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This study presents novel findings on stochastic electron heating via a random electron
cyclotron wave (ECW) in a spherical tokamak. Hard x ray measurements demonstrate the
time evolution of hard x ray counts at different energy bands, consistent with predictions
from the stochastic heating model. The ECW heating rate shows a positive correlation
with applied power, confirming the effectiveness of stochastic heating. Remarkably, the
ECW-driven plasma current remains insensitive to ECW incidence angle, consistent
with model predictions. The observed stochastic heating of electrons offers potential
for exploring innovative non-inductive current drive modes in spherical tokamaks.
This research contributes to the understanding of plasma behaviour and motivates the
development of new models for non-inductive current drive in fusion devices.
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1. Introduction

Stochastic acceleration is considered a possible mechanism for the generation of
energetic particles in the universe (see Seo & Ptuskin 1994; Ma & Summers 1998;
McClements et al. 2001; Amano et al. 2020), and for the heating of plasma in laboratories
through the application of external electromagnetic waves (see Kuckes 1968; Puri 1968;
Kawamura et al. 1971; Jaeger, Lichtenberg & Lieberman 1972; Ikegami et al. 1973; Puri
1974).

An equation of the Fokker–Planck type has been derived by Sturrock (1966) in the
weak-field approximation, which can be used to solve the stochastic heating problem for
transverse stochastic electric fields with components at electron cyclotron frequencies
in a uniform magnetic field. It shows that a relatively weak random electron cyclotron
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wave (ECW) can drive energetic electrons. Smith (see Smith & Kaufman 1975; Smith,
Cohen & Mau 1987) proposed a single wave stochastic heating model with strong wave
amplitude. When the wave amplitude is greater than a threshold, the electric field of the
wave causes the adjacent resonance regions to overlap, and the particle motion becomes
random.

The theory of stochastic heating in ECW within mirror (non-uniform magnetic field)
plasmas has been developed (see Kuckes 1968; Puri 1968, 1974; Kawamura et al. 1971;
Jaeger et al. 1972; Lieberman & Lichtenberg 1973; Bernhardi & Wiesemann 1982). Puri
(1968, 1974) shows that plasma electrons can be stochastically heated by microwave noise
in mirror. Kawamura et al. (1971) investigated the stochastic heating model for single
frequency waves. Unlike the multipass linear absorption model (Ishiguro et al. 2012), the
phase between the waves and electron gyrations is random at each time that the electron
passes through the resonance region due to the effect of background density rise and
fall. The random phase leads to stochastic heating, and the maximum particle energy is
not limited by the maximum phase velocity of the wave spectrum. Nonetheless, electron
loss time remains unaccounted for, and there is an absence of a description regarding the
absorption coefficient of ECW.

Ikegami et al. (1973) derived the relationship between the hard x ray (HX) energy
band and time based on the work of Sturrock by assuming a loss time (τ ) of energetic
electrons. The relationship is in good agreement with the experimental data. The study
shows that the average kinetic energy of the electron is proportional to 〈τ 〉, and a diffuse
k-spectrum (narrow omega spectrum) of the heating field, which is caused by the plasma,
is more important than non-adiabatic acceleration in the magnetic mirror. This indicates
that stochastic heating can occur in a cavity with plasma and an external magnetic field.

Such a high particle heating rate of random waves, being able to drive energetic electrons
and fast ions with low heating power, is very important for future fusion reactors. There is
still a significant amount of stochastic heating work, which is not described in detail here
except for a few closely related works mentioned below.

Stochastic ion heating by electrostatic waves (Karney & Bers 1977), drift waves
(McChesney, Stern & Bellan 1987), lower hybrid waves (Karney 1978) and Alfvén waves
(Sun et al. 2014) has been widely discussed. Studies of stochastic ion heating have helped
us to understand anomalous ion heating and driving of energetic ion tails, especially the
latter which has an important role in increasing fusion reaction rates (Citrin et al. 2013;
Putvinski, Ryutov & Yushmanov 2019; Han et al. 2022).

The experiments conducted in QUEST (Q-shu university experiment with steady state
spherical tokamak) have shown that the presence of the energetic electrons positively
influences the formation of a closed magnetic surface (Ishiguro et al. 2012). The
experimental work of Wang et al. further supports this finding, demonstrating that the
current carried by energetic electrons plays a dominant role in shaping the closed magnetic
flux surface (Shi et al. 2022; Wang et al. 2022). Thus, achieving a high energetic electron
heating rate is crucial for successful ECW non-inductive current start-up.

In the EXL-50 experiment, a fully non-inductive ECW drive current was observed.
This remarkable progress, highlighted by an amps-to-watts ratio of 1 kA kW−1 (Shi et al.
2022), underscores the importance of energetic electron involvement in driving the plasma
current.

This study presents the first experimental evidence of ECW stochastic heating
in a spherical tokamak. The temporal evolution of HX counts in different energy
bands matches the predictions of the stochastic heating model. Additionally, a positive
correlation between the plasma heating rate and the ECW injection power was observed,
confirming the effectiveness of stochastic heating. Furthermore, the insensitivity of
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the ECW-driven plasma current to the incidence angle contradicts the conventional
understanding in tokamaks (i.e. one-pass absorption near the electron cyclotron resonance
layer) of ECW and indicates the necessity for new models. The findings may motivate
further research and model development for non-inductive current drive and energetic
electron heating in toroidal fusion devices.

2. Experimental results
2.1. The EXL-50 spherical tokamak

The EXL-50 is a medium-sized spherical tokamak without a central solenoid, the major
radius of EXL-50 is approximately 0.58 m, the minor radius is approximately 0.41 m,
BT (at r ∼ 0.58 m) is approximately 0.48 T, and aspect ratio of A >= 1.45. Currently,
the highest plasma current recorded in the experiment is 150 kA. The line integral
electron density is usually 2 ∼ 18 × 1017 m−2, with an electron cyclotron resonance
heating (ECRH) power of approximately 140 kW. The EXL-50 uses two sets of 28 GHz
ECW systems (O-mode) to heat the plasma and drive plasma current (Shi et al. 2022;
Wang et al. 2022). System #1 (source power of gyrotron 50 kW) is mainly used to produce
the initial plasma and to form a closed flux surface, and system #2 (source power of
gyrotron 400 kW) is used to increase the plasma current and sustain the current flattop
for several seconds. Referring to the work of (Ikegami et al. 1973), EXL-50 uses a smooth
metal wall, and observation windows are shielded with 28 GHz shielding materials, and
the distribution of the ECWs in the vacuum chamber is approximately stochastic with
cold plasma (Ikegami et al. 1973). The plasma density is diagnosed using an interferometer
(Li et al. 2021). Energetic electron energy is diagnosed by the HX bremsstrahlung radiation
from the plasma (figure 1a). The HX detectors with improved lead shielding are applied.
Beside the original shielding (10 mm lead +5 mm steel) (Cheng et al. 2021), the CdZnTe
detectors have their own independent 50 mm lead shielding. For this improved shielding
HX system, there are two detectors with a collimator and one blinded detector without
a collimator (figure 1b). For the discharges with plasma current less than 100 kA, the
HX counts of the blinded detector are much small than the detectors with a collimator. A
large number of energetic electron-driven instabilities have be observed in the discharge
of EXL-50 (Wang et al. 2023d,2023b,2023c).

2.2. Density fluctuations
In EXL-50, the bulk electron density and temperature are typically in the range of
4–40 × 1017 m−2 and 10–200 eV, respectively, while the energetic electron temperature is
approximately 100–300 keV (Cheng et al. 2021; Ishida, Peng & Liu 2021; Li et al. 2021;
Guo et al. 2022; Li et al. 2022; Shi et al. 2022; Wang et al. 2022, 2023d). Figure 2(a)
illustrates the relationship between single-pass wave power absorption coefficient and
electron energy, calculated using GENRAY (Smirnov & Harvey 2001) (with a bulk plasma
temperature of 100 eV). The efficiency of single-pass absorption of ECW power by the
plasma is notably low. Moreover, as shown in figure 2(c), the interferometer often observes
significant density fluctuations (Wang et al. 2023a). When the ECW passes through the
plasma, the plasma and its fluctuations can modulate the ECW phase.

Owing to the smooth metal wall and window shielding, the vacuum vessel of the
EXL-50 can be approximated as a shielding cavity. Since the single passing absorption
efficiency of an electron cyclotron wave is so weak in the present low temperature EXL-50
plasmas, the angle and mode of ECW are randomized during the multiple wall reflections.
According to Ikegami et al. (1973), the distribution of ECWs in the vacuum vessel is
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(a) (b)

FIGURE 1. (a) Top view of the EXL-50. Lines of sight of the interferometer and HX diagnostics
are indicated in the figure. The ECW beam is aimed at the centre of the machine when the toroidal
injection angles are 0◦. (b) Typical HX spectra in the forwards, and backwards directions and the
blinded during the flat top phase. The boundary marked is the last closed flux surface (LCFS).

(a) (b)

(c)

FIGURE 2. (a) Relationship between the energy of electrons and wave single passing
absorption rate calculated by GENRAY. (b) Time evolution of HX intensity and (c) density
fluctuations.

approximately stochastic. The stochastic electron acceleration model on EXL-50 may
hold.

2.3. Weak ECW stochastic heating of electrons
When ECW exclusively heat the energy component w perpendicular to the magnetic field
direction, the time evolution of the electron distribution function ( f (t, w)) is described
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by the Fokker–Planck equation, employing the relationship derived by Sturrock (1966),

∂f
∂t

= R
∂

∂w

(
w

∂f
∂w

)
− f

τ
+ Qδ(w), (2.1)

where R is the heating rate, which is positively correlated with the strength of the stochastic
electromagnetic wave electric field and is assumed to be independent of w (Sturrock 1966).
Here Q is the electron source. For the electron energy distribution function obtained from
(2.1), the photon number (η(ε, t)) of the x ray bremsstrahlung emitted by the statistically
accelerated energetic electrons is given by

η(ε, t) = c
ε

∫ ∞

ε

dw√
w

f (t, w)G(w, ε). (2.2)

Here C is a numerical constant, G(w, ε) is the energy-dependent part of the total
cross-section for the bremsstrahlung of photons with energy ε produced by the electrons
with energy w. The time development of the x ray bremsstrahlung photon number due
to the statistically heated (or accelerated) energetic electrons by the stochastic ECW is as
follows (Ikegami et al. 1973):

η(ε, t) ∝ ε−0.5/R
∫ t/〈τ 〉

0
ds s−1e−s ×

∫ ∞

0
du ln(u +

√
u2 − 1) exp

(
− ε

R〈τ 〉
u2

s

)
, (2.3)

where 〈τ 〉 is the average electron energy decay time. Parameters such as 〈τ 〉 and R have
specific ranges: for ‘τ ’ the reasonable range is several to several hundreds of milliseconds;
for ‘R’ the reasonable range is 0.1 to several tens of megaelectronvolts per second (Ikegami
et al. 1973).

To validate the generation of energetic electrons through stochastic heating, the time
evolution of HX counts at different energy bands was analysed. Figure 3 illustrates the
number of x ray bremsstrahlung photons (solid line) and theoretical curves (dotted line) at
different energy bands. Numerical calculations (dotted lines) were performed to compare
the experimental results with the theoretically derived photon numbers at a specific energy,
as described in (2.3). The excellent agreement between the experimental and theoretical
curves confirms the presence of stochastic heating and the generation of energetic electrons
in the EXL-50 experiment. It is worth mentioning that the EXL-50 optimizes the shielding
of the HX system to mitigate the effects of thick target radiation. As a result, the number
of photons within the detection system is reduced, leading to a decrease in the system’s
signal-to-noise ratio. Nevertheless, the basic trend remains reliable and acceptable.

Furthermore, the relationship between ECW input power and heating rate was analysed
under the same gas delivery conditions. The heating rate is plotted as a function of the
input power in figure 4. The plasma heating rate shows a positive correlation with the
applied ECW power, confirming the effectiveness of stochastic heating.

2.4. The ECW-driven plasma current
Figure 5 shows time traces of plasma current Ip (figure 5a) and line-integral electron
density nel (figure 5b) under the same heating power (50 kW) and different ECWs incident
angles on EXL-50. Although the toroidal and poloidal incidence angles of the ECWs
change significantly, the direction and amplitude of the plasma current do not change,
meaning that the direction and amplitude of the plasma current are not sensitive to the
incidence angle. Meanwhile, the direction of plasma current is dominated by BV .
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(a) (b1)

(b2)

(b3)

FIGURE 3. Time evolutions of x ray bremsstrahlung photon numbers of specified energy.
The ECW injection power is approximately 105 kW (a) and 25 kW (b). The solid line is the
measurement result by HX and the dotted line is the theoretical curves.

FIGURE 4. Relationship between heating rate and input ECW power; the heating rate is
displayed as a function of the input power.

Conventional analyses, such as ray tracing codes, reveal that the direction and amplitude
of the plasma current are highly responsive to the angle of the ECW injection, especially
when there is efficient absorption of the ECW through signal passage. The insensitivity
of the ECW-driven plasma current to the incidence angle is in contrast to the conventional
tokamak understanding of the ECW on EXL-50 and implies a requirement for new models.
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(a)

(b)

FIGURE 5. Time traces of Ip (a) and line-integral electron density (b) for different ECW
incidence angles (shots #4946, #4947, #4950 and #4951) and for BV (#14802). The direction and
amplitude of plasma current are not sensitive to the incidence angle. Meanwhile, the direction of
plasma current is dominated by BV .

2.5. Discussion
From the perspective of conventional ECW current-driving physics, stochastic ECW is
not expected to drive the plasma current. However, experimental observations in EXL-50
demonstrate that stochastic ECW can induce remarkably high plasma currents. As the
incident power increases, the plasma current also rises, and the average slope exceeds
1 kA kW−1 (Shi et al. 2022).

Furthermore, a correlation analysis was performed to examine the relationship between
the plasma current, THX, and NehTHX, where THX represents the temperature of HX
emissions within the energy range of (90 ∼ 200 keV) in steady state, and Neh is the
HX flux at the same energy range. In this study, NehTHX was employed to indicate the
qualitative trend of energetic electron pressure. Recent work (Maekawa, Peng & Liu 2023)
has shown that the energetic electron pressure is related to the energetic electrons current.
The results, as depicted in figure 6, demonstrate a positive correlation trend between the
plasma current and Neh ∗ THX during stable plasma current periods.

The observed high heating efficiency of random electromagnetic waves for energetic
electrons, coupled with the asymmetric confinement of phase space for energetic electrons
by background magnetic fields (Yoshinaga et al. 2006; Maekawa et al. 2012), provides a
plausible explanation for the experimental findings. Firstly, the stochastic heating process
generates a large population of energetic electrons. Secondly, considering the collision
damping between bulk electrons and energetic electrons and the instability of the energetic
electron drive (Wang et al. 2023d), the parallel temperature of energetic electrons increases
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(a)

(c)

(b)

FIGURE 6. Dependence of plasma current on (a) THX, (b) Neh × THX and (c) BV . The plot
reveals an approximately positive correlation trend between these parameters and plasma
current.

(Gary & Wang 1996; Yoshinaga et al. 2006; Lvovskiy et al. 2019). Lastly, the asymmetric
confinement of phase space for energetic electrons by magnetic fields induces plasma
currents (Uchida et al. 2010; Maekawa et al. 2012; Takase et al. 2013; Tanaka et al.
2016; Idei et al. 2017; Wang et al. 2022). These mechanisms collectively contribute to
the observed phenomena in the experiment.

3. Summary

In this study, the researchers present the first experimental evidence of stochastic heating
of electrons by random ECWs in a spherical tokamak. The time evolution of HX counts
at various energy bands aligns with the predictions of the stochastic heating model.
Furthermore, the plasma heating rate is shown to be positively correlated with the injected
ECW power. Notably, the ECW-driven plasma current is observed to remain independent
of the ECW incidence angle.

The findings of this research hold significant implications for broad potential
applications in the field of plasma physics and fusion research. Firstly, it introduces a novel
model for ECW heating in toroidal devices, providing crucial insights for understanding
the EXL-50 ECW non-inductive current drive experiment, as well as potential applications
of non-inductive current drive in advanced fusion devices. Secondly, the high efficiency
of energetic electron heating and confinement opens up new avenues for investigating
wave–particle nonlinear interactions in the laboratory. Lastly, the findings have significant
relevance for studying particle acceleration and instability phenomena both in space
plasma and laboratory settings.
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