals should additionally be investigated experimentally (and numerically) in

a wider range of scenarios than just L-modes developing into type I ELMy H-modes.

For instance, it would be of interest to characterize the signals in I-mode plasmas,

particularly looking for quasi-continuous signals related to the weakly coherent mode

and spikes related to I-mode bursts [66]. Other interesting regimes are H-mode plasmas

with small ELMs [67] and ELM-free H-modes, such as the QH-mode [68]. Finally, the

relation of the PDI microwave signals to other strong microwave signals generated by

ECE from fast electrons is of interest. We particularly note that the narrowband bursts

observed in connection with the edge harmonic oscillation in QH-mode plasmas and

attributed to ECE associated with fast electrons [69] may have a PDI component as

well.

6. Conclusion

At the magnetic field strengths used for central second-harmonic X-mode ECRH in

present-day conventional tokamaks, the second-harmonic UHR of ECRH radiation

occurs at low electron densities, meaning that it will usually appear in the edge region.

This allows trapping of UH daughter waves near half the ECRH frequency in relatively
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small edge density perturbations, associated with ELMs, inter-ELM modes, and L-mode

blobs, leading to a low-threshold PDI in which such waves are excited by the ECRH

radiation [5,6,10–15]. These PDIs may be detected by a radiometer observing an ECRH

beam near the plasma edge; in this paper, we have specifically used an upgraded version

of the CTS system at the ASDEX Upgrade tokamak, with a filter bank and a fast-

acquisition system operating near half the ECRH frequency (70 GHz) in addition to the

original systems operating near the ECRH frequency itself (140 GHz). The upgraded

CTS system permitted the first investigation of the signals associated with PDIs near

half the ECRH frequency under fusion-relevant conditions, as well as the relation of

these signals to the previously-observed signals near the ECRH frequency. The signals

in both frequency regions have a different character in L-mode and H-mode plasmas.

For L-mode plasmas, relatively broadband quasi-continuous, strong signals are

present below the ECRH frequency and around half the ECRH frequency, along with

a narrow quasi-continuous line very close to half the ECRH frequency. All signals can

be attributed to PDIs occurring in the blobs which are continually ejected from L-

mode plasmas [24]. By performing modulations of the power of the ECRH gyrotron

overlapping with the CTS receiver view near the plasma edge, we confirmed that the

signals near half the ECRH frequency have similar PDI power thresholds, while the

signals near the ECRH frequency have a significantly higher PDI power threshold.

These observations are consistent with the theoretical expectation that the signals near

the ECRH frequency originate from a higher-order PDI than the ones near half the

ECRH frequency [10] and further indicate that the signals originate from the modulated

gyrotron beam.

For H-mode plasmas, the signals during inter-ELM and ELM phases are distinct.

During inter-ELM phases, the signals near half the ECRH frequency consist of distinct

quasi-continuous frequency bands, specifically two bands, one slightly above and one

slightly below half the ECRH frequency, along with a number of bands up- and down-

shifted by multiples of 880 MHz from one of these bands, which may be attributed to

secondary PDIs [10]. Near the ECRH frequency, a band corresponding to combination

of the band slightly above half the ECRH frequency with the most down-shifted band is

observed at low electron densities, consistent with the fact that the bands around half

the ECRH frequency are strongest for lower electron densities and with the signals near

the ECRH frequency originating from a higher-order PDI. During ELMs, the quasi-

continuous lines are (partially) replaced by broadband microwave spikes, indicating

alteration of the wave trapping regions near the plasma edge. The duration of the

microwave spikes observed near the ECRH frequency and half the ECRH frequency with

the fast-acquisition CTS system is in agreement with the passage time of the regions

allowing daughter wave trapping through an ECRH beam according to a nonlinear MHD

simulation of an ELM crash, performed using the JOREK code [34, 36]. Additionally,

the PDI thresholds obtained from an analytical model using input from the JOREK

simulation agree well with the PDI thresholds inferred from the lowest power at which

spikes occur during modulations of the power of the ECRH beam overlapping with
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the CTS receiver view near the plasma edge. The experimental PDI thresholds near

the ECRH frequency are further found to be higher than those near half the ECRH

frequency, consistent with them originating from a higher-order PDI, as claimed earlier.

The spike duration is also seen to be strongly influenced by the inclusion of ICRH, which

may be attributed to an alteration of the poloidal velocity of the ELM filaments due to

sheath rectification of the ICRH radiation in the scrape-off layer [56–58]. Finally, the

spikes during ELMs are seen to have a vastly increased amplitude for CTS receiver views

overlapping with an ECRH gyrotron near the plasma edge, supporting their PDI-origin.

The PDI-related microwave signals observed in connection with ELMs, inter-ELM

modes, and blobs are generally not at a level which poses any danger to microwave

diagnostics, and in order to reliably observe them, it is necessary for the view of a

radiometer to overlap with an ECRH beam near the plasma edge. They do, however,

present the possibility of creating a new type of edge diagnostic which is able to measure

the passage of ELM filaments, changes in the character of the edge turbulence, and inter-

ELM modes in the localized region of an ECRH beam with high temporal resolution.
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