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DIII-D experiments at low density (n.~ 10"’m™) have directly measured whistler waves in the
100-200 MHz range excited by multi-MeV runaway electrons. Whistler activity is correlated
with runaway intensity (hard x-ray emission level), occurs in novel discrete frequency bands,
and exhibits nonlinear limit-cycle like behavior. The measured frequencies scale with the
magnetic field strength and electron density as expected from the whistler dispersion relation.
The modes are stabilized with increasing magnetic field, which is consistent with wave-particle
resonance mechanisms. The mode amplitudes show intermittent time variations correlated
with changes in the electron cyclotron emission (ECE) that follow predator-prey cycles. These
can be interpreted as wave-induced pitch angle scattering of moderate energy runaways. The
tokamak runaway-whistler mechanisms have parallels to whistler phenomena in ionospheric
plasmas. The observations also open new directions for the modeling and active control of

runaway electrons in tokamaks.

Introduction - Whistler instabilities have
been measured for many years in natural
plasmas [1,2], such as earth’s ionosphere and
Van Allen belts, where they are driven by
energetic electrons [3] injected either by
lightning strikes, or solar sub-storms.
Ionospheric whistlers play an important role
in the variability of earth’s radiation belts
[4,5,6]. The excitation of whistler
instabilities in laboratory plasmas [7,8] can
provide a more controlled environment for
understanding the wunderlying physical
mechanisms. Runaway driven whistler
instabilities have been studied [9,10] for
ITER and existing experiments; also, strong
runaway-related instabilities were reported in
early tokamak experiments [11,12]. In this
letter the first direct measurements of
relativistic  (runaway) electron driven
whistler instabilities in a tokamak plasma are
reported. Runaway electrons can be created
in the tokamak at startup by the induction
electric field used to drive the toroidal plasma
current [13,14], or transiently by the electric

fields from disruptive instabilities, leading to
runaway avalanches [15] in devices with
sufficient plasma current. In either case, once
electrons achieve a velocity where collisional
drag forces are less than the electric field
acceleration, they freely accelerate to higher
energies, until limited by synchrotron
radiation damping [16] or instabilities. Such
runaways can form a significant hazard to
plasma-facing components, and much effort
is focused on mitigation of their effects,
especially in the case of future devices, such
as ITER [17]. The whistler wave instabilities
described in this letter are important for
extending whistler physics to new regimes,
improving the understanding of runaway
physics, and developing new methods to
prevent their acceleration to high energies.
This letter demonstrates the controlled
excitation of whistler waves in a tokamak
plasma, and describes several new features
not seen in other settings. First, the whistler
frequency spectra show a unique structure,
consisting of multiple, coherent lines. This is



likely caused by individual eigenmodes
related to the bounded/periodic nature of the
tokamak plasma, but wave cutoff/damping
effects or scattering off other plasma waves
are also possible causes. Second, stability
boundaries are observed that depend on the
density and energy of the relativistic
electrons and on the magnetic field strength.
In common with ionospheric whistlers, the
tokamak whistlers are expected to lead to
pitch angle scattering of energetic electrons.
The measured wave amplitudes display
intermittency, which can be attributed both to
a scattering of runaways by whistler waves
and to periodic magnetic relaxation
oscillations  (involving fast magnetic
reconnections, also known as sawteeth). This
observed runaway scattering opens up the
intriguing possibility that runaways in a
tokamak could be mitigated by the
intentional launching of whistlers. Instability
induced scattering may also play a role in
discrepancies seen between observed
runaway electric field thresholds and
predictions [18].

Experiment and diagnostics - The whistler
experiments were performed on the DIII-D
tokamak device in very low density Ohmic
plasmas [19, 20]. DIII-D is a D-shaped cross
section tokamak with major radius Ro=1.7m,
minor radius <a> = 0.6m. Magnetic fields
were varied from 1 to 1.9T and densities from
ne(0) = 0.5 to 1 x 10" m™ were used. In these
conditions, an initial runaway population is
created by the Ohmic electric field while the
plasma density is reduced. As the runaways
reach a pre-specified intensity level, a gas
puff is triggered to begin the dissipation
phase. A runaway beam is generated with
energies up to about 20 MeV. The whistler
fluctuations were associated with the
presence of these runaway beams and
measured using magnetic signals from
fast-wave antenna straps and toroidal RF
loops located on the outboard side of the

tokamak. CO; interferometric plasma density
fluctuation measurements were also active,
but did not show any fluctuations in the
whistler frequency range.

Frequency spectra and dispersion relation -
In Figure 1, the evolving frequency spectra
and parameters associated with a typical
runaway discharge are shown. Multiple
discrete modes at frequencies ranging from
120 to 160 MHz become evident at t ~ 3.5
seconds; these gradually drop to lower
frequencies as the plasma density rises and
the magnetic field strength decreases.
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Figure 1 — Time evolution of (a) the magnetic
Sfluctuation power spectra; (b) the electron
temperature (T); electron density (ne); and (c) the
toroidal magnetic field (near the magnetic axis), and
ECE (Electron cyclotron emission) — a measure of
runaway perpendicular energy.

The parametric behavior of the frequency can
be understood from the cold plasma
dispersion relation as given below.

0= kv, 1+ k@, )



where v4 = Alfvén velocity, @, = ion plasma
frequency, k£ = wavenumber. Here the kinetic
runaway contribution is neglected; while
important for stability, it is expected to only
have a minor (perturbative) effect on the
whistler wave real frequency. To lowest
order Eq. (1) would predict a linear scaling of
the frequency with the magnetic field
strength (@ oc B) and an inverse square root
scaling (@ oc n'?) with the plasma density.
These scalings are consistent with the
decreasing frequencies shown in Figure 1.
Figure 2 confirms these trends, including data
from other discharges. In Fig. 2(a) a linear
scaling with magnetic field strength (shown
here in terms of the ion cyclotron frequency)
is verified and Fig. 2(b) expands on the
density scaling characteristics. Several
different dependencies on plasma density are
shown for different frequency lines.
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Figure 2 — (a) variation of mode frequency at
constant density with ion cyclotron frequency; (b)
variation of mode frequency with electron density

and fits (dashed lines are based on f oc ne'"?).

Based on equation (1), the scaling with
density should vary from I/m./? (for
ki’c?/wp? << 1) to 1/ne (for ki°c?/awp? >> 1).

The fits from Fig. 2(b) fall within these limits.
The discrete nature of the observed
frequencies has been analyzed using both
MHD and warm plasma RF wave absorption
models. The MHD equations can be reduced
to a 2D eigenmode problem for the Alfvén
frequency range (@ ~ kva); solutions indicate
many discrete normal modes in the observed
frequency range. Full wave solutions, taking
into account warm plasma absorption at ion
cyclotron harmonics, and ion/electron
Landau damping have been obtained with the
AORSA model [21]; typical mode structures
and a power absorption scan vs. frequency
are shown in Figure 3. It is expected that
whistler waves would be more readily
destabilized at the minima of wave damping
vs. frequency [Fig. 3(b)]. The strong
variation in the damping is related to the
quantization condition of fitting an integral
number of wavelengths within the fast wave
cutoff region, which varies with frequency
(cutoff density o« kiB/w). The resulting
sequence of discrete cavity mode frequencies
(power absorption minima) is consistent with
the observations.
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Figure 3 — (a) wave electric field for toroidal mode
number n = 35 at 140 MHz, (b) power absorption as
a function of frequency.

Runaway electron resonances and whistler
stability thresholds — Due to the collisional
decoupling of the runaway component from



the  thermal plasma, the  whistler
destabilization is expected to occur via wave-
particle resonances [9,10]. The instability
drive can arise from spatial gradients,
anisotropy, or positive velocity gradients, all
of which can be present in runaway
distributions. A general resonance condition
for the coupling of relativistic electrons to
whistler waves may be written as follows.

w—kv,—kv,~1Q,/y=0 )

where
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and o is the whistler wave frequency. Here /
is an integer, but for the current purposes only
[ =0, #1 will be of interest. Taking Q. as > 0,
the case / = -/ is denoted as the anomalous
Doppler resonance, / = 0 is the Cherenkov
resonance, and the case [ = +] will be
referred to here as the normal Doppler
resonance. This categorization is based upon
ky> 0; if k; < 0, the sign of / should be
reversed. The wave numbers k) and & can be
inferred by fitting the dispersion relation (1)
to observations such as given in Fig. 2(a) and
(b) where the magnetic field and plasma
density were varied. This has indicated k =
55-80and 8= 50°- 70°(where k)| = k cos6)
as likely ranges. Using these, the resonant
frequencies can be evaluated from Eq. (2);
typical results are shown in Fig. 4 as a
function of energy and for several values of
the runaway electron pitch angle parameter,
v|/v, which is expected to be in a range near
1 for runaways. As can be seen, the measured
frequencies are intersected by the anomalous
Doppler resonances, at higher runaway
energies (> 7 MeV). The Cherenkov and
normal Doppler resonances are at higher

frequencies, and cover both low and high
energy ranges.
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Figure 4 — Cherenkov, normal, and anomalous
Doppler resonances for B=1T, k = 60, and 8= 50°
as a function of electron energy.

FREQUENCY[MHz]

43
TIME[s]

OBr=1.4Tramp-down| @
-3{BBr=1.6T ramp-up (-}

1
N
R
(-]

5 “ll\ll.cl)"isq_e Level @ 1.4T (b)
-6 z [} a

-7 Noise Level @ 1.6 T |
25 20 -15 -10 -05
Log,, bremsstrahlung hard x-rays (a.u.)

Log,, Whistler Emission (a.u.)

Figure 5 — (a) Decreasing whistler activity with
increasing magnetic field; and (b) Threshold in
averaged whistler emission power vs. hard x-ray
bremsstrahlung level.

Since whistler waves can occur over a wide
range of frequencies from the ion cyclotron
frequency up to the electron cyclotron
frequency, all of the resonance branches
shown in Fig. 4 can potentially be involved.



Increasing the magnetic field moves the
anomalous Doppler resonance to higher
energies, consistent with an observed
stabilization as the magnetic field is
increased, as indicated in frequency
spectrogram of Fig. 5(a). The anomalous
Doppler resonance also has been identified as
the dominant effect in linear whistler stability
analyses [9,10]. Evidence of a clear stability
threshold related to runaway electron
intensity (as measured by hard x-rays) is
displayed in Fig. 5(b).

Nonlinear dynamics — A typical spectrogram
of whistler mode activity is shown in Fig. 6
along with several channels of electron
cyclotron emission (ECE) and indicators of
low frequency n = I MHD activity. The
signals in Fig. 6(a) show an intermittent
behavior, with strong whistler activity over
multiple frequency lines, followed by periods
with strong suppression. As indicated by the
arrows extending from Fig. 6(a) to 6(b), some
of the drops in whistler activity are preceded
by abrupt increases in the higher frequency
ECE amplitudes. Since these ECE channels
measure perpendicular energy in moderate
energy runaways, the rapid increases are
indicative of the nonlinear dynamics of the
whistler instability and its feedback on the
runaway electron distribution function. It is
known from other laboratory and ionospheric
measurements that whistlers induce pitch
angle scattering of relativistic electrons [8,6].
The remaining drops in whistler amplitude
are correlated with n = 7 sawtooth activity, as
indicated by the grey shaded bars on the
lower part of Fig. 6(b). These are associated
with opposite variations in the 83.5 and 92.5
GHz channels, implying energy transfers
occur from inside to outside of the ¢ = /
surface. The sawtooth correlations imply the
runaways are located near ¢ = / close to the
plasma center. Centrally localized runaways
were also inferred from bremsstrahlung data.
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Figure 6 — Time evolution of (a) 100 to 200 MHz
magnetic fluctuation power spectra; (b) ECE
intensity at 83.5, 92.5, 109.5, 111.5, and 113.5 GHz.
Dashed arrows in (b) are times at which the ECE and
whistler amplitudes peak; Solid arrows in (a) are
times at which whistler amplitudes drop. The grey
shaded bars are intervals of n = 1 sawtooth activity.

For tokamak whistlers, since the driving
runaway electrons are well-confined and
replenished by the Ohmic electric field, it is
expected that predator-prey limit cycles will
be present as the driving electron component
goes unstable, is scattered, replenished, etc.
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Figure 7 — Phase trajectories of whistler amplitude
as a function of ECE intensity (at 129.5 GHz) for
discharges #171079 (red), #171082 (green) and

#171092 (dark blue).

The evidence for such limit cycles can be
inferred by constructing phase trajectory
plots, such as shown in Fig. 7. Here discharge
time history trajectories are plotted using the
mode amplitude and ECE intensity,
indicating a limit cycle behavior.



The above results stimulate further inquiry as
to which regions of the runaway electron
energy distribution are most active in
destabilizing and saturating the whistler. As
was shown in the resonance plots of Fig. 4,
the moderate energy runaways should be
more directly affected by high frequency
whistlers through the normal Doppler and
Cherenkov resonances. In contrast, the
whistlers that were measured in this
experiment in the 100 to 200 MHz range
should predominantly couple with higher
energy runaways through the anomalous
Doppler resonance. However, Fig. 7 shows
that limit cycles are present between the
moderate energy runaway intensity and the
low frequency range of whistler waves.
Lower frequency whistlers can also be driven
by large pitch angle moderate energy
electrons (which drive ECE) through the
Cherenkov resonance. The scattering of
these electrons may be caused by waves over
a broader frequency and wavenumber range
than was measured in these experiments.
These questions will remain the topic of
future research.

Conclusions — Unstable whistler waves
driven by runaway electrons have been
observed in the DIII-D tokamak in the 100 —
200 MHz range. Parametric variations in the
wave frequency follow the whistler
dispersion relation, and instability thresholds
are observed that depend on runaway
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