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Introduction The Reversed Field Pinch (RFP) configuration is often characterized by a wide 

spectrum of unstable tearing modes (TMs) involved in the generation and sustainment of the 

magnetic field in the plasma. This dynamo process is heavily affected also by other processes 

or parameters like intrinsic plasma flow (no external torque sources are normally present), wall 

resistivity and interaction with external non axi-symmetric magnetic fields provided by active 

coils. In this study we report on a set of experiments aimed at investigating some peculiar 

characteristics of this interplay between mode rotation, plasma flow and feedback control, 

extending the first observations published in [1]. 

Experimental setup Experiments were performed in RFX-mod [2], a medium size (a = 0.459 

m, R0 = 2m) flexible toroidal magnetic confinement device capable of confining RFP plasmas 

with currents up to 2 MA as well as low-current, low-q(a) tokamak plasmas. In RFX-mod 

magnetic field fluctuations are measured by several arrays of absolutely calibrated pick-up 

probes measuring poloidal and toroidal (m, n) Fourier mode numbers up to 2 and 24, 

respectively. This is complemented by a 4 (poloidal) x 48 (toroidal) array of saddle sensors 

measuring the radial component of the magnetic field and providing also the main input source 

to the MHD active control system, that is in turn made by a grid of independently controlled 4 

x 48 active saddle coils fully covering the torus surface. 

 Feedback control and mode rotation When operated in RFP configuration, a transition 

between fast and slow MHD mode rotation branches under the application of magnetic 

feedback boundary conditions was discovered and documented in [1]. In those experiments fast 

(few kHz) mode rotation was 

obtained below a threshold in 

plasma current of about 90-100 kA, 

provided MHD feedback control 

was applied for higher current 

values. A typical experiment of this 

kind (shot #37269) is shown in 

Figure 1: plasma current is ramped 

down and reaches at about 100 ms 

 

Figure 1. Time traces for discharge #37269: a) Plasma current; b) 

contour plot of m=1 mode amplitude as a function of time and 

toroidal mode number. Fast mode rotation starts at about 100 ms. 
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the threshold for fast mode rotation. In the lower frame, the m=1 toroidal field mode amplitude 

is plotted as a function of n; m=1, n=7-15 tearing modes clearly dominate the mode spectrum 

with amplitudes that, as expected, decrease with current. When the fast mode rotation starts, 

the input to the MHD feedback system (mainly proportional to the br
1,n component of each 

harmonic to be controlled) goes close to zero as result of the screening effect of the passive 

shell and so does the corresponding action of the active control system. To study in detail this 

phase and see whether the feedback is still playing a role in maintaining the fast rotation phase, 

in a systematic set of experiments the active feedback control was selectively switched on and 

off on specific modes during the discharge dynamics.  

In particular, for the shot #37269 presented in Figure 1, feedback control was excluded on the 

resonant m=1 modes with n=7-11 starting from t = 130ms, i.e. well after the slow-to-fast 

rotation transition. Figure 2 shows some time traces for the last 20 ms of the discharge. An 

exponential growth of the (1,11) amplitude, b1,11 can be seen in the top panel (black line) 

starting from t ≈ 160ms, with a 

characteristic time of the order of 8 

ms (the exponential interpolation 

is shown as a cyan dashed line).  

It is interesting to highlight that, 

without feedback action, mode 

(1,11) is only slowly rotating 

(second panel in Figure 2) and it is 

then subject to a very poor 

stabilizing effect by the 

conducting shell, so that it is the 

one observed to grow with the 

fastest time scale. For values of 

b1,11 larger than approx 1 mT, a 

slowing down of tearing modes 

with n<11 is observed, eventually 

leading to the (1,8) mode wall 

locking, while the innermost 

resonant (1,7) mode rotation is 

almost unaffected till the fast termination of the discharge.   

 

Figure 2. Time traces for modes m=1, n=7,8,11 (shot #37269). a): 

amplitude of b1,11 (black curve),  b1,8 (blue curve),  b1,7 (red 

curve); in cyan color is the exponential fit of the  b
1,11 growth. b), 

c) and d): time behavior of b
1,11 ,  b1,8 ,  b1,7 mode phases, 

respectively. Lower arrows refer to time values shown in Figure 3. 
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It is worth noting in the panel c) of 

Figure 2 (blue line) that the 

observed b1,8 slowing down is not 

associated to a growth of its 

amplitude. 

In Figure 3, MHD mode rotation 

profile as a function of the toroidal 

mode number n at three time 

instants (5 ms average) is shown. 

This clarifies how the plasma 

region involved in this locking 

phenomenon is indeed that 

surrounding the resonance of the 

(1,11) mode itself (indicated by a 

black arrow in the panel), which 

corresponds to resonances of modes with 7<n<15. On the other hand, almost all m=0 are found 

to be rapidly locked by the (1,11) growth. It is worth to mention that in a different shot (#37272) 

during a phase with fast rotating TMs, the feedback has been selectively switched off on the 

(1,8) mode only, which is more internally resonant and characterized by a natural rotation 

frequency of the order of 5kHz. In that case it was found that, differently from what previously 

described for the (1,11) mode, no growth of the (1,8) mode occurs, which confirms that the 

conducting shell is indeed acting almost as an ideal one, and that no action from the external 

active feedback system is needed to keep b1,8 rotating. 

Discussion The process can be phenomenologically interpreted in function of the interlinked 

dynamics of plasma flow and mode rotation, following the lines sketched in [3]: toroidal flow 

profile in the RFP exhibits a reversal near the edge and close to the reversal surface of the 

toroidal magnetic field. When the electron diamagnetic drift effect is properly taken into 

account, high n tearing modes are seen to resonate in plasma regions where the viscous torque 

exerted by the plasma is small. For this reason the (1,11) mode rotates slowly also when the 

core modes enter the fast rotation phase; for the same reason, in the absence of feedback control, 

the perturbation due to this mode slowly penetrates the passive structures and produces a plasma 

deformation that brakes lower n modes and eventually leads to plasma termination.  

 

Figure 3. Frequency spectrum as a function of the toroidal mode 

number, n, for m=1 and m=0 modes, respectively. Different colors 

refer to different time instants, corresponding to different values of 

the increasing b1,11 amplitude (indicated in the legenda).  The n=1 

position is highlighted with an arrow. 
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 It is interesting to see that the same behaviour found in the experiment can be reproduced by 

the RFXlocking code [4]. In these particular RFXlocking simulations, the perpendicular 

dynamic viscosity is taken to be a radially constant coefficient , with a value estimated 

according to a model that describes the anomalous viscosity as due to sound wave propagation 

within a stochastic magnetic field proposed in [5] and recently validated against experimental 

findings [6]; a torque source is also provided to represent the intrinsic plasma flow. The 

simulation shown in Figure 4 models the last 80 ms of discharge 37269 with mode (1,12) 

playing in the simulation the role played by (1,11) in the experiment. For this simplified 

simulation, the input mode amplitudes at rational surface are estimated by means of a toroidal 

reconstruction based on Newcomb’s equation. These initial amplitudes had to be modified 

(increased) with respect to the experimentally estimated ones in order to reproduce the 

experimental behavior. The input amplitudes are shown in Figure 4b) (colored symbols), 

besides the edge toroidal field perturbation (black symbols), which is instead an output of the 

simulation. When magnetic feedback is switched off for the mode (1, 7-14), the simulation 

reproduces a final flattening of the frequency profile for a subset of m=1 modes including the 

growing (1,12), in a way similar to the experimental observation, see Figure 4a). 
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Figure 4. a): initial sponataneous fast frequencies for the simulated m=0,1 modes, compared to the final values 

(average over the last 1ms of simulation).  b): mode amplitudes. The radial field at the resonant surface is imposed 

constant in time for all the modes. The edge toroidal field is an output of the simulation. 
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