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Experimental Evidence of Nonlinear Avalanche
Dynamics of Energetic Particle Modes
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The nonlinear interactions between energetic particle (EP) and Alfvén waves are very important for astro-
physics and high temperature plasma physics, especially for magnetically confined fusion plasma, because
they will affect the redistribution and transport of EPs significantly. When the EPs have sufficiently strong
pressure gradient, they can excite a non-normal mode, named energetic particle mode (EPM) [1-4], which
emerges as discrete fluctuation out of the shear Alfvén continuum at the frequency for maximal wave-EP
power exchange above the threshold condition due to continuum damping. Therefore, the critical level of
tolerable EP losses in a fusion device can be more severe in the presence of EPM.

The early nonlinear theories [5-7] have expected the role of the EPs radial displacements on the time evolution
of a strongly driven mode as the EPM. If the EPs move outward, they can locally alter the EP gradient and
destabilize a new wave that transports them further, where a new wave is destabilized, much like different
runners do in a relay race. The model for the nonlinear evolution is named relay runner model (RRM) [6]. The
expected self-consistent nonlinear evolution of the EPM and the EPs have not been unambiguously observed
in experiments up to now, because the evolution of the modes are very fast. In this paper, we will give a new
experiment evidence about the EPM avalanche in the HL-2A tokamak.
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Figure 1: (a) Mirnov signal (blue line) and its envelope line (red and black lines), (b) spectrogram of
Mirnov signal and the mode frequency (black circles), (c) relationship between amplitude of Minronv

signal (A) and ¢ f.

The strong EPM instabilities, with frequency chirping-down rapidly and in the range of 35-70 kHz, driven
by 42 keV beam ions are observed, immediately, after the turning on of tangential injection NBIL The typical
chirping-down process of EPM is shown in the spectrogram of Mirnov signal in Fig.1 (a) and (b). It is obvious
that the amplitude of the mode (A) increases to the maximum rapidly during t=618.62-618.68 ms, while the
mode frequency (f) drops rapidly from 54 to 45 kHz. Then, A decreases slowly, and the f decreases to 37
kHz during t=618.70-619.50 ms. The peak fluctuation amplitude B/ B is about (4 — 5) x 10™*. The ratio of
typical growth time of EPM to Alfvén time is 7/74 ~ 200, which is in the expected range where convective
EP redistributions can take place [7-9].
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Figure 2: Evolution of the poloidal/toroidal mode number of EPM in a sweeping-down process.

Evolution of mode numbers near the amplitude rising process is confirmed by the phase shift of the filtered
poloidal and toroidal Mirnov waves, as shown in Fig.2. It is obviously that the mode propagates in ion diamag-
netic drift direction poloidally. The poloidal mode number changes rapidly from m=2 to 3, and then becomes
4 step by step, which are labeled by the black, brown and pink lines in Fig.2 (a), respectively. The change of
m can be completed within 0.06 ms (between t=618.64-618.70ms), and the corresponding frequency changes
from 54 to 45 kHz during that time interval. The toroidal mode number is confirmed always as n=1 during
the whole chirping down process, as shown in Fig.2 (b). It is indicated that the EPMs move from the core
(q=m/n=2, where q is the safety factor) to the edge (q=3 and 4) of plasma, gradually. The EPM mode structure
and their evolution in poloidal cross section are obtained by tomography of SXR arrays. The m/n=2/1 mode
mainly locates on the core of plasma at first. Then, the modes propagate to the edge gradually. At last, the
edge (m=3 and m=4) elements become dominant.

According to the RRM model, for dominant circulating particles driven EPM at transit resonance, as in the
HL-2A experiments, the relationship between the EMP chirping rate w and A satisfies the scaling A o qw.
The relationship has been obtained by experiment data, as shown in Fig.1 (c). It can be seen that the amplitude
of Mirnov signal increases rapidly during t=618.60-618.68 ms, which is labeled by the red line in Fig.1 (a). The
center frequency of the mode is labeled by the black circles in Fig.1 (b). The q value timing change rate of the
frequency (f) is roughly proportional to mode amplitude, e.g., A  ¢f, as shown in Fig.1 (c).

For a single n coherent fluctuation, one obtains, from the conservation of the extended phase space Hamil-

tonian, £ /7 = —m;Q;wr/m. On the other hand, from wave-particle phase-locking for maximized power
exchange, the derivative of the EPM frequency with time (w) can be expressed as w = wir = —Q;77/ (nRSqS).
Therefore, the radial velocity of outwards energetic ions can be expressed as © = —nR3q3w/(Qsr). Experi-

mentally, the average radial velocity of the waves (V},) can be estimated by the ratio of the distance from q=2
to 4 rational surfaces (Ar) to the time interval (At). Compare to the above result, we obtained |7/ V| = O(1),
i.e., the observed mode radial propagation velocity is comparable to that of Eps, as predicted by RRM model.
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