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Main	purposes	of	the	Scattering	Experiments	

1-	Demonstrate	 the	recently	envisaged	 low	power	 threshold	Parametric	Decay	
Instabilities	of	EC	waves	at	non-monotonous	density	profile	locations	
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2-	Demonstrate	for	the	first	time	in	FTU	the	measurement	of	the	thermal	bulk	
ions	distribution	function	with	Collective	Thomson	Scattering	measurements	
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PLASMA	TARGET	
	

-  7.2	T		-		500-700	kA	
-  In	a	first	phase:	NO	ROTATING	ISLANDS,	in	order	to	demonstrate	a	Collective	

Scattering	measurement.	

-  In	a	second	phase:	in	case	of	success	of	the	first	phase	à	possible	request	of	
islands,	 with	 Pellet	 injection	 +	 Free	 density	 ramp-down,	 to	 investigate	 the	
effects	on	CTS	signals.	

1-	Demonstrate	 the	recently	envisaged	 low	power	 threshold	Parametric	Decay	
Instabilities	of	EC	waves	at	non-monotonous	density	profile	locations	

2-	Demonstrate	for	the	first	time	in	FTU	the	measurement	of	the	thermal	bulk	
ions	distribution	function	with	Collective	Thomson	Scattering	measurements	
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Operations	–	day	1	
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-  after	the	day	26/06/2019	of	operations	with	CTS	with	fixed	probe	injection	(α=0,	
β=0),	tests	on	the	launcher	on	last	Monday	->	poloidal	scattering	probe	steering	
injection	(not	toroidal	(β=0))	

	
-  BT	=	3.6	T	(no	commutation)	

-  ECRH	on	non-resonant	plasma	(as	without	plasma)	+	ECRH	on	no	plasma	

-  gas	from	the	wall	+	no	commutation	->	only	breakdown	(for	std	discharges	too)	

-  EC	assisted	breakdown	(ECRH	from	70	ms)	->	last	discharge	OK	
	
-  measurements	of	gyrotron	frequency	
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-  BT	=5.3	T,	500	kA	

-  In	a	first	phase:	NO	ROTATING	ISLANDS,	in	order	to	demonstrate	a	Collective	
Scattering	measurement.	

-  In	a	second	phase:	request	of	islands,	still	with	Pellet	injection	+	Free	density	
ramp-down,	to	investigate	the	effects	on	CTS	signals.	

-  operations	delay	/	several	discharges	with	only	breakdown/abort	
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1-	Thermal	CTS	
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Theoretical	Expectations:	
	

also	 in	 presence	 of	 EC	 resonance	 in	 the	 plasma	 it	 is	 possible	 to	 investigate	 the	
thermal	spectrum	due	to	the	Collective	Thomson	Scattering	 (M	Stejner	et	al	2017	
Plasma	Phys.	Control.	Fusion	59	075009)	

receiver beam was swept along the probe beam to vary the
location of the beam overlap region between positions A, B
and C in figure 2. Specifically, the measurement position was
fixed at B until t=2 s. It was then swept first to the high-field
side (reaching A at t=2.38 s), and then to the low-field side
(reaching C at t=3.2 s). It was finally swept back to position
B where it remained from =t 3.6 s to the end of the dis-
charges. In terms of flux coordinates, the measurement posi-
tion was thus varied from r = 0.85p on the high-field side to
r = 0.65p on the low-field side. The scattering angle similarly
varied between 120° and 150°, while f varied from 62°
to 71°.

5. Measured CTS spectra and basic analysis

The CTS acquisition periods were timed to cover 0.75ms
before each gyrotron turn-off and 0.7 ms after. Due to memory
and bandwidth limitations, the fast digitizer cannot measure
throughout the discharge, so specific acquisition periods must
be selected in this manner. We include measurements after the
gyrotron turn-off to measure and subtract background ECE
signals from the plasma. Figure 3 shows an example of
(uncalibrated) data obtained during one such acquisition per-
iod. A number of features are worth pointing out. The gyrotron
lines are visible as two fine lines at 104.9GHz (both gyrotron 7
and 8 were on at this time). To protect the receiver electronics,
the frequency range near the gyrotron lines is attenuated by
about 100dB using two notch filters in series. In the notch
filter stop band there is essentially no detectable signal except

for the gyrotron lines. At the time when the gyrotrons turn off,
they chirp quickly towards higher frequencies, potentially
ending up outside the notch filter stop band, which would
damage the highly sensitive radiometer. To guard against this
risk, the signal is further attenuated using a voltage-controlled
variable attenuator (VCVA) for 0.3ms just after the gyrotron
turn-off. During the last part of the acquisition, the gyrotrons
are off and the VCVA is open, allowing the background signal
(mainly ECE) to be measured.

We note two occurences of very large signal levels
(inconsistent with standard CTS signals) during the gyrotron-on

Figure 1. Time traces for line integrated electron density, total
neutral beam injection (NBI) power, and ECRH power from
gyrotrons 7 and 8. The gyrotrons were modulated in a 6mson/
6msoff duty cycle. The individual modulation cycles would not be
distinguishable in the figure, so instead we show the maximum
values across a running 12 ms time interval.

Figure 2.An illustration of the beam geometries in a poloidal projection
(calculated with ray tracing). Red: receiver beam at different times.
Blue: probe beam. Magenta ellipsoids mark the beam overlap regions.
The dashed line marks the fundamental 105 GHz resonance position
(this was slightly further out in discharges #30746 and #30749 with
lower magnetic fields). In discharges #30742 and #30746 the beam
overlap was held at the position labeled B. In discharges #30739 and
#30749 the receiver beam was swept along the probing beam to move
the beam overlap between positions A and C.

Figure 3. A spectrogram showing uncalibrated CTS data from an
acquisition period in AUG #30739. The gyrotron is on for the first
0.75ms of the acquisition period and the gyrotron line is visible
inside the notch filter stop band during that period. During and just
after the gyrotron turn-off, the signal is attenuated by a VCVA for
0.3ms and there is then a period with only background measure-
ments. Dashed ellipses mark two bursts of strong non-CTS signals as
discussed in the text.

3

Plasma Phys. Control. Fusion 59 (2017) 075009 M Stejner et al

residuals are nearly identical and their variations are highly
correlated (linear correlation coefficient above 0.9 between
the time traces at d >∣ ∣f 500 MHz). The residuals at fre-
quency shifts beyond 500MHz cannot be explained by var-
iations in the CTS component, which is expected to contribute
at most a few eV at such frequencies. Variations in the CTS
component would also not explain why the residuals remain
the same size after =t 3.9 s when the probing gyrotron is
turned off. At that time the CTS component in the time traces
for d <∣ ∣f 400 MHz disappears and these then show the same
residuals as for higher frequency shifts.

The simplest explanation for these residuals is therefore
that rapid variations in the background level within each
acquisition period lead to errors in the initial background
subtraction. These errors are approximately independent of
frequency shift and appear as overall offsets in the spectra.
We correct for this by subtracting the mean residuals at
d >∣ ∣f 700 MHz. This will also subtract any CTS signal
present at those frequencies (e.g. due to fast, non-thermal
ions), but, as noted above, such signals are expected to be
small and the effect will be undetectable considering the
statistical noise of roughly 50–60 eV in these spectra. In
hindsight, it might then be argued that the ECE measurements
during the gyrotron-off periods were not strictly necessary for
background subtraction (which could be based entirely on the
signal far from the probing frequency). However, considering
that CTS measurements have not been attempted in this
scenario before, the ECE measurements are nevertheless
important for a complete characterization of the signal.

Figure 6 shows a spectrogram of the CTS measurements
obtained through this analysis in discharge #30739. As
mentioned above, the measurement volume was swept along
the probing beam in this discharge, covering the radial posi-
tions shown in the lower panel. In addition, the NBI power
and electron density ramp up gradually until t=1.8s (see
figure 1). The spectra in figure 6 show a clear response to the
resulting changes in the density and temperature in the CTS
measurement volume.

As noted above, the observed noise level in these spectra is
around 50–60 eV. This is estimated from the standard deviation
of the temporal fluctuations of the measured signal within each
acquisition period, and it is roughly independent of frequency.
The signal-to-noise ratio then ranges from zero at large fre-
quency shift, where there is no main-ion CTS signal, to roughly
10 near the notch filter stop band. This corresponds well to the
idealized expression for the signal-to-noise ratio in CTS mea-
surements [29], = + +( ) ( ( ) )P WT P P PSNR 2 2s

1 2
s b

2
b
2 1 2,

where Ps is the spectral power density of the CTS signal, Pb that
of the background, W the frequency resolution and T the inte-
gration time. For discharge#30739, we can insert <P 500 eVs ,

=P 700 eVb , =W 1.5 MHz, T=1.1ms, and we then
get <SNR 10.3. This illustrates that, as was also found on
TEXTOR [28], the above expression is indeed useful to predict
the signal-to-noise ratio in CTS measurements.

6. Results and discussion

To interpret the CTS measurements and extract information
about the ion temperature and plasma rotation, we fit the
measured spectra using a model for CTS and a least squares
fitting method previously used in CTS experiments on
TEXTOR and AUG [4–6, 11, 15, 30, 31]. Here, we use a
simulated-annealing algorithm to minimize the c2-figure of
merit [32]. This approach is comparatively robust against
local c2-minima and variations in the initial guess for fitting
parameters, and in tests on simulated data it has been found to
recover bulk-ion parameters with an accuracy consistent with
the statistical uncertainty expected for given noise levels in
the data [4, 33]. The CTS model accounts for scattering from
fluctuations in the electron density, magnetic field, electric

Figure 5. Time traces of the spectral power density found after
subtraction of the background signals measured with the probing
gyrotron off. The signals are binned over 150 MHz intervals and
labeled by their frequency shift relative to the probing gyrotron. The
highly correlated residuals at d >∣ ∣f 500 MHz are best explained by
offsets caused by variations in the background within each
acquisition period.

Figure 6.A spectrogram of the CTS measurements in AUG#30739.
In this discharge, the measurement position was varied by scanning
the receiver beam along the probing beam as explained in section 4.
The lower panel shows the radial and the poloidal flux coordinates of
the measurement position. The labels A, B and C refer to the
positions defined in figure 2. The width and intensity of the
measured CTS spectra are seen to vary with the measurement
position and with the changes in local plasma conditions.
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Scattering	Layout	in	the	Plasma:	

•  symmetric	configuration	
•  a/2:	far	enough	from	the	plasma	

edge	and	from	the	EC	resonance	
	
problems:	
•  low	volume	
•  strong	ECE	
•  β=0	
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First	predicted	and	experimental	spectra	(temporal	slices):	

TCS	(theoretical	)	 experimental	(ECE	subtracted)	

-   β=0	->	high	peaks	due	to	ion	characteristics	
-  rough	similarity	of	descendent	peaks	structure	
-  predicted:	Df~0.03	GHz,	experimental	Df~0.022	GHz	
-  work	in	progress,	more	discharges	needed	

freq	(Hz)	
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Theoretical	Expectations:	
	
Low-power	 threshold	non-linear	phenomena,	 such	as	Parametric	Decay	 Instability	
(PDIs)	 of	 a	 pump	 wave,	 can	 be	 found	 in	 the	 presence	 of	 a	 finite-width	 beam,	
ordinary/extraordinary	polarized,	reaching	a	locally	non-monotonic	density	profile	
(e.g.	large	magnetic	islands)	

A	possibility	in	FTU	consists	in	a	first	PDI	of	the	O-wave	into	Upper	Hybrid	(UH)	and	
Lower	Hybrid	(LH)	wave,	followed	by	a	secondary	PDIs	of	UH	into	UH	and	IBW.	

The	non-linear	coupling	of	the	daughter	IBWs	with	the	pump	O-wave	can	lead	
to	the	excitation	of	the	anomalous	scattering	signal,	down-shifted	in	frequency	

B.	Baiocchi		–		WIP		08/07/2019	



2-	Anomalous	signals	with	CTS	diagnostic	

Experiments	on	ECWs	Scattering	
9	

Scattering	Layout	in	the	Plasma	and	Plasma	Target:	

q=2	
Surface	
(m:n=2:1)	

Scattering	
Volume	

Rotating	 m:n=2:1	 tearing	
modes	stimulated	by:	

Pellet	injection	+	
Free	density	ramp-

down	
	

to	 induce	 fast	 rotation	 of	
t h e	 m o d e	 t y p i c a l l y	
followed	by	 slowing	down,	
even	down	to	hundreds	of	
Hz	
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Saddle	

Mirnov	

Scattering	

good	MHD	but	not	significant	anomalous	emissions	in	the	time	and	frequency	ranges	
measured	in	the	shots	(work	still	in	progress)	

beams	 cross	 at	 the	 radial	
position	of	the	q=2	position	

q=2	
surface	
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Saddle	

Mirnov	

Scattering	

good	MHD	but	not	significant	anomalous	emissions	in	the	time	and	frequency	ranges	
measured	in	the	shots	(work	still	in	progress)	

beams	cross	 in	an	outer	 radial	
position	wrt	the	q=2	position	

q=2	
surface	
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One	Possible	Reason	for	Absence	of	Emissions		
(from	experiments	of	26/06/2019)		

The	spectrograms	seem	not	to	evidence	
significant	 anomalous	 emissions	 in	 the	
time	and	frequency	ranges	measured	in	
the	shots	(work	is	still	in	progress	in	this	
sense).	

forced	to	inject	the	probe	at:		
(α,	β)	=	(0°,	0°)	

we	were	probably	crossing	the	beams	
in	an	inner	radial	position	wrt	the	q=2	

position.	
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Scattering	
Volume	

The	spectrograms	seem	not	to	evidence	
significant	 anomalous	 emissions	 in	 the	
time	and	frequency	ranges	measured	in	
the	shots	(work	is	still	in	progress	in	this	
sense).	

forced	to	inject	the	probe	at:		
(α,	β)	=	(0°,	0°)	

we	were	probably	crossing	the	beams	
in	an	inner	radial	position	wrt	the	q=2	

position.	

q=2	Surface	
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also	with	α	not	null	
and	crossing	the	beams	in	an	outer	
radial	position	wrt	the	q=2	position	
significant	anomalous	emissions	are	

not	found.	 Such	reason	seems	to	lose	reliability	
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A	 crucial	 factor	 to	 expect	 PDIs	 due	 to	 trapped	 waves	 in	 non-monotonous	 local	
density	profiles	with	a	finite-width	O-mode	pump	scenario	consists	of	a	small	(but	
still	 finite)	 electric	 field	 component	 perpendicular	 to	 the	 magnetic	 field	 of	 the	
trap,	 which,	 according	 to	 theory,	 would	 provide	 the	 pump	 wave	 non-linear	
coupling	to	the	quasi-perpendicular	IB	and	UH	waves.	
	
	

See,	for	instance:	E.Z.	Gusakov	and	A.Yu.	Popov,	Phys.	Plasmas	25	(2018)	

In	our	scenario	such	perpendicular	field	component	was	absent,	due	to	
the	fixed	toroidal	steering	angle	of	line	#4	which	forced	non-oblique	

probe	injection.	

However,	anomalous	scattering	due	to	launching	O	mode	(without	any	X	
mode	conversion)	is	still	to	be	demonstrated.	Work	in	progress..	
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