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Abstract. Performances of the frequency swept reflectometry have been noticeably improved with a sweeping 
time going down now to 1 µs with a dead time between sweeps of 0.25 µs. These systems can perform plasma 
measurements over a broad and continuous radial range, from the edge to the center, at a sampling rate up to 
800 kHz which competes with the fixed frequency systems. Fast transients such as the L-H transition and the I-
phase can be followed more thoroughly. Also we can measure broadband turbulence and high frequency 
coherent modes or micro-instabilities such as TEM and ITG up to 800 kHz over the entire plasma. From the L to 
H transition, the growing temporal and radial evolution of the edge coherent oscillation can be well determined. 
The radial dependency of the turbulent frequency spectra also provides an observation of the interplay between 
localized MHD neoclassical tearing modes and Trapped Electron Modes (TEM). Comparisons with synthetic 
diagnostic simulations coupling a 2D reflectometry full-wave code with gyrokinetic (GENE) turbulence 
simulations have been performed. 
 
1. Introduction 
 
Plasma turbulence is a key parameter governing the confinement quality of magnetically 
confined plasmas. It is responsible for a substantial particle and heat transport that affects the 
performance of a nuclear fusion device. More detailed knowledge and understanding are 
constantly needed and requires more and more precise measurements with, in turn, improved 
diagnostic performance. Microwave reflectometry has long been a convenient and suitable 
tokamak diagnostic to probe the plasma because of its small footprint onto the machine 
through the use of small waveguides and its insensitivity to radiations as it can be easily 
deported away using oversized waveguides which provide low loss of signal. While the 
interaction between the probing electromagnetic wave and the plasma, especially the plasma 
turbulence, remains complex, these diagnostics collect plasma information from the edge to 
the core without perturbing it. Improving the time resolution or sampling rate of the 
reflectometry measurements thus provides a better understanding of the origin of the 
turbulence as well as its dynamic range. Such high resolution is particularly relevant for a 
thorough observation of transients like L-H transition or ELM events. The increase of the 
sampling rate enlarges the frequency coverage of the turbulence spectra and could provide a 
clearer distinction between the different natures of the turbulence. In this paper, after a brief 
presentation of the hardware improvements, we mainly present a collection of results obtained 
on the Tore Supra (TS) and ASDEX-Upgrade (AUG) tokamaks with the CEA ultra-fast 
sweeping system to present the physic with the new aspects that can be exploited. 
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2. Diagnostic new performances 
 
Swept frequency reflectometers, traditionally devoted to electron density profile 
measurements, have been constantly progressing in terms of sensitivity (S/N ratio) and 
sweeping rate [1]. The symbolic limit of 1µs sweep time has been recently reached by the 
Tore Supra ultra-fast swept reflectometers (UFSR), which have been successfully operated on 
the AUG tokamak. The diagnostic is constituted by two swept frequency X-mode V and W 
bands providing a frequency range coverage from 50 to 110 GHz. The I.Q. (In phase and 
Quadrature phase) heterodyne detection technique provides separate measurements of the 
amplitude and phase signals with a frequency bandwidth of about 600 MHz. Fast arbitrary 
waveform generators (AWG) running up to 1.2 Gsample/s followed by a fast amplifier deliver 
fast swept voltage ramps between 0-20V and provide linear frequency sweepings. We thus 
perform 1µs sweeping time with a dead time as low as 0.25µs in between sweeps. The 
stability of the measurements are obtained by continuously sweeping the reflectometers at this 
high rate and triggering the acquisition at dedicated times to pick up one or several signals. 
The acquisition is performed with four ADC channels recording the I and Q signals of both 
reflectometers at a sampling rate of 1 GHz with a depth memory of 2 Gbytes providing up to 
200 000 recorded signals. The acquisition and the waveform generators are locked on the 
same external 10 MHz clock to guarantee a perfect synchronization between the sweeps and 
the recorded signals. As shown in figure 1 from the beat frequency signal, the beginning of 
the voltage ramp applied on the frequency source (VCO) is not yet linear during the first 
20ns; this delay induces a shift in the probing frequencies of the reflectometers, which is 
corrected by a post-processing data analysis and the first 20ns of the signals are removed. The 
trigger delay between the ramp and the detected reflected signal is precisely determined by 
using a square impulse voltage to the VCO and looking at the response signal. According to 
the propagation of the signal through the electronics, the reflectometer components, 12m of 
waveguides and 12m of cables, a delay of 110ns (Fig. 2), which represents more than 10% of 
the signal duration (1µs), will be set as a trigger delay for the ADC. 
 

   
 

Figure 1. Non linearity of the beat frequency 
signal during the first 20ns of the frequency 
sweep (reflected signal onto a mirror plate). 

Figure 2. Determination of the trigger delay 
between an impulse square voltage at the 
AWG and the recorded reflected signal. 

 
 
To illustrate the high repetition rate capabilities of our system, the figure 3 shows the density 
profile evolution during a L-H transition at a sweeping rate of 1µs/0.25µs (with one sweep for 
one profile) while figure 4 represents the radial evolution of the fluctuating frequency spectra 
calculated from 200 successive sweeps. The density profiles provide self consistently the 
radial localization of the spectra. Such sweeping rate provides then a sampling at 800 kHz for 
both reflectometer signals with 1000 points each, which can be considered as the equivalent 
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of a hopping system with 2000 fixed frequencies. Thus a broad and continuous radial 
coverage of the plasma turbulence spectra can be probed from the edge to the core. 
 

              
 
Figure 3. Density profile dynamic during an 
L-H transition. 

Figure 4. Radial evolution of the turbulent 
frequency power spectrum (@ t=1.21s). 

 
 
3. Dynamics of the I-phase 
 
When the input heating power is near the L–H transition threshold power or as it passes 
through the threshold with a slow ramping rate, an intermediate oscillatory phase between the 
L and H phases, so-called ‘I-phase’, appears prior to the final transition into the H-mode. It is 
characterized by a periodic oscillation between high and low confinement at the plasma edge 
[2]. During this phase, the interplay among zonal flows, mean flows and edge turbulence, as 
well as the possible oscillation between states of low and high confinement are not fully 
understood, and deserve further investigations. As the oscillatory I-phase occurs in the kHz 
range, the UFSR can provide a sufficient temporal resolution to follow its dynamic and shed 
some light on processes generating the H-mode. 
 
The I-phase has been studied [3] on the AUG #32723 (Bt=2.56T; Ip=0.8MA; 
ne(0)=2.6.1019m-3) discharge where the L-H transition is produced by 1.2 MW of auxiliary 
ECRH power. During this transition, characteristic oscillations are observed on the Mirnov 
coil signal as well as in the divertor shunt current. Similar bursts were found with a high 

temporal resolution in the normalized density gradient 
���

��
 evolution from UFSR data. 

Combining these data with the temperature measurements allows to reconstruct pressure 
profiles and estimate the corresponding background Er, which, in first approximation, is equal 

to the normalized electron pressure ��� �
���

	.��
. ne et Te were determined respectively from 

reflectometry and ECE diagnostics and we do the approximations ni=ne and Ti=Te because the 
ion parameters are measured at a time rate too low (2ms) to resolve the oscillatory behaviour. 
During the I-phase the average neoclassical radial electrical field deepens around ρpol =0.995 
along with a continuous increase of the density. The estimated minimum value of Er0 is of the 
order of -10 kV/m in the late L-mode and will deepens to -35 kV/m before the first ELM at 
t=3.246s. These values make the I-phase confinement close to the H-mode. Figures 5 show 
that during one period of the I-phase the Er0 minimum value changes by about 10 – 30 %, the 
crashes to the lower absolute level correlate (not in phase because of the different locations of 

the measurements) with the oscillations of the magnetic signal ��� �
���
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first I-phase burst the turbulence level drops and the Er0 minimum exceeds the threshold for 
the L-H transition (around -15 kV/m on AUG [4]).  
 

 
Figure 5. Normalized pressure gradient at ρpol=0.98 compared to Mirnov coil signal [3]. 

 
 
 
4. High frequency edge coherent mode at L-H transition 
 
During the L-H transition a high frequency edge coherent mode, already observed on EAST 
tokamak [5], appears in the pedestal region. It is likely connected to the pedestal evolution 
and is suspected to limit the gradients prior to the ELM onset [6]. While being experimentally 
detected mainly with Mirnov coils, this mode has been evaluated at the edge but without a 
precise localization. Using the ultra-fast swept reflectometry, this mode has also been clearly 
evidenced and localized in AUG discharges (Fig. 6a). 
 

   
 
Figure 6. (a) Detail of the edge turbulent power spectrum where a 125 kHz edge coherent mode 
appears at the H-mode onset. (b) Radial position of the maximum appearance of the 125kHz edge 
coherent mode.(c) Evolution of the density profile from L to H transition (the arrow indicates the 
displacement of the maximum intensity of the coherent mode). 
 
Thanks to the high temporal resolution of the density profile determination, its position can be 
precisely followed (Fig. 6b-c) during the transition and occurs first in the pedestal to move 
slightly deeper towards the top of the pedestal as the H-mode is established. This mode 
disappears during an ELM crash and recovers with the pedestal top pressure. 
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5. Quasi-coherent modes 
 
Ohmic discharges are characterized by two different confinement regimes stated as linear 
regime where the confinement time increases with density or current to reach a saturated 
regime. High frequency broad band turbulence also qualified as quasi-coherent modes (QC) 
have the characteristics of both coherent modes and broad-band fluctuations. These modes, of 
about few tens to hundreds kHz, can be recorded by our fast swept system thanks to its high 
repetition rate. Thus the localization and behavior of these QC can be very well determined. 
They have been recently identified as due to a TEM signature [7-10]. A comparison of the 
turbulent spectra between linear ohmic confinement (LOC) and saturated ohmic confinement 
(SOC) regimes showed that these modes appeared only in the LOC regime where turbulence 
is thought to be dominated by TEM. Figure 7 shows results obtained in TS discharge 47670 
during a current ramp experiment which exhibits a LOC-SOC transition. In the LOC regime 
the spectra exhibit QC modes at around 50 kHz which disappear in the SOC regime to resume 
to large and broad spectra. 
 

 
 
Figure 7. Fluctuation spectra from TS discharge #48102 which show ((a), (c)) fixed-frequency 
reflectometry measured at r /a=0.18, ((b), (d)) ultra-fast-swept reflectometry measured for 0.65 < r/a 
< 0.85. ((a)–(b)) correspond to the LOC regime and ((c)–(d)) to the SOC regime. They have been 
measured at t1 and t2 respectively, except (d) which has been measured at t = 5.25 s. Fluctuation 
spectra from TS discharge #48102 provided by a synthetic reflectometer diagnostic using nonlinear 
gyrokinetic simulations computed at r /a=0.37 in (e) the LOC regime and (f) to the SOC regime (taken 
from [9]). 
 
In addition to experimental observations, gyrokinetic simulations combined with a 2D full 
wave propagating code which lead to a synthetic diagnostic simulation [11] have been 
conducted. 
GENE simulations of the TS #48102 in LOC and SOC regimes have provided the 2D density 
fluctuation map in a radial and poloidal section. This mapping has been then introduced into 
the full-wave code using Finite Difference Time Domain (FD-DT) schemes [12]. The ExB 
rotation velocity contribution deduced from the radial electric field estimated by ripple losses 
has been taken into account in these simulations [13]. 
 
A good qualitative agreement is found between the simulated and the experimental frequency 
spectra of figure 7. This confirms that the ITG dominated regime exhibits a broad-band 
turbulence spectrum while the TEM induce QC modes. However, the distinction of the QC 

Gyrokinetic simulations
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TEM modes depends on the plasma rotation and figure 8 provides a nice example of the 
dependence between the spectral shape and the neoclassical estimation of the VEXB performed 
with the NEOART code [14]. It points out that TEM are driven unstable within the whole 
discharge from the plasma edge to the core and that the frequency of the modes, in the 
laboratory frame, is directly related to the plasma rotation. This result also indicates that the 
QC TEM may not be distinguishable when the plasma rotation is too low. 
 

 
Figure 8. Fluctuation spectra measured by the UFSR in the LOC regime (t=1.4 s) with the dotted line 
as a pic power guide line with respect to the neoclassical VE×B predicted by the NEOART code (taken 
from [9]).  
 
 
Thanks to the UFSR high radial resolution, the interplay between broadband turbulence like 
TEM and MHD modes can be very well described. MHD modes such as tearing modes can be 
well identified on the reflected signal [15] as, into the island, the ergodicity of the field lines 
induces a local density flattening which provoke a remarkable phase variation oscillating 
because of the plasma rotation.  
 

 
 
Figure 9. Comparison between the phase fluctuating signal (a) and the power spectrum (b) which 
exhibits the interplay between a tearing mode at ρ~0.1 (q=3/2) of 3.6 kHz and TEM in LOC regime. 
 

AUG #31427
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On the example shown in figure 9 from the ohmic discharge where at the beginning of a 
density ramp, the plasma stands in the LOC regime as the TEM are still destabilized and well 
distinguishable in the plasma below ρ=0.3, a tearing mode, which is developed at the rational 
surface q=3/2 (f=3.6kHz) around ρ=0.1, literally kills the broadband turbulence. Open 
questions remain on the role of magnetic islands on the reduction of this turbulence [16-17] 
and the role of a local flattening of the gradients and/or the non-linear interactions between 
small scale turbulence and a magnetic island. 
 
 
6. Conclusion 
 
This work emphasizes recent and unprecedented system improvements of an UFSR diagnostic 
operating on TS and AUG, in both sweep rate and data sample rate (and storage extent), 
allowing for unique measurement capability for the first time anywhere and in particular for a 
whole AUG shot. The sweeping capabilities of the profile reflectometer have been improved 
with a sweeping time of 1 µs and a sweep rate of 800 kHz. The stability and reproducibility of 
the sweeps allow us to determine the frequency spectra of the turbulence, as does hopping 
systems, continuously from the plasma edge to the core. These improvements provide a 
thorough insight of the plasma turbulence temporal dynamic with a broad plasma coverage, 
which is particularly required for the study of the I-phase, and the UFSR has the sufficient 
time resolution to show that the normalized density gradient correlates with the magnetic 
signals. Recent results even suggest that the normalized density gradient correlates with the 
turbulence density fluctuation level and can then be suspected to drive the turbulence. 
However, this point will need further investigation to detail the mechanisms triggering the L-
H transition. During the L-H transition we can clearly follow the evolution, temporarily and 
radially, of the edge coherent mode. Finally, an extended study of the quasi-coherent modes 
showing the transition from TEM to ITG dominated turbulence during LOC to SOC transition 
has been performed. Synthetic diagnostic calculations using gyrokinetic simulations have 
evidenced the role of the plasma rotation in the data analysis and also provided insights of 
turbulence measurement issues. 
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