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Frequency splitting and frequency sweeping (“chirping”) of high frequency MHD modes
are widely observed in tokamak plasmas [1,2]. Here we consider observations of frequency
splitting on JET (see for example Fig. 1) and chirping on MAST (Fig. 3), and show
how these may be modelled by the Berk-Breizman augmentation of the Vlasov-Maxwell
equations (henceforth “the VM(BB) system”) [3-5]. The VM(BB) system models the
coupling between energetic particles and the wave modes they excite, based on the one-
dimensional electrostatic bump-on-tail problem with particle distribution relaxation and
background electric field damping. We cast the model as the follows [7], in terms of the
particle distribution f(x,v,t) and the electric field E(x,t):
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Here Fjy denotes the combined particle source and loss function, v, the particle relaxation
rate, 74 the combined effect of all background damping mechanisms that act on the
electric field, and f, the spatial mean of f. Spatial lengths are normalised to the Debye
length Ap; velocities to the thermal speed vy.; time to the inverse plasma frequency
wy ' = Ap/Vine; and E to mevg,,/eAp.

A code has recently been developed [6] that allows direct numerical solutions of the
fully nonlinear VM(BB) system across the entirety of (7,4, v,) parameter space for any
Fy(v). Application of this code [7] for a particular Fy(v) shows how the behaviour of
the VM(BB) system depends on its parameters. We can take a cut through (ya,v,)
parameter space and observe how the behaviour of the system varies as we travel along
this line. Consider the line 74 = 1.0: for each value of v,, we extract the extreme
values achieved by the electric field energy (excluding the initial transient phase), and
plot in Fig. 2 these extrema as a function of v,. For example, sinusoidal behaviour at a
particular v, would contribute two points to the plot. Provided the underlying period
varies slowly with v,, an abrupt splitting of an observed extremum into two branches
implies a period doubling bifurcation at that parameter value. Figure 2 demonstrates
how the VM (BB) system naturally generates frequency splitting phenomenology as seen

experimentally in Fig. 1.
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Figure 2: Plots of extrema in the electric field energy A(t) observed in the solution of the
VM(BB) system as a function of particle relaxation rate v, (the parameter -, is fixed at
unity). The splitting of extrema corresponds to period doubling bifurcations in the time
series A(t). The plot on the right is a magnification of a section of the plot on the left; it
shows the bifurcation path of the system to chaos through a series of period doublings.

Figure 3 shows MAST data obtained from a directional decomposition of 1IMHz signals
observed at three midplane Mirnov coils each separated by a toroidal angle of 60°. The
high frequency MHD mode shown in Fig. 3 is identified as a TAE excited by the energetic
ion population and reacting back upon it [8]. We now show how this class of self-
consistent evolution can be modelled by numerical solution of the fully nonlinear VM (BB)
system.

Figure 4 shows the time evolution of the frequency of the first spatial mode for the
fully nonlinear BB system. This plot is obtained by taking fast Fourier transforms on
successive Hanning windows. Here the two control parameters, v, and ~,, are fixed
throughout the simulation, corresponding to a quasistationary background plasma and
energetic particle drive. Time evolution of the system thus arises solely from the self-

consistent interaction of the energetic particle population and its associated field. Like
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Fig. 3, Fig. 4 exhibits repeated bursts whose frequency undergoes almost-symmetric
up-down chirping. Direct measurements of the spatially averaged distribution function
fo(v), linked to corresponding instants during the evolution of a single burst, are shown
in Fig. 5, which demonstrates the central role of hole-clump pair formation and evolution.
This is entirely responsible for the chirping seen in Fig. 4, which suggests that this may
be the mechanism underlying the phenomenology observed in the real tokamak plasma
(Fig. 3).

Figure 3: Experimental observa-
tion of frequency chirping in nine
successive bursts of TAE activ-
ity. Magnitude of MHD activity
measured in neutral beam-heated
MAST pulse 5568 during a 13ms
interval, showing frequency in the
range 80-120kHz.

8x10°

Angular frequency (Hz)
7x10°
\

“o0s5s o007 o0rs
Time (s)
Figure 4: Frequency
chirping in successive
- bursts of activity from
3 the  fully  nonlinear
o - VM(BB) model.  Di-
L mensionless time and
§ frequency  are  mnor-
5 malised by w,. The plot
& shows mode amplitude
< on a logarithmic colour
? scale.
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Our novel splitting and sweeping results provide fresh evidence of the range of tokamak

phenomenology that is captured by the fully nonlinear VM(BB) model.
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Figure 5: Hole-clump pair formation and evolution shown at four different times during

the simulation whose spectrogram is shown in Fig. 4. Available as a movie [9].

We thank T. Arber, B. Breizman and H. Berk for helpful discussions. This work was
supported in part by the United Kingdom Engineering and Physical Sciences Research

Council and by Euratom. Computing facilities were provided by the Centre for Scientific

Computing at the University of Warwick with support from Joint Research Equipment
Initiative grant JROOWASTEQ.

References

[1] A. Fasoli et al., Plasma Phys. Control. Fusion 39, B287 (1997)

[2] M. P. Gryaznevich,

presented

at

S§th  IAEA TCM

http://fusion.gat.com/conferences/iaea-tm-energetic/

[3] H. L. Berk, B. N. Breizman, and M. Pekker, Phys. Rev. Lett. 76, 1256 (1996)
[4] A. Fasoli et al., Phys. Rev. Lett. 81, 5564 (1998)

on FEPs

(2003)

[5] H. L. Berk, B. N. Breizman, J. Candy, M. Pekker, and N. V. Petviashvili, Phys.

Plasmas 6, 3102 (1999)

[6] T. D. Arber and R. G. L. Vann, J. Comput. Phys. 180, 339 (2002)

[7] R. G. L. Vann, R. O. Dendy, G. Rowlands, T. D. Arber, and N. d’Ambrumenil,
Phys. Plasmas 10, 623 (2003)

[8] H. L. Berk et al., Proc. 31st EPS Conf. Plasma Phys. (2004)

[9] http://www.warwick.ac.uk/staff/Roderick.Vann/research/hole clump.html



