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ABSTRACT

Whistler waves are a type of low-frequency electromagnetic wave common in nature, which is usually associated with energetic electron phe-
nomena. This study presents experimental observations of low-frequency whistler wave instabilities driven by energetic electrons through
wave–particle interactions on EXL-50. The energetic electrons are generated by electron cyclotron waves (ECWs) through stochastic heating
[Wang et al., J. Plasma Phys. 89, 905890603 (2023)] and do not match the characteristics of the runaway electrons [Shi et al., Nucl. Fusion
62, 086047 (2022)]. In the steady-state plasma of the Energy iNNovation XuanLong-50 (EXL-50), whistler waves within the 30–120MHz fre-
quency range were observed during electron cyclotron resonance heating. These waves displayed multiple frequency bands, and the frequen-
cies of waves were directly proportional to the Alfv�en velocity. Furthermore, it was interesting to find that superposition of lower hybrid wave
into ECW resulted in the suppression of these whistler waves. The experimental results may indicate that the whistler waves are driven by
energetic electrons (excluding runaway electrons). These discoveries carry significant implications for several areas of research, including the
investigation of wave–particle interactions, the development of radio frequency wave current drivers, their potential impact on the electron
dynamics in future fusion devices, and even the presence of unusually low-frequency whistler waves in Earth’s radiation belts.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0195750

INTRODUCTION

Whistler waves, as fundamental plasma waves, have been widely
observed in space and laboratory plasma, which have the potential to
affect the electron dynamics. It is widely accepted that the wave–
particle interaction with whistler waves is the dominant mechanism
for energizing electrons in the radiation belt.1–4

The whistler wave occurring in the frequency (x) range of 0.1 to
0.8 times the electron cyclotron frequency (xce) is commonly observed
in the outer radiation belt. Additionally, unusually low frequency whis-
tler wave (x < 0:1xce) has also observed in the outer radiation belt.5,6

Research by Xiao et al.7 suggests that the presence of electrons with an

energetic tail population and relativistic pitch angle anisotropy can
supply the requisite free energy for generating whistler waves below
0:1xce.

In laboratory experiments, whistler waves have been excited using
methods, such as electron beams, whistler wave antennas, and run-
away electrons.3,8–17 Low frequency whistler waves (x < 0:1xce)
driven by runaway electrons of parallel temperature (Tk) higher than
perpendicular temperature (T?) have been observed in various toka-
maks.15–17

F€ul€op and colleagues conducted a comprehensive investigation
on relativistic electron beam-driven whistler waves.18 Their research
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work emphasizes the ability of the runaway electron beam to drive
low-frequency whistler waves. Subsequently, the dispersion rela-
tion of these whistler waves was measured using fast wave antennas
in DIII-D experiments,15–17 confirming the finding of F€ul€op’s
work. Additionally, the presence of whistler waves was found to
enhance electron cyclotron emission (ECE) signals, potentially due
to the pitch angle scattering of runaway electrons by the whistler
waves. This discovery offers a potential method to mitigate the
threat posed by runaway electrons.

Liu et al. conducted a theoretical study on the influence of the
kinetic whistler wave instability on the runaway electrons ava-
lanche.19,20 The runaway electron avalanche refers to a phenome-
non where a small number of energetic electrons in plasma gain
additional energy and subsequently collide with other electrons,
transferring energy and causing a cascading effect that leads to a
significant increase in the number of energetic runaway elec-
trons.21 Their study revealed that under high-density and low-
electric-field conditions, whistler wave scattering can effectively
suppress the avalanche and increase the threshold electric field
required for the avalanche to occur.

Guo et al. proposed a novel approach to mitigate the harm caused
by runaway electrons by limiting their energy to less than a few MeV
through the external injection of whistler waves.22 This research indi-
cates that the whistler waves resonate with runaway electrons within a
specific energy range, effectively altering the momentum-space vortex
of the runaway electrons. The scattering of whistler waves can reshape
the vortex by cutting off highly relativistic electrons, thus reducing the
upper limit of energetic electrons.

In this study, we present the first experimental observation of
whistler wave instability driven by energetic electrons in ECW-only
steady-state plasma. These observations, conducted on a steady-state
operating experimental platform, provide valuable insight into the
physical mechanisms of wave–particle interaction and have important
implications for understanding the ionosphere of the Earth, Van Allen
betas, and tokamak reactors.

First, this paper reports on high frequency mode excitation
experiments conducted on the Energy iNNovation XuanLong-50
(EXL-50) spherical torus and presents the main characteristics of the
mode in steady-state ECW plasma. The experimental results showed
that the mode frequencies were found to be greater than the ion cyclo-
tron frequency (xci) but much smaller than xce. Additionally, it was
observed that the mode frequencies were proportional to the Alfv�en
velocity (VA) and that the mode featured multiple frequency bands.
These findings suggest that these modes are low frequency whistler
waves, which are driven by energetic electrons.2,18 Moreover, the ener-
getic electrons being generated by electron cyclotron waves (ECWs)
through stochastic heating have been demonstrated on the EXL-50,23

and these energetic electrons do not match the characteristics of the
runaway electrons.24

A lower-hybrid wave (LHW), which was used to increase the
electron parallel velocity, resulted in significant whistler wave suppres-
sion. Additionally, it is worth noting that disruptions associated with
whistler waves were observed, which implies that these waves may trig-
ger magnetic re-connection.25–27 These studies contribute to the
understanding of whistler wave physics in tokamaks and provide valu-
able insight for the research on RF current drive and control of run-
away electrons.

EXL-50 EXPERIMENT SETUP

The whistler wave experiments were performed on the EXL-50
spherical torus using ECWs at 28GHz with a power of approximately
200 kW and LHW at 2.45GHz with a power of approximately 60 kW
in low electron density plasma (the line integrated density nel � 1–2
�1018 m�2).28 EXL-50 is a medium-sized spherical torus without a
central solenoid (CS), featuring a major 0.58 m, a minor radius of
approximately 0.41 m, a toroidal magnetic field (BT) of approximately
0.5 T at R� 0.48 m, and an aspect ratio of A> 1.45. Unless otherwise
specified, only the ECW was used to heat and maintain the plasma. A
large number of energetic electrons are generated by the ECW23 to
startup29 and maintain plasma currents.24 The whistler wave fluctua-
tions, associated with sufficient anisotropy of the electron velocity dis-
tribution (especially energetic electrons), may be excited,2,10,30,31 and
measured using a high-frequency magnetic probe on the low field-side
of the mid-plane32 (as illustrated in Fig. 1). The energetic electron loss
to the wall was measured using CdZnTe detectors and a LaBr3(Ce)
scintillation hard x-ray detector.33 The LaBr3(Ce) scintillation detector
was placed approximately 20 m away from the torus center.

In previous experiments,23,24 the hard x-ray (HXR) detectors
with improved lead shielding are applied. Beside the original shielding
(10mm lead þ5mm steel),33 the CdZnTe detectors have their own
independent 50mm lead shielding. Through this improved shielding
HXR system, it has been experimentally verified that the ECW gener-
ates energetic electrons through a stochastic heating mechanism.23

Moreover, based on a simplified three-temperature radiation model,
the parallel and vertical temperatures and intensity of energetic elec-
trons were calculated to be similar level.24 These results suggest that
the energetic electrons in EXL-50 are not runaway electrons.

Subsequently, the independent 50mm lead shielding of the detec-
tors was discarded following an upgrade of the EXL-50 device in recent
experiment campaign. The HXR system mainly measure thick-target
radiation resulting from energetic electrons losses at the wall because
of remove of the lead shielding. As shown in Fig. 2, only ECW

FIG. 1. A top-view diagram of EXL-50 is presented, with the location of the high-
frequency magnetic probe, HXR diagnostic, high energy HXR detector, and three
sets of ECW heating systems indicated.
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{140kW [red bars in Fig. 2(a)] þ110kW [blue bars in Fig. 2(b)]} used
to startup and maintain the plasma current. The temperature of bulk
electron (Te) and ion (Ti) are around 90 and 20 eV, respectively. The
forward (countercurrent) and blinded (without collimator) HXR
detector measure similar intensities of HXR radiation. The intensity
decreases significantly after the ECW is turned off. This suggests that
the HXR detector measures mainly thick target radiation signal.
Furthermore, the high-frequency electromagnetic rise and fall are mea-
sured by the high-frequency magnetic probe.

EXPERIMENTAL RESULTS AND ANALYSIS

The time evolution of magnetic fluctuation power spectra (a) and
nel and BT of typical ECRH discharges (b) is depicted in Fig. 3.
Multiple coherent modes with frequencies ranging from 70 to
110MHz (shot # 15 033) and 30–120MHz (shot # 14 375) are
observed. The frequency of the modes is observed to decrease gradu-
ally as the plasma density increases and the magnetic field strength
decreases.

The parametric behavior of the whistler wave frequency can be
understood through the dispersion relation in cold plasma, as outlined
in the following equation:18,34

x ¼ kVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2kc

2=x2
pi

q
; (1)

where x is the wave frequency, VA ¼ BT=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnemi

p
is the Alfv�en

velocity, ne is the electron density, mi is the ion mass, xpi is the ion
plasma frequency, and k and kk are the total and component parallel
to the magnetic field of the wave vector, respectively. For the lowest
order (k2kc

2=x2
pi � 0), Eq. (1) indicates a linear scaling of the frequency

with Alfv�en velocity (x / VA) and an inverse square root scaling with
the plasma density (x / n�1=2

e ).
These trends are confirmed with the results of density and mag-

netic field scanning experiments in Figs. 3(c) and 3(d), where mode
frequency is clearly shown to be inversely proportional to the square
root of the plasma density [Fig. 3(c)] and linearly proportional to the
Alfv�en velocity [Fig. 3(d)]. This suggests that these coherent modes are
whistler waves.

According to Eq. (1), we can obtain

kkVA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2kc

2=x2
pi

q

x
< 1

kkc
xpi

<
mixc
BTe

:

(2)

Here, e is the elementary charge. There exists a region at the high
field side where Eq. (2) is easier to be satisfied, so the whistler wave
may be excited on the high field side on EXL-50.

FIG. 2. Time evolution of (a) plasma cur-
rent; (b) line integrated density; (c) tem-
perature of electron (black dotted line) and
ion (blue dotted line); (d) intensity of for-
ward (black line) and blinded (blue line)
HXR; and (e) magnetic fluctuation power
spectra. Only ECW {140 kW [red bars in
Fig. 2(a)] þ110 kW [blue bars in Fig.
2(b)]} used to startup and maintain the
plasma current.
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The anisotropy of the electron velocity distribution provides the
energy that drives the whistler wave.18,35 Increasing the density of
background electrons can serve to reduce the saturation intensity of
the whistler wave by reducing the anisotropy of the energetic electron
velocity distribution.36,37

Here, we explore the correlation between the energy of saturated
wave magnetic field and the bulk electron density. Figure 4 presents
time evolution of the intensity and frequency of the whistler wave cor-
responding to the evolution of plasma density and the intensity of
hard x-ray signal induced by fast electrons. As the plasma density

FIG. 3. Time evolution of (a) magnetic fluctuation power spectra and (b) toroidal magnetic field (near the magnetic axis) and line integrated density. Variation of mode frequency
spectrum with line integrated density at constant toroidal magnetic field (c) and Alfv�en velocity (d).

FIG. 4. Time evolution of (a) the line-integrated electron density, (b) distant hard x-ray signal, (c) whistler wave spectra, and (d) intensity of whistler wave fluctuations vs electron
density, there is a threshold value of the electron density, triggering the whistler wave.
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decreases, the intensity and frequency of the whistler wave simulta-
neously increase. In Fig. 4(d), the dashed lines represent the fitted
curves of 1

nel
and exp �nel=10ð Þ, respectively. From the obtained results,

it is evident that the whistler wave can be suppressed with an increase
in density. It is noteworthy that energetic electrons are the primary car-
riers of EXL-50 plasma current, and the increase in plasma density
leads to a decrease in the energetic electrons, and therefore, decreases
in plasma current and the confinement. These further induce increas-
ing of the loss of energetic electrons and cause the current to decrease
further. This may account for the experimental challenge of observing
the excitation of the whistler wave at densities higher than
2� 1018 m�2. Finally, it is worth pointing out that the enhancement
of whistler wave intensity is correlated with an increase in hard x-ray
radiation induced by energetic electron loss (Fig. 3), indicating that the
waves scatter energetic electrons into the loss phase space.38,39

Currently, direct measurements of the parallel and perpendicular
temperatures of energetic electrons are not available on EXL-50.
Therefore, LHW was employed to change the anisotropy of the veloc-
ity distribution of energetic electrons. In shot 14 970, LHW was turned
on at 2.52 s, and shot 14 971 served as a reference discharge without
LHW. As shown in Fig. 5(a), the plasma current increased after the
LHW activation in shot 14 970, while the plasma current decreased
continuously without the LHW in shot 14 971. The plasma current is
mainly carried by energetic electrons, and the increase in the plasma

current indicates an increase in the parallel energy of the electrons
driven by the LHW.

Additionally, the distant HXR intensity is significantly reduced
after the LHW activation [Fig. 5(b)], suggesting a reduction in ener-
getic electron loss, which may be attributed to instability mitigation.
The power spectrum of high-frequency fluctuation before and after
LHW activation is compared [Fig. 5(c)]. The bands with frequency rise
and fall (f1, f2, f3, and f4) are completely suppressed, when LHW is
activated, whereas the intensities of the bands with frequency rise and
fall remain almost unchanged for shot 14 971 [see Fig. 5(d)]. These
results are consistent with the theoretical prediction when the energetic
electrons have anisotropy of higher perpendicular temperature. It
should be mentioned that not all whistler wave is suppressed, which
may be related to the LHW deposition region.

Theoretical and experimental studies have demonstrated that
scattering of whistler instability wave on electrons in homogeneous
plasma can maintain the distribution of electrons near instability
thresholds.2 However, in toroidal plasma, the whistler wave may alter
equilibrium by modifying the macroscopic properties (current and
pressure) of the plasma. The ELMO Bumpy Torus exhibits a relatively
low level of plasma current, and disruptions have been observed16

when the high-frequency hot electron instability is strongly excited.
As shown in Fig. 6, plasma current disruptions were observed.

The radiation intensity induced by the loss of energetic electrons

FIG. 5. Time evolution of (a) plasma current and (b) intensity of distant hard-x ray; comparison of (c) the power spectrum of the magnetic fluctuations of shot 14 970 (with
LHW) and (d) of shot 14 971 (without LHW).
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increases with the whistler wave intensity, and current disruptions
occur. These findings suggest that ECW may excite such waves and
potentially limit the efficiency of current drive. Given that ECW non-
inductive current drive is crucial for the advancement of spherical
torus fusion devices, this is an issue that requires significant attention
in ST.

DISCUSSION

Experiment and theory indicate that a stochastic wave can
accelerate electrons to MeV energy at an input ECW power of a

few 100 kW.23,40,41 These energetic electrons can lead to @f
@vk

> 0

and
@f
@v?
@f
@vk

6¼ 1 (f is the electron distribution function) with the asym-

metric structure of the confined energetic electron orbit on EXL-
50,24 both of which can provide free energy for generating whistler
wave below 0:1xce:

7,35 The observed whistler wave instability may
be driven when energetic electrons resonate with the wave.2,15,18

The resonance condition is

x� kkvk � k?vd � lxce=c ¼ 0: (3)

Here, vk is the parallel velocity of the electrons, k? is the perpendicular
component of the wave-vector, vd is the orbital drift velocity, and c is
the relativistic factor. In the case of EXL-50, the observed wave fre-
quency is much lower than the electron cyclotron frequency; therefore,
l ¼ �1 (Anomalous Doppler cyclotron resonance) or l ¼ 0 (Landau
resonance) resonances are relevant.

A three-fluid (bulk and energetic electrons and ions) equilibrium
of EXL-50 plasma (Ip ¼ 123 kA) with the multi-fluid equilibrium
model42 is shown in Fig. 7. The bulk electron density is larger than the
energetic electron density, and the plasma current is mainly carried by
energetic electrons. The drift speed of energetic electrons is about
�0.5c. The effect of energetic electrons on plasma instability is

simulated by BO (“wave in Chinese”) code with the equilibrium
parameters.43 Here, Te � 110 eV, T? ¼ 200 keV, vd ¼ 0:5 c. ne ¼ 0:1
�1018 m�3, nehne ¼ 0:2(R¼ 0.4 m, BT ¼0.6T, and k¼ 6), and the effect
of bulk ions is neglected. The results are shown in Fig. 7. Low-
frequency electromagnetic instabilities are excited in the frequency of
20–100MHz with kzc=xpi < 0:3, and the growth rate of the instability
is positively correlated with T?

Tk
. The simulation results are qualitatively

consistent with the experimental results. This provides one explanation
for the experimental results.

ECW generates a large number of energetic electrons with ener-
gies exceeding MeV by stochastic heating. However, the experiments
have not yet been able to distinguish the contribution of MeV energetic
electrons to the excitation of the whistler wave via cyclotron
resonance.

SUMMARY

This article presents an experimental study of whistler wave insta-
bility driven by energetic electrons in steady-state ECW plasma on a
solenoid-free spherical torus. The study found that the frequency of
the whistler wave is between 30 and 120MHz and is proportional to
the Alfv�en velocity. The whistler wave intensity is verified to be corre-
lated with the electron density and anisotropy of electron velocity dis-
tribution. In addition, the synergistic effect of LHW and ECW can
suppress the whistler waves. The study also finds that plasma current
disruptions occur in the spherical torus device with whistler. These
findings suggest that ECW current-drive through the creation of ener-
getic electrons may excite such waves, potentially limiting the effi-
ciency of current drive.

The 100kW ECW on EXL-50 can drive plasma currents of nearly
140 kA, often accompanied by whistler waves. Considering that RF
also contributes to current drive, the study of whistler waves is of sig-
nificant importance for understanding the physics of high-current

FIG. 6. The time evolution of (a) plasma
current, (b) energetic electron loss inten-
sity (black triangle) and whistler wave
intensity (blue circle), and (c) the magnetic
fluctuation power spectra.
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drive in EXL-50 using ECW and for the application of high-current
drive effects with ECW in other devices.
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