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Abstract. Recent results of Global Alfvén wave (GAW) excited by external antenna and fed 

by low radio-frequency (RF) power (≤1kW) in tokamak TCABR are presented. The goal of 

this work is to develop a diagnostic tool based on the excitation of GAW using low power RF 

generators when the waves can be excited without perturbing the basic plasma parameters in 

TCABR. This method named MHD diagnostics has already been developed on other tokamaks 

for toroidicity induced Alfvén eigenmodes as well for GAW. Two magnetic probes are used 

for measurements of the magnetic field perturbations in two regimes of excitation. In the first 

one, the fixed RF frequency is combined with gas-puffing induced density rise and relaxation 

(1-2)×10
13

 /cm
3
 in order to meet the GAW resonance, while in the second excitation method 

RF frequency sweeps 2-4 MHz are applied to the relatively stable plasma density. The plasma 

discharges are accompanied by saw-tooth (ST) oscillations registered by Soft-X Ray 

diagnostics that helps in an identification of the GAW resonances due to ST density 

oscillations. It is found that the fixed frequency GAW resonance appears during density rise, as 

well during slow density reducing after stop of gas puffing. The effective mass number 

Aeff=1.36 is found. 

1. Introduction 

Global Alfvén waves (GAW) discovered theoretically [1, 2] and observed experimentally in tokamaks 

[3, 4] were later proposed to use for diagnostic purpose. This method named  as “MHD diagnostics” 

has already been proposed in [5, 6, 7, 8, 9]  to identify the mass number and security factor profile and 

was tested in other tokamaks for toroidicity induced Alfvén eigenmodes as well for GAW. The basic 

Alfvén wave (AW) continuum equation is presented as follows:  

 

                                            𝜔𝐴 = 𝑘∥𝑉𝐴 =
𝐵

 𝜇0𝑛𝑚𝐻𝐴𝑒𝑓𝑓

1

𝑅
 𝑁 +

𝑀

𝑞
                                               (1) 

 

Here, A is the Alfvén wave frequency, k|| is the wave vector parallel to the magnetic field, VA  is 

the Alfvén speed, B is the magnetic field strength, n is the electron density, mH is the hydrogen nuclei 

mass, Aeff is the effective ion mass, R is the major tokamak radius, (N,M) the toroidal and poloidal 

wave numbers and q the safety factor. Typically, GAW eigenmodes may appear at the extreme points 
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of the AW continuum to avoid strong continuum dissipation. As we can see in equation (1), the Aeff is 

inversely proportional to the Alfvén frequency in square giving us the possibility to try to estimate that 

parameter based on the identified GAW frequency, density profile, mode numbers and consideration 

of q profile. 

In this work, we are going to use the excitation of Global Alfvén waves as a diagnostic tool to 

identify mass number in TCABR. The machine has the following main parameters: major radius R0
 
= 

0.615m, minor radius a = 0.18m, toroidal magnetic field B0
 
= 1.07T, plasma current IP

 
80- 85kA, 

line averaged electron density 𝑛 = 1.2– 2.4×10
19

m
-3

, and central electron temperature Te0430-480eV, 

in the discussed ohm discharges. We find that the typical plasma, which is similar to the old TCA [10], 

stays in a mixed state of diffusion, a plateau diffusion for the hydrogen ions and electrons and Pfirsch-

Schlüter regime for the impurities, that may cause an accumulation of impurities on the plasma core 

[11] changing the electronic density profile. If we assume a parabolic profile for the impurity free 

plasma, we end up with a density profile in the form [11] 

 

                                            𝑛𝑒 = 𝑛0𝐻 1 − 𝑟2/𝑎2 𝛼 + 𝑛0𝑍𝑒
−

𝑟2

 0.4𝑎 2                                                  (2) 

 

Where n0H is the hydrogen density at the plasma center, a is the plasma minor radius, r the radial 

position, α a profile parameter and n0Z the impurity density at the plasma center. The impurity 

accumulation creates a higher density on the plasma core, so we can expect a higher value for the 

effective ion mass on the center of the plasma because of the impurity accumulation. 

Contrary to previous high RF power experiments [12], it is proposed to apply the low power 

(≤1kW) of RF generators to excite waves without disturbing the basic plasma parameters. Here, we 

are more concerned about the identification of the Alfvén waves, to perform an estimate of the plasma 

ion effective mass, and the ions relative concentration. The results presented in this paper are only a 

rough estimate and will be more explored in future work. The GAW excitation is proposed in the 

TCABR conditions with sawtooth oscillation when q-value at center is near to one. For monotonic q-

profile typical for TCABR, the GAW eigenmodes may be exited at the plasma core for the toroidal 

modes N2. By identifying the frequency of excited waves and their mode numbers, therefore, it is 

possible to obtain information about the effective mass of ions. 

2. Experimental Setup 

To excite GAW in TCABR, we use the four strap antenna developed for the AW heating of the plasma 

[13]. Lower power is applied and the waves are detected with a pair of magnetic probes separated by 

the distance 25cm in toroidal direction. The scheme of our experimental setup is shown in figure 1, 

where we may observe two antenna modules composed of four straps each on opposite sides of the 

tokamak. In the presented experiments, we only use one strap of one antenna module to excite the 

GAW.  

 

Figure 1. Schematic of the setup used for the 

experiments. Highlighting the principal 

equipment used for GAW excitation and 

detection. 
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Beyond the antenna, we have two magnetic probes, each probe may be used to measure the 

poloidal or toroidal magnetic field perturbations. Only the poloidal field is considered in the presented 

work. The RF antenna current is measured with a Rogowski coil. To collect the data we use a digitizer 

from National Instruments (NI) that transfers the collected raw data to the PC via USB connection. 

The amplifier used to feed the antenna is a class-D RF amplifier with MOSFET that operates in the 

frequency range 2-4 MHz. 

2.1.  Magnetic probes and BALUN 

To measure the magnetic fields excited by the antenna in the plasma we use two poloidal magnetic 

probes [13] separated by a toroidal angle of approximately ~ 20° and on the same poloidal angle. The 

magnetic probe signal first goes through a BALUN (BALanced to UNbalanced transformer) [14] so 

we can ground one of the sides of the signal for measurement, the BALUN also works like a choke, 

eliminating common modes. The setup presented in figure 2 is also known as a choke BALUN. To 

digitize the signals we use two NI USB-5133 modules connected to a PC, this equipment is from 

National Instruments. We set the sampling frequency at 50MS/s, as we are interested in frequencies up 

to 4 MHz only, this gives sufficient number of points in a period for analyzes. 

The PC, BALUN and NI USB-5133 are placed inside a shielded cabinet, so we have some kind of 

additional insulation from RF interference. The cables used to send the signals from the magnetic 

probes to the BALUN are BNO (twin-axial cabling). 

 

 

Figure 2. Schematic of the equipment use for measurement of magnetic probe 

signals. 

 

The system has four input channels of 8 bits. Besides the probe signals, we also measured the 

antenna RF current using a Rogowski coil. There is care not to do ground loops as we use different 

systems, the use of the BALUN, as it is shown on the scheme figure 2, helps prevent it. 

2.2.  RF Amplifier and antennas 

To induce the waves in the plasma we use a class-D RF amplifier with MOSFET, which operates in 

the frequency range 2-4 MHz it allows frequency scanning or fixed frequency currents. The amplitude 

of the RF current stays stable enough during ~20ms in the antenna with a Faraday screen. Each 

antenna set consists of four straps, two on top of the tokamak and two on the bottom, but only one 

strap was used to excite the waves in these experiments. The amplifier is a switching amplifier, and it 

needs an external function generator to switch the MOSFETs at the desired frequency to excite the 

GAW. 

In figure 3, we present the time evolution of the RF current in the two different detection modes 

(fixed and swept frequencies). In the first case, gas injection is used to stimulate a ramp up of the 

plasma density, due to that the resonant condition may be met. In the second case, the density stays 

almost constant when the series of frequency sweeps of the RF current is induced. 
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Figure 3. Typical characteristic of the RF current excited by the amplifier at the antenna. With 

fixed frequency (left) and frequency scanning (right). There is the raw data (a), the spectrogram 

(b) and spectral power on the RF frequency (c). 
 

3. Results and Discussion 

As it was mentioned the previous section, we used two methods to identify the resonances. To 

illustrate these methods, we selected two different shots that are typical for each case. The plasma 

parameters for each type of shots are shown in figure 4. In the shot #28376, a RF current of fixed 

frequency with a ramp up in the plasma density is used, while a sweep of the RF power frequency with 

a fixed plasma density is used in the shot #28605.  

 

 

 

Figure 4.  Basic plasma parameters for TCABR shots #28376 (left) and #28605 (right). The signals 

presented are the plasma electronic density (a), soft X-ray emission from core (b), bolometer signal 

from core, ECE signal (d), plasma current (e), loop voltage (f), plasma position (g), magnetic 

oscillations (h) and hard X-ray emission (i). 

3.1.  Shot #28376 

We begin the discussion of RF experiments related to the shot #28376 shown in figure 4 (left) and the 

regime of the RF current to excite the GAW is presented in figure 3. In this case, gas injection is 
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performed in the middle of the discharge and RF power was applied during the formed density ramp 

up. Assuming a parabolic density profile ∝ 𝑛0 1 − 𝑟2/𝑎2 𝛼 , we calculate the density n0 at the plasma 

center and the -power using two line integrated density data from our interferometer. Those have the 

chord positions r=-1.25 and +9.25 cm with respect to the chamber center. It should be noted that the 

position of the plasma column was stable during the density ramp up and the estimated Shafranov shift 

is ~ 0.8 cm [15]. Due to that, we may adjust the central density and the -parameter, those are 

necessary for Aeff in equation (1) because the GAW depends strongly on the central plasma density. 

Using the respective probe measurements, in figure 5 we present the phase difference between the 

signals of the probes and the spectral power respective to the same frequency of the RF current. Two 

GAW resonances, one for the rising density and the other for the falling density, are identified by the 

abrupt changes in the phase and spectral power signals. The estimated density at the center of the 

plasma is the same for both resonances, 1.97x10
13

/cm
3 

 and 1.93x10
13

/cm
3 

respectively, indicating the 

same kind of excited mode. 

 

Beating of the probe signals by the strong saw-tooth (ST) oscillations measured with the soft x-ray 

diagnostic observed during the slow falling down density phase is shown in figure 5. Due to the slower 

variation, there are many saw-tooth oscillations that occur during the necessary time to pass the GAW 

resonant condition that reveals some specific details of the GAW resonances. We propose that this 

strong beating is related to the accumulation of impurities on the plasma core during the saw-tooth 

formation and its release after the saw-tooth crash [16]. The impurities accumulated on the plasma 

center changes the electron density and effective ion mass that consequently changes the GAW 

resonant frequency. This accumulation explains the beating, as well as the phase inversion of the saw-

tooth oscillations at the minimum phase difference between the probes in figure 5. The phenomenon of 

the GAW frequency modulation had already been demonstrated in other experiments [7], but the 

phase inversion effect was not observed. 

The ST phase inversion can be considered as the exact moment of the GAW resonant condition. 

Before that moment, the ST density rise gets closer to the GAW resonance, then, it abruptly moves 

away from the GAW resonant condition in each saw-tooth crash. After passing of the GAW 

resonance, situation is changed to inverse. Due to the ST effect and the localization of the q=1 position 

at r 4 cm, we can expect that the GAW stays at the plasma core. Finally, the GAW mode numbers 

 

 

Figure 5.  Probe signal for shot #28376 compared with the plasma electronic density (left) and with 

saw-tooth oscillations measured by soft X-ray (right). We have the phase between the probes (a) and 

their spectral power at the RF frequency (b), the electronic density measured by interferometer and 

estimation of central density (c) and saw-tooth oscillations measured by soft X-ray (d). 

(a) 

(b) 

(c) 

(a) 

(d) 

(b) 
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may be identified as N/M=-2/-1 because this mode has the q-minimum position at the magnetic axes 

for the standard discharges in TCABR for monotonic q-profile in accordance with equation (1).  

As it was earlier mentioned, the Pfirsch-Schlüter regime may causes an accumulation of impurities 

on the plasma core [9] changing the density profile equation (2). This accumulation creates a higher 

density at the plasma core, so a higher value for the effective ion mass on the center of the plasma 

should be expected. To confirm that, we compare the cut off density of the ECE signal that is at 

ncut=2.22x10
13

cm
-3

 with the one estimated from the interferometer data for the already mentioned 

parabolic profile n02.x10
13

cm
-3

. That indicates that the electronic density may have a “Mexican hat” 

profile [16,17] due to impurity accumulation. Using the density value n0=2.22x10
13

cm
-3

, we estimate 

Aeff1.36 with 10% relative error. To complete this analysis for the impurity composition (carbon + 

iron), we use scaling law of the old TCA [10].  

 

                                            𝑍𝑒𝑓𝑓  0 = 1.84 × 10−4 𝑇𝑒0
1.5𝑉𝐿𝑜𝑜𝑝 /𝐵𝑇 − 0.755         (3) 

 

Where Te0480eV is the plasma temperature at the center, Vloop1.8V the loop voltage and 

BT=1.07T the toroidal magnetic field. Using equation (3) we calculate Zeff=2.5 for the data of 

discharge #28376. Finally, that gives us Aeff=1.34 considering 3% of light ion impurities (totally 

striped carbon), and 0.4% of heavy ion impurities, that is, iron (Fe
+15

) in our case. 

3.2.  Shot#28605 

Another method to excite the GAW modes is shown on figure 6. In this case, we try to maintain a flat 

plasma density together with the frequency sweeps from 2-4 MHZ lasting 15 ms. Opposed to the other 

shot, in this one we try to maintain the plasma density as flat as possible. The respective RF current 

used to excite the modes is shown in the right panel of figure 3 and the basic plasma parameters from 

this shot can be seen on the right panel of figure 4. 

 

Figure 6.   Time traces of the phase 

difference (a), spectral power (b) of 

the probe signals in comparison with 

the frequency sweeps (c) of the RF 

antenna current and the plasma 

electronic density (d) in the shot 

#28605. 

 

The result of the signal treatment similar to the previous case is presented in figure 6. We can 

observe three distinct resonant spikes in the phase difference and spectral power of the probe signals 

during one sweep (75.4-91.5 ms). Each identified resonance corresponds to a different GAW mode 

number. Different from shot #28376, we cannot observe the beating with saw-tooth oscillations in 

figure 6 because the sweeping time for the frequency range is too fast to resolve the ST period. 

 

(a) 

(b) 

(c) 

(d) 
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3.3.  Data obtained from series of shots 

In figure 7, we present a summary of the GAW frequency dependence from central electronic density, 

based on data collected from about 50 shots with detected GAW resonances. The GAW modes form 

four distinct groups, due to different combination of the toroidal and poloidal mode numbers (N/M), 

and in each group the frequencies are inversely proportional to the square root of the density, as it 

comes from equation (1). It is difficult to get the spectrum of the higher frequencies, as we have large 

number of M/N combinations to satisfy the obtained data.  

The presented data in figure 7 are fed with error bars from the measurements, we estimated an error 

of about 4% for the central density and 30 kHz for the frequency value. Regarding the mode numbers 

of the data presented, the lower blue mode should be the mode N/M=-1/-1, as this is the lowest 

possible mode number [1, 2]. The mode marked by the red dots has N/M=-2/-1 as mode numbers, the 

identification is due to the ST localization at the plasma center and its beating with the magnetic probe 

data, as explained previously. Identification of other modes is doubtful, because there are more than 

one combination of N/M that set the experimental data, and what we can say is only the most probable 

N+M combination for each specific band. This way we have N+M=-2 (blue), N+M=-3 (green), 

N+M=-4 (wine) and N+M=-5 (pink). 

 

 

Figure7. Summary of identified resonant frequencies over the 

estimated density at the center of the plasma for resonances with 

N+M equals to -2 (blue), -3 (green), -4 (red) and -5 (pink). The dot-

dash lines represent the Alfvén continuum minimum for effective 

mass number A=1.36 and density 1.15 times higher as the value 

shown on axis N/M=-1/-1 (blue) and -2/-1 (green). 

 

The theoretical dependence of the frequency from density from equation (1) is also plotted (dash-

dot lines) for the N/M=-1/-1 (blue) and -2/-1 (green) modes. The effective ion mass used was of 
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Aeff=1.36,  taking into account 13% correction of the central density value, as we have found from 

ECE cut off for the shot #28376.  

Furthermore, we note that the GAW frequency relation with the density is the same for the density 

ramp or frequency scan methods. It can be seen for the N+M=3 modes in figure 7 that the respective 

data points marked by the red stars and green dots statistically coincide. As well, we note that there is 

the distance /A 2-5% between the continuum and main frequency for the N/M=-2/-1 eigenmode 

[1, 2, 18], this distance depends on Hall effect and magnetic shear. 

4. Conclusion 

The experiments with the low RF power excitation of the GAW and their detection by the magnetic 

probes in TCABR confirm that it may be a very effective method for diagnostics for the ion effective 

mass. Using the magnetic probes, we can identify the GAW resonances in TCABR and their behavior 

is found to be predicted by the Alfvén continuum equation (1). Also, it is demonstrated that there is no 

difference in results in identification of the GAW resonances excited by the fixed frequency during the 

density ramp up or RF current frequency sweep methods. The typical mass number is estimated to be 

at Aeff=1.36 and Zeff=2.5, this corresponds to a mixture of 3% of the full stripped carbon impurities and 

0.3% of iron Fe
+15

 impurities. For better results, it is necessary additional information of the central 

density detected by other diagnostics, and it should be noted that the presented method for Aeff 

identification is very sensitive to the considered value of the plasma density. 
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