
Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 66 (2024) 125001 (9pp) https://doi.org/10.1088/1361-6587/ad85f8

Utilizing parametric instabilities to
diagnose edge density fluctuations in
TCV

A Clod1,∗, R Ragona1, M G Senstius2, T Jensen1, U Kumar3, S Coda3,
S K Nielsen1 and the TCV Team4

1 Department of Physics, Technical University of Denmark, Fysikvej, DK-2800 Kongens Lyngby,
Denmark
2 Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford OX1 3NP, United Kingdom
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Abstract
Two-plasmon decay instabilities (TPDIs) are a class of parametric instabilities where a gyrotron
beam, polarized in X-mode, decays nonlinearly into two upper hybrid waves at approximately
half frequency. Here, we present the design of a simple radiometer that was installed at
Tokamak á configuration variable to diagnose TPDIs as well as a novel technique that was used
to calibrate the radiometer using thermal electron cyclotron emissions. We show examples of
measured radiation from TPDIs that occur when the gyrotron beam intersects blob filaments in
the scrape-off layer and demonstrate that the frequency separation of the TPDI daughter waves
can be used to assess the densities of the blob filaments. This technique could be utilized to
diagnose density fluctuations due to both blobs, ELMs, and rotating magnetic islands.

Keywords: three-wave interaction, two-plasmon decay, parametric decay instability,
electron cyclotron resonance heating, electron Bernstein wave, upper hybrid wave,
blob diagnostic

1. Introduction

One of the main external heating systems in magnetic con-
finement fusion devices such as tokamaks and stellarators is
electron cyclotron resonance heating (ECRH), where high-
intensity microwave beams from gyrotrons couple resonantly
to the cyclotron motion of electrons in the plasma. In most

4 See Reimerdes et al 2022 (https://doi.org/10.1088/1741-4326/ac369b) for
the TCV Team.
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plasma temperature and density regimes, the propagation of
gyrotron beams is linear. Under certain conditions, however,
a gyrotron beam can undergo a nonlinear parametric decay
instability (PDI) [1], where energy is transferred from themain
beam to two other linear plasma waves.

One class of PDIs is called the two-plasmon decay instabil-
ity (TPDI). The term was originally reserved for describing
the parametric decay of an incident light wave into two half-
frequency Langmuir waves in unmagnetized inertial confine-
ment fusion experiments [2]. It has since been extended to
also cover the parametric decay of an incident gyrotron beam,
polarized in X-mode, into two approximately half-frequency
upper hybrid (UH) waves [3, 4] during ECRH.

The first experimental indications of TPDIs during ECRH
were measurements of anomalous back-scattering when an X2
beam crossed a rotating magnetic island in TEXTOR [5, 6].
This anomalous back-scattering with frequencies around the

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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gyrotron frequency is thought to be generated in second-
ary recombination processes after TPDIs, in accordance with
recent modelling [7]. Similar radiation attributed to TPDIs
were later observed at Wendelstein 7-X [8, 9] and ASDEX
Upgrade [10], where half-frequency emissions were also
observed. All mentioned measurements were obtained using
complicated collective Thomson scattering (CTS) systems
[11].

The Tokamak á configuration variable (TCV) [12] is a
medium-sized versatile device with a large ECRH power dens-
ity, making it ideal for studying TPDIs. A new dedicated
radiometer was developed to measure direct radiation from
primary TPDI daughter waves around half gyrotron frequency.
This diagnostic produced the first detailed measurements of
separate daughter waves from TPDIs in the scrape-off layer
(SOL) of a tokamak, correlated with both blobs and ELM
activity [13].

In this paper, we provide details on the design of the
radiometer, which was connected to an already existing trans-
mission line. The radiometer was calibrated using measure-
ments of thermal electron cyclotron emissions (ECE) com-
bined with estimates of the radiation temperature from a ray
tracing analysis with a method specified in this paper.

In addition to detailing the configuration of the radiometer,
we provide examples of measurements of separate TPDI
daughter waves and demonstrate that radiation from TPDIs
is detected when blob filaments pass the gyrotron beam. We
further demonstrate that the frequency separation of the TPDI
daughter waves contains information on the density of the
passing blobs. By analysing the frequency separation as well
as signal lengths, we propose that measurements of radiation
from TPDIs can be utilized as a non-invasive diagnostic for
assessing density fluctuations due to e.g. blobs and ELMs.

2. TPDI

The TPDI, relevant for ECRH, is a parametric three-wave
interaction where a gyrotron beam, polarized in X-mode,
decays into two UH waves at approximately half frequency.
As with all other nonlinear interactions, the onset of a TPDI
occurs if the gyrotron power exceeds a threshold, determined
by the coupling strength of the three waves and the interaction
time with the daughter waves. The latter is determined by both
linear damping and convection and diffraction of the daughter
waves out of the interaction region. Formany years, little atten-
tionwas paid to TPDIs during ECHR, as the decaywas thought
insignificant due to large convection losses, resulting in power
thresholds an order of magnitude above the gyrotron power
[7]. The critical detail that can lower the power threshold dra-
matically is that UH waves can be trapped in a radial cav-
ity inside concave density fluctuations occurring close to the
second harmonic UH resonance, as illustrated in figure 1. If
the gyrotron beam decays into eigenmodes of the cavity, the
radial convection losses of the UH waves are eliminated, and
the power threshold reduces to levels often well below 100kW
[7], i.e. an order ofmagnitude below the power level of modern

Figure 1. Example of the radial wavenumber of an UH wave, i.e. a
coupled slow X (SX) and electron Bernstein wave (EBW), trapped
inside a density fluctuation in the SOL between two evanescent
regions (gray). The wavenumbers are calculated with the local
dispersion relation that is employed in [14]. The shown wave is the
10th eigenmode of the cavity with a frequency of 41.37GHz.

gyrotrons. Conditions for trapped daughter waves at half gyro-
tron frequency in X2 heating experiments are typically met in
the SOL during the passing of the gyrotron beam by a blob
filament or an ELM.

The TPDI becomes resonant when the phase matching con-
ditions

k0 = k1 +k2, ω0 = ω1 +ω2, (1)

are satisfied, where (k0,ω0) are the wave vector and frequency
of the pump wave, and (k1,ω1), (k2,ω2) are the wave vec-
tors and frequencies of the two daughter waves. These con-
ditions, together with the nonlinear coupling, determine the
eigenmodes that are interacting. As is found in both fully
kinetic simulations and reduced WKB models in [15], the
set of daughter waves with the largest instability growth rate
most often have slightly different frequencies. The same was
demonstrated in [13].

While the theory of the TPDI is well established, there
is still an ongoing debate on the exact mechanism for radi-
ation at the UH wave frequencies to escape to the low field
side, where it has been measured in both O-mode and X-mode
polarization [10, 13]. Competing theories include nonlinear
cross-polarization [10] and direct tunnelling of the UH waves
with subsequent partial conversion to O-mode due to either
reflections at the inner wall or linear X–O conversion at the
density cutoff.

3. Radiometer

The second-harmonic ECRH system at TCV consists of three
gyrotrons, all polarized in X-mode and located at the equat-
orial ports L1 and L4 and at the upper port L5, respectively.
The two primary daughter waves from TPDIs have frequen-
cies around half the gyrotron frequency. For the two types
of X-2 gyrotrons that are installed at TCV, this amounts to
expected TPDI daughter wave frequencies of∼41.35GHz (for
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Figure 2. (a) Toroidal and (b) poloidal cross section of TCV with
markings of launchers L1, L4 and L5 as well as the diagnostic
launcher L7 where the heterodyne radiometer is connected. The
equilibrium profile and ray tracing trajectories of the gyrotrons and
LOS of the radiometer are calculated for time t= 0.85s in shot
#77263.

the L1 gyrotron) and ∼41.90GHz (for the L4 and L5 gyro-
trons). To measure radiation in a narrow band around these
frequencies, we installed a heterodyne radiometer [16]. The
radiometer is attached to an already existing transmission line
from a diagnostic launcher, L7, at an upper lateral port depic-
ted in figure 2. A diagram of the radiometer and its setup is
shown in figure 3. Radiation from the plasma is collected by
a steerable launcher and guided through a HE11 waveguide. A
pair of programmable fast HE11 miter-bend polarizers make it
possible to fit themode polarization to the receiver polarization
[17]. The RF signal from the waveguide is collected by a
WR15 horn. From there, it is first passed through two low pass
filters in order to heavily attenuate the gyrotron frequency.
Afterwards, the RF signal arrives at a Q-bandWR-22 balanced
mixer with a frequency band of 33–50GHz (Model QMC-
MIX28-FB00 from Quantum Microwave). Here, the RF sig-
nal is mixed with a 40.245GHz signal from a Gunn oscil-
lator from MACOM. The output IF signal is first amplified
with a series of low-noise amplifiers and is then digitized with
an 8-bit 5GSs−1 ADC (model M4x.2233-x4 from Spectrum
Instrumentation) with an on-board memory of 4GB. TheWR-
15 horn works as a high-pass filter, which limits the effective
bandwidth of the radiometer to 41.1GHz− 42.4GHz. In order
to comply with the memory limits of the digitizer, data is typ-
ically collected in many short acquisitions of tac < 1ms with
an overall duty cycle of 10%− 20%. A spectrogram is calcu-
lated for each acquisition, typically with an FFT window of
211 samples, giving a frequency resolution of 2.44MHz and a
time resolution of 0.36µs.

4. Calibration with ECE

4.1. Method

The signal that the radiometer is measuring contains both a
background signal of amplified noise B(ω) and radiation from

the plasma with radiation temperature Tr(ω). The power spec-
tral density (PSD) of the radiation signal S(ω) can be written
as

S(ω) = A(ω)Tr (ω)+B(ω) , (2)

where A(ω) is a linear mapping between the radiation tem-
perature and the measured signal at a given frequency ω. The
mapping A(ω) can be determined by measuring thermal radi-
ation in a calibration experiment as

A(ω) =
S0 (ω)−B(ω)

Tr0 (ω)
. (3)

If the radiation temperature, Tr0, in the calibration experiment
is known.

A calibration procedure that is often used for the radiometer
in CTS systems is a two-point measurement of blackbody radi-
ation from two microwave absorbers, one at room temperature
and one cooled with liquid nitrogen [18]. This technique is
relatively simple, but typically does not cover the entire trans-
mission line and relies on a linear extrapolation between radi-
ation at room temperature and at hundreds of eV. We there-
fore instead developed a calibration procedure based directly
on measurements of ECE and modelling of the radiation tem-
perature with ray tracing.

The thermal radiation along a path can be described by
the equation of radiative transfer. In the long wavelength
(Rayleigh–Jeans) limit, (h̄ω ≪ Tr), this equation has the gen-
eral steady state solution [19, 20]

Tr (ω,s) = Tr (ω,s0)e
−τ(ω,s,s0)

+
8π3c2

ω2

ˆ s

s0

j(ω,s ′)
N2
r (ω,s ′)

e−τ(ω,s ′,s0)ds ′,
(4)

where Nr(ω,s) is the refractive index of the radiation, and
j(ω,s) is the emission coefficient, both given for a ray with
frequency ω evaluated at position s. c is the speed of light in
vacuum, and τ is the optical thickness,

τ (ω,s,s0) =
ˆ s

s0

α(ω,s ′)ds ′, (5)

where α(ω,s) is the local absorption coefficient, with the
integral being along the radiation path from position s0 to s.We
shall assume that the plasma is in local thermodynamic equi-
librium, where thermal radiation is described by Kirchhoff’s
radiation law, which in the Rayleigh–Jeans limit reads [20]

j(ω,s)
α(ω,s)

=
ω2

8π3c2
Te (s) , (6)

where Te(s) is the local electron temperature. Inserting
equation (6) in equation (4) yields

Tr (ω,s) = Tr (ω,s0)e
−τ(ω,s,s0)

+

ˆ s

s0

Te (s
′)α(ω,s ′)e−τ(ω,s ′,s0)ds ′.

(7)
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Figure 3. Diagram of the heterodyne radiometer. The upper left sketch of the L7 launcher antenna as well as the sketch of the waveguides
and polarizers. Reprinted from [17], with the permission of AIP Publishing.

With the use of ray tracing, both Te(s) and α(ω,s) (calculated
from the local dielectric tensor) can be evaluated along a ray
path in a plasma equilibrium, and the corresponding Tr(ω,s)
can be evaluated with equation (7). Our calculations were
carried out using the ray tracer Warmray, written by Henrik
Bindslev. The code is not published but has been used for
numerous CTS studies (e.g. [11, 21]) and its evaluation of Tr
has been benchmarked against the code SPECE [22].

One complication for the evaluation of Tr in our calibra-
tion experiment is that for the LOS of the receiver, the plasma
is optically thin within the radiometer bandwidth. Therefore,
multiple reflections of the ray at the first wall are included in
the calculation of Tr, and individual ray segments are traced
between reflection points. The same approach was used for
modelling ECE below the fundamental resonance in ITER [22]
and DEMO [23].

The simplest way to evaluate Tr along the radiometer LOS
is to trace the radiation backwards in time, i.e. by following a
ray originating from the radiometer with polarization similar
to the measured radiation and tracking all its reflections, ray
segment by ray segment. All ray segments are reflected unless
the ray segment contains less than 2% of the initial power con-
tent. In each reflection of the ray, it becomes cross-polarized,
i.e. a fraction of power is reflected with a polarization in O-
mode and another fraction in X-mode. The fractions of O-
mode and X-mode are calculated from the boundary condi-
tions of the first wall.

TCV has a graphite first wall with a coverage of > 90%.
For a plain graphite surface, the reflectance of microwaves

at ∼40GHz is above 0.99 [24]. Therefore, to a first
approximation, the reflection angle and cross-polarization are
calculated by simply assuming a perfect conductor. This
method, however, overlooks the fact that the first wall has
plenty of tile gaps and a large number of ports with vary-
ing sizes, acting as microwave sinks. Moreover, we shall
approximate the poloidal cross section of TCV as a rectangle
with walls at R= 0.614m, R= 1.147m, and Z=±0.76m. To
account for these crude approximations, we chose each reflec-
tion angle as a random sample from a Gaussian distribution
with a mean of the geometric optics reflection angle and a
standard deviation of σr = 10◦. We furthermore assume an
effective wall reflectance of R= 0.95. This number should be
regarded with a large uncertainty. Tr0(ω) is determined by an
ensemble average of 20 ray tracings at each ω.

We shall denote the fraction of reflected power in the
previous reflection of a ray segment n as Fn. Then, using
equation (7) the radiation temperature of the total EC radiation
reaching the launcher is given by

Tr (ω) =
N∑
n

Tr,nFnR
∏

m∈parents

FmRe
−τ(ω,sm,sm−1) (8)

where Tr,n is the increment of the radiation temperature by
the passing of ray segment n (following the second term in
equation (7)), the parent ray segments m are all the ray seg-
ments between the considered segment and the launcher, and
N is the total amount of traced ray segments.
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Figure 4. (a) Spectrum of the raw radiometer signal in shot
#77335. (b) Same spectrum after the calibration procedure. The
two white lines mark the fraction of the signal used for the
calibration. The red lines mark a frequency range where daughter
waves from TPDIs of L4 and L5 are produced, and the green lines
mark a frequency range where daughter waves from TPDIs of L1
are produced. (c) Gyrotron power during the shot.

Figure 5. Temperature profile in shot #77335 at time t= 0.50s
calculated from Thomson scattering.

4.2. Calibration discharge

For the calibration, we use ECE measurements in the shot
#77335. The launcher was pointing into the vessel with a tor-
oidal angle of θ = 0◦ and a poloidal angle of ϕ = 30◦ with the
fast polarizers in O-mode. It should be noted that this approach
is also possible with the polarizers in X-mode, but extra care
must be taken as fundamental X-mode radiation is in cutoff.
A spectrum of the raw radiometer data collected in the shot is
shown in figure 4(a). The spectrum is computed by first taking
a spectrogram of each individual acquisition with an FFT win-
dow of 211 samples and subsequently averaging each spectro-
gram on the time axis to combine them into a single spectrum.

Half a second into the shot at a time before any of the
gyrotrons switch on (see figure 4(c)), the radiometer measures
a strong ECE signal across the entire radiometer bandwidth,
which we use for calibration.

Figure 5 shows the temperature profile in the equilibrium
of #77335 at time t= 0.50s, and figure 6 shows ray tra-
jectories of O-mode radiation at the LOS of the launcher for
f = 40.5GHz , yielding Tr0 = 283eV. This is well below the

Figure 6. Ray trajectories in the toroidal plane (left) and poloidal
plane (right) for a tracing of O-mode radiation with f = 40.5GHz at
time t= 0.50s in shot #77335. The left colorbar maps the
remaining relative power in the ray, and the right colorbar maps the
plasma density. O-mode rays are solid lines, and X-mode rays are
dashed lines. The simulation gives a radiation temperature of
Tr = 283eV.

Figure 7. Calculated radiation temperature Tr0( f) based on the ECE
analysis in calibration shot #77335. Tr0( f) is shown for both the
geometric optics reflection angle (σr = 0◦) and for reflection angles
with a standard deviation of σr = 10◦, which is used in the further
analysis.

central electron temperature, owing to the fact that the plasma
is optically thin at this frequency. The radiation temperature
Tr0(ω) resulting from similar traces at different ω is shown in
figures 7 and 8 shows the corresponding coefficient A(ω) fol-
lowing from equation (3). This coefficient, along with a back-
ground measurement, is used to calibrate the radiometer sig-
nal, yielding the spectrum shown in figure 4(b). In this figure,
a clear signal from TPDI daughter waves appears around half
gyrotron frequency, correlated with the time each gyrotron
switches on.

5. Radiation from TPDIs in blobs

The radiometer has been used to collect radiation from TPDI
daughter waves in a large series of shots with X2 heating at
TCV. In these shots, TPDIs have been shown to occur in the
SOL during both L-mode and H-mode operation due to trap-
ping of the daughter waves in density fluctuations created by
blobs and ELMs, respectively. Both of the two primary daugh-
ter waves were identified and shown to have a small frequency

5
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Figure 8. Coefficient A(ω) based on ECE analysis in #77335.

Figure 9. Density profile from Thomson Scattering as well as a
density reading with a Langmuir probe located at the equatorial
midplane on the low field side (R = 1.138m, z = 0.046m, both at
t= 0.85s in shot #77263. In the scrape-off layer (orange shaded
region), no diagnostics for the plasma density are available in this
shot.

difference depending on the density and location of the density
fluctuation. For this analysis, we refer the reader to [13].

Here, we point the attention to the measurements of TPDI
daughter waves in the L-mode phase of shot #77263. In the
time interval t ∈ [0.8,0.9]s, the shot is in L-mode. A dens-
ity reading from a Thomson scattering system as well as a
Langmuir probe at t= 0.85s is shown in figure 9. At this
time, the L1 gyrotron was firing with a power of P0 = 613kW
from the outer equatorial midplane. The radiometer was tak-
ing acquisitions of 0.10ms with 0.36ms between acquisitions.
Figure 10 shows examples of radiometer acquisitions taken in
this time interval, where many small events with two waves
chirping around half gyrotron frequency are observed. As was
demonstrated in [13], these waves are consistent with the
expected frequencies of trappedUHwaves generated in TPDIs
as the gyrotron beam passes blob filaments in the SOL.

To further demonstrate that the TPDIs are consistently
triggered by the passing of blob filaments, we consider the dis-
tribution of the signals. To do so, we take the moving average
of the PSD of the radiometer signal for f ∈ [41.15,41.55]GHz
with a window length of 10 data points and group it into either
an ‘event’ for a moving average above 0.8keV or ‘no event’
for lower PSDs. An example is shown in figure 11, where five
‘events’ are detected.

The two relevant quantities to consider are the waiting
times between events τwait and the duration of the events τevent

Figure 10. Spectrograms of single radiometer acquisitions in the
frequency band around half the frequency of the L1 gyrotron,
marked with a green line, in shot #77263.

Figure 11. (a) Spectrogram of a single radiometer acquisitions in
the frequency band f ∈ [41.15,41.55]GHz around half the frequency
of the L1 gyrotron, marked with a green line, in shot #77263. (b)
Average PSD of the radiometer signal in the bandwidth (grey). The
dark blue line shows a moving average with a Savgol filter with a
window length of 10 data points, and the red dashed line at 0.8keV
is a cutoff separating an ‘event’ from ‘no event’.

and their distributions. Stochastic modelling as well as exper-
imental data from TCV [25] finds the waiting time between
blob events τwait to be exponentially distributed, i.e. following

f(t;λ) = λe−λt, (9)

where λ is a rate parameter. Additionally, Langmuir probe
measurements of blobs typically have PDFs following a
gamma distribution

f(t;α,λ) =
tα−1λαe−λt

Γ(α)
, (10)

where α is a shape parameter and λ is a rate parameter.
Figure 12 shows a histogram of both τwait and τevent for t ∈

[0.8,0.9]s. The waiting time τwait follows an exponential dis-
tribution with rate parameter γ−1 = 11.9µs, and the event dur-
ation τevent follows a Gamma distribution with rate parameter

6
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Figure 12. Histograms of (a) waiting time between signals, τwait,
and (b) event duration τevent for t ∈ [0.8,0.9]s and
f ∈ [41.15,41.55]GHz in shot #77263. The frequencies are
normalized such that the total area is 1. τwait is seen to roughly
follow an exponential distribution (equation (9)) with rate parameter
γ−1 = 11.9± 0.5µs, and τevent follows an Gamma distribution
(equation (10)) with shape parameter α= 2 and rate parameter
γ−1 = 3.4± 0.2µs.

γ−1 = 3.4µs. Thus, themeasured events follow the same char-
acteristics as blobs in the SOL, which suggests that the TPDI
signal is indeed correlated with blob filaments passing the
gyrotron beam.

6. Capability as a diagnostic for edge density
fluctuations

As demonstrated above, the radiometer is able to detect dens-
ity fluctuations due to blob filaments in the SOL. In addi-
tion to detecting when density fluctuations, due to e.g. blobs
and ELMs, are crossing the gyrotron beam, the frequency dif-
ference between the two primary daughter waves also con-
tains information on both the size and location of the density
fluctuation.

In this paper, we will not present a WKB model describing
TPDIs as this can be found elsewhere, e.g. [7, 15]. Here, we
simply note that the nonlinear coupling coefficients between
the interacting waves, ν12,ν21, take the form (equation (5) in
[13])

νjj ′ ∝
ˆ xr

xl

Υ(x)ei
´ x(k0,x−kEBW1,x −kEBW2,x )dx

′
dx (11)

where the integration bounds xl,xr are the ends of the region
where both daughter waves exist (see figure 13), k0,x is the
wavenumber of the pumpwave, kEBW1,x ,kEBW2,x are the wave num-
bers of the electron Bernstein wave (EBW) branches of the two
daughter waves, and Υ(x) depends on the background mag-
netic field, the plasma density, and the gyrotron power.

We shall now consider which frequencies of the two
daughter waves give rise to the largest nonlinear coupling
(equation (11)) for different density fluctuations. We consider
a small density structure with the Gaussian shape

ne (x) = n0e
− (x−x0)

2

σ2 , (12)

where n0 is the peak density of the structure at position x0,
and σ is the width of the structure. We have here neglected the
background density, as this plays no role for the two-plasmon

Figure 13. wavenumbers of the two primary TPDI daughter waves
trapped inside a Gaussian density structure (equation (12)) with n0=
0.95 · 1019m−3 and σ = 0.01m for structures at four different
positions x0. The frequency difference between the daughter waves
is optimized to give the largest nonlinear coupling (equation (11)).
The calculations use Te = 100eV and B= B0R0/x ẑ with
B0 = 1.433T and R0 = 0.88m.

decay process. For simplicity, we restrain the analysis to 1D
and neglect mode quantization.

In figure 13, a density structure is plotted at four differ-
ent radial positions with the background B-field mimicking the
SOL in the equatorial midplane of TCV and the electron tem-
perature Te set to 100eV. The widths of the density structures
are set to σ = 1cm, in accordance with the typical radial size
of blob structures in TCV [26]. For each position of the density
structure, the wavenumbers of the two primary trapped TPDI
daughter waves are plotted using the local dispersion relation
that is employed in [14]. The frequency difference between
the daughter waves is optimized to give the largest possible
nonlinear coupling (equation (11)). As is seen in the figure,
the coupling is generally largest when there is a good k-match
between the EBW branches of the two daughter waves. As a
result, the frequency difference gets smaller and smaller when
the density structure is located at a larger x, because the lower
B-field gives rise to smaller wavenumbers.

Figure 14 shows a parameter scan of the expected frequency
difference as a function of both location, x0, and peak density,
n0, of the Gaussian density structure. The frequency shifts are
seen to be highly systematic, with larger ∆f generally hap-
pening for larger n0 and lower x0. Accordingly, it is possible
to extract information on the fluctuation level of density per-
turbations in the plasma edge that give rise to TPDIs observed
by the radiometer.

To do so, we consider the distribution of the frequency dif-
ferences between the two primary daughter waves of each
event for t ∈ [0.8,0.9]s and f ∈ [41.15,41.55]GHz in shot
#77263. As can be seen in figure 10, the frequency difference
chirps within each event due to the movement of the blob fil-
ament through the gyrotron beam. The best indicator for the
size of the density structure is the maximum frequency dif-
ference between the two daughter waves. As the signal has a
relatively low signal-to-noise ratio, this is evaluated in the fol-
lowing systematic way: For each event, the PSD of the sig-
nal is averaged in time. Then, the lowest frequency of the
low-frequency daughter wave, flow, is evaluated as the fre-
quency where a moving average of the time-averaged PSD

7
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Figure 14. Frequency difference between the two primary TPDI
daughter waves trapped inside a Gaussian density structure
according to equation (12) with σ = 0.01m for different positions
x0 and peak densities n0. The calculations use Te = 100eV and
B= B0R0/R ẑ with B0 = 1.433T and R0 = 0.88m.

Figure 15. Left: spectrogram of a single event. Right: raw signal
(gray) and moving average with a window length of 6 (black) of the
time averaged PSD during the event. The green line marks half the
frequency of the L1 gyrotron, the orange dashed line marks the
evaluated lowest frequency of the low frequency daughter wave flow,
and the orange dashdotted line marks the evaluated highest
frequency of the high frequency daughter wave fhigh.

crosses half of its maximum value. Finally, the highest fre-
quency of the high-frequency daughter wave, fhigh, is evalu-
ated by simply mirroring flow around half the frequency of the
L1 gyrotron, and the maximum frequency difference is cal-
culated as∆fmax = fhigh − flow. This procedure is illustrated in
figure 15.

The resulting distribution of maximum frequency differ-
ences∆fmax is shown in figure 16. The distribution is relatively
broad, with a peak around 220MHz and a cutoff at 380MHz.
The last closed flux surface is located aroundR= 1.08m in the
outer equatorial plane for t ∈ [0.8,0.9]s. As the peak density of
blob filaments generally decreases with distance into the SOL,
most TPDIs are expected to occur around R ∈ [1.07,1.11]m in
this time interval. Based directly on the plot in figure 14, the
typical∆fmax of 220MHz suggests a fluctuation level with typ-
ical peak densities around nfluctuation,typical ∼ 1 · 1019m−3 and
the distribution in figure 16 suggests that most peak fluctu-
ation densities range within nfluctuation ∈ [0.9,1.1] · 1019m−3.
This density range is consistent with the density in the edge
of the confined plasma in figure 9 as well as interchange tur-
bulence simulations of blobs in this particular shot [13]. As no
density measurements were available in the SOL region in the

Figure 16. Distribution of the frequency differences between the
two primary daughter waves in each event for t ∈ [0.8,0.9]s and
f ∈ [41.15,41.55]GHz in shot #77263. The frequency differences
are calculated by the method illustrated in figure 15.

shot, a direct comparison of the between density estimation
from two-plasmon decays and probe readings of individual
blob filaments remains a subject for further studies.

It should be emphasized that this is a very simplified model
based on reduced dimensionality and an extremely crude
approximation of the blob shape. Furthermore, the poloidal
B-field as well as electron temperature variation were omit-
ted for simplicity. The overall method of using the radiometer
to estimate the density fluctuation level in the plasma edge is,
however, promising.

In addition to diagnosing the overall fluctuation level, the
radiometer signal also contains information on the temporal
evolution of each density fluctuation that passes the gyrotron
beam and gives rise to a TPDI. The problem of reconstructing
the detailed density profile and exact location of such a dens-
ity fluctuation is, however, ill-posed. Filaments from blobs and
ELMs move not only radially but also poloidally, and dens-
ity profiles come in a large variety. Additionally, the effects
of quantization and higher dimensionality, which have here
been neglected, both add further complications. With more
advanced modelling and the possible use of artificial intel-
ligence, substantial information on the evolution of density
structures in the plasma edge could, in principle, be obtained.

A different approach is to start with a simulation of turbu-
lent structures in the SOL based on parameters from plasma
diagnostics. By applying forward modelling, the frequency of
the daughter waves from TPDIs can be predicted and com-
pared to the radiometermeasurements. This is done for a single
blob structure in [13] using the interchange turbulence code
HESEL [27]. One could imagine a similar analysis for a long
simulation, where distributions of e.g. waiting times, event
duration, and frequency differences could be compared.

As a final remark, we stress that the method presented here
is not applicable for diagnosing blob filaments and ELM fil-
aments in the SOL region. By moving the location of the
second harmonic UH layer of a gyrotron beam further into the
plasma, concave density perturbations in the core region due
to e.g. magnetic islands could be analysed as well [5, 6]. This
can be achieved by operating with a higher gyrotron frequency
or, simply, by performing experiments at a reduced magnetic
field.

8



Plasma Phys. Control. Fusion 66 (2024) 125001 A Clod et al

7. Conclusion

A heterodyne radiometer diagnostic was installed at the TCV
tokamak to diagnose daughter waves from TPDIs with fre-
quencies around half the gyrotron frequency. The radiometer
was calibrated with ECE measurements combined with a ray
tracing analysis to calculate the radiation temperature based on
the equation of radiative transfer. The radiometer has success-
fully identified both primary daughter waves resulting from
TPDIs due to trapping of UH waves in blob filaments.

The two primary daughter waves have a small frequency
difference, depending on the density and location of the blob.
Based on this feature, we demonstrate that the radiometer can
be used as a diagnostic for density fluctuations in the plasma
edge due to blobs and ELMs that occur during operation with
X2 ECRH.

A similar radiometer could easily be implemented on other
ECRHdevices.With a different gyrotron frequency or lowered
magnetic field, this method could also be used to diagnose con-
cave density fluctuations in the confined plasma, e.g. due to
rotating islands.
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