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Strong scattering of high-power millimeter waves at 140 GHz has been shown to take place in heating
and current-drive experiments at TEXTOR when a tearing mode is present in the plasma. The scatter-
ing signal is at present supposed to be generated by the parametric decay instability. Here we describe
the heterodyne detection system used to characterize the newly discovered signal measured at TEX-
TOR, and we present spectral shapes in which the signal can appear under different conditions. The
radiation is collected by the receiver through a quasi-optical transmission line that is independent of
the electron cyclotron resonance heating transmission line, and so the scattering geometry is variable.
The signal is detected with 42 frequency channels ranging from 136 to 142 GHz. We demonstrate
that the large signal does not originate from gyrotron spurious radiation. The measured signal agrees
well with independent backscattering radiometer data. [http://dx.doi.org/10.1063/1.4768668]

I. INTRODUCTION

The tokamak is presently the most promising device
for obtaining a net energy gain from thermonuclear fusion
on earth.1 The capability to control the current profile in a
tokamak is both important to obtain high performance plas-
mas and to control and suppress a number of instabilities,
for example sawtooth oscillations and tearing modes.2 Tear-
ing modes, and especially neoclassical tearing modes, pose a
threat to the operation of future tokamak power plants. Sev-
eral systems are being developed to detect and control such
modes. On the tokamak experiment for technology oriented
research (TEXTOR: major radius R = 1.75 m, minor radius
a = 0.46 m),3 a feedback system has successfully demon-
strated the suppression of tearing modes using microwaves.4

However, in specific electron density intervals, the system
recorded large unexplained perturbations which could ham-
per the proper working of the feedback loop.5

In the TEXTOR feedback system an electron cyclotron
emission (ECE) radiometer detects the mode, and an elec-
tron cyclotron resonance heating (ECRH) system, using a
140 GHz gyrotron, suppresses it by heating and driving a cur-
rent in the island O-point. Because the ECRH and ECE sys-
tems use the same transmission line the (inline) radiometer
is also sensitive to backscattering radiation. The backscatter-
ing cross section is, however, very low, so the backscattering
was not expected to interfere with the detection of the mode.
The parametric decay instability,6, 7 in which the main heating
beam decays into two daughter waves, could in principle gen-
erate signals large enough to disturb the feedback loop but this
was not considered possible due to the low gyrotron power.

The spectral power density recorded for certain electron
densities was, however, so large that several channels of the

six-channel radiometer saturated and gain compression oc-
curred in the intermediate frequency (IF) amplifier. In order
to study this anomalous signal in detail, we applied the ra-
diometer used for the collective Thomson scattering (CTS)
diagnostic8 which was modified to detect high power radia-
tion in a frequency range similar to that of the feedback ra-
diometer. Unlike for the in-line radiometer, the CTS receiver
geometry is adjustable which allows a spatial investigation.
Additionally, a new spectrometer was connected to the in-
line system antenna through a 3 dB splitter.9, 10 By combin-
ing these two radiometers, a detailed study of the anomalous
signal was undertaken.11 The observations have been sug-
gested to originate from the parametric decay instability and
has motivated a re-evaluation of the parametric decay insta-
bility power threshold.12–15

In this article we describe the modified CTS radiome-
ter used to detect the newly discovered strong signals during
ECRH operation. The calibration of the system is discussed,
and examples of time resolved measurements of strong sig-
nal in the presence of tearing modes are shown for differ-
ent plasma densities. We demonstrate here that the anomalous
signal is not a result of gyrotron stray radiation by changing
the radiometer view during continuous wave (CW) gyrotron
operation. Finally the measured signals are compared with the
measurements of the in-line radiometer.

II. RECEIVER SETUP AND CALIBRATION

The TEXTOR fast-ion CTS diagnostic is designed for
studying the time-resolved dynamics of the 1D fast-ion veloc-
ity space distribution function.16–19 This is done by detecting
the scattered radiation from 107 GHz to 113 GHz when using
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focused radiation from a 110 GHz gyrotron as a probe beam.
The CTS receiver is optimized to detect low spectral power
density levels (in the order of 1 eV) in the presence of a rel-
atively high background level (20–100 eV) and with a stray
radiation level at the probe frequency which is many orders
of magnitude higher.

In the experiments reported here, we use the CTS
radiometer to detect radiation in the frequency range
136–142 GHz. Therefore the front end of the receiver con-
sisting of notch filters, a high pass filter, and a mixing stage
were replaced. The radiation from the plasma passes through
a quasi-optical transmission line. The plasma facing mirror of
the receiver is movable and is located approximately 20 cm
above the gyrotron launcher. The receiver line of sight can be
modified during a plasma discharge to intersect the gyrotron
beam at a specific radial position. The receiver transmission
line is equipped with a universal polarizer which allows the
receiver to be sensitive to radiation with different polariza-
tions such as O-mode or X-mode or mixtures thereof.20 A
schematic diagram of the receiver is shown in Fig. 1. The ra-
diation is collected by a horn and fed through two 140 GHz
notch filters using fundamental waveguides. The stop band
of the notch filters blocks the gyrotron stray radiation in the
tokamak and in the tokamak hall. The notch filters are fol-
lowed by a high pass filter which attenuates frequencies below
130 GHz. The signal is then mixed down using a back-wave
oscillator at a frequency of 129.46 GHz. The receiver com-

FIG. 1. Schematic diagram of the modified TEXTOR CTS receiver. Only
the front end of the receiver (top row in the diagram) is modified compared
to standard CTS operation.

ponents in the remainder of the transmission line are original
parts of the fast-ion CTS receiver. In the IF stage the radia-
tion is split up in a low frequency band (0.5–8 GHz), a middle
frequency band (8–10.68 GHz), and a high frequency band
(10.68–18 GHz). After this frequency division, the signal is
amplified in two stages by low noise IF amplifiers. The signal
is then divided and fed into bandpass filters defining the var-
ious frequency channels. The 32 channels in the middle band
have widths of 80 MHz each. In the low- and high-frequency
bands, the widths vary from 120 MHz to 750 MHz giving a
complete coverage from 6.1 GHz to 12.9 GHz. This corre-
sponds to radiation of 135.6 to 142.4 GHz leaving the plasma
at the horn antenna. The diodes after the band pass filters con-
vert the signal into dc, and then the signal is amplified. This
signal is finally recorded by six synchronized NI-4472 cards.
Each card consists of 8 ADC’s with 24 bit resolution and a
maximum sampling rate of 100 kHz. The ADC’s operate in
the voltage range −10 V to +10 V which sets the bit noise
level to around 1 μV.

In the measurements reported here, a rotating island
crosses the second harmonic resonance layer of the X-mode
ECRH heating. Under some conditions a large number of CTS
channels saturate. No indication of gain compression is ob-
served. Two additional attenuation units, consisting of 2 cm
thick books, are inserted in front of the receiver horn in or-
der to avoid saturation. The attenuation units are calibrated
by viewing the passive radiation emitted from the plasma, and
the attenuation of each unit is estimated to 12 dB. Variation in
ambient humidity is ignored as the calibration of the attenua-
tion units was performed shortly before the discharge.

When the attenuation units are included in the transmis-
sion line, the ECE level is comparable with the receiver noise
level. The receiver without additional attenuation units is cal-
ibrated by viewing a cold ECE resonance close to the plasma
center. The receiver was set to accept primarily O-mode with
a radial view and was cross-calibrated to the ECE and inco-
herent Thomson scattering diagnostics. The calibration fac-
tors for the system without additional attenuation are shown
in Fig. 2. The large variation in the calibration factors can
partly be explained by variation in the channel bandwidths.
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FIG. 2. Calibration curve for the CTS receiver without attenuation units. The
horizontal lines represent the bandwidth of each channel. The notch filer cov-
ers 139.5 to 140 GHz resulting in 0 mV/eV.
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The frequency shape of the calibration was verified in a sep-
arate discharge with a cold second harmonic EC resonance
(X-mode) at the plasma edge. The absolute level of the entire
system, i.e., the calibration factors from Fig. 2 with addition-
ally two attenuation units, was evaluated in a discharge with
the cold second harmonic EC resonance (X-mode) close to the
plasma center. A few channels in the modified CTS receiver
showed a signal level larger than the receiver noise level, and
the calibrated data agreed with the data from the ECE diag-
nostic within the errorbars.

III. RESULTS

When the plasma is heated by ECRH, highly structured
signals are observed in discharges with sawtooth or tearing
mode activity. This has previously been reported.11, 21 The sig-
nals are very dependent on the electron density. In Fig. 3,
a contour plot of the calibrated CTS receiver signal shows
strong scattering in the presence of a rotating island. The is-
land is generated by the dynamic ergodic divertor (DED),22

and its rotation frequency is controlled to be 974 Hz by lock-
ing its rotation to the current in the DED coils. The O-point
of the island intersects the gyrotron beam at approximately t
= 2.081 s, 2.082 s, 2.083 s, and 2.084 s. The receiver mirrors
are arranged such that the receiver line of sight intersects the
gyrotron beam line at the island position on the low field side
equatorial mid-plane. The angle between the incident wave
vector (ki) and the scattering wave vector (ks) is 160◦ and
the resolved wave vector (ks − ki) is approximately perpen-
dicular to the magnetic field. Note that the peak signal in most
channels reaches up to 10 MeV which is more than 3 orders of
magnitude larger than the ECE level (1 keV) and 4–6 orders
of magnitude larger than the CTS signal (1–100 eV) from or-
dinary thermal fluctuations. Presence of such anomalous sig-
nals are a nuisance for proper operation of the feedback sys-
tem and for CTS measurements, and it is therefore essential
to understand their origin.
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FIG. 3. Contour plot of receiver data (in MeV) during a short time window at
a line-averaged electron density of 2.3 × 1019 m−3. The O-point of a rotating
island passes the gyrotron beam (and the receiver line of sight) at the times
of maximum signal.

Channel 33 (139.8 GHz) is sensitive to the gyrotron
power. The spectral power density in this channel scales like
the gyrotron power, and the signal level does not depend on
the electron density. In principle the anomalous signal could
originate from the gyrotron if spurious modes are excited in
the gyrotron cavity. The ratio between spectral power density
of the main gyrotron frequency and the spectral power density
of the anomalous signal should then be similar regardless of
the system setup. To investigate the origin of the anomalous
strong signals, a number of discharges were performed where
the CTS transmission line was blocked with a metal plate. By
blocking the transmission line, the signal in the receiver will
be dominated by gyrotron stray radiation from the tokamak
hall since the receiver horn was not blocked. The signal level
in channel 33 was reduced by a factor about 200 compared
with that in a reference discharge with a normal view to the
plasma. At the same time the signal level in all other channels
was reduced by many orders of magnitude. Since the level of
the anomalous signal was reduced significantly more than the
gyrotron stray radiation level, this indicates that the anoma-
lous signal is not a part of the gyrotron stray radiation.

In another discharge the rotation angle of the CTS re-
ceiver line of sight was changed gradually during the gyrotron
probe time. All plasma parameters were kept constant, and
the line-averaged density was 2.5 × 1019 m−3. The inserted
plot in Fig. 4 shows the waveform of the viewing angles. The
rotation angle is changed linearly from 2.2 to 4.2 s. Since
the rotation and elevation angles cannot be changed individ-
ually, a small variation in the elevation angle is also present.
The spectral power density in the channel sensitive to the gy-
rotron power (139.8 GHz) has a maximum at 3.8 s but signal
is present during the entire ECRH phase from 1.9 to 4.2 s (see
Fig. 4). The signals in the other channels are localized in time
and have a maximum when the receiver line of sight inter-
sects the gyrotron beam at around 3.4 s. Figure 4 also shows
time traces of two other channels, one at 139.3 GHz and one
at 140.5 GHz. These two channels peak before the channel
monitoring the gyrotron, and the signal is down to much lower
levels when the channel monitoring the gyrotron peaks. This
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FIG. 4. Time traces of three channels from the CTS receiver from TEXTOR
#108101. The data are averaged over a 10 ms time window. The channel of
center frequency 139.8 GHz is sensitive to the gyrotron power. The inserted
figure shows the viewing angles as a function of time.
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confirms that the anomalous signal originates from scattering
along the gyrotron beam and not from the gyrotron stray radi-
ation.

In discharges with a gradually changing rotation receiver
angle, the receiver elevation angle determines at which radial
position the receiver beam will intersect the gyrotron beam.
When the intersection position is set close to the island po-
sition on the low field side a clear peak is observed in the
signal at the intersection time. No clear peak is observed in
the signal, during a receiver rotation scan, when the intersec-
tion position is set to the plasma center. This suggests that the
signal originates from the island position. In these discharges
the line-averaged density was kept at 2.5 × 1019 m−3.

An additional spectrometer, sharing the transmission line
with the gyrotron, measures the back-scattered radiation.9, 10

This in-line receiver samples a down-converted signal directly
with a fast digitizer, and spectra are generated by Fourier
analysis. The in-line receiver has a high frequency resolution
(0.5 MHz) compared with the CTS receiver whereas time res-
olution of the CTS receiver is higher than that of the in-line
system. Here we compare the signal measured by the in-line
receiver with a time resolution of 1 kHz to that of the modified
CTS receiver.

In discharge 108115 a gyrotron power of 600 kW is
injected into a plasma with a rotating island. The line-
averaged electron density is ramped from 1.5 to 3.4 × 1019

m−3 but here we focus on low line-averaged densities up to
1.8 × 1019 m−3. In the beginning of the density ramp a sig-
nal appears in both receivers. A well defined signal with a
frequency of around 139 GHz is seen in the CTS receiver as
well as in the in-line receiver at around t = 2.0 s (Fig. 5). This
corresponds to a line-averaged density of 1.5 × 1019 m−3. The
frequency of the signal decreases as the density is increased,
and at a line-averaged density of 1.8 × 1019 m−3 at t = 2.3 s
the frequency has dropped by approximately 0.5 GHz. Simi-
lar signals, with decreasing frequency for increasing density,
are present at around 138 GHz and 137.5 GHz in both sys-
tems. The width of the 138.5 GHz signal from t = 2.1 s to
t = 2.3 s differs in the two receivers. When looking at a close
up of the CTS signal at t = 2.2 s (Fig. 5(c)) a strong varia-
tion of the signal in phase with the island period is observed
at 138.5 GHz. The sampling frequency of the in-line system
and the frequency of the DED differs by 26 Hz which cause a
modulation of the in-line data due to island passages.

In the frequency range 136 GHz to 137 GHz a very pro-
nounced signal is present in the in-line data from t = 2.0 s to
t = 2.3 s. At this frequency range, signal in the CTS receiver
is only present after t = 2.1 s (see Fig. 5(c)) and is correlated
to the passage of the island O-point. The scattering volume
of the in-line system covers the entire tokamak cross section.
Contrarily, the scattering volume of the CTS receiver has a
spatial extent of about 10 cm and is placed on the plasma low
field side at the island position. The signal difference in the
two systems might very well be due to scattering taking place
at different radial locations along the gyrotron beam.

The lower hybrid (LH) frequency in the plasma cen-

ter, fLH =
√

(fcefci)/(1 + f 2
ce/f

2
pe), changes from 0.58 to

0.74 GHz during the time from 2.0 s to 2.3 s. fce, fci, fpi,

FIG. 5. (a): Contour plot of inline radiometer data (a.u.) as a function of time
and frequency. (b): Contour plot of CTS receiver data (a.u.) as a function of
time and frequency. (c): Zoom of (b) in a time window of 4 island periods.
TEXTOR discharge 108115. The dashed lines represent the difference be-
tween the gyrotron frequency and (from top to bottom) the central LH fre-
quency, the central LH second harmonic, the central LH third harmonic and
the central LH fourth harmonic.

and fpe are the electron cyclotron frequency, ion cyclotron
frequency, ion plasma frequency, and the electron plasma
frequency, respectively. The gyrotron frequency subtracted
n × fLH is shown in Fig. 5 for n = 1, 2, 3, 4 and show good
agreement with the measurement from the two independent
systems. No signal is observed above the gyrotron frequency
in the CTS receiver for this density range. This supports the
theory that the observed signals may be associated with the
parametric decay instability. The spatial origin of this signal
for these low densities was not investigated experimentally.

IV. CONCLUSION

The radiometer used by the fast-ion CTS system on
TEXTOR has been modified to detect strong signals in the
frequency region around 140 GHz to characterize radiation
which could originate from parametric decay. The receiver
front is replaced by new notch filters, a high pass filter, and
a mixing stage. Attenuation units in the transmission line are
used to attenuate the signal which did otherwise saturate the
receiver. The attenuation units are calibrated by viewing ther-
mal ECE from the plasma, and the receiver without additional
attenuation is cross-calibrated to the ECE diagnostic and in-
coherent Thomson scattering.

We compare data from the modified CTS receiver re-
ceiver with those from a spectrometer integrated in the gy-
rotron transmission line. The measured data show similar
trends with respect to time, density, and frequency even
though the scattering angles and measurement volumes of the
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two systems are different. Nevertheless this shows that both
receivers deliver consistent data when operated similarly.

The fast-ion CTS receiver on ASDEX Upgrade23, 24 is
currently being upgraded to operate in the frequency ranges
around 105 GHz as well as 140 GHz by two different front
ends. The TEXTOR and ASDEX Upgrade systems are ex-
pected to increase the knowledge of parametric decay and
scattering off tearing modes which might have a bearing for
possible CTS operating scenarios on ITER.25
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