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Abstract 

This thesis aims to study the intermittent turbulence feature in a linear 

magnetized laboratory plasma with newly developed microwave 

reflectometer. Turbulence intermittency, which is enhanced particle bursts 

propagating across the open magnetic field region, has been observed and 

studied during the past three decades. The intermittency has significant 

impacts on controlling fusion and industrial plasmas and on understanding 

astrophysical phenomena. However, the generation mechanism of 

turbulence intermittency is still unknown. The purpose of this thesis is to 

have a better understanding of turbulence intermittency in a laboratory 

magnetized plasma. 

To realize this purpose, turbulence experiment is performed in a linear 

magnetized plasma device, PANTA. In order to detect the turbulence 

intermittency, multi-point density measurement with high temporal and 

spatial resolution is required. Therefore, two microwave reflectometers, 

frequency comb reflectometer and comb sweep reflectometer, are newly 

developed. The comb reflectometer is used to detect density fluctuations at 

many different radii simultaneously. The comb sweep reflectometer is 

developed for equilibrium density profile measurement. 

A frequency comb microwave reflectometer has been installed in 

PANTA, which has a frequency range from 12 GHz to 26 GHz with a 
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frequency interval of 0.5 GHz. This reflectometer can measure density 

fluctuation at 29 radial positions simultaneously with 1 μs temporal 

resolution and 0.5 mm radial resolution. A comb sweep microwave 

reflectometer is developed to eliminate the half-wavelength uncertainty 

while reconstructing the density profile. This system covers a frequency 

range from 15.5 GHz to 26 GHz with 17 channels. Each channel sweeps a 

frequency range of around 0.4 GHz with a sweep period of 2 μs and the 

repetition frequency is 0.5 GHz. This system is succeeded in reconstructing 

the radial profile of electron density, which is consistent with that measured 

by the Thomson scattering system. 

A global turbulence intermittency is observed with microwave 

reflectometers and characterized by the statistical analysis in PANTA for 

the first time. A quasi-coherent density fluctuation is excited locally in the 

region of 𝑟 = 3 − 4.5 cm , where the density gradient is largest. 

Intermittent events are observed in the whole radial region of plasma. 

Conditional averaging reveals that positive and negative density bursts are 

driven at the outer and inner radial regions, respectively. The inversion 

layer is located at around 𝑟 = 4 cm. The positive density bursts propagate 

from the quasi-coherent fluctuation region to peripheral region with a 

velocity of approximately 1.0 km/s and have a large radial scale. The 

exponentially decaying auto-correlation function and large Hurst 

exponents (>0.5) of the perturbation at the quasi-coherent fluctuation 
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region reveal that the intermittent bursts have long-range time correlation. 

The waiting time for large bursts follows power-law distribution. The 

power spectrum of fluctuation shows a 1/𝑓 -scale at intermediate 

frequency range. These evidences indicate the existence of self-similar 

behavior and self-organized criticality (SOC) dynamics. The long-range 

radial correlation is observed across the inversion layer at the quasi-

coherent fluctuation frequency. Cross-bicoherences of the density 

fluctuation at different radii show the strong nonlinear three-wave coupling 

between the quasi-coherent fluctuation and micro-turbulence not only 

across the inversion layer but also far away from the quasi-coherent 

fluctuation region.  

The generation mechanism of observed global intermittency is 

discussed. The quasi-coherent fluctuation, which is driven by the large 

density gradient, perturbs the background density. The positive and 

negative density bursts are generated and propagate outward and inward, 

respectively, due to the SOC dynamics. Because of the nonlinear three-

wave coupling with the quasi-coherent fluctuation, the distant turbulence 

is modulated and enhances the propagating density burst. The radial-scale 

of the propagation is thus elongated and the global intermittency is formed.  
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Chapter 1  

Introduction 

Nowadays, the energy problem is becoming a global issue. The most 

common energy source in the world today is fossil fuels, such as oil, coal 

and natural gas, which cause several problems. On the one hand, the 

demand for energy is now rapidly increasing, especially in less developed 

countries, while the fossil fuels are unrenewable and their reserves are 

finite. It is reported that at the current rate of human consumption of energy, 

the oil will be exhausted in 40 years, and that figure is 50 years for natural 

gas and 250 years for coal [1]. On the other hand, the environment 

problems caused by the use of fossil fuels are getting more serious, 

especially the global warming problem [1]. Therefore, developing a 

renewable and clean energy source is becoming more urgent. 

Controlled nuclear fusion is regarded as the most viable next-

generation energy source, which has lots of advantages compared with 

other new energies. Controlled nuclear fusion is much more abundant than 

other energy sources. For example, fusion reaction releases nearly four 

million times more energy than chemical reaction and four times more 

energy than fission reaction with the same mass of fuel [2]. Besides, the 

fuels of controlled nuclear fusion, deuterium and tritium, can be extracted 

from seawater and produced from lithium through nuclear conversion, 



 2 

respectively. The energy released by the fusion reaction of deuterium 

contained in 1 liter of seawater is equal to the energy produced by the 

combustion of 300 liters of gasoline [3], which means the fusion fuels are 

almost limitless. Furthermore, controlled nuclear fusion is clean and safe, 

which produces no greenhouse gases or long lived nuclear waste, and has 

little risk of a meltdown scenario. Thus, the development of controlled 

nuclear fusion is strongly required. 

1.1 Magnetic confinement fusion 

Controlled nuclear fusion is the reaction in which several light atomic 

nuclei are combined to form heavier nuclei and release energy due to mass 

defect. The best proposal for future fusion reaction is D-T reaction [4], 

which means the fuels are deuterium and tritium, 

D21
 + T31

 → He4(3.5 MeV)2
 + n1(14.1 MeV)0

              (1.1) 

To realize the fusion reaction, fuels are required to be ionized and become 

plasma. The ignition condition for controlled fusion is known as Lawson 

criterion [5], which requires that the plasma has a high temperature (~10 

keV), high density (~1020 m-3) and long confinement time (~1 s).  

There are two methods to confine plasma. The first method is called 

inertial confinement, which is to compress the fuel strongly to reach 

ignition condition by inertia. The second method is magnetic confinement, 

which is to confine plasma with the Lorentz force of the magnetic field. 
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Magnetic confinement fusion has been widely studied for around 70 years 

and been proved to be the most likely way to realize controlled fusion.  

According to the different configurations of magnetic field, there are 

different types of magnetic confinement devices, e.g. magnetic mirror, 

stellarator, tokamak, etc. Among all the devices, tokamak is considered to 

be the most promising device for obtaining net energy output. To promote 

research on tokamak plasma, an international project, International 

Thermonuclear Experimental Reactor (ITER) project (shown as Fig. 1.1) 

was established in 1985. The ITER device is now under construction in 

France and is planned to achieve first plasma in 2025 [6], which is expected 

to realize a 𝑄 value of 10, where 𝑄 is the energy gain factor. 

 

Figure 1.1: The schematic of ITER [7]. 
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However, it is difficult to keep good confinement of plasma and 

realize the ignition condition, as turbulence increases the radial transport 

and disturb the confinement. Since more than 30 years ago, a radial 

convection of coherent plasma structure, intermittency [8, 9], has drawn 

attention. As mentioned in next section, intermittency is widely observed 

in different devices and destructs the plasma confinement. Thus, a lot of 

researches have been conducted on turbulence intermittency. 

1.2 Turbulence intermittency in magnetized plasma 

1.2.1 Definition and characteristics of turbulence intermittency 

Turbulence intermittency, also called as ‘blobs’, ‘filaments’ or 

‘avaloids’ [10], has been studied during the last two decades. A simplified 

robust theoretical mechanism for intermittency generation is as follows [11, 

12]. A filament of enhanced density is formed firstly and then polarized by 

a net species-summed force 𝑏⃗ ∙ ∇ × 𝐹  (≠ 0), where 𝑏⃗ ≡ 𝐵⃗ /𝐵 is the unit 

vector along magnetic field 𝐵⃗ , and 𝐹  is an arbitrary force density. Some 

examples for 𝐹  are the curvature and ∇𝐵 forces, centrifugal force and 

neutral wind frictional force [13]. After charge polarization, a poloidal 

electric field is formed inside the filament, and the whole filament is drift 

by the 𝐸⃗ × 𝐵⃗  force. Thus, the definition of an intermittency from the ideal 

theory is the structure that has the following properties [12], 

i) it is a single peak with the value higher than the root-mean-square 
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(RMS) of the background fluctuation; 

ii) the variation of the structure vertical to the magnetic field is much 

stronger than that in the parallel direction; 

iii) the radial propagation is dominated by the 𝐸⃗ × 𝐵⃗  velocity due to 

the charge-polarizing force.  

Experimentally, intermittency has been widely observed in different 

devices, including tokamaks [10, 14–25], stellarators [26–28], linear 

devices [29, 30], reserved-field pinch [31], basic toroidal devices [32, 33], 

and even in space plasma [34, 35]. For example, Figure 1.2 shows the 2-D 

density fluctuation obtained with beam emission spectroscopy (BES) 

system in DIII-D, where red parts indicate high density and blue low 

density. The radially outward propagation of enhanced density is clearly 

observed with a velocity of 1.5 km/s [15]. 

 
Figure 1.2: The 2-D plots of electron density from BES in DIII-D Tokamak, which shows an 

outward motion of high density (red) [15]. 
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Because of the density burst, the probability distribution function 

(PDF) is deviated from Gaussian function. Figure 1.3 shows results from 

HL-2A Tokamak [22]. The blue lines in the left are temporal evolutions 

and PDFS of ion saturation current around the last closed flux surface 

(LCFS), and the red dots are Gaussian fitting for the PDF. It is clear that 

inside the LCFS, there are more negative burst events (also called as 

density holes), resulting to the PDF dominated by negative values. It shows 

an opposite result out of the LCFS, where bursts are positive and positive 

values are dominant in the PDF. The turning point is located a little inside 

the LCFS where the PDF is close to Gaussian distribution. To evaluate the 

deviation of distribution, skewness and kurtosis (see section 4.3) are 

calculated and the profiles are shown in the right of Fig. 1.3. The skewness 

and kurtosis tend to increase from the edge to far SOL, indicating the 

fluctuation at far SOL is dominated by the density bursts. This result agrees 

with that of the most devices. 

 

Figure 1.3: The temporal evolution and distribution of ion saturation current (left) and the 

radial profiles of skewness and kurtosis of PDF (right) [22]. 
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1.2.2 Effects of turbulence intermittency 

The direct effect of the turbulence intermittency is the increase of non-

diffusive radial particle transport. Figure 1.4 shows that the ratio of the flux 

caused by intermittent events detected with a threshold of 2.5 × RMS (see 

subsection 3.4.1) to the total 𝐸𝜃 × 𝐵𝑇 flux in TEXTOR is around 40%, 

and the contribution of the intermittency in the open magnetic field region 

is larger than that inside LCFS [10]. As the result, if the cross-field particle 

flux is sufficiently large compared with the particle flow along field lines 

into the divertor volume, the “main chamber recycling regime” [36, 37] 

will be dominant, and the profiles of electron density and temperature in 

SOL are flattened while core density increases, as shown in Fig. 1.5 [38]. 

All these phenomena will result in the increase of unwanted interaction 

with limiters, radio frequency antennas [12] and the enhanced erosion of 

the wall [10, 39]. 

Besides, intermittency can also increase the interaction of plasma with 

the far SOL [40, 41], affecting the SOL width [23]. Furthermore, the 

intermittent convective transport is also found to have an influence on the 

density limit in some tokamaks [42]. Thus, a full understanding of 

intermittency generation mechanism is necessary. 
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Figure 1.4: The ratio of the intermittent particle flux to the total 𝐸𝜃 × 𝐵𝑇 flux in TEXTOR 

[10]. 

 

Figure 1.5: Main chamber recycling regime (left) and the flat profiles of electron density and 

temperature in SOL (right) in C-MOD [38]. 

1.2.3 Generation mechanisms of turbulence intermittency 

Because of its significant influence on edge transport and confinement 

of plasma, it is necessary to understand the generation process of the 

turbulence intermittency. By now, different mechanisms have been 
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proposed to interpret the formation of the intermittent structures, such as 

SOC dynamics [10, 12, 17, 31], interchange mode [32], coherent structures 

[33, 43], zonal flow [19] and others [17, 24, 25]. 

 

Figure 1.4: (a) The 𝑓−1-scale power spectrum, (b) long-tail-like auto-correlation function and 

(c) large Hurst profile of the intermittent perturbation in TEXTOR [10]. 

In TEXTOR, the intermittency is observed having the properties 

similar with avalanche-like transport. Avalanche-like transport has the 

characteristics of intermittent bursts, radial propagation, 𝑓−1 -scale 

spectrum and long-range time correlation [44], and SOC dynamics is 

(a)

(b)

(c)
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suggested to explained avalanche phenomenon [45–50]. Figure 1.4 

displays the characteristics of intermittency obtained in TEXTOR [10]. Fig. 

1.4(a) shows the existence of 𝑓−1-scale at intermediate range in the power 

spectrum. Figs. 1.4(b) and 1.4(c) give the auto-correlation function (ACF) 

and Hurst profile (see section 3.3). The long-tail in ACF and the Hurst 

exponents greater than 0.5 indicate the self-similarity and long-range 

correlation of the intermittency. These evidences suggest the intermittent 

bursts are avalanche-like, and SOC dynamics may contribute to the 

generation of intermittency. 

In TORPEX, an interchange wave driven production is found to be 

the dominant factor during the generation process of intermittency [32]. As 

shown in Figs. 1.7(a) and 1.7(b), the interchange mode, identified by 

solving a linearized Hasegawa-Wakatani model [51], is localized in the 

main plasma region (𝑟 ≤ 5 cm). For the intermittent events detected by 

4.5 × RMS ≤ 𝐼𝑟𝑒𝑓 ≤ 4.7 × RMS, the results of 2D profile with conditional 

averaging technique (see subsection 3.4.1) at different times during the 

intermittency generation process are shown in Figs. 1.7(c) – 1.7(f). At first, 

a coherent structure is formed as shown in Fig. 1.7(c). Then, Figure 1.7(d) 

shows the amplitude increase and radial elongation of the mode structure, 

which is caused by the increase of the local pressure gradient. After that, 

the structure is cut into two parts by the 𝐸⃗ × 𝐵⃗  shear flow, and the part on 

the low field side thus propagates outward as an intermittent event, as 
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shown in Figs. 1.7(c) and 1.7(d). 

 
Figure 1.7: 2D profiles of (a) skewness and (b) kurtosis of ion-saturation signals in TORPEX. 

The contours corresponding to 90%, 60%, 30% and 10% of the maximum of the interchange 

wave spectral power in the frequency range 3.9 ± 1 kHz are shown in (a). The 2D profiles 

of density fluctuation calculated with conditional averaging technique at different times 

during intermittency burst are shown in (c) – (f). The arrows are the instantaneous 𝐸⃗ × 𝐵⃗  

velocity [32]. 

While the experiments in TORPEX reveal that the intermittency is 

driven by interchange mode, experiments in Blaamann torus gives another 

explanation [33]. A coherent structure for both floating potential and 

electron saturation current is found to be associated with the intermittency. 

(c) (d)

(f)(e)



 12 

The temporal evolution of the coherent structure for floating potential 

repeats a cycle of dipole-like and monopole-like vortex. The time scale of 

a cycle is around 112 μs, during which the dipole appears for about 68 μs. 

Meanwhile, the density fluctuation is correlated with the potential 

fluctuation. Figure 1.8 shows the conditional averaging results of floating 

potential and electron saturation current at a time delay of -16 μs from 

intermittency burst in Blaamann. The dipole structure for both floating 

potential and electron saturation current (which indicates the electron 

density perturbation) is clearly displayed with a phase-shift of about 𝜋/2. 

An electric filed 𝐸⃗   is generated because of the separate of the dipole 

potential vortex, and the 𝐸⃗ × 𝐵⃗  force drives the positive part of the dipole 

density vortex move outward. The intermittent outward particle flux is thus 

generated as shown in Fig. 1.8(c). Such coherent-structure-driven 

mechanism is also observed in other devices [43]. 

 

Figure 1.8: The 2D profiles of (a) floating potential, (b) electron saturation current and (c) 

particle flux in Blaamann at a time delay of -16 μs with conditional averaging technique [33]. 

Experiments in JET offers another mechanism for intermittency 

(a) (b) (c)
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generation, which is zonal flow [19]. Positive and negative intermittent 

density bursts are generated in the edge shear layer, where zonal flow shear 

off the meso-scale coherent structures, as shown in Fig. 1.9. In Figure 1.9, 

the shear layer is located between ∆𝑟 = −15 and ∆𝑟 = −3 mm where 

∆𝑟 = 𝑟 − 𝑟𝐿𝐶𝐹𝑆 is the radial distance to LCFS. The conditional averaging 

results of ion saturation 𝐼𝑠, radial 𝐸⃗ × 𝐵⃗  fluctuating velocity 𝑣𝑟 = 𝐸𝜃/𝐵 

and poloidal 𝐸⃗ × 𝐵⃗   fluctuating velocity 𝑣𝜃 = 𝐸𝑟/𝐵  for positive bursts 

are shown in Figs. 1.9(a), 1.9(c) and 1.9(e), respectively, and Figs. 1.9(b), 

1.9(d) and 1.9(f) show the corresponding results for negative bursts. Figs. 

1.9(a) and 1.9(b) give the initial meso-scale coherent structures with 

positive and negative perturbations in the edge shear layer. The positive 

and negative perturbations have similar amplitudes. However, because of 

the 𝐸𝜃 caused by interchange drive, their radial movement directions are 

opposite as shown in Figs. 1.9(c) and 1.9(d). Moreover, as the meso-scale 

structures are strongly titled in the shear layer, the internal polarization 

direction is thus modified and a spontaneous 𝐸𝑟 is generated, which also 

drives positive and negative perturbations move in different poloidal 

directions, as shown in Figs. 1.9(e) and 1.9(f). As a result, the structures 

are sheared off, and the positive and negative intermittent bursts are thus 

generated. 
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Figure 1.9: The conditional averaging results of (a) 𝐼𝑠, (c) 𝑣𝑟 and (e) 𝑣𝜃 for positive 

intermittent bursts in shear layer in JET. (b), (d) and (f) are corresponding results for negative 

bursts [19]. 

Except for the examples introduced above, there are some other 

mechanisms for intermittency generation, such as gradient-driven 

mechanism [24]. However, none of the mechanism is widely accepted for 

plasma in other devices. 

1.3 Purpose of this thesis 

Since the intermittent density bursts have a significant influence on 

particle transport, plasma confinement and material interaction, and there 

is still no widely accepted and applicable mechanism to explain its 

generation, it is necessary to have a further investigation on it.  

Laboratory plasma is very useful to study the turbulent intermittency, 

because it has excellent reproducibility and controllability and allows 

multi-point simultaneous measurement. This study was made to reveal the 

generation mechanism of the turbulence intermittency through the 
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laboratory plasma experiment. Recently, a quasi-coherent fluctuation has 

been excited in the central region of linear magnetized laboratory plasma 

in the PANTA through large density gradient. The fluctuation is 

nonstationary and its amplitude varies in time intermittently. Impact of the 

intermittent event is observed in the whole plasma region 

including peripheral region where density gradient is weak. There is, 

however, still little understanding on it. Thus, the purpose of this thesis is 

to study the intermittent phenomenon in PANTA. The important studies of 

the intermittency are remained that i) how does the quasi-coherent mode 

behave, ii) what are the characteristics of the intermittency and iii) how is 

the quasi-coherent mode correlated to the intermittency. 

To achieve the purpose, the advanced microwave reflectometers are 

developed, which can simultaneously measure the density perturbations at 

radial multi-point. The turbulence intermittency experiment is thus 

performed with the reflectometers. 

This thesis is organized as follows: The development of microwave 

reflectometers in PANTA are presented in Chapter 2. The development of 

data analysis methods for intermittency study are described in Chapter 3. 

In Chapter 4, the experiment results and corresponding discussion on 

intermittency are shown. The summary of the thesis is in Chapter 5.  
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Chapter 2  

Development of microwave reflectometer 

diagnostics in PANTA 

Diagnostic techniques are essential for experimental plasma study. In 

PANTA, many different types of diagnostic systems have been developed, 

and the most commonly used diagnostics are probes. However, the use of 

probe will disturb the plasma as it is inserted into plasma. Recently, 

microwave diagnostic has become an important and widely used tool in the 

field of plasma research. The advantage of microwave diagnostic is that it 

does not disturb the plasma and has high spatial-temporal resolution. Thus, 

microwave diagnostics is also developed in PANTA. In my study, a 

frequency comb reflectometer and a frequency comb sweep reflectometer 

are used as the main diagnostic tools. These two systems along with device 

PANTA will be described in this chapter. 

2.1 Introduction of PANTA 

PANTA (Plasma Assembly for Nonlinear Turbulence Analysis) is a 

cylindrical device which focuses on plasma turbulence study. In PANTA, 

lots of works on basic turbulence have been carried out, such as the basic 

processes of turbulence [52, 53], turbulence transport [54, 55], nonlinear 

turbulence interaction [56, 57], etc. Figure 2.1 illustrates the schematic 
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view of PANTA. The cylindrical vacuum vessel has a diameter of 450 mm 

and a length of 4050 mm. The axial magnetic field produced by 17 

magnetic coils ranges up to 1500 Gauss, which is almost constant along 

the axis. Argon gas which is used as the main fueling gas is injected into 

the vacuum vessel from the source region at the top. The pressure of neutral 

gas is 0 − 3 mTorr. Helicon wave (7 MHz) produced by a double-loop 

antenna is used to excite the neutral gas and produce the plasma, and its 

power varies from 2 kW to 6 kW. The cylindrical is thus produced with a 

diameter of around 10 cm, and its central electron density and temperature 

are approximately 1.0×1019 m-3 and 3 eV, respectively. The typical 

experimental conditions and parameters are listed in Table 2.1 [58]. 

 
Figure 2.1: (a) Schematic view and (b) photograph of PANTA. 
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Parameters Typical Value Range 

Background Pressure 9.0×10-5 Pa 8.0×10-5 − 1.0×10-4 Pa 

Filling Gas Pressure 1.5 mTorr 1.0 − 3.0 mTorr 

Magnetic Field 0.09 T 0.04 − 0.15 T 

RF Power 3 kW 2 − 6 kW 

Peak Electron Density 1.0×1019 m-3 1.0×1018 − 1.0×1019 m-3 

Electron Temperature 3 eV 1.5 − 3 eV 

Ion Temperature 0.3 eV 0.2 − 0.4 eV 

Table 2.1: Typical plasma parameters in PANTA and available ranges. 

The main adjustable control plasma parameters in PANTA are helicon 

wave heating power (2–6 kW), magnetic field strength (400–1500 Gauss) 

and neutral gas pressure (1.0–3.0 mTorr). 

In my experiment, the microwave reflectometer is installed at 1 meter 

in the axial direction of PANTA as shown in Fig. 2.1(a). The cross section 

of the vacuum chamber and reflectometer antennas is shown in Fig. 2.2. 

The distance from the antennas to the center axis of plasma column is 225 

mm, as shown in Fig. 2.2. 

 
Figure 2.2: Arrangement of the comb reflectometer in PANTA. 

225mm

Antennas
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2.2 Microwave in plasma 

2.2.1 Dispersion equations 

In a uniform magnetized cold plasma, the electric displacement 𝐷⃗⃗  is 

expressed as [59], 

𝐷⃗⃗ = 𝜀0𝐸⃗ +
𝑖

𝜔
𝑗 ≡ 𝜀0𝐾 ∙ 𝐸⃗                                   (2.1) 

where 𝜀0 is dielectric constant of the vacuum, 𝐸⃗  is the electric intensity, 

𝑗  is the current and 𝐾 is called the dielectric tensor. In cold plasma, the 

current is mainly due to the electron motion, 

𝑗 = 𝑒𝑛𝑒𝑣 𝑒                                                (2.2) 

where 𝑒 is the elementary charge and 𝑛𝑒 is electron density. Here, the 

motion velocity 𝑣 𝑒 can be represented by electric intensity 𝐸⃗ , magnetic 

field 𝐵⃗  (the z axis is taken along the direction of 𝐵⃗ 0) and a plane-wave 

exp(𝑖𝑘⃗ ∙ 𝑟 − 𝑖𝜔𝑡) [59]. By replacing the 𝑗  in Eq. (2.1) with Eq. (2.2), the 

dielectric tensor 𝐾 is solved as, 

𝐾 ∙ 𝐸⃗ = (

𝐾⊥ −𝑖𝐾× 0
𝑖𝐾× 𝐾⊥ 0
0 0 𝐾∥

)(

𝐸𝑥
𝐸𝑦
𝐸𝑧

)                         (2.3) 

where 
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{
 
 
 

 
 
 𝐾⊥ ≡ 1 −∑

𝜔𝑝𝑒
2

𝜔2 − 𝜔𝑐𝑒2
𝑘

𝐾× ≡ −∑
𝜔𝑝𝑒

2

𝜔2 −𝜔𝑐𝑒2
𝜔𝑐𝑒
𝜔

𝑘

𝐾∥ ≡ 1 −∑
𝜔𝑝𝑒

2

𝜔2
𝑘

                               (2.4) 

where 𝜔𝑝𝑒
2 = 𝑛𝑒𝑒

2 𝜀0𝑚𝑒⁄  is the electron plasma frequency and 𝜔𝑐𝑒 =

𝑒𝐵 𝑚𝑒⁄  is electron cyclotron frequency. From the Maxwell’s equation, 

{
 
 

 
 

∇ × 𝐸⃗ = −
𝜕𝐵⃗ 

𝜕𝑡

∇ × 𝐻⃗⃗ = 𝑗 + 𝜀0
𝜕𝐸⃗ 

𝜕𝑡
=
𝜕𝐷⃗⃗ 

𝜕𝑡

                                 (2.5) 

the following equation is obtained, 

𝑘⃗ × (𝑘⃗ × 𝐸⃗ ) +
𝜔2

𝑐2
𝐾⃗⃗ ∙ 𝐸⃗ = 0                                  (2.6) 

Here, we define a dimensionless vector, 

𝑁⃗⃗ ≡
𝑐𝑘⃗ 

𝜔
                                                  (2.7) 

where 𝑐 is light velocity in vacuum, and the absolute value 𝑁 = |𝑁⃗⃗ | is 

the wave index of refraction. Thus, Eq. (2.6) is rewritten as, 

𝑁⃗⃗ × (𝑁⃗⃗ × 𝐸⃗ ) + 𝐾 ∙ 𝐸⃗ = 0                                    (2.8) 

In the case that wave propagates in the direction perpendicular to the 

magnetic field, the solution of the equation above is 

𝑁2 = 𝐾∥                                                  (2.9) 

or 

𝑁2 =
𝐾⊥

2 − 𝐾×
2

𝐾⊥
                                       (2.10) 



 21 

Eq. (2.9) and Eq. (2.10) are called the dispersion equations. For the wave 

that satisfies Eq. (2.9), the electric field is 𝐸𝑥 = 𝐸𝑦 = 0, 𝐸𝑍 ≠ 0 and the 

wave is called ordinary wave (O-mode wave). The electric field of the 

wave satisfying Eq. (2.10) is 𝑖𝐸𝑥/𝐸𝑦 = −𝐾×/𝐾⊥, 𝐸𝑥 = 0 and the wave 

is called extraordinary wave (X-mode wave). 

When the refractive index becomes zero 𝑁2 = 0, the wave is said to 

be cut-off, i.e., the wave is reflected at the cut-off layer. The cut-off 

frequency of O-mode wave is as follows, 

𝜔𝑂,𝑐𝑢𝑡 = 𝜔𝑝𝑒                                              (2.11) 

while the cut-off frequency of X-mode wave is 

𝜔𝑋,𝑐𝑢𝑡 = (𝜔𝑐𝑒
2 4⁄ + 𝜔𝑝𝑒

2)
1 2⁄
±𝜔𝑐𝑒 2⁄                      (2.12) 

The idea of microwave reflectometer is thus to launch microwave into 

plasma, which is reflected at the cut-off layer. The time delay of the 

reflected wave and the frequency of incident wave contains the location 

and density information of the cut-off layer, respectively. Thus, the density 

profile and density fluctuation can be obtained. 

2.2.2 Wave scattering and Doppler shift 

The phase difference (i.e., time delay) between reflected and incident 

waves is expected to fluctuate around a mean value, which is due to the 

fluctuation of the cut-off layer. However, since the early 1990s, it was 

found that the phase difference monotonically increased or decreased [60]. 
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Such phenomenon was called phase runaway (PRA). After the heterodyne 

reflectometer was developed for plasma diagnosis, the asymmetric spectra 

were found to be the cause for PRA [61], and the idea to evaluate the 

plasma rotation and density fluctuation with PRA and the asymmetries of 

spectra was then proposed [62]. The first measurement of Doppler shift and 

the perpendicular wavenumber spectrum were presented by Hirsch and 

Zou in 1999 [63, 64]. Since then, Doppler reflectometer have been widely 

designed and developed for different devices [65–73]. 

Different from normal reflectometer, the incident wave of Doppler 

reflectometer is obliquely launched into plasma, as shown in Figure 2.3 

[74]. In Figure 2.3, the plasma density gradient is along 𝑧-direction, and 

there is no plasma for the region of 𝑧 < 0. The microwave is launched at 

an angle of 𝜃0 to the normal of cut-off layer. Figure 2.3(a) shows the case 

of flat cut-off layer without turbulence. In this case, the microwave is 

reflected without scattering. 

Figure 2.3(b) shows the situation that the turbulence exists and the 

cut-off layer is corrugated where scattering take place. According to 

Bragg’s rule [64], the turbulence wavenumber 𝑘⃗ ⊥, incident wavenumber 

𝑘⃗ 𝑖 and scattering wavenumber 𝑘⃗ 𝑠 satisfies, 

𝑘⃗ ⊥ = 𝑘⃗ 𝑠 − 𝑘⃗ 𝑖                                            (2.13) 

If the turbulence wavenumber at the cut-off layer matches the 

condition, 
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𝑘⊥ = 2𝑘𝑖 sin 𝜃0                                         (2.14) 

the -1st order scattering returns to the antenna (Bragg backscattering), 

which is shown as the pink line in Fig. 2.3(b).  

 

Figure 2.3: Oblique incident wave in a slab plasma (a) without and (b) with the existence of 

turbulence [74]. 

The backscattering wave contains the Doppler shift information due 

to the rotation of plasma turbulence. The Doppler shift frequency 𝜔𝐷 is 

written as, 

𝜔𝐷 = 𝑢⃗ ∙ 𝑘⃗ = 𝑢⊥𝑘⊥ + 𝑢∥𝑘∥ + 𝑢𝑟𝑘𝑟                       (2.15) 

where 𝑢⃗   is the velocity of the turbulence at the cut-off layer. In 

magnetically confined plasma, it is normal that 𝑘⊥ ≫ 𝑘∥ , and Doppler 

reflectometers are only sensitive to 𝑘⊥ as they are aligned perpendicular 

to the magnetic field. Thus, the second term on the right side of Eq. (2.15) 

is neglected [74]. In addition, as the radial spectrum is normally centered 

around 0, the radial term is neglected as well [70]. Eq. (2.15) is thus 

rewritten as, 
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𝜔𝐷 = 2𝑢⊥𝑘𝑖 sin 𝜃0                                      (2.16) 

The azimuthal rotation velocity of plasma thus can be obtained by 

from the Doppler shift of the scattering wave in oblique incidence case. 

2.3 Development of frequency comb microwave 

reflectometer in PANTA 

2.3.1 Introduction of frequency comb microwave reflectometer 

Microwave reflectometer diagnostic for plasma electron density 

profile and density fluctuation measurement, which is realized by 

measuring the time of flight of microwave reflected by the plasma cut-off 

layer, is proved to be feasible [75, 76]. The simplest design is to launch a 

single fixed frequency signal into plasma, which will be reflected at cut-

off layer as described in subsection 2.2.1. By receiving the reflected signal 

and calculate the time of flight in plasma, the location of the cut-off layer 

is determined. The fluctuation of flight time also gives information of 

density fluctuation. 

To raise efficiency and improve spatial resolution, it is necessary to 

simultaneously output an array of fixed-frequency signals and such system 

is called multi-channel microwave reflectometer. If the array of frequencies 

are equally spaced, such multi-channel reflectometer is called as frequency 

comb microwave reflectometer. The waves with different frequencies are 

reflected by cut-off layers at different radial points, the profile of density 
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and fluctuation is thus obtained. 

The difficulty of multi-channel reflectometer is the generation of 

multi-frequency signals, and there are several different methods to solve 

the problem.  

i) The easiest way is to combine the signals of several independent 

microwave sources, such as Gunn oscillators [76–79]. However, this 

method is usually costly. 

ii) A novel filter-based feedback loop microwave source (FFLMS) 

method is recently developed to generator multi-frequency [67–69]. As 

shown in Fig. 2.4(a), the broadband electronic noise is amplified by the 

amplifier. Because of the response functions of bandpass filter and 

amplifier, the signal with chosen frequency is self-reinforced in the loop 

and a pure sinusoid waveform is obtained. Moreover, this method can be 

optimized by multiplexer-based frequency array source (MFAS) as shown 

in Fig. 2.4(b). The array of bandpass filters is replaced by two multiplexers 

with bandpass response, and comb frequency signal can also be obtained 

by arranging the bandpass frequencies of filters equally spaced. The multi-

frequency signal obtained in this way has not only good phase noise 

performance but also larger and uniform output power for each channel. 
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Figure 2.4: The schematic of (a) FFLMS and (b) MFAS [67, 69]. 

 iii) Another widely used method is the nonlinear transmission line 

(NLTL) [65, 66]. As shown in Fig. 2.5, a stable internally phase-locked 2.5 

GHz source is passed into a NLTA after amplified. Due to the nonlinear 

effect of the NLTL, an array of frequencies are generated. It is noted that 

the frequencies generated in this way are equally spaced (∆𝑓 = 2.5 GHz 

here), which means this method can only generate the comb-frequency 

signal. With this method, the output signal has an excellent phase noise 

performance and a very wide band up to ~ 100 GHz. Compared with the 

two methods before, the advantage of NLTL is that it can generator more 

frequency channels at lower cost. However, the power is usually decayed 

at high frequency, which needs to be optimized by E-H tuner.  

As mentioned in subsection 2.2.2, the comb reflectometer can also be 

used as Doppler reflectometer [65–73], which aims to measure the poloidal 

rotation velocity and wavenumber spectrum of plasma turbulence. The 

Doppler reflectometer inject the microwave oblique to the plasma and is 

sensitively to the fluctuation with certain wavenumber associated with 

incident angle. The turbulence spectrum with different wavenumber can be 

(a) (b)



 27 

measured by scanning the incident angle. With frequency comb Doppler 

reflectometer, the radial profile of turbulence poloidal velocity and 

spectrum can be obtained. 

 
Figure 2.5: The schematic of frequency comb reflectometer [65]. 

2.3.2 System design and signal processing 

In PANTA, a frequency comb microwave reflectometer, which has up 

to 29 frequency channels, has been developed [80]. This system uses NLTL 

as the comb frequency signal generator. Figure 2.6 illustrates the circuit of 

the comb microwave reflectometer. The incident wave is generated by the 

NLTL frequency comb generator. After filtered and amplified, one channel 

is directly transferred to the digital storage oscilloscope (DSO) as reference 

signal, and another channel is launched into plasma by a dual-band 

rectangular horn antenna as O-mode wave. The reflected wave is received 

by another antenna and transferred to the DSO as well.  
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Figure 2.6: Block diagram of the frequency comb microwave reflectometer system. 

The typical incident wave signals and its power spectrum density 

(PSD, see section 3.1) spectrum are shown in Figs. 2.7(a) and 2.7(b), 

respectively. It is clear that the repetition period of the incident wave 

envelope is 2 ns, which is corresponding to a repetition frequency of 0.5 

GHz, as shown in Fig. 2.7(b). The frequency of large power components 

range from 12 GHz to 26 GHz, with an interval of 0.5 GHz. Thus, totally 

29 channels are used for experiments. 

 

Figure 2.7: (a) Typical incident wave signal. (b) PSD of incident wave. 
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The reflected and incident wave signals are shown in Figure 2.8. It is 

clear that a time delay 𝜏 exists between incident and reflected waves. The 

phase difference 𝜙 can be extracted by cross-spectrum analysis, and the 

time delay is thus calculated from the phase difference. 

 
Figure 2.8: Typical (a) incident wave signal and (b) reflected wave signal. 

To increase the precision and reduce the error, the template method of 

conditional averaging technology (see subsection 3.4.2) is applied to the 

signal. The initial template is obtained by assemble averaging the original 

signal according to the window length (2 ns). The initial template 

(averaged with 500 ensembles [81]) and the cross-correlation function 

between the template and original signal are shown in Figs. 2.9(a) and 

2.9(b), respectively. Due to the stable frequency component, the peaks of 

cross correlation function are more than 0.9. Thus, the new template is 

obtained according to the peaks. By iteration, the final averaged signals of 
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incident and reflected waves are shown in Figure 2.10. 

 

Figure 2.9: (a) Initial template of incident wave. (b) Cross-correlation between template and 

original signal. 

 
Figure 2.10: Conditional averaging results of (a) incident wave and (b) reflected wave. 

The comparison of the PSD of the signal with and without conditional 

averaging is shown in Figure 2.11. It is clear that the level of noise with the 
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frequency lower than 12 GHz or higher than 26 GHz is effectively 

decreased by conditional averaging.  

 

Figure 2.11: Comparison of the PSD of the signal with and without conditional averaging. 

2.3.3 Benchmark test 

The benchmark test of the system is performed with a metal reflector 

which is vertical to the antenna. Move the reflector to change the distance 

𝐿 between reflector and antenna, and the relationship of phase difference 

𝜙  versus 𝐿  is obtained as shown in Fig. 2.12(a). Here, three typical 

frequency (12 GHz, 18 GHz and 25 GHz) components are selected, and 

the solid lines are linear fitting of them. It can be seen that all 𝜙 have a 

good linear relation with 𝐿 for all frequency components as expected. It 

is also noted that the slope of the linear fitting equals to the injection 

frequency. Besides, the relationship between 𝜙  and incident frequency 
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𝑓𝑖𝑛 while the reflector is fixed (𝐿 = 10 cm) is shown in Fig. 2.12(b), which 

also reveals a good linear relation. Both of the results indicates the 

reliability of the system.  

 
Figure 2.12: Relationship between (a) 𝜙 and 𝐿 and (b) 𝜙 and 𝑓𝑖𝑛 . 

2.3.4 Density profile reconstruction 

Since the phase difference 𝜙 is obtained, the time delay 𝜏 is thus 

obtained by 𝜙 = 2𝜋𝑓𝑖𝑛𝜏 . If the time delay of frequency lower than 

incident frequency are known, the radial location of cut-off layer is 

calculated with Abel inversion, 

𝑟𝑐𝑢𝑡(𝑓) =
𝑐

𝜋
∫

𝜏(𝑓)𝑑𝑓

√𝑓𝑖𝑛
2 − 𝑓2

𝑓𝑖𝑛

0

                            (2.17) 

However, while the frequency of incident wave starts from 12 GHz, 

there is no data of time delay for low frequency. In this case, the change of 

the wave length inside dense plasma is neglected, and the phase difference 
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is rewritten as, 

2𝐿𝑖 = 𝜆𝑖(𝑁𝑖 + 𝜙𝑖)                                      (2.18) 

where 𝑖 denotes the 𝑖-th frequency component (𝑓𝑖 = 11.5 + 0.5 GHz, 𝑖 =

1, 2, … , 29), 𝐿𝑖 and 𝜆𝑖 are the path length and wavelength respectively, 

𝜙𝑖 is the phase difference normalized by 2𝜋 and 𝑁𝑖 is integer. The path 

length difference for two adjacent frequency components is thus written as, 

2(
𝐿𝑖+1 − 𝐿𝑖
𝜆𝑖+1

+
𝐿𝑖
𝜆𝑒𝑓𝑓

) = 𝜙𝑖+1 − 𝜙𝑖 +𝑚                   (2.19) 

where 𝜆𝑒𝑓𝑓 = 1/(1/𝜆𝑖+1 − 1/𝜆𝑖) = 𝑐/(𝑓𝑖+1 − 𝑓𝑖)  and 𝑚  is integer. In 

the experiments, 𝐿𝑖  is usually much smaller than 𝜆𝑒𝑓𝑓 . Because the 

adjacent cut-off layer is close, we assume 0 < 𝐿𝑖+1 − 𝐿𝑖 < 𝜆𝑖+1 . Thus, 

𝜙𝑖+1 − 𝜙𝑖 +𝑚  is usually smaller than 2, which means 𝑚  is 1 or 2. 

Therefore, 𝐿𝑖+1 is obtained from 

𝐿𝑖+1
𝜆𝑖+1

=
𝐿𝑖
𝜆𝑖
+
𝜙𝑖+1 − 𝜙𝑖 +𝑚

2
                             (2.20) 

This means that the location of 𝑖 + 1 -th cut-off layer can be 

calculated from the 𝑖-th cut-off layer positon. The initial cut-off layer is 

determined from assumption or the maximum cut-off frequency. While the 

incident frequency is higher than the cut-off frequency for the maximum 

density, the incident microwave transmits the plasma and the received 

microwave power decreases. In this case, the maximum density and its 

location is determined.  

The electron density profile in PANTA is reconstructed at the 
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following discharge parameters: a heating power of 6 kW, a magnetic field 

of 0.09 T and a natural argon pressure of 1 mTorr. 𝑚 is determined with 

the smooth density profile condition. The density profile is shown in Fig. 

2.13. 

 

Figure 2.13: Electron density profile reconstructed with comb reflectometer. 

2.3.5 Density perturbation measurement 

The fluctuation of electron density, or in other words the fluctuation 

of cut-off layer, causes perturbation of phase difference 𝜙̃. Since no radial-

coherent fluctuation is excited in the low density gradient region, the radial 

wavenumber (𝑘𝑟) is considered to be close to zero, which satisfies the small 

radial wavenumber condition ( 𝑘𝑟 < 𝑘𝑖𝑛
2/3
𝐿𝑁
−1/3

  where 𝑘𝑖𝑛  is the 

wavenumber of incident wave and 𝐿𝑁 is the density gradient length) [82, 

83]. In this case, the back-scattering from such low-𝑘𝑟 structures in this 

region is weak and has little effect on the reflected wave from the cut-off 
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layer. In the large-gradient region where coherent fluctuation is easily 

excited, the back-scattering occurs and leads to an increase in the error of 

radial location. However, as such structure is localized inside the narrow 

large-gradient region (discussed later), the error-bars of the locations are 

almost the same as those of the density profile which are shown in Fig. 

2.13. Therefore, the effect of back-scattering can be neglected. In the case 

of low-𝑘𝑟  condition, the equation between the fluctuation of electron 

density and phase difference is as follows [83],  

𝑛̃𝑒 =
𝜆∇𝑛𝑒𝜙̃

𝑛𝑒
                                          (2.21) 

where 𝜆 is a constant for a certain fluctuation. This means that the density 

fluctuation strength at the cut-off layer is proportional to the phase 

difference strength, and the phase perturbation can thus be used to study 

the density perturbation. A typical time series of phase difference is shown 

in Figure 2.14, and the perturbation is obvious, which indicates the 

perturbation of density. 

 
Figure 2.14: Temporal evolution of phase difference of 22 GHz component. 
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2.3.6 Azimuthal velocity measurement 

As mentioned in subsection 2.2.2, microwave reflectometer can be 

used to measure the plasma azimuthal velocity while oblique incidence. In 

PANTA, the comb microwave reflectometer is aligned with a maximum 

angle of 4˚ to the middle plane of the plasma column. A typical Doppler 

shift frequency spectrum at the incident frequency 𝑓𝑖𝑛 = 21.5 GHz  is 

shown in Fig. 2.15. Figure 2.15 obviously shows two components in the 

spectrum: the zero-frequency broad spectrum 𝑆1(𝑓)  which is directly 

reflected by the cut-off layer and the finite 𝑓 = 𝑓𝐷  spectrum 𝑆2(𝑓) 

which is due to the plasma rotation. Ideally, both of the two components 

are Gaussian distribution, and there are two methods to extract the Doppler 

shift 𝑓𝐷. 

 

Figure 2.15: Frequency Doppler shift of 21.5 GHz component. 
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The first way is the weighted average algorithm. 𝑓𝐷 is calculated as, 

𝑓𝐷 =
∫ 𝑓 ∙ 𝑆(𝑓 − 𝑓𝑖𝑛)𝑑𝑓
𝑓1
−𝑓1

∫ 𝑆(𝑓 − 𝑓𝑖𝑛)𝑑𝑓
𝑓1
−𝑓1

                              (2.22) 

where 𝑆(𝑓) = 𝑆1(𝑓) + 𝑆2(𝑓) is the total power spectrum density (noise 

neglected) and 𝑓1  is the limit of integration. Due to the symmetry of 

𝑆1(𝑓) on 𝑓 = 𝑓𝑖𝑛, ∫ 𝑓 ∙ 𝑆1(𝑓 − 𝑓𝑖𝑛)𝑑𝑓
𝑓1
−𝑓1

= 0, thus Eq. (2.22) can be used 

to calculate Doppler shift. However, as ∫ 𝑆(𝑓 − 𝑓𝑖𝑛)𝑑𝑓
𝑓1
−𝑓1

= ∫ 𝑆1(𝑓 −
𝑓1
−𝑓1

𝑓𝑖𝑛)𝑑𝑓 + ∫ 𝑆2(𝑓 − 𝑓𝑖𝑛)𝑑𝑓
𝑓1
−𝑓1

> ∫ 𝑆2(𝑓 − 𝑓𝑖𝑛)𝑑𝑓
𝑓1
−𝑓1

, an error is introduced 

to the calculation which makes 𝑓𝐷 smaller than true Doppler shift. 

Another method is decomposition and fitting. Since 𝑆1(𝑓)  is 

symmetric on 𝑓 = 𝑓𝑖𝑛, i.e., 𝑆1(𝑓′) is an even function, where 𝑓′ = 𝑓 −

𝑓𝑖𝑛. 𝑆(𝑓′) can thus be rewritten as the sum of even and odd function, 

𝑆(𝑓′) = 𝑆𝑒(𝑓′) + 𝑆𝑜(𝑓′)                                  (2.23) 

where 

{
𝑆𝑒(𝑓′) =

𝑆(𝑓′) + 𝑆(−𝑓′)

2

𝑆𝑜(𝑓′) =
𝑆(𝑓′) − 𝑆(−𝑓′)

2

                               (2.24) 

Fitting 𝑆𝑜(𝑓′)  where 𝑓′ > 0  with a Gaussian function gives 𝑓𝐷  [84]. 

However, as the spectrum of Doppler shift 𝑆2(𝑓′) is not odd function, this 

method brings an error in estimating the Doppler shift as well. W. L. Zhong 

evaluated the influence of error [84]. He found that the error of 𝑓𝐷 mainly 

depends on 𝑓𝐷/𝐹𝑊𝐻𝑀, where 𝐹𝑊𝐻𝑀 is the full width half maximum 

of the Doppler spectrum. The error decreases as 𝑓𝐷/𝐹𝑊𝐻𝑀  increases, 
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and it can be neglected when 𝑓𝐷/𝐹𝑊𝐻𝑀 > 0.75 . By improving the 

arrangement of reflectometer (e.g., adjust the angle of antenna), 

𝑓𝐷/𝐹𝑊𝐻𝑀 can be increased and error can be decreased. 

2.4 Development of frequency comb sweep microwave 

reflectometer in PANTA 

2.4.1 Introduction of frequency modulation continuous wave 

reflectometer 

Another widely used design of microwave reflectometer is frequency 

modulation continuous wave (FMCW) reflectometer, which is mainly used 

for density profile measurement [85–97]. FMCW reflectometer sweeps 

frequency rapidly which is usually achieved with a voltage control 

oscillator (VCO) and thus the time of flight appears as beat frequency or 

phase difference between incident and reflected waves, eliminating the 2𝜋 

ambiguity of phase difference for comb reflectometer. Therefore, FMCW 

can obtain density profile with high temporal and spatial resolution and is 

considered to have the potential to be used in ITER and future fusion 

reactors.  

Nowadays, the sweep time of the FMCW reflectometer has reached 

an order of magnitude of microsecond. For example, the sweep time of 

reflectometer in Tore Supra is shortened to 2 μs with 1 μs dead time as 

shown in Fig. 2.16 [89]. In this case, the time response delay of VCO will 
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be significant, as shown in Fig. 2.16(b). The time delay is 40 ns, which 

causes an error of 60 MHz for VCO’s frequency and should be taken into 

account while dealing with the trigger time.  

 

Figure 2.16: (a) Control voltage (red) and reflected signal (black). (b) A time delay between 

control voltage and VCO output [89]. 

 

Figure 2.17: Radial evolution turbulence spectrum measured with a FMCW reflectometer in 

AUG [93]. 

Furthermore, as the signal of FMCW reflectometer can be seen as the 

equivalent of thousands of hopping frequencies, it can also provide the 

density fluctuation at high sweep rate. Figure 2.17 shows the turbulence 

spectrum obtained with FMCW reflectometer in ASDEX-Upgrade (AUG) 

of which sweep time is 1 μs with 0.25 μs dead time [93]. Since the sweep 

(a) (b)
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repetition of the system is 1.25 μs, the sampling rate of each probing 

frequency is 800 kHz and the observation frequency width of fluctuation 

is 400 kHz. The benefit of this method is not only wide band of frequency 

but also continuous radial measurement from the edge to the core. 

In some big size tokamak, it is difficult to cover the whole density 

profile with only one band reflectometer. Thus, it is normal to use several 

reflectometers with different bands, or one system consisting of several 

independent reflectometers. In JET, for instance, a system consisting of 

four reflectometers which cover Q-, V-, W-, D-bands has been installed and 

the whole density profile is successfully reconstructed [91].  

Another important application of the FMCW reflectometer is to 

realize real-time feedback control of the plasma position [98, 99]. Since the 

O-mode FMCW reflectometer doesn’t rely on magnetic field, it can be 

used to measure edge density profile and control plasma positon in real 

time. A reflectometer-based plasma position feedback control 

demonstration has been accomplished in AUG [99], which uses the FMCW 

reflectometer to automatically reconstruct edge density profile and 

estimate the position of the LCFS. Figure 2.18 shows a demonstration 

experiment in which reflectometer based control was performed, and the 

reflectometer positon estimate shows a good overall match with magnetic 

separatrix. 
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Figure 2.18: Time traces of the position controller target trajectory and of the magnetic and 

reflectometric separatrix positions (reflectometry based control was performed during the 

shaded period) [99]. 

2.4.2 System design and signal processing 

Even though the temporal resolution of the FMCW reflectometer in 

Tore Supra is improved to several microseconds, how to increase the sweep 

rate and shorten the sweep period still remains a challenge for other FMCW 

reflectometers. To solve this problem, a comb sweep reflectometer, which 

is based on both FMCW reflectometer and comb reflectometer, has been 

developed in PANTA [100]. Compared with the FMCW reflectometers 

employed in other devices [85–97], the comb sweep reflectometer has the 

advantage of narrow frequency sweep range for each channel. Thus, the 

sweep period is short at the condition of same sweep rate. i.e., the temporal 

resolution is improved. Besides, as mentioned in Eq. (2.20), the absolute 

value of phase difference of comb reflectometer has an ambiguity of 2𝜋 
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(𝑚 equals 1 or 2), which leads to the half-wavelength uncertainty of the 

cut-off layer location. This frequency comb sweep microwave 

reflectometer can also solve this problem. 

 
Figure 2.19: Block diagram of the frequency comb sweep microwave reflectometer system. 

Figure 2.19 illustrates the circuit diagram of the comb sweep 

microwave reflectometer. The system is similar with the comb 

reflectometer except for the part where microwave signal is generated. The 

sweep frequency signal is generated by a VCO with a maximum sweep 

range of 0.5 GHz. After being mixed with a high-frequency (23.9 GHz) 

wave generated by a phase locked oscillator (PLO), the high-frequency 

sweep signal (28.0–28.5 GHz) is again mixed with the comb frequency 

signal and the comb sweep frequency microwave is generated. After being 

filtered and amplified, the signal is divided into two channels (reference 

channel and detecting channel), just as the comb reflectometer does. 
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Fig. 2.20: (a) Time-frequency spectrum of incident wave. (b) Phase difference between 

incident and reflected waves and its linear fitting. 

The time-frequency spectrum of the incident wave is presented in Fig. 

2.20(a). It is clear that the entire frequency range of the system is from 15.5 

to 26 GHz, with a frequency interval of 0.5 GHz. The output frequency of 

each channel is swept as triangular-wave. To distinguish the adjacent 

channels, the frequency sweep range of each channel is set to 

approximately 0.4 GHz (e.g., 18.05–18.45 GHz), and the incident 

frequency is regarded as the center of the sweep range (e.g., 18.25 GHz) 

for the calculations. The sweep period is approximately 2 μs, during which 

all incident channels share the same phase. The highest temporal resolution 

is therefore 2 μs.  

Due to the time of flight of the incident wave, the frequency of the 

incident wave is different from that of the reflected wave at the antennas, 

and the beat frequency 𝑓𝑏 between incident and reflected waves is finite. 

The time of flight can therefore be evaluated from 𝑓𝑏 via the following 
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process. A digital bandpass filter corresponding to the frequency sweep 

range of each channel (e.g., 18–18.5 GHz) is firstly applied to the original 

signal to obtain the single frequency channel signal 𝑥𝑘(𝑡) , where 𝑘 

denotes the incident (in) or reflected (ref) wave. The instantaneous phase 

𝜙𝑘(𝑡) is then obtained by applying Hilbert transform (see section 3.2) to 

𝑥𝑘(𝑡). The phase difference between the incident and reflected waves is 

𝜙𝑑𝑖𝑓𝑓(𝑡) = 𝜙𝑟𝑒𝑓(𝑡) − 𝜙𝑖𝑛(𝑡)                            (2.25) 

Fig. 2.20(b) presents the temporal evolution of 𝜙𝑑𝑖𝑓𝑓(𝑡)  at the 

incident frequency of 18.25 GHz. The absolute value of time derivate of 

𝜙𝑑𝑖𝑓𝑓 represents the beat frequency, 

2𝜋𝑓𝑏 =

(
𝑑𝜙𝑑𝑖𝑓𝑓
𝑑𝑡

)
𝑢𝑝
− (
𝑑𝜙𝑑𝑖𝑓𝑓
𝑑𝑡

)
𝑑𝑜𝑤𝑛

2
                   (2.26) 

where (𝑑/𝑑𝑡)𝑢𝑝  and (𝑑/𝑑𝑡)𝑑𝑜𝑤𝑛  denote the time derivative of 𝜙𝑑𝑖𝑓𝑓 

in the frequency-rising and frequency-dropping phases, respectively, of the 

incident wave and are assumed to be constant during the sweeping period. 

In fact, 𝜙𝑑𝑖𝑓𝑓(𝑡)  appears to be linearly swept. To obtain the beat 

frequency more accurately, data of two sweep periods (i.e., 4 μs) are used 

to extract the beat frequency, and the red lines shown in Fig. 2.20(b) are 

obtained via linear fitting of 𝜙𝑑𝑖𝑓𝑓(𝑡) . The time of flight is therefore 

calculated as, 

𝜏 =
𝑓𝑏

𝑑𝑓𝑖𝑛/𝑑𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅̅
                                           (2.27) 
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where 2𝜋𝑓𝑖𝑛 = 𝑑𝜙𝑖𝑛/𝑑𝑡  and   ̅ denotes an average over the period of 

incident frequency sweep ( 𝑑𝑓𝑖𝑛/𝑑𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅̅   is typically 0.4 GHz/1 μs = 4 ×

1014 Hz/s). The location of cut-off layer is determined according to the 𝜏 

and the radial profile of electron density is thus reconstructed. 

It is noted that the system can also be used to measure the azimuthal 

velocity while oblique incidence, and the Doppler shift is calculated as, 

2𝜋𝑓𝐷 =

(
𝑑𝜙𝑑𝑖𝑓𝑓
𝑑𝑡

)
𝑢𝑝
+ (
𝑑𝜙𝑑𝑖𝑓𝑓
𝑑𝑡

)
𝑑𝑜𝑤𝑛

2
                   (2.28) 

The azimuthal velocity is calculated according to 𝑓𝐷 and the incident 

angle. 

2.4.3 Benchmark test 

The time of flight 𝜏  usually includes effects of unnecessary flight 

paths, e.g., distribution cables. Therefore, calibration is necessary to 

determine the distance between the target and the antenna, 𝐿 . The 

microwave is injected toward a metal target. The value of 𝑓𝑏 is found to 

be nearly the same and independent of the incident wave frequency 𝑓𝑖𝑛 

within a certain frequency range (15.5 GHz < 𝑓𝑖𝑛 < 24 GHz, 17 channels), 

as shown in Fig. 2.21(a). Figure 2.21(b) illustrates the relationship between 

𝑓𝑏 and 𝐿 at the incident frequency of 18.25 GHz. The result shows that 

𝑓𝑏 has a good linear relationship with 𝐿 as expected.  

While performing comb sweep reflectometer for plasma experiments, 
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eliminate the beat frequency measured via benchmark test from the entire 

beat frequency of plasma experiment, and the rest part denotes the flight 

time of incident wave propagating the distance between the cut-off layer 

and the metal target. The location of the plasma cut-off layer is thus 

determined and density profile can be reconstructed. 

 
Figure 2.21: Relationship between (a) 𝜙𝑑𝑖𝑓𝑓  and 𝑓𝑖𝑛 and (b) 𝜙𝑑𝑖𝑓𝑓  and 𝐿. 

2.4.4 Density profile reconstruction 

The density profile reconstructed with comb sweep reflectometer at 

the same condition with that of Fig. 2.13 (𝑃𝐻𝑒𝑎𝑡𝑖𝑛𝑔 = 6 kW, 𝐵 = 0.09 T, 

𝑃𝑔𝑎𝑠 = 1 mTorr) is shown as the green dots in Fig. 2.22. To fit the new 

profile, the density profile in Fig. 2.13 is modified and shown as the blue 

dots in Fig. 2.22. The modified density profile measured with comb 



 47 

reflectometer agrees well with the one measured with comb sweep 

reflectometer, and they are both consistent with the red dots which are 

measured with Thomson scattering. All the three profile reveal an 

extremely large density gradient at around 𝑟 = 4 cm. This result indicates 

the reliability of comb sweep reflectometer. 

 

Figure 2.22: Profiles of electron density reconstructed with comb reflectometer, comb sweep 

reflectometer and Thomson scattering system.   
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Chapter 3  

Development of data analysis methods for 

turbulence intermittency study 

In experimental magnetized plasma research, different types of data 

are obtained from diagnostic systems, which contain the information we 

need. However, on the one hand, important information is hidden in raw 

signal and special processing is required to extract it. On the other hand, 

raw data contains noises as well. Thus, scientific and effective data analysis 

methods which can extract the information and reduce the impact of noises 

are essential. In this chapter, several data analysis methods developed for 

turbulence intermittency study are introduced. 

3.1 Spectral analysis 

Spectral analysis is one of the most used methods for analyzing time 

series data. The basic idea of spectrum analysis is that temporal signal can 

be decomposed into infinite series of trigonometric functions. Thus, the 

time-domain signal can be rewritten as frequency-domain signal, and 

frequency characteristics of raw signal can be studied. In this section, 

Fourier transform and spectral analysis methods are explained. 
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3.1.1 Fourier transform 

Discovered by J. B. J. Fourier in 1807, Fourier transform of time 

series data 𝑥(𝑡) is defined as, 

𝑋(𝜔) = ∫ 𝑥(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

                                 (3.1) 

Here 𝜔 = 2𝜋𝑓 is the frequency and 𝑋(𝜔) is the Fourier expression of 

𝑥(𝑡)  at frequency 𝑓 . In general, 𝑋(𝜔)  is a complex number, which 

contains the information of both amplitude and phase of frequency 𝑓. Thus, 

the original signal is decomposed into infinite series of trigonometric 

functions after performing Fourier transform, as shown in Figure 3.1 [101].  

 
Figure 3.1: Image of Fourier transform [101]. 

The inverse Fourier transform is thus defined as, 

𝑥(𝑡) =
1

2𝜋
∫ 𝑋(𝜔)𝑒𝑖𝜔𝑡𝑑𝜔
+∞

−∞

                              (3.2) 

Since real experiment data is discrete and has finite length, discrete 

Fourier transform (DFT) is used to replace normal Fourier Transform. DFT 

of finite-time-length series data 𝑥𝑛  (𝑛 = 0, 1, … , 𝑁 − 1) is defined as, 

𝑋𝑚 = ∑ 𝑥𝑛𝑒
−
𝑖2𝜋
𝑁 𝑚𝑛

𝑁−1

𝑛=0

                                     (3.3) 
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Here 𝑋𝑚 (𝑚 = 0, 1, … , 𝑁 − 1)  indicates the Fourier component of 

frequency 𝑓𝑚 = 𝑚𝑓𝑠/𝑁, where 𝑓𝑠 is the sampling frequency of raw data. 

The inverse discrete Fourier transform is defined as, 

𝑥𝑛 = ∑ 𝑋𝑚𝑒
𝑖2𝜋
𝑁 𝑚𝑛

𝑁−1

𝑚=0

                                      (3.4) 

DFT of 𝑁 -size data requires 𝑁2  complex multiplications and 

𝑁(𝑁 − 1) complex additions, which takes large time when 𝑁 is large. 

Thus, fast algorithm for DFT is required. The history of the fast Fourier 

transform (FFT) algorithm can be traced to Gauss’s work in 1805. Between 

1805 and 1965, different versions of FFT algorithms were developed. In 

1965, J. W. Cooley and J. W. Tukey developed a more versatile algorithm, 

which is generally credited to be the modern generic FFT algorithm and 

widely used in computation time [102]. Compared with the original DFT, 

Cooley and Tukey’s FFT algorithm requires only 𝑁/2 log2𝑁  (𝑁 = 2𝑀) 

complex multiplications and 𝑁 log2𝑁  complex additions, which 

increases the calculation speed and brings smaller burden to computer. 

3.1.2 Auto-power spectrum 

The energy 𝐸 of a temporal signal 𝑥(𝑡) is 

𝐸 = ∫ |𝑥(𝑡)|2𝑑𝑡
∞

−∞

                                        (3.5) 

According to Eqs. (3.1) and (3.2), it is easy to obtain the following 

equation, 
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∫ |𝑥(𝑡)|2𝑑𝑡 =
∞

−∞

1

2𝜋
∫ |𝑋(𝜔)|2𝑑𝜔
∞

−∞

                        (3.6) 

Thus, |𝑋(𝜔)|2 indicates the energy of every frequency component. 

Since the energy of an infinite stochastic process is unintegrable, the power 

of sample signal with the time-length of 𝑇 is finite: 

lim
𝑇→∞

1

𝑇
∫ |𝑥(𝑡)|2𝑑𝑡 < ∞
𝑇/2

−𝑇/2

                                (3.7) 

Combined with Eq. (3.6), the power function 𝑆𝑥𝑥(𝜔) is defined as, 

𝑆𝑥𝑥(𝜔) = lim
𝑇→∞

1

𝑇
〈𝑋(𝜔)𝑋∗(𝜔)〉                              (3.8) 

where 〈∙〉  denotes ensemble average and 𝑋∗(𝜔)  is the complex 

conjugate of 𝑋(𝜔) . Eq. (3.8) is thus called the auto-power spectrum 

density (PSD). 

It is noted that the real experimental signal contains noise, which 

brings error to the PSD. An essential way to decrease the influence of noise 

is ensemble averaging. Large number of ensemble reduces the error 

contributed from noise effectively. Here gives an example. Figure 3.2(a) 

shows a test signal of 𝑥(𝑡) = sin(2𝜋𝑓1𝑡) + 2 sin(2𝜋𝑓2𝑡) +noise, where 

𝑓1 , 𝑓2  are 3 Hz and 9 Hz respectively, and noise denotes the white 

Gaussian noise with a standard deviation 𝜎 of 1. The PSDs of the signal, 

calculated with different numbers of ensembles, are given in Fig. 3.2(b). It 

is clear that two peaks exist at frequencies of 3 Hz and 9 Hz. At other 

frequency range, the influence of noise reduces when ensemble number 

increases. Figs. 3.2(c) and 3.2(d) give the convergence curves of the PSDs 
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at different frequency. The horizontal axis is the inverse of the ensemble 

number. It is clear that at two frequencies where the trigonometric function 

is performed, the PSDs keep almost constant as the ensemble number 

increases. On the contrary, the PSDs at noise frequencies points (e.g. 5Hz 

and 15Hz) are proportional to the inverse of the ensemble number, and 

converge when the ensemble number increases until infinite. This result 

suggests that the increase of ensemble number has a significant effect on 

reducing the error of noise. 

 
Figure 3.2: (a) Image of test signal. (b) Auto-power spectrum density of raw signal with 

different ensemble numbers. (c) and (d) Corresponding convergence curves of auto-power 

spectrum. 

3.1.3 Cross-power spectrum and cross-coherence 

Similar with auto-power spectrum, the cross-power spectrum density 
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(CSD) of two different signal 𝑥(𝑡) and 𝑦(𝑡) is defined as, 

𝑆𝑥𝑦(𝜔) =
1

𝑇
lim
𝑇→∞

〈𝑋∗(𝜔)𝑌(𝜔)〉                             (3.9) 

where 𝑋(𝜔)  and 𝑌(𝜔)  are the Fourier expressions of 𝑥(𝑡)  and 𝑦(𝑡) , 

respectively. The squared cross-coherence is then defined as, 

𝛾𝑥𝑦
2 =

|𝑆𝑥𝑦(𝜔)|
2

𝑆𝑥𝑥(𝜔)𝑆𝑦𝑦(𝜔)
                                   (3.10) 

where 𝑆𝑥𝑥(𝜔) and 𝑆𝑦𝑦(𝜔) are the auto-power spectrum density of 𝑥(𝑡) 

and 𝑦(𝑡), respectively. This quantity 𝛾𝑥𝑦
2 , which varies from 0 to 1, is used 

to evaluate the correlation intensity between the two signals. If the phase 

difference between two signals are constant, 𝛾𝑥𝑦
2   reaches 1, which 

indicates an ideal linear system between two signals.  

Since the cross-power spectrum 𝑆𝑥𝑦(𝜔) is complex, the cross phase 

is thus defined as, 

𝜃𝑥𝑦 = tan
−1
Im[𝑆𝑥𝑦(𝜔)]

𝑅e[𝑆𝑥𝑦(𝜔)]
                               (3.11) 

The cross phase indicates the phase difference between two signals at 

frequency 𝜔. The value of 𝜃𝑥𝑦 is an ensemble averaged result. 

Similar with auto-power spectrum, ensemble averaging can reduce the 

influence of noise effectively. 

Here gives an example. 𝑥(𝑡), 𝑦(𝑡) and 𝑧(𝑡) are three test signals, 

𝑥(𝑡) = 4 cos(2𝜋𝑓𝑡) +noise  ( 𝑓 = 2 Hz , −20 < 𝑡 < 20 ), 𝑦(𝑡) =

2 cos(2𝜋𝑓𝑡 + 𝜋/2) +noise , and 𝑧(𝑡) = 2 cos(2𝜋𝑓𝑡 + 𝜋/2 ×

sgn(𝑡)) +noise. Here, sgn(𝑥) is a sign function, 
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sgn(𝑥) = {
+1    𝑥 ≥ 0
−1    𝑥 ≤ 0

                                 (3.12) 

This means 𝑦(𝑡) is phase 𝜋/2 ahead of 𝑥(𝑡), while 𝑧(𝑡) is phase 

𝜋/2 ahead of 𝑥(𝑡) for 𝑡 > 0, and 𝜋/2 behind 𝑥(𝑡) for 𝑡 < 0, i.e., the 

phase difference between 𝑥(𝑡) and 𝑧(𝑡) inverses at 𝑡 = 0.  

 

Figure 3.3: (a) Image of test signal 𝑥(𝑡) and 𝑦(𝑡). (b) Auto- and Cross-power spectrum 

density of 𝑥(𝑡) and 𝑦(𝑡). (c) Cross-coherence between 𝑥(𝑡) and 𝑦(𝑡). (d), (e) and (f) are 

corresponding results for 𝑥(𝑡) and 𝑧(𝑡). 

The raw signals are shown in Figs. 3.3(a) and 3.3(d), respectively. 

Figure 3.3(b) shows the auto- and cross-power spectrum of 𝑥(𝑡)  and 

𝑦(𝑡), and Fig. 3.3(c) is the cross-coherence between 𝑥(𝑡) and 𝑦(𝑡). The 

power spectrums and cross-coherence of 𝑥(𝑡)  and 𝑧(𝑡)  are shown in 

Figs. 3.3(e) and 3.3(f), respectively. As shown in Figs. 3.3(b) and 3.3(c), 
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the cross-power spectrum between 𝑥(𝑡) and 𝑦(𝑡) is strong at 2 kHz, and 

the cross-coherence is almost 1, indicating a strong correlation between the 

two signals at this frequency point. However, due to the inverse of phase 

difference at 𝑡 = 0, the cross-power spectrum between 𝑥(𝑡) and 𝑧(𝑡) is 

weak at 2 kHz, and the cross-coherence is lower than 0.2, even though the 

auto-power spectrum density of 𝑧(𝑡) is almost the same as 𝑦(𝑡). 

3.1.4 Bispectrum and bicoherence 

The linear and quadratic statistics are the most important and basic 

tools for data analysis in science research. However, some signals have 

nonlinear processes which cannot be analyzed with linear and quadratic 

statistics, therefore high order statistics technology is required. In plasma 

research, the three-wave nonlinear coupling is essential for studying the 

interaction between turbulence and instabilities (e.g. geodesic acoustic 

mode/zonal flow) [103, 104]. To study the three-wave coupling, the 

bispectrum method was developed and applied to plasma turbulence by Y. 

C. Kim in 1979 [105]. 

The bispectrum is defined as, 

𝐵(𝑓1, 𝑓2) = 〈𝑋1(𝑓1)𝑋2(𝑓2)𝑋2
∗(𝑓1 + 𝑓2)〉                   (3.13) 

where 𝑋1 and 𝑋2 are the Fourier expressions of time series 𝑥1(𝑡) and 

𝑥2(𝑡) , respectively. If the phase between 𝑋1(𝑓1) , 𝑋2(𝑓2)  and 𝑋2(𝑓1 +

𝑓2)  is constant, the bispectrum becomes finite. On the contrary, if the 



 56 

phase is randomly changed, the bispectrum becomes zero.  

The squared bicoherence is thus defined as, 

𝑏2(𝑓1, 𝑓2) =
|𝐵(𝑓1, 𝑓2)|

2

〈|𝑋1(𝑓1) × 𝑋2(𝑓2)|2〉〈|𝑋2(𝑓1 + 𝑓2)|2〉
          (3.14) 

and summed bicoherence is defined as, 

𝑏𝑠𝑢𝑚
2 (𝑓3) = (1/𝑁) ∑ 𝑏2(𝑓1, 𝑓2)

𝑓=𝑓1+𝑓2

                     (3.15) 

where 𝑁 = ∑ 1𝑓3=𝑓1+𝑓2  is the ensemble number of 𝑓3 = 𝑓1 + 𝑓2. Similar 

with cross-coherence, bicoherence varies from 0 to 1. If there is strong 

three-wave coupling, i.e. the phase of frequency component 𝑓1, 𝑓2 and 

𝑓3 meet the condition 𝜃3 = 𝜃1 + 𝜃2,  the bicoherence is close to 1. 

It is noted that if 𝑋1  and 𝑋2  are calculated from the same signal (i.e. 

𝑥1(𝑡)  and 𝑥2(𝑡)  are same), Eqs. (3.13) and (3.14) are called auto-

bispectrum and auto-bicoherence, otherwise they are called cross-

bispectrum and cross-bicoherence. 

Here gives an example of bicoherence. Firstly, two cosinusoidal 

signals, 𝑤1(𝑡) = cos(2𝜋𝑓1𝑡 + 𝜃1)  and 𝑤2(𝑡) = cos(2𝜋𝑓2𝑡 + 𝜃2) , are 

given, where −20 < 𝑡 < 20 , 𝑓1 = 3 kHz , 𝑓2 = 15 𝑘𝐻𝑧 , and 𝜃1  and 

𝜃2 are two randomly chosen constants. If nonlinear three-wave coupling 

exists, the new wave has the following form: 

𝑤3(𝑡) = cos(2𝜋𝑓1𝑡 + 𝜃1) cos(2𝜋𝑓2𝑡 + 𝜃2)                         

= 0.5cos(2𝜋(𝑓1 + 𝑓2)𝑡 + 𝜃1 + 𝜃2)               

+0.5cos(2𝜋(𝑓1 − 𝑓2)𝑡 + 𝜃1 − 𝜃2)                         (3.16) 
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Thus, another wave without three-wave coupling is generated as well, 

𝑤4(𝑡) = 0.5cos(2𝜋(𝑓1 + 𝑓2)𝑡 + 𝜃3 × 𝑠𝑔𝑛(𝑡))                     

+0.5cos(2𝜋(𝑓1 − 𝑓2)𝑡 + 𝜃4 × 𝑠𝑔𝑛(𝑡))                   (3.17) 

Two series of test data are generated by combining the four waves:  

𝑥(𝑡) = 𝑤1(𝑡) + 𝑤2(𝑡) + 𝑤3(𝑡) + 𝑛𝑜𝑖𝑠𝑒                  (3.18) 

𝑦(𝑡) = 𝑤1(𝑡) + 𝑤2(𝑡) + 𝑤4(𝑡) + 𝑛𝑜𝑖𝑠𝑒                  (3.19) 

 
Figure 3.4: Image of test signal (a) 𝑥(𝑡) and (c) 𝑦(𝑡). (b) and (d) are corresponding auto-

power spectrum density. 

The pattern of the two test signals are shown in Figs. 3.4(a) and 3.4(c), 

respectively. Obviously, 𝑥  and 𝑦  have similar auto-power spectrum 

density, as shown in Figs. 3.4(b) and 3.4(d). The auto-bicoherence of 𝑥(𝑡) 

and 𝑦(𝑡) are presented in Figs. 3.5(a) and 3.5(b), respectively. The auto-
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bicoherence of 𝑥(𝑡) shows three-wave coupling at some frequency points, 

while auto-bicoherence of 𝑦(𝑡) shows no three-wave coupling. It is noted 

that a set of points in Fig. 3.5(a) are prominent, which is due to the 

symmetry of auto-bicoherence. 

 
Figure 3.5: Auto-bicoherence of test data (a) 𝑥(𝑡) and (b) 𝑦(𝑡). 

3.2 Hilbert Transform 

The behavior of coherent envelopes of turbulence is important as it 

contains the information of interaction between ambient turbulence and 

instability [106]. There are several methods to extract the envelope from 

the signal, and the most common method is Hilbert transform. 

The Hilbert transform of temporal signal 𝑥(𝑡) is defined as, 

𝑥̂(𝑡) = ℋ[𝑥(𝑡)] =
1

𝜋
∫

𝑥(𝜏)

𝑡 − 𝜏
𝑑𝜏

∞

−∞

                       (3.20) 

The inverse Hilbert transform is thus written as, 
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𝑥(𝑡) = ℋ−1[𝑥̂(𝑡)] = −
1

𝜋
∫

𝑥̂(𝜏)

𝑡 − 𝜏
𝑑𝜏

∞

−∞

                   (3.21) 

It is noted that the Hilbert transform is the convolution of the original 

signal 𝑥(𝑡) with ℎ(𝑡), 

ℎ(𝑡) =
1

𝜋𝑡
                                             (3.22) 

Thus, the Hilbert transform is regarded as a linear filter with the 

impulse response ℎ(𝑡). Conducting Fourier transform to ℎ(𝑡) makes the 

following transmission function, 

𝐻(𝜔) = −𝑖sgn(𝜔)                                      (3.23) 

Here, sgn(𝑥)  is the sign function defined as Eq. (3.12). The 

transmission function shows that Hilbert transform is to multiply the 

positive frequency component by −𝑖 , and to multiply the negative 

frequency component by 𝑖. In other words, Hilbert transform equals to a 

linear filter with phase shift of 𝜋/2, which shifts the phase of positive and 

negative frequency components by −𝜋/2  and 𝜋/2 , respectively. Thus, 

the analytical signal 𝑦(𝑡) is obtained by Hilbert transform, 

𝑦(𝑡) =  𝑥(𝑡) + 𝑖𝑥̂(𝑡)                                    (3.24) 

Since the phase difference between 𝑥(𝑡)  and 𝑥̂(𝑡)  is 𝜋/2 , 

according to Euler’s formula, the instantaneous amplitude (𝐴(𝑡)) and phase 

(𝜃(𝑡)) of original signal 𝑥(𝑡) is obtained, 

𝐴(𝑡) = √𝑥(𝑡)2 + 𝑥̂(𝑡)2                                 (3.25) 

𝜃(𝑡) = tan−1
𝑥(𝑡)

𝑥(𝑡)
                                     (3.26) 
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where 𝐴(𝑡)  is the envelope of 𝑥(𝑡) . The instantaneous frequency of 

original signal is also obtained, 

𝑓(𝑡) =
𝑑𝜃(𝑡)

2𝜋𝑑𝑡
                                          (3.27) 

3.3 Long-range correlation analysis 

Long-range correlation (also called 'long-term storage' or 'persistence') 

and self-similarity are the key ingredients of the SOC dynamics, which 

may exist in turbulence intermittency [10]. In this subsection, several 

methods to evaluate the correlation and self-similarity are introduced. 

3.3.1 Auto-correlation function 

It is found that the characteristic of long-range correlation is 

associated with the long tail of auto-correlation function (ACF) of the raw 

fluctuation signal. The ACF, which evaluates the correlation of a signal 

with a delay copy of itself, is defined as, 

𝑅(𝜏) = 𝑥(𝑡 + 𝜏)𝑥(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                     (3.28) 

where 𝑥(𝑡) is the temporal signal and 𝑥(𝑡)̅̅ ̅̅ ̅̅  indicates the time average of 

𝑥(𝑡). In real practice, it is more common to use normalized auto-correlation 

coefficient to replace auto-correlation function, which is defined as, 

𝜌(𝜏) =
[𝑥(𝑡) − 𝑥(𝑡)̅̅ ̅̅ ̅̅ ][𝑥(𝑡 + 𝜏) − 𝑥(𝑡 + 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝜎2
                    (3.29) 

where 𝜎2  is the variance of 𝑥(𝑡) . It is noted that the auto-correlation 
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coefficient is an even function, and has a value between -1 and 1, where 1 

indicates perfect correlation and -1 indicates perfect anti-correlation. 

For real experiment data, auto-correlation coefficient equals 1 at 𝜏 =

0, and decays as time lag increases. In some cases, the auto-correlation 

function decreases rapidly for short time lag, and decays slowly for long 

time lag. The figure of auto-correlation of this kind shows a sharp peak 

around 𝜏 = 0 and a long decay tail as 𝜏 increases. This phenomenon is 

found to be associated with the long-range correlation and self-similarity 

characteristics of SOC behavior. However, it is difficult to evaluate the 

long-range correlation by auto-correlation function, and Hurst parameter is 

thus proposed. In the next two subsections, two methods to obtain Hurst 

parameter are introduced. 

3.3.2 𝑹/𝑺 analysis 

Hurst parameter was firstly proposed to characterized the self-

similarity of hydrological observations that do not obey Brownian motion 

by H. E. Hurst in 1951 [107]. Then B. B. Mandelbrot found the relationship 

between self-similarity and Hurst parameter, and developed the rescaled 

range (𝑅/𝑆) analysis to calculate Hurst parameter [108, 109]. In 1990s, B. 

A. Carreras improved the method and applied it to plasma turbulence 

research to study the self-similarity of the plasma fluctuations [110, 111].  

The process of 𝑅/𝑆 analysis is carried out as follows. Firstly, given 
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a time series 𝑥, 𝑥 = {𝑥𝑖: 𝑖 = 1, 2, … , 𝑛}, which corresponds to a stationary 

process. The mean value and variance are 𝑥̅  and 𝑆2(𝑛) , respectively. 

Thus, the 𝑅/𝑆 ratio is defined as, 

𝑅(𝑛)

𝑆(𝑛)
=
max(0,𝑊1,𝑊2, … ,𝑊𝑛) − min(0,𝑊1,𝑊2, … ,𝑊𝑛)

√𝑆2(𝑛)
  (3.30) 

where, 

𝑊𝑘 = 𝑥1 + 𝑥2 +⋯+ 𝑥𝑘 − 𝑘𝑥̅                          (3.31) 

The ratio 𝑅(𝑛)/𝑆(𝑛) is expected to scale as, 

𝐸 [
𝑅(𝑛)

𝑆(𝑛)
]
  𝑛→∞  
→    𝜆𝑛𝐻                                    (3.32) 

where 𝐸[𝑥]  denotes the expected value of 𝑥 , and 𝐻  is called Hurst 

parameter. 𝐻  has a value between 0 and 1. 0.5 < 𝐻 < 1  indicates the 

existence of long-range correlation, while 0 < 𝐻 < 0.5  indicates long-

range anticorrelation. The process is deterministic if  𝐻 = 1 , and the 

process is uncorrelated random if 𝐻 = 0.5. 

The robustness of 𝑅/𝑆  analysis has been considered by B. B. 

Mandelbrot [109] and B. A. Carreras [110]. A statistic process is considered 

to be robust if the statistic has strong anti-interference ability and does not 

drastically depend on the specific assumptions, i.e., the statistic process is 

reproducible. Carreras used the data of edge Langmuir probe to calculate 

Hurst parameters, and found that the profile of Hurst parameter was 

reproducible, which indicated the robustness of 𝑅/𝑆 analysis. 

Besides, the accuracy of 𝑅/𝑆  analysis is considered as well. As 
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mentioned before, the data sample to which 𝑅/𝑆  analysis is applied 

should be stationary. Concerning the non-stationary process data, W. H. 

Wang tested the result of 𝑅/𝑆  analysis [112]. A deterministic data 

generated by cosine function generator (𝑇 = 0.1 ms) was stacked to the 

stationary ion saturation current signal in HT-6M Tokamak, and 𝑅/𝑆 

analysis was performed to the new series of data and Fig. 3.6 was obtained. 

It is clear that 𝐻 = 1  for time delay 𝜏 < 0.1 ms , and 𝐻 < 1  for 𝜏 >

0.1 ms . This result indicates that the non-stationarity of data has a 

significant influence on Hurst parameter obtained by 𝑅/𝑆  analysis, 

making 𝐻 close to 1. Thus, testing the stationarity of data is necessary, 

and structure functions (SFs) analysis technology is developed. 

 
Figure 3.6: 𝑅/𝑆 analysis upon the stationary ion saturation current signal in HT-6M 

Tokamak, which was stacked by a cosine function (𝑇 = 0.1 ms) [112]. 

3.3.3 Structure functions analysis 

Structure functions analysis was developed by C. Y. Xu [113], and the 

definition is as follows, 

𝑆𝑥,𝑞(𝜏) = 〈|𝑥(𝑡𝑖 + 𝜏) − 𝑥(𝑡𝑖)|
𝑞〉                         (3.33) 
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where 𝑥(𝑡) is a time series data of signal of interest, 𝜏 is the time lag, 𝑞 

is the order of structure function and 𝑖 denotes the 𝑖th time point. If 𝑥(𝑡) 

is self-similar over a certain range of time lags 𝜏1 < 𝜏 < 𝜏2, then the 𝑞th-

order structure function is expected to scale as, 

𝑆𝑥,𝑞(𝜏) = 𝜆𝑞𝜏
𝑞𝐻(𝑞)                                      (3.34) 

where 𝜆𝑞 is constant and 𝐻(𝑞) is the Hurst parameter. The SFs analysis 

can be applied to either non-stationary process with stationary increments, 

or cumulative sums of stationary self-similar processes such as fractional 

Gaussian noise. In the latter case, 𝑆𝑥,𝑞(𝜏) exhibits no scaling with time 

lag 𝜏, i.e., 𝑞𝐻(𝑞) = 0 and 𝑆𝑥,𝑞(𝜏) is constant. This phenomenon can be 

used to test the stationarity of the data [114]. In this case, Eq. (3.33) is 

rewritten by cumulative-summed structure function as, 

𝑆𝑊,𝑞(𝜏) = 〈|𝑊(𝑡𝑖 + 𝜏) −𝑊(𝑡𝑖)|
𝑞〉                       (3.35) 

where 𝑊(𝑡𝑘) = ∑ 𝑥(𝑡𝑖)
𝑘
𝑖=1   is the cumulative value of 𝑥(𝑡𝑖) . Replace 

𝑆𝑥,𝑞(𝜏) in Eq. (3.34) with 𝑆𝑊,𝑞(𝜏), the Hurst parameter is determined. 

3.4 Conditional averaging 

For signals which are non-periodic (e.g. intermittent burst), Fourier 

transform is invalid, and conditional averaging is useful to extract the 

certain signal segments where events of interest exist. Different conditional 

averaging methods are based on different ways to determine the events. 

Here, two typical conditional average methods are introduced. 
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3.4.1 Threshold method 

Threshold method is one of the easiest and most widely used methods 

of conditional averaging. To perform threshold method, a threshold is 

firstly set, which is usually several times the RMS of the reference signal. 

The events of interest, which are above the threshold, are thus discriminate. 

Then the maxima (or minima) peaks of all intermittent events are detected. 

As the peak is used as trigger to discriminate the timing of event of interest, 

it is called trigger function. Conditional average is achieved by 

accumulating and averaging the time series data around the triggers. If the 

maxima (or minima) detection and data averaging are applied on the 

same signal, it is called auto-conditional averaging. Otherwise it is called 

cross-conditional averaging. 

Threshold method is widely used to obtain the intermittent burst 

signal in Plasma research, such as edge localized mode (ELM) [115] and 

blobs [116].  

In my research, threshold method is used to extract the intermittent 

density burst, which is described in chapter 4. 

3.4.2 Template method 

Template method is firstly used for heartbeat analysis [117] and then 

applied in plasma research [118]. To perform template method, an initial 

template (written as 𝑥𝑘=0(𝜏) , where 𝑖  is the number of iterations, 
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−𝑇/2 < 𝜏 < 𝑇/2 ) is firstly constructed, which is usually obtained by 

choosing a trigonometrical function with a fundamental period 𝑇 of the 

raw fluctuation signal 𝑥(𝜏). The cross-correlation 𝜌𝑘=0(𝑡) between the 

row signal and the initial template is thus calculated, 

𝜌𝑘=0(𝑡) =
[𝑥(𝑡 + 𝜏) − 𝑥(𝑡 + 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅][𝑥𝑘(𝜏) − 𝑥𝑘(𝜏)̅̅ ̅̅ ̅̅ ̅]̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝜎𝑥𝜎𝑥k
         (3.36) 

where 𝜎𝑥
2  and 𝜎𝑥𝑘

2   are variances of 𝑥(𝑡 + 𝜏)  and 𝑥𝑘(𝜏) , respectively. 

The cross-correlation is larger where the pattern of 𝑥(𝜏) is similar with 

the template. Therefore, by determining a threshold value, the peaks of 

correlation are detected. The peaks are used as trigger function as 

mentioned in last subsection, and the averaged signal (written as 𝑥𝑘=1(𝜏)) 

is thus obtained by accumulating and averaging the time series data around 

the triggers, which is in the same way as template method. This is the initial 

iteration process. By using the averaged signal 𝑥𝑘=1(𝜏)  as the new 

template, the iteration continues until the template converges. The last 

converged template is the signal after conditional averaging. 

Threshold method is used to average the microwave signal in this 

research, which is described in Chapter 2.  
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Chapter 4  

Study of Turbulence intermittency 

As mentioned in Chapter 1, study of intermittency phenomenon is 

important for understanding the transport and improving the confinement 

of fusion plasma. Recently, a quasi-coherent fluctuation has been found 

excited in the central region of plasma in PANTA, where the density 

gradient is large. Although the fluctuation is localized and has a narrow 

structure, a global intermittent event can be observed in the whole plasma 

column including the peripheral weak-density-gradient region. To study 

the intermittent density bursts and quasi-coherent fluctuation, experiment 

has been performed in PANTA. The special advantage for studying 

intermittency in PANTA is that the magnetic field in PANTA is open, which 

is similar with the SOL region in torus device. Therefore, the physical 

mechanism of intermittency in PANTA is typical. This chapter will 

introduce the characteristics of the quasi-coherent fluctuation and the 

intermittent event and study its generation mechanism with microwave 

reflectometer. 

The most important parameters for intermittent events in PANTA is 

the heating power, and the intermittent events are only observed in the case 

of high heating power. Thus, the parameters in this experiment are as 

follows: a heating power of 6 kW, a magnetic field of 0.09 T and a natural 
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argon pressure of 1 mTorr. The duration of the discharge is 500 ms, and the 

microwave reflectometer starts the data acquisition from 100 ms of the 

discharge. Fig. 4.1 shows the signal of ion saturation current obtained by a 

64-channel probe array at the mid-plane of 1875 mm in the axial direction 

and indicates that the plasma is stationary at the time during which the 

reflectometer collects data, as the red dashed lines denote. The density 

profile reconstructed by comb reflectometer in this condition is shown in 

Fig. 2.22, and a large density gradient exists around 𝑟 = 4 cm. 

 

Figure 4.1: Ion saturation current obtained by probe. 

4.1 Quasi-coherent fluctuation condition 

A high frequency intermittent fluctuation for the phase difference of 

comb reflectometer is observed in this experiment. Figure 4.2 shows the 

spectrums of the phase difference perturbation 𝜙̃  at incident frequency 

𝑓𝑖𝑛 = 22 GHz  (𝑟 = 3.67 cm ). The results are obtained at high heating 

power (𝑃 = 6 kW) and low heating power (𝑃 = 3 kW), respectively. Both 
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cases show the low frequency fluctuation component (𝑓~2 kHz). However, 

an intermittent component appears only at high heating power case, which 

has a higher frequency (𝑓~10 kHz). This component is called as quasi-

coherent fluctuation hereafter. This quasi-coherent fluctuation is only 

excited in the case of high power heating (≥ 6 kW ), and has a higher 

frequency than the drift wave frequency (which is usually < 5 kHz).  

Fig. 4.3 shows the power spectrum in the whole frequency domain in 

log-log plot, which is similar with other experimental observations [10, 

121]. Different regions of power spectra scale as power lows, indicating 

correlations on different time-scales. The 𝑓−2  decay of the power 

spectrum indicates a temporal process composed of uncorrelated 

increments (e.g. Brownian motion) [46, 122]. Actually, in the magnetized 

plasma turbulence, the high-frequency components (scaled as 𝑓−2) in the 

time series correspond to small-size transport events. While the 𝑓−1 

decay of the power spectrum is the distinctive feature of processes with 

long-range temporal correlations and often appears in conjunction with 

avalanche-like dynamics. In the PANTA, the 𝑓−1  decay of the power 

spectrum indicates correlation between large-scale bursts and small-scale 

fluctuations. Owing to similarity between the temporal and spatial spectra 

of turbulence in magnetized plasma, it is considered that spatial spectra of 

the PANTA plasma also indicate the power-laws within the corresponding 

range. These power laws are important signatures of the SOC systems [46]. 
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Figure 4.2: Time-frequency spectrum of 𝜙̃ at (a) 𝑃 = 6 kW and (b) 𝑃 = 3 kW. PSD of 𝜙̃ 

at (c) 𝑃 = 6 kW and (d) 𝑃 = 3 kW. 

 

Figure 4.3: PSD of 𝜙̃ in log-log plot. 

The radial profile of the quasi-coherent fluctuation strength is shown 

in Fig. 4.4. Figs. 4.4(b) and 4.4(c) are the radial profile of phase difference 

fluctuation level and density fluctuation level (calculated according to Eq. 

(2.21)), respectively. It is noted that because of the back-scattering in the 



 71 

fluctuation region, Eq. (2.21) no long works well in this narrow region [83] 

and a big error of the amplitude can exist in Fig. 4.4(c). In both Figs. 4.4(b) 

and 4.4(c) it is clearly shown that the strongest density fluctuation at 𝑓 =

11 kHz  is located between 𝑟 = 3 cm  and 𝑟 = 4.5 cm  (denoted by the 

pink region), and this region is highly coincident with the large density 

gradient region. It is noted that the fluctuation strength decreases rapidly at 

the boundary of the large density gradient region. In addition, the formation 

of the strong gradient and excitation of the localized 11 kHz fluctuation in 

this region are confirmed by Langmuir probe measurement [120]. Thus, it 

is reasonable to conclude that the fluctuation is excited by the gradient. 

 
Figure 4.4: Radial profile of (a) electron density, (b) phase difference perturbation and (c) 

density perturbation. 
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Figure 4.5: (a) Wavenumber spectrum. (b) Radial phase decay. 

Figure 4.5 gives the radial wavenumber of the quasi-coherent 

fluctuation. Figure 4.5(a) is the radial wavenumber ( 𝑘𝑟 ) spectrum 

calculated according to the cross phase of two radial channels at 𝑟 =

3.83 cm and 𝑟 = 4.09 cm [123]. In this analysis, the time window is 1 

ms and 23 ensembles with an overlapping of 0.5 ms are used. The kr is 

normalized by ion sound Larmor radius 𝜌𝑠 (𝜌𝑠 ~ 0.5 cm in the PANTA). 

The 𝑘𝑟  spectrum reveals an extremely large wavenumber of the quasi-

coherent fluctuation, which is around -5.5 (i.e. -11 cm-1 without 

normalization), indicating that the fluctuation has a small scale and is a 

pure inward propagating mode rather than a standing wave propagating in 
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two opposite directions. It is noted that negative indicates inward 

propagation of the fluctuation. Figure 4.5(b) shows the detailed results of 

radial phase decays of 𝑓 =  11 kHz fluctuation at different time, which is 

consistent with the 𝑘𝑟 spectrum in Fig. 4.5(a). This may help to identify 

the fluctuation, however, what the quasi-coherent fluctuation still remains 

unknown by now. 

4.2 Evaluation of intermittency 

During the quasi-coherent fluctuation experiment, the intermittent 

density burst is observed as well. As mentioned in subsection 2.3.2, density 

fluctuation is represented by phase difference perturbation 𝜙̃ , and a 

decrease in the phase (i.e., distance between antenna and cut-off layer 

shortens) denotes an increase in the electron density. Thus, we study the 

density intermittency with the phase perturbation in this subsection. 

4.2.1 Spatial-temporal evolution of intermittency 

The spatiotemporal evolution of 𝜙̃ is shown in Fig. 5. In the region 

of 3.0 ≤ 𝑟 ≤ 4.3 cm , amplitude of 𝜙̃  is dominated by the quasi-

coherent fluctuation. Amplitude of the quasi-coherent fluctuation changes 

abruptly with short time-scale (~ 0.1 ms). It is observed that sudden 

increases/decreases in the amplitude of the 𝜙̃ are radially synchronized 

beyond the outward boundary of the quasi-coherent fluctuation. There is a 
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phase jump around 𝑟 =  4.3 cm  close to the outward boundary of the 

quasi-coherent fluctuation. A ballistic propagation or avalanche-like 

propagation can be observed at outer region. A decrease of 𝜙̃ starts from 

around 6.1 ms, and propagates from the central region (𝑟 = 4.3 cm ) to 

peripheral region (𝑟 = 9 cm), indicating the intermittent burst is a global 

event. It is noted that a decrease in the phase (i.e. the distance between 

antenna and cut-off layer shortens) denotes an increase in the local electron 

density. The density burst originates from the outward boundary of quasi-

coherent fluctuation region, which indicates that the fluctuation may 

contribute to the generation of intermittency. It is also noted that the 𝜙̃ 

associated with the intermittent event in the peripheral region (4.3 ≤ 𝑟 ≤

9 cm) has an anti-phase to the 𝜙̃ in the quasi-coherent fluctuation region. 

 

Figure 4.6: Spatial-temporal evolution of phase difference perturbation. 
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To investigate the transport of intermittency, it is necessary to separate 

the intermittent bursts from background turbulence. Threshold conditional 

analysis mentioned in subsection 3.4.1 is thus used to extract these 

intermittent features. In this experiment, a threshold of −1.5 × RMS of 𝜙̃ 

at 𝑟 = 5.67 cm  is used to discriminate the intermittent events and to 

detect the minima. The peaks of the bursts which are smaller than the 

threshold are used as triggers, as shown in Fig. 4.7. The time window for 

conditional averaging is 160 μs, which is several times the decorrelation 

time of intermittent bursts (discussed later). It is noted that the detected 

adjacent two triggers are separated at least 80 μs (half the time window for 

averaging) to avoid overlapping of two adjacent bursts. The 𝜙̃  of all 

channels at different radii are averaged based on the triggers of reference 

channel and the time window, and the auto- and cross-conditional 

averaging results at different radii are shown in Fig. 4.8. 

Similar with Fig. 4.6, the phase difference decreases, i.e., density 

increase, is observed formed in the central region and propagating outward 

in the peripheral region. This means that density bump associated with 

intermittent event propagates outward from 𝑟 = 4.5 cm and has a global 

structure. It is also noted that inside the 𝑟 = 4.3 cm, the phase difference 

increases before intermittency bursts, indicating the density hole is 

generated in the inner region before the outward propagation of the density 

bump. 
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Figure 4.7: (a) Threshold and triggers for conditional averaging. (b) is the magnified one. 

 

 

Figure 4.8: Conditional average of 𝜙̃ at different radial positions. 

It is also noted that the outward propagation velocity of the 

intermittent density burst, which is calculated according to the time delay 
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of phase holes at different radii in peripheral region. The velocity between 

𝑟 = 4.5 cm  and 𝑟 = 7.5 cm  is much larger, revealing a velocity of 

around 1 km/s, which is consistent with that in other devices [11, 12, 16–

19, 25–27, 30]. However, at the region outside of 𝑟 = 7.5 cm, the outward 

propagation of the intermittency slows down, which reveals a velocity of 

around 500 m/s as shown in Fig. 4.6. 

 

Figure 4.9: Distributions of phase perturbation 𝜙̃ at (a) inner and (b) outer regions. 

To get the statistic properties of the intermittent bursts, the technique 

of probability distribution function (PDF) is performed to the phase 

perturbation 𝜙̃. The distributions of the 𝜙̃ at different radii are calculated, 

which is shown in Fig. 4.9. Figs. 4.9(a) and 4.9(b) show the distributions 

at the inner (𝑟 < 4 cm) and outer (𝑟 > 5 cm) regions, respectively. It is 

clear that at inner region, the positive phase perturbation (corresponding to 

density hole) are dominant. On the contrary, the PDF at outer region 
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deviates to a negative value, indicating the density burst events exist in the 

peripheral region. 

To evaluate the deviation of PDFs from Gaussian distribution, the 

skewness and kurtosis are calculated. The definition of skewness 𝑆 and 

kurtosis 𝐾 are, 

𝑆 = 〈𝑥̃3〉/〈𝑥̃2〉3/2                                          (4.1) 

𝐾 = 〈𝑥̃4〉/〈𝑥̃2〉2 − 3                                       (4.2) 

where 𝑥̃ is the fluctuation of time series data 𝑥(𝑡). 𝑆 is the third-order 

moment of the PDF which describes the asymmetry of PDF, and 𝐾 is the 

fourth-order moment of the PDF, evaluating the tail weight of PDF. For the 

data which obeys ideal Gaussian distribution, both 𝑆 and 𝐾 are close to 

0. In this experiment, the skewness and kurtosis of phase perturbation are 

calculated.  

Fig. 4.10(a) shows the profile of skewness, which illustrates a positive 

value at inner region and a negative value at outer region. Figure 4.10(b) 

gives the kurtosis profile, which, as radius increases, decreases at inner 

region and increases at outer region. It is noted that the inversion layer of 

skewness, located around 𝑟 = 4.3 cm, is highly coincident with the origin 

position of outward propagation of intermittent bursts in Fig. 4.6, which 

indicates the birth region of intermittency. Moreover, the birth region is 

located inside the quasi-fluctuation region (denoted by the pink region), 

which suggests that the quasi-coherent fluctuation contributes to the 
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generation of intermittency. At the inversion layer, the kurtosis values are 

close to zero aw well, indicating the PDF of perturbation at inversion layer 

is close to Gaussian distribution. This result again suggests that the 

fluctuation is correlated with the birth of density bumps and holes. 

 

Figure 4.10: Radial profiles of skewness (a) and kurtosis (b) of phase perturbation 𝜙̃. 

Intermittent behavior in the outer region ( 4.5 ≤ 𝑟 ≤ 10 cm ) is 

correlated to the abrupt increase in the amplitude of quasi-coherent 

fluctuation excited in the large gradient region (3 ≤ 𝑟 ≤ 4.5 cm). Figure 

4.11 gives the radial correlations of 𝜙̃. Figs. 4.11(a) and 4.11(b) show the 

cross-power spectrum density and cross coherence of fluctuations across 

the inversion, respectively. Besides, Figs. 4.11(c) and 4.11(d) show the 
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corresponding results of fluctuations both at peripheral region. The strong 

radial correlation at the mode frequency of 11 kHz is clearly shown not 

only across the large gradient region (Fig. 4.11(b)) but also at 2–3 cm 

outside far away from that region (Fig. 4.11(d)) as well. 

 

Figure 4.11: (a) Auto- and cross-power spectrum density and (b) cross coherence of phase 

difference perturbations across the inversion layer. (c) Auto- and cross-power spectrum 

density and (d) cross coherence of phase difference perturbations at peripheral region. 

4.2.2 Long-range correlation of intermittency 

Long-range correlation is the key ingredients of the SOC behavior, 

which can be evaluated from the ACF. The ACFs of phase difference 

perturbation 𝜙̃  at 𝑟 = 3.16 cm  and 𝑟 = 5.32 cm  are shown in Fig. 

4.12. The dashed lines are eye-guide lines (exponential decay: 𝑦 = 𝑒−𝑡/𝜏 
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and Lorentzian-like long tail: 𝑦 = 1/(1 + (𝑡/𝜏)2)). It can be seen that the 

ACF of 𝜙̃ at 𝑟 = 3.16 cm shows a narrow peak when time lag is smaller 

than 0.1 ms and a slow decay tail when time lag is larger than 0.1 ms, 

indicating the existence of long-range time correlation. The decorrelation 

time, which is denoted by the time delay after which the ACF decays lower 

than 1/𝑒, is approximately 40 μs. On the contrary, the ACF measured at 

5.32 cm drops rapidly with time and shows no long tail, which suggests 

there is no long-rang correlation at peripheral region.  

 

Figure 4.12: Auto-correlation function of phase difference perturbation. 

To evaluate the long-range correlation of 𝜙̃ more accurately, Hurst 

exponents 𝐻 are evaluated. As mentioned in section 3.3, it is necessary to 

test the stationarity of the data samples with structure function method 
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before calculating 𝐻 . Figure 4.13 shows the structure functions of the 

phase difference perturbation for different orders (𝑞 = 0.5, 1.0, 2.0, 3.0) at 

𝑟 = 4.35 cm. It is clear that 𝑆𝑥,𝑞(𝜏) is approximately constant with zero 

slope for all orders for 𝜏 between 50 μs and 3 ms, which indicates that the 

data are stationary during this period. The data of this period is thus used 

to calculate Hurst exponents. 

 

Figure 4.13: Structure functions of phase difference perturbation for different orders. 

Both structure functions and 𝑅/𝑆 methods are used to calculate the 

Hurst component. Figs. 4.14(a) and 4.14(b) are the cumulative-summed 

structure functions and 𝑅/𝑆 values of 𝜙̃ versus time lag at 𝑟 = 4.35 cm, 

respectively. From both figures, it is shown that there is a transition at time 

lag 𝜏 = 50 μs. For time lags smaller than 50 μs, the slope of linear fitting 

of SFs and 𝑅/𝑆 values gives a Hurst exponent of larger than 0.8. This 
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large 𝐻 is due to the non-stationarity of phase perturbation and should be 

neglected. For larger time lags (𝜏 > 50 μs) where the phase perturbation is 

stationary, 𝐻 = 0.740  and 𝐻 = 0.722  are determined from the slopes 

of linear fitting of 𝑅/𝑆 values and SFs, respectively. These two values are 

consistent with each, indicating the agreement of the two methods for 

getting Hurst exponents. 

 
Figure 4.14: (a) Cumulative-summed structure functions and (b) 𝑅/𝑆 values of 𝜙̃ versus 

time lag for calculating Hurst exponents. 

After calculating 𝐻  of all channels, the radial profile of Hurst 

exponents is obtained and presented in Fig. 4.15. It is clear that at the region 

where the quasi-coherent fluctuation is located ( 3.0 ≤ 𝑟 ≤ 4.5 cm 

denoted by the pink region), the Hurst exponent is larger than 0.7, and the 

largest Hurst exponent reaches around 0.8. In contrast, the Hurst exponents 
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out of 𝑟 = 4.5 cm are mostly between 0.6 and 0.7. This result indicates 

that the density bursts at the quasi-coherent fluctuation region has long-

range time correlation and SOC dynamics exist in this region. Since the 

intermittency originates from the outward boundary of this region (Fig. 

4.6), it is thus reasonable to speculate that the origin of intermittent density 

burst propagation is driven by SOC dynamics when the critical threshold 

is reached due to the quasi-coherent density fluctuation. 

 

Figure 4.15: Radial profile of Hurst exponents. The error bars indicate the standard deviation 

of 𝑅/𝑆 values about the linear fitting. 

4.2.3 Discussion 

The Hurst exponent inside the quasi-coherent fluctuation region 

shows a value larger than 0.7, signifying the long-range correlation chapter 
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of the perturbation at this region. Besides, the 𝑓−1-type spectrum shows a 

correlation with the avalanche-like transport [44–48, 124, 125]. Both of 

them are consistent with plasma transport dominated by SOC dynamics.  

 

Figure 4.16: PDF of waiting time for intermittent bursts with a threshold of (a) 1.0 × RMS 

and (b) 1.5 × RMS. 

Recently, the statistical analysis of waiting time ∆𝑡, which stands for 

the duration between two adjacent bursts, is used to understand the 

behavior of SOC dynamics. It is found that in an SOC system, the waiting 

time of small bursts which are not correlated follows a Poisson distribution 

( PDF(∆𝑡) ∝ 𝑒−𝛼∆𝑡 ), while that of large bursts which are strongly 
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correlated obeys a power-law distribution (PDF(∆𝑡) ∝ ∆𝑡𝛼) [10, 126, 127]. 

To distinguish the intermittent bursts of different strength in this 

experiment, the different thresholds are set as 𝜙𝑡ℎ = 1.0 × RMS for small 

events and 𝜙𝑡ℎ = 1.5 × RMS  for large ones. Because of the short 

sampling duration and limited data, the data of channels inside 𝑟 = 4 cm 

(where positive phase bursts are dominant as shown in Fig. 4.10) are 

selected together for statistical analysis, and the results are given in Fig. 

4.16. In both cases the PDFs have a wide distribution, indicating the 

intermittent bursts are not periodical. It is noted that for small bursts, the 

distribution of waiting time fits an exponential function well, while the 

PDF shows a power-law decay for large events at large waiting time (∆𝑡 >

0.4 ms), which gives more evidence on SOC behavior [10, 126, 127]. 

It is noted that the perturbation at far peripheral region also has a long 

radial correlation with the localized quasi-coherent fluctuation at the 

fluctuation frequency (Fig. 4.11). This suggests that the quasi-coherent 

fluctuation may also contribute to the long radial scale intermittency 

propagation. Therefore, the correlation between the fluctuation and 

intermittency generation is worth investigation. 

4.3 Ambient turbulence behaviors and nonlinear 

coupling 

For intermittent events, another important property is the interplay 
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between large- and small-scale fluctuations. Behaviors of the ambient 

turbulence are thus studied in this subsection. 

4.3.1 Turbulence envelope behaviors 

To obtain the turbulence, a Bessel filter with bandpass frequency from 

20 kHz to 50 kHz is applied to the phase difference perturbation 𝜙̃. Here 

the frequency range of the turbulence is determined based on the range 

where the power spectrum is scaled as 𝑓−2  (Fig. 4.3), i.e. the micro-

turbulence range. Besides, after testing several different ranges between 20 

kHz and 100 kHz, we found that the turbulent behaviors are almost the 

same. The PSDs of 𝜙̃ without and with filtering are shown in Fig. 4.17. 

The spatial and temporal scales of turbulence are considered to be smaller 

and shorter than those of quasi-coherent fluctuation. The envelope of this 

micro-turbulence is calculated with Hilbert transform as shown in Fig. 4.18, 

where the blue line is original signal and the red line is the envelop of 

turbulence. 

The power spectra and coherence of envelopes of ambient turbulence 

at 𝑟 = 3.83 cm and 𝑟 = 4.09 cm are given in Figs. 4.19(a) and 4.19(b), 

respectively. It is clear that even though the spectra are relatively weak, the 

cross-coherence of the turbulence envelope is significant at the frequency 

corresponding to the quasi-coherent fluctuation ( 𝑓~11 kHz ), which 

suggests that the ambient turbulence closely correlates to the quasi-
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coherent fluctuation and the radial nonlinear coupling with the quasi-

coherent fluctuation is thus worth investigating. Correlation with low 

frequency waves (𝑓~4 kHz ) are also suggested but the low frequency 

modes seem not to have long radial correlation as discussed later. 

 

Figure 4.17: PSD of 𝜙̃ with and without filtering. 

 

Figure 4.18: (a) Phase difference fluctuation and its envelope and (b) the magnified figure. 
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Figure 4.20: (a) auto- and cross-power spectrum density of turbulence envelope. (b) Radial 

coherence of turbulence envelope  

 

Figure 4.20: Spatial-temporal evolution of turbulence envelope. 

It is also noted that the turbulence envelope has the avalanche-like 

behavior as well. Given in Fig. 4.20 is the spatial-temporal evolution of 
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turbulence envelope and the intermittent inward and outward propagation 

of the envelope can be clearly observed. This phenomenon is similar with 

avalanche transport and is associated with the SOC dynamics. However, 

the scale of turbulence envelope propagation is much smaller than the 

intermittency phenomenon, which indicates that another mechanism exists 

for the long radial propagation of intermittent bursts. 

4.3.2 Nonlinear three-wave coupling between quasi-coherent 

fluctuation and turbulence 

Fig. 4.21 reveals that the ambient is correlated with the quasi-coherent 

fluctuation and thus may contribute to the intermittency. To reveal the 

relationship between ambient turbulence and intermittency, the two-point 

cross-bicoherence, which is an index of multi-scale coupling at different 

radii, are calculated. 𝜙(𝑡, 𝑟1) and 𝜙(𝑡, 𝑟2) are used as 𝑥1(𝑡) and 𝑥2(𝑡) 

in Eqs. (3.13) – (3.15) to calculate the cross-bicoherences. We calculate 

two-point cross-bicoherences in the inner region (𝑟1 = 3.23 cm and 𝑟2 =

3.83 cm ), in the outer region ( 𝑟1 = 4.83 cm  and 𝑟2 = 5.32 cm ) and 

across the inversion layer (𝑟1 = 3.23 cm 𝑟2 = 5.32 cm) and the results are 

shown in Figs. 4.21(a) – 4.21(c). The corresponding summed two-point 

cross-bicoherences are shown in Figs. 4.21(d) – 4.21(f), respectively. In the 

inner region, strong nonlinear three-wave coupling between ambient 

turbulence (20–50 kHz) and the quasi-fluctuation (𝑓1 + 𝑓2 = 𝑓~11 kHz) 
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is visible. This means that the ambient turbulence is modulated by the 

quasi-coherent fluctuation. Although turbulence modulation at lower 

frequency is suggested in Fig. 4.19 and summed two-point cross 

bicoherence is significant in the low frequency range, there is no clear peak 

in the low frequency range as shown in Fig. 4.21(d). The turbulence 

modulation is also observed in the outer region. The summed two-point 

cross-bicoherence at 𝑓 = 11 kHz is larger than that observed in the inner 

region. A small but clear peak is present in Fig. 4.21(c). This indicates 

nonlinear coupling between ambient turbulence and the quasi-coherent 

fluctuation across the phase inversion layer exists.  

 

Figure 4.21: Two-point cross-bicoherence of phase fluctuation at (a) 𝑟1 = 3.23 cm and 𝑟2 =

3.83 cm, (b) 𝑟1 = 4.83 cm and 𝑟2 = 5.32 cm, (c) 𝑟1 = 3.23 cm 𝑟2 = 5.32 cm. (d), (e) and 

(f) are corresponding summed cross-bicoherences. 
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4.3.3 Discussion 

As we can see in Fig. 4.21, the nonlinear three-wave couplings 

between the ambient turbulence and quasi-coherent fluctuation exist not 

only across the inversion layer but also at outer region. This indicates that 

the quasi-coherent fluctuation has a long-radial effect to the ambient 

turbulence even though itself is localized. The ambient turbulence, which 

is far away from the fluctuation region, is coupled with the fluctuation and 

modulated as well. Therefore, after the intermittent density bursts are 

generated and propagate radially due to the SOC dynamics, the modulated 

turbulence enhances the density burst and continue the radial propagation. 

The radial scale of the propagation of density burst is thus elongated and 

the intermittency is finally generated. 

4.4 Conclusion 

In short summary, this chapter introduces the setup of intermittency 

experiment with microwave reflectometers in PANTA in the high heating 

power case (𝑃 = 6 kW), and the global intermittency phenomenon along 

with a localized high-frequency (~ 10 kHz) quasi-coherent fluctuation are 

observed. By studying the characteristics of the fluctuation and intermittent 

bursts, the generation mechanism of the intermittency is revealed as 

follows. 

At high heating power case, a large density gradient is formed at 
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𝑟~4 cm, which excites a high-frequency quasi-coherent fluctuation. The 

fluctuation is localized (𝑟 = 3 − 4.5 cm) and modulates the local density. 

The positive and negative density perturbations are separated on different 

sides of 𝑟 = 4 cm  and propagate at opposite direction due to the SOC 

dynamics. Because of the radially long-scale nonlinear three-wave 

coupling between the fluctuation and the turbulence, the modulated 

turbulence enhances the density burst and continue the radial propagation. 

The global intermittency phenomenon is thus formed. 

The high frequency quasi-coherent fluctuation is crucial during the 

generation of intermittency, and its identification is thus important. 

However, what the quasi-coherent fluctuation is remains to be a question 

by now. Identification and discussion of the quasi-coherent fluctuation is 

left for future work, and reflectometry in conjunction with multi-probe 

systems will give as more details of spatial structure of the quasi-coherent 

mode. 

The avalanche-like transport of turbulence envelope is observed and 

worth studying as well. In order to identify the avalanche transport, 

simultaneous measurement of temporal evolution of density gradient is 

required. Fast reconstruction of density profile by using the microwave 

frequency comb reflectometer is one of promising methods, but requires 

higher accuracy. Such fast reconstruction is now under developing. 

  



 94 

Chapter 5  

Summary 

The turbulence intermittency is a key issue in magnetically confined 

plasma study, which has a significant influence on non-diffusive transport, 

plasma confinement and material interaction. Thus, a good understanding 

of its properties and mechanism is crucial. For this purpose, this thesis 

focuses on the experimental intermittency studies in linear device PANTA, 

and advanced microwave reflectometers are developed. The summary of 

this thesis is as follows: 

(i) High-resolution microwave reflectometers are developed 

As a diagnostic technique introducing no disturbance to the plasma, 

microwave reflectometer is now widely used as a support for fusion plasma 

research. In this thesis, firstly the basic theory of microwave propagation 

in plasma is described. Then the frequency comb microwave reflectometer 

and comb sweep microwave reflectometer in PANTA are demonstrated. 

The comb microwave reflectometer covers a frequency range from 12 to 

26 GHz with 29 channels. The extraction method of the phase difference 

of reflected and incident waves is introduced. With template conditional 

averaging method, the error of phase difference is reduced. The density 

profile is thus reconstructed and density perturbation is obtained with the 

phase difference. Besides, the comb sweep microwave reflectometer is 
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developed for density profile reconstruction, eliminating the half-

wavelength uncertainty measured with the comb reflectometer. The comb 

sweep reflectometer has 17 channels, covering frequency range from 15.5 

to 24 GHz. Each channel sweeps a range of 0.4 GHz with a time resolution 

of 2 μs. The density profile reconstruction method with the system is 

described and density profile is obtained. The system is proved to be 

feasible and reliable. The density profile measured with comb 

reflectometer is modified based on that from comb sweep reflectometer. 

The density profile reconstructed with different diagnostics agree well with 

each other. 

(ii) Spatial-temporal evolution and statistical characteristics of 

intermittent features are studied 

Turbulence intermittency experiment is performed in PANTA, and 

global intermittent features is observed with the microwave reflectometers. 

It is found that at radius 𝑟 = 3 − 4.5 cm , where the electron density 

gradient is largest, a quasi-coherent fluctuation with a frequency of 11 kHz 

is located. Besides, the global intermittent density burst is observed as well. 

Statistical analysis is thus performed. Firstly, conditional averaging results 

show density bump and hole exist in the outer and inner regions, 

respectively. The outward propagation velocity of the density bump 

reaches approximately 1.0 km/s. Then, the probability density function 

shows a deviation of the density perturbation from Gaussian-distribution. 
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The positive and negative density bursts are dominant in the peripheral and 

core regions, respectively. The inversion layer is located at around 𝑟 =

4 cm. Besides, the density perturbation around inversion layer shows long-

range time correlation, and the waiting time for large density bursts follow 

power-law distribution, indicating the existence of SOC dynamics. The 

density perturbation shows a large-radial-scale correlation. The cross-

bicoherences indicate the existence of nonlinear three-wave coupling 

between the localized quasi-coherent fluctuation and the far turbulence. 

(iii) Generation mechanism of intermittency is revealed 

The generation mechanism of the intermittency is revealed. The 

location of the quasi-coherent fluctuation is highly coincident with the 

large density gradient region, indicating it is excited by the gradient. The 

inversion layer of density bumps and holes is located inside the fluctuation 

region, suggesting the positive and negative density perturbations are 

separated. The self-similarity and the long-range correlation inside the 

fluctuation region indicate the existence of SOC dynamics, which induces 

the initial meso-scale propagation of density bursts. Because of the 

nonlinear three-wave coupling, the far turbulence is modulated by the 

quasi-coherent fluctuation and enhances the density burst propagating from 

fluctuation region. The meso-scale propagation is thus elongated and the 

global intermittency is generated. 

Even though the statistical characteristics and generation mechanism 
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of the intermittency are preliminarily studied, still many questions remain 

unknown. The first question is what the high-frequency quasi-coherent 

fluctuation is. It seems to be excited by the large density gradient and has 

a large inward wavenumber, but its identification is necessary. Besides, the 

avalanche-like property of the turbulence envelope is also worth studying, 

which requires the fast reconstruction of density profile with higher 

accuracy. Thus, a more stable and accurate comb sweep microwave 

reflectometer needs to be developed. These works remain to be done in the 

future. 
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Appendix 

Experimental Study of Perturbative Particle 

Transport in the HL-2A Tokamak 

For realization of magnetic fusion reactor, achievement of dense core 

plasma is necessary [A1]. Particle transport in tokamaks and helical 

devices is however unresolved mystery for over 30 years. It was found to 

be difficult to explain radial density profile by diffusive transport models 

[A2, A3]. A turbulent pinch is proposed to explain the profile peeking 

without central fueling [A4]. Experimental observations indicate the 

connection between density peaking and turbulent state, which is predicted 

by turbulent transport theory [A5]. Although the pinch model is consistent 

with experimental trends, there still are many questions remaining 

unsolved which may arise from lack of understanding of turbulence. 

Recently, perturbative method has been proved to be one of the most 

effective ways to study particle transport in plasma. Particle transport 

coefficients, i.e. diffusivity and convection velocity are determined [A6-

A8], and some progress on transport barriers and transport mechanism 

have been achieved [A9-A11]. To confirm the non-diffusive nature of 

particle transport associated with the turbulent pinch, perturbative particle 

transport experiment has been performed in the HL-2A tokamak with 

supersonic molecular beam injection (SMBI), and microwave 



 109 

reflectometers [A12] are used as the main diagnostic system to study 

particle transport. 

Perturbative particle transport experiment has been performed in the 

HL-2A tokamak [A13]. The parameters in this experiment are as follows: 

major radius 𝑅 = 1.65m, minor radius 𝑎 = 0.4 m, magnetic field 𝐵0 =

1.35 T , plasma current 𝐼𝑝 = 170 kA , and background electron density 

𝑛𝑒 = 1.4 × 10
19 m−3. Figure A.1 shows the temporal evolution of plasma 

parameters of a typical discharge, where the electron temperature is 

measured with an electron cyclotron emission (ECE) radiometer [A14] and 

the line-average density is measured with a far infrared rays (FIR) laser 

interferometer [A15]. Plasma current is kept stable from 200 ms to 1700 

ms. Neutral Beam (400 kW, co-) is injected at 500 ms, during which the 

stored energy is obviously increased. The supersonic molecular beam 

injection (SMBI), which has advantages of deep penetration and high 

fueling efficiency [A16], is used as perturbative particle source. Electron 

density is modulated by periodical SMBI (repetition period of 60 ms and 

pulse width of 2 ms) from 500 ms to 1000 ms as shown in Fig. A.1. 
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Figure A.1: Typical parameters of perturbative particle transport experiment. 

 

 

Figure A.2: IQ signals and beat frequency of reflected wave of microwave reflectometer. 

A sweeping frequency microwave reflectometer with high temporal 

resolution (up to 6 μs for a frequency sweep) is used to measure the density 

profile and trace perturbation [A17]. A dynamic calibration method of 

voltage controlled oscillator (VCO) is developed and dispersion of the 

transmission system is taken into account to reduce measurement error 

[A17]. Figure A.2 shows a temporal evolution of beat frequency extracted 

from the spectrogram in a sweeping period. The beat frequency keeps 
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mostly stable except for some frequency jump points and thus phase delay 

is obtained according to this. The phase losses at frequency jump points 

are modified with numerical method [A18]. 

Radial profiles and temporal evolution of electron density are 

reconstructed, which are shown in Figs. A.3(a) and A.3(b). It is clear that 

the edge density rapidly responses to SMBI fueling and is strongly 

modulated. Density perturbation after SMBI is 𝑑𝑛𝑒 = 𝑛𝑒(𝑡0 + 𝑑𝑡) −

𝑛𝑒(𝑡0), where 𝑡0 is starting time of SMBI injection and 𝑑𝑡 is time delay 

after SMBI injection. The particle source can be estimated by 𝑑𝑛𝑒  while 

𝑑𝑡 is short enough, which means the particle transport is negligible. The 

line-average density measured by FIR at 𝜌 = 0.1 is shown as the green 

line in Fig. A.3(a), where 𝜌 = 𝑟/𝑎 is the normalized radius. Figure A.3(c) 

illustrates the radial profile of particle source at 8 ms after SMBI injection 

(a reason for the choice of 8 ms is explained later). The particle source 

locates at 𝜌 = 0.81 and can be fitted by a Gaussian distribution function. 
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Figure A.3: Temporal evolution of local electron density (a) and radial profile (b), and 

estimated particle source (c). 

Evaluation of transport parameters (e.g. diffusivity and pinch velocity) 

from amplitudes and phase delays of perturbations, which are given by the 

FFT analysis, is one of the well-known methods for perturbative particle 

transport study [A19]. This model presumes diffusive-like flux-gradient 

relation, however it is not confirmed yet. The flux-gradient relationship 

should be thus directly analyzed to confirm whether flux is proportional to 

gradient and whether turbulent pinch exists. 
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Figure A.4: (a) Temporal evolution and (b) temporal derivative of edge density and line-

average density after SMBI injection. 

Particle source has a direct influence on spatiotemporal behaviors of 

electron density perturbation, then spatiotemporal region of source should 

be distinguished from source-free region. Figure A.4 displays the temporal 

evolution and temporal derivative of edge density (𝜌 > 0.75) and line-

average density after SMBI injection at 671 ms, where edge density is 

defined as averaged profile of edge density measure with reflectometer. It 

shows that just after the SMBI injection, edge density rapidly increases 

from 1.45 × 1018 m−3  to 1.82 × 1018 m−3  in 8 ms, and reaches a 

maximum at 679 ms. Meanwhile, line-average density increases slowly. A 

linear fitting of edge density evolution also shows the turning point of 

density growth locates at 678.9 ms, which illustrates that SMBI source is 

fully ionized and transport is source-free since then. Before 678.9 ms, 
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temporal evolution of density is dominated by particle source. 

During source phase, the growth rate of edge density increases rapidly 

in 5 ms and then returns to zero in 3 ms, but the growth rate of line-average 

density always keeps increasing slowly and reaches maximum around 682 

ms. This phenomenon declares that the particle source induced by SMBI 

deposits at edge and transports to core, resulting in the rapid growth of edge 

density and delayed growth of central density during the source phase. 

During the source-free phase after 678.9 ms, core and edge regions 

indicate different transport characteristics. In Fig. A.4 it is shown that while 

edge density starts to decrease, the core density, which is represented by 

line-average density, still keeps growing. The growth of core density 

continues until 685 ms when the growth rate is almost zero. This indicates 

that there is a strong inward flux from edge to core, which is likely to be 

inward pinch. During this phase, the density profile should be steepened. 

From 685 ms to 700 ms, the core density remains almost constant while 

change in edge density is also small. This suggests that the steep profile 

stays unchanged due to zero particle flux, i.e. inward flux is balanced by 

outward flux which may be driven by the enhanced density gradient. After 

700 ms, the core density starts to decrease then total flux seems to become 

outward. During this phase, the inward flux is considered to be suppressed.  

The edge density perturbation (𝑑𝑛𝑒(𝑡) = 𝑛𝑒(𝑡) − 𝑛𝑒(𝑡0)) contours 

and edge density gradient contours after 671ms are shown in Fig. A.5, 
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where line-average density is shown as the green line. It is clear that edge 

density evolution experiences three different phases, which is consistent 

with core transport phases. When the core density still keeps increasing 

from 679 ms to 685 ms, the edge density decreases rapidly, which again 

demonstrates that a strong inward particle flux exists in the core region 

during this phase. Presence of inward flux at the edge is discussed later. It 

should be noted that during this phase, the density gradient at the edge 

almost keeps constant, indicating that the inward flux may be driven by 

pinch. When the core density stops increasing and keeps almost stable from 

685 ms to 700 ms, the edge density also slows down decreasing. However, 

the density gradient gradually decays at this time. The edge density shows 

some intermittent decays just before decrease in the core density at 700ms. 

 

Figure A.5: Contours of density (a) perturbation and (b) gradient. 

In order to reveal the transport process better, the flux-gradient 

relationship is required. The flux perturbation is evaluated from time-

depend particle balance equation and written as, 
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−𝛤 = ∫
𝜕𝑛𝑒
𝜕𝑡
𝑑𝑉

𝑟

0

                                             (A. 1) 

where particle source perturbation induced by SMBI and change of 

recycling is separated spatially and temporally. Therefore, particle source 

perturbation is neglected. Because of the limited waveband, the 

reflectometer can only cover part of the radial density profile. Thereby, to 

estimate particle flux, the radial profile is divided into edge part and core 

part, 

−𝛤 = ∫
𝜕𝑛𝑒
𝜕𝑡
𝑑𝑉

𝑟1

0

+∫
𝜕𝑛𝑒
𝜕𝑡
𝑑𝑉

𝑟

𝑟1

                               (A. 2) 

As the density profile and its temporal evolution at core region is unknown, 

a quadratic-like core density profile is assumed according to the 

interferometer diagnostic system [A20], 

𝑛𝑒(𝑟) = 𝑛𝑒(0) [1 − (
𝑟

𝑎
)
2

] 𝑒−(𝑟/𝑎)
2
                             (A. 3) 

where 𝑛𝑒(𝑟)  is the electron density at radial position 𝑟 . The core 

average-density calculated from this model is a function of 𝑛e(0), while 

it is obtained experimentally by eliminating contribution of edge density 

from line-average density, thus the core density profile and flux is obtained. 
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Figure A.6: Flux—gradient dependence at different radial positions. 
 

According to the formula above, the dependence of flux and gradient 

at different radial positions is given in Fig. A.6, which shows three different 

processes obviously. Firstly, from 679 ms to 685 ms, the transport is 

dominated by inward flux, resulting in the decrease of edge density and 

increase of core density. The inward flux decreases rapidly during this 

phase while the gradient remains almost unchanged. This indicates that the 

inward flux is not driven by local density gradient. Instead, it is driven by 

pinch. From 685 ms to 695 ms, the flux is almost zero. The density gradient 

is relaxed even though the flux is close to zero, which seems to be diffusive 

process but negative diffusion (−Γ ∇𝑛e⁄ < 0 and −𝜕Γ 𝜕∇𝑛e⁄ < 0). After 

695 ms intermittent outward flux is dominant, which leads to sudden 

decrease of both edge and core density.  

The first term of the right-hand side of Eq. (A.2) may have errors due 
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to lack of local measurement of core density. However, increment of the 

core average-density and reduction of edge density during source-free 

region clearly indicate the presence of inward flux. Therefore, flux-

gradient relation shown in Fig. A.6 captures particle transport features of 

this experiment qualitatively. 

Inhomogeneities of magnetic field and temperature are considered to 

cause turbulent pinch in tokamak [A4]. Magnetic configuration is 

unchanged in the perturbative experiment and thus observed inward flux is 

not driven by magnetic field gradient. Concerning temperature gradient, 

there are no significant changes in the central ECE signal and then 

temperature gradient perturbation in the core may be negligible small. 

However, edge temperature is changed by the SMBI. Evaluation of flux-

temperature-gradient relation is left in the future work. 

Particle transport is studied by perturbative experiment by using 

SMBI in HL-2A tokamak. Spatiotemporal evolution of edge density 

perturbation traced with a reflectometer with high temporal and spatial 

resolution allows us to estimate particle source and flux-gradient relation. 

This analysis indicates that i) inward particle flux, which doesn’t depend 

local gradient, is driven after the SMBI, ii) weak negative diffusion is 

suggested at the edge in the stable phase and iii) intermittent process 

enhances outward flux at the edge. The observed flux-gradient relation is 

far from diffusive transport picture. An understanding of turbulence-driven 



 119 

flux will have deep impact on our predictability of evolution of density 

profile, and provide a sophisticated particle control knob of burning 

plasmas, such as ITER. 
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