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Direct observation of mass-dependent collisionless
energy transfer via Landau and transit-time
damping
Katsumi Ida 1,2✉, Tatsuya Kobayashi1,2, Mikirou Yoshinuma1, Kenichi Nagaoka 1,3, Kunihiro Ogawa 1,2,

Tokihiko Tokuzawa1,2, Hideo Nuga1 & Yuto Katoh 4

The energy transfer from wave to particle occurs in collisionless plasma through the inter-

action between particle and wave, associated with the deformation of ion velocity space from

Maxwell-Boltzmann distribution. Here we show the direct observation of mass-dependent

collisionless energy transfer via Landau and transit-time damping in a laboratory plasma. The

Landau and transit-time damping are confirmed by the bipolar velocity-space signature of the

ion velocity distribution function, measured by fast charge exchange spectroscopy with a

time resolution less than ion-ion collision time. The excellent agreement between the reso-

nant phase velocity evaluated from the bipolar velocity-space signature and the wave’s phase

velocity, estimated from the frequency of the magnetohydrodynamics oscillation measured

with the plasma displacement is clear evidence for the Landau damping. The energy transfer

from solitary wave to fully ionized carbon impurity ions is larger than that of bulk ions 2-3

times due to heavier mass.
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Landau damping and transit-time damping are well-known
resonant wave-particle interactions in which energy is trans-
ferred from the wave to ions or electrons in the plasma1–7.

Both Landau damping and transit-time damping result in a net
transfer of energy from the wave to the particles and consequent
damping of the wave. In this experiment, the difference between
Landau damping and transit-time damping is characterized by the
damping rate of the wave. In the Landau damping, the damping rate
is lower than the oscillation frequency, and several cycles of the wave
appear before it damps. The wave-particle interactions occur at a
single resonant frequency. However, the damping rate is higher than
the oscillation frequency and wave damps within one cycle. Then
the Fourier component of the wave has a broad spectrum, and wave-
particle interactions occur at a broadband resonant frequency. The
Landau damping has been observed for ion-acoustic waves8, plasma
waves9–11, solitary wave12, and Alfvén waves13 in laboratory plasma
(linear plasma device) and for kinetic Alfvén waves in heliospheric
plasmas14–16 and magnetosheath plasma17,18. In the Landau and
transit-time damping process, the particles initially moving at
velocities slightly slower than the phase velocity of the wave, gain
energy from the wave, while the particles initially moving at velo-
cities slightly faster than the phase velocity, lose energy to the wave.
Because the number of particles with velocities smaller than the
wave phase velocity is greater than those with velocities larger than
the wave phase velocity in the Maxwell-Boltzmann distribution, this
process results in a decay of the wave amplitude and an increase in
the kinetic energy of particles. In the previous experiment in the
linear plasma device, the wave was excited externally, and the
damping distance of the wave amplitude was measured. Then
the Landau damping process was confirmed by comparing the
damping rate of the wave to the prediction in theory8–11.

Because Landau and transit-time damping are collisionless inter-
actions between particles and waves, the energy transfer is associated
with a distortion of the ion velocity distribution function from the
Maxwell-Boltzmann distribution. Therefore, the measurement of
deformation of the velocity distribution is critical for the identifica-
tion of Landau and transit-time damping19. This non-thermal
deformation is characterized by the simultaneous increase/decrease of
particles with velocities larger/smaller than the resonant phase velo-
city, called a bipolar velocity-space signature13,18. Therefore, obser-
vation of this bipolar velocity-space signature is clear evidence for the
Landau damping and the inverse Landau damping, and the sign of
the bipolar signature is the opposite of these two processes. The
number of particles with velocities larger than the resonant phase
velocity increases (energy transfer from the wave to the particle) for
the Landau/transit-time damping, while the number of particles with
velocities larger than the resonant phase velocity (Methods) decreases
(energy transfer from the particle to the wave) for the inverse
Landau/transit-time damping. The energy transfer between charged
particles and the magnetohydrodynamics (MHD) mode occurs
through the magnetic (grad-B and curvature) drifts and the per-
pendicular electric field20. Magnetohydrodynamic hybrid simulation,
including the kinetic effect, predicts Landau damping and inverse
Landau damping for acoustic modes and MHD modes21–24. Here,
we present the mass-dependent collisionless energy transfer from
solitary wave to multi-species plasma, based on direct measurement
of velocity space on fully ionized carbon impurity ions, C6+, using
fast charge exchange spectroscopy (Methods) with a time resolution
(10 kHz for carbon impurity ions and 2 kHz for bulk ions) less than
ion-ion collision time (~10−3 sec for carbon impurity ions and
~10−2 sec for bulk ions in this plasma).

Results
Characteristics of the MHD event. This experiment was per-
formed in a magnetically confined toroidal plasma heated by

neutral beams (NBs) in the Large Helical Device (LHD) (Meth-
ods). The total plasma β (the ratio of the plasma pressure to the
magnetic pressure) is ~1%. The beam pressure is comparable to
the bulk plasma pressure. When the pressure of trapped energetic
ions injected by deuterium neutral beams exceeds a critical value,
MHD instability with transient large-amplitude magnetic per-
turbation occurs, which is called an MHD burst25–31 (Methods).
The beam pressure is the energy source for exciting waves in the
MHD burst. In the region where the instability is excited (at reff/
a99= 0.79), the electron density is 0.8 × 1019 m−3, and the elec-
tron and the ion temperatures are 2.5 and 2 keV, respectively.
Here reff is the effective minor radius of the plasma, and a99 is the
effective minor radius in which 99% of the plasma kinetic energy
is confined. The amplitude of the magnetic field perturbation
during the MHD burst is measured with toroidal magnetic probe
arrays32 installed inside the vacuum vessel of the LHD.

The Landau damping and transit-time damping are observed
in the plasma when the MHD burst with large amplitude occurs
with deuterium beam injection perpendicular to the magnetic
field. Figure 1a, c, e, g, i shows the characteristics of the discharge
for transit-time, while Fig. 1b, d, f, h, j shows the features of the
shot for Landau damping. The amount of deuterium beam
pressure is monitored by the neutron flux (Methods) measured
with a scintillation detector33. In this experiment, we evaluate the
behavior of beam ions through the measurement of the neutron
flux from the D-D reaction. The TASK/FP code34 estimates that
the beam-thermal reaction contributes 94% of neutron flux.
Therefore, the drop in the neutron emission rate indicates a rapid
decrease of deuterium beam pressure perpendicular to the
magnetic field and is called a trapped particle. The high radio
frequency (RF) intensity, measured with an RF radiation probe35,
shows a sharp increase which is excited by the energetic ions at
the plasma edge36. The simultaneous decrease of neutron
emission and RF intensity increase indicates an abrupt loss of
trapped energetic ions associated with the MHD burst. As seen in
Fig. 1c and d, the neutron flux suddenly drops by ~30% when the

θ

Fig. 1 Plasma discharges with transit-time damping and Landau damping.
Time evolution of a, b central electron temperature, Te(0), and ion
temperature, Ti(0)), c, d neutron emission rate, Sn (purple lines), and radio
frequency (RF) intensity, IRF (blue lines), measured by radio frequency (RF)
radiation probe (ϕ= 121°), e, f magnetic field perturbation at ϕ= 198°,
g, h 0th moment and i, j square root of 2nd moment of the ion velocity
distributions in the discharge with a, c, e, g, i transit-time damping and
b, d, f, h, j Landau damping (#165968 and #165862). The error bars in
a and b are uncertainties of ion temperature measured from line broadening
with charge exchange spectroscopy.
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MHD burst occurs and gradually recovers after the disappearance
of the MHD burst. Therefore, the longer interval further increases
the pressure of the trapped energetic ions at the MHD burst, as
indicated by the more significant neutron emission flux. The
interval between MHD bursts is sensitive to the plasma parameter
such as central ion and electron temperature and becomes longer
when the ratio of ion to electron temperature decreases by
applying electron cyclotron heating (ECH)37.

The amplitude of the magnetic field perturbation during the
MHD burst is ~0.5 mT for transit-time damping and is ~1 mT for
Landau damping; those are much larger than the amplitude of the
magnetic field oscillations observed between the MHD bursts
(0.01–0.1 mT). This is because the amplitude of the magnetic field
perturbation during the MHD burst becomes more substantial
and more prolonged (up to 2 ms) for the Landau damping than
the transit-time damping due to the increase of pressure of
trapped energetic ions during the interval period. Moment
analysis (Methods) is applied to the velocity distribution,
measured by charge exchange spectroscopy, viewing the plasma
toroidally. The energy gain of ions is evaluated by the increase in
the M0M2 value of ion velocity distribution function, f, evaluated
from the intensity of spectrum measured with charge exchange
spectroscopy38. As seen in Fig. 1i and j, the square root of the M2

value of carbon impurity ions increases by 20%, while the M0

value shows a negative spike for the transit-time damping but not
for the Landau damping, associated with the onset of the MHD
burst. The M2 values gradually decay afterward, due to the
collision between carbon impurity and bulk ions.

The MHD burst is triggered by the collapse of a tongue-shaped
deformation, which occurs not at the resonant magnetic flux
surface, the so-called rational surface, but the off-resonant
magnetic flux surface27–29. The unstable wave modes involved
in the wave-particle interactions are different in the case of
Landau and transit-time experiments. This post-cursor wave
mode before the main event (collapse of a tongue-shaped
deformation) is too weak to involve in the wave-particle
interactions for the transit-time damping case but strong enough
to affect the wave-particle interactions for the Landau damping
case. In the case of Landau damping, both the solitary wave
excited by the collapse of the tongue-shaped deformation and the
post-cursor wave appearing after the main event contributes to
the deformation of velocity distribution function via the wave-
particle interactions. In this experiment, we applied ECH to
increase the time interval between two MHD bursts and, more
importantly, increase the amplitude of each MHD burst. The
ECH can reduce the number of MHD bursts but not decrease the
magnitude of MHD bursts if they occur. Therefore, the effect of
ECH increases the threshold of the tongue-shaped deformation
rather than stabilizing MHD instability. The ECH enhances the
magnitude of the post-cursor wave mode, which is strong enough
to cause wave-particle interactions and results in Landau
damping.

Landau damping. Figure 2 shows an expanded view of the
magnetic field perturbation and plasma displacement, measured
by electron cyclotron emission (ECE)39 at reff/a99= 0.83 and
skewness (M3) of ion velocity distribution at reff/a99= 0.79.
Although there is a higher velocity component of ions, especially
bulk ones, due to the slowing down of energetic particles injected
by a neutral beam, this component is too small to be measured
with charge exchange spectroscopy. In this paper, skewness is
used as an indicator of the wave-particle interactions’ impact on
the deformation of ion velocity distribution. In order to increase
the signal-to-noise ratio of the measurement, the conditional
averaging technique (Methods) is applied to magnetic field

perturbation, plasma displacement, and skewness of the ion
velocity distribution function. Here, the sharp increase in radio
frequency (RF) intensity, plotted in Fig. 1d, is used to reference
the onset of the MHD burst. Both the magnetic field perturbation
and the plasma displacement at reff/a99= 0.83, show a feature of
down-chirping from 9 to 2 kHz after the onset of the MHD burst.
The initial mode frequency at the onset of the MHD burst is
determined by a parallel precession of the resonant trapped
energetic ions31. The contour of magnetic field perturbation at
the toroidal angle and in time-space indicates that this magnetic
field perturbation is a rotating mode in the toroidal direction
(nearly parallel to the magnetic field) with a toroidal mode
number n= 1. The skewness,M3 value, is an excellent measure to
quantify the distortion of the ion velocity distribution function
from the Maxwell-Boltzmann distribution. Before the onset of the
MHD burst, the skewness at reff/a99= 0.79 is close to zero, which
indicates that the ion velocity distribution function is Maxwell-
Boltzmann distribution. However, the skewness jumps to 0.2 at
the onset of the MHD burst within 0.1 ms, as seen in Fig. 2f.
Then, the skewness gradually decreases during the down-chirping
of the exciting wave in the plasma in 2 ms. The jump of skewness
from zero to 0.2 indicates the rapid distortion of the ion velocity
distribution function from Maxwell-Boltzmann distribution at
the onset of an MHD burst.

It is well known that distortion of velocity function from
Maxwell-Boltzmann distribution due to Landau damping has a
so-called bipolar velocity-space signature. The bipolar velocity-
space signature is characterized by an increase in the population
of particles with velocities larger than the resonant phase velocity
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Fig. 2 Characteristics of Landau damping. Time evolution of a magnetic
field perturbation, b frequency spectrum power of magnetic field
perturbation, c contour of magnetic field perturbation, d plasma
displacement at reff/a99= 0.83 evaluated from perturbation of electron
temperature, e frequency spectrum power of plasma displacement, and
f skewness of ion velocity distribution function at reff/a99= 0.79 with
conditional averaging with respect to the collapse time of energetic ions, as
indicated by the sharp increase in radio frequency (RF) intensity, plotted in
Fig. 1d. (#164992, #165851, #165859, #165862, #165863, #165943,
#165971, #165977).

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01008-9 ARTICLE

COMMUNICATIONS PHYSICS |           (2022) 5:228 | https://doi.org/10.1038/s42005-022-01008-9 | www.nature.com/commsphys 3

www.nature.com/commsphys
www.nature.com/commsphys


and a decrease in the population of particles with velocities
smaller than the resonant phase velocity. At the onset of the
MHD burst, this bipolar velocity-space signature is clearly
observed. Figure 3a shows the ion velocity distribution, measured
with charge exchange spectroscopy at −0.1 ms before and 0.1 ms
after the onset of the MHD burst, where the skewness value
jumps from zero to 0.2. The difference in ion velocity distribution
between −0.1 ms (before the onset of the MHD burst) and 0.1,
1.0, 1.9 ms after the start of the MHD burst, plotted in Fig. 3b,
shows the clear bipolar velocity-space signature. The distortion of
velocity function from Maxwell-Boltzmann distribution with a
bipolar velocity-space signature is observed only in the direction
parallel to the magnetic field, not in the one perpendicular to it.
This is consistent with the prediction of distortion of velocity
function due to the Landau damping of the wave propagating in
the direction parallel to the magnetic field. The bipolar velocity-
space signature varies during the down-chirping wave excited in
the plasma. The velocity for zero crossings in the bipolar
signature corresponds to the resonant phase velocity of Landau
damping. As seen in Fig. 3b, this resonant phase velocity at reff/
a99= 0.79, decreases in time from 230 to 100 km/s and is within
2 ms after the onset of the MHD burst. The decrease in resonant
phase velocity is due to the change in the frequency of the
exciting wave plotted in Fig. 2b. Since this wave is excited by
helically-trapped-energetic-ions through inverse Landau damp-
ing, the precession frequency of the helically trapped ions
determines the frequency of the exciting wave31. Therefore, the
frequency decrease of the exciting wave is due to the energy

decrease of helically-trapped-energetic-ions, which contributes to
the inverse Landau damping process.

The amplitude of the bipolar velocity-space signature also
decreases in time, especially in a velocity regime smaller than the
resonant velocity. The wave phase velocity (Methods) is evaluated
from the frequency of plasma displacement and the toroidal
mode number of magnetic field perturbation. Figure 3c shows the
relation between the wave’s phase velocity, estimated from the
frequency and mode number of the wave measured with the
plasma displacement, and resonant phase velocity evaluated from
the bipolar velocity-space signature. The relation between wave
phase velocity and resonant velocity is nearly linear, with a
coefficient of 0.97 ± 0.02 and a correlation coefficient of 0.95. The
bipolar signature of the velocity distribution function at the
resonance velocity is evidence of Landau damping. Because
several cycles of the wave appear before it damps, the resonance
velocity should correlate with the wave phase velocity excited in
the case of Landau damping. Therefore, the agreement between
phase velocity and resonant velocity is evidence that the wave-
particle interaction plays an essential role in the case of Landau
damping.

Collisionless energy transfer. There are two processes for caus-
ing the decrease of deuterium beam pressure detected with a
neutron flux. One is the decrease of effective beam energy due to
the collisionless energy transfer from the deuterium beam to bulk
ions. The other is the decrease in beam particles due to the
redistribution in the radial profile associated with the MHD burst.
The collisionless energy transfer can be identified by the simul-
taneous decrease of stored beam energy and increase of stored
bulk ion energy. The decrease of stored beam energy is evaluated
from a drop in the neutron flux. The increase of stored carbon
energy is evaluated by integrating the energy gain (M0M2) over
the minor plasma radius (volume integration).

Figure 4a–c shows the radial profiles of 0th, 1st, and 2nd
moments of ion velocity distribution before and during the MHD
burst. The 0th moment of the ion velocity distribution function is
almost unchanged during the MHD burst. A change in M1 is
observed in the wider region of the plasma at reff/a99 > 0.3. Because
M2>>M

2
1, the increment of carbon energy is evaluated from the

volume integrated M0M2 (in this experiment, M0 is unchanged
even during the MHD burst). In contrast, the 2nd moment M2,
which is equivalent to the kinetic energy of ions, indicates a
significant increase during the MHD burst only at reff/a99 > 0.6.
There is no drop in M2 near the plasma center at reff/a99 < 0.6. It
should be noted that the change in velocity distribution function is
due to the redistribution in velocity space and is not due to the
redistribution in real space. As seen in Fig. 4d, the increase of
stored carbon energy is proportional to the decrease of stored
beam energy at the onset of the MHD burst (<0.1 ms), which
indicates that the decrease of stored beam energy is mainly due to
collisionless energy transfer. In contrast, at the later phase of the
MHD burst (>0.1 ms), there is only a slight increase of stored
carbon energy, despite the continuous decrease of stored beam
energy, which indicates that this decrease is due to the
enhancement of diffusion. Although the carbon impurity
concentration is only 1.5% of the bulk ions, the 3–6% of beam
energy is transferred to the carbon impurity. This fact implies the
higher collisionless energy transfer rate of carbon impurity ions
rather than bulk ions.

Transit-time damping. Figure 5 shows the expanded view of
the magnetic field perturbation and plasma displacement at
reff/a99= .83 and skewness (M3) of ion velocity distribution at
reff/a99= 0.79 for the discharge for transit-time. Both the

τ
τ

δ

τ
τ

τ 

Fig. 3 Resonant velocity of Landau damping. a Distribution function of
ion velocity at reff/a99= 0.79 and at 0.1 ms before (blue circles) and after
(red circles) the onset of MHD (magnetohydrodynamics) burst, b the
difference of velocity distribution function between 0.1 ms before and 0.1 ms
(red circles), 1.0ms (purple circles), 1.9ms (dark blue circles) after the
onset of MHD burst. c relation between the phase velocity of wave
evaluated from the frequency of plasma displacement plotted in Fig. 2e. The
error bars of resonant velocity and wave phase velocity are uncertainties
attributed to an evaluation of zero-cross velocity of bipolar signature and
peak frequency of plasma displacement, respectively. (#164992, #165851,
#165859, #165862, #165863, #165943, #165971, #165977).
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magnetic field perturbation and the plasma displacement at
reff/a99= 0.83 show a solitary wave feature with only one cycle.
There is residual oscillation with small amplitude in the magnetic
field perturbation but not in the plasma displacement. The fre-
quency spectrum power, both the magnetic field perturbation
and the plasma displacement, shows a strong peak at the jump of
RF intensity. The contour of magnetic field perturbation in the
space of the toroidal angle indicates that this residual oscillation
has a toroidal mode number the same as the discharge with
Landau damping. The skewness jumps to 0.2 from zero at the
onset of the MHD event and gradually decreases to zero level
within 1.5 ms. The decay in skewness value is faster than in the
discharge with Landau damping. The time evolution of skewness
indicates that the rapid distortion of the ion velocity distribution
function from the Maxwell-Boltzmann distribution occurs
similarly to the discharge with Landau damping. The distortion
of the ion velocity distribution function associated with the
solitary wave is evidence of transit-time damping.

Figure 6a–d shows the distribution function of ion velocity and
its difference in velocity distribution function before and after the
onset of the solitary wave for carbon impurity ions and bulk ions.
It should be noted that the deformation of phase velocity at the
onset of the solitary wave appears at ~210 km/s, both for carbon
impurity and bulk ions, although the velocity distribution
function of bulk is much broader than that for carbon impurity
ions. The zero-cross phase velocity just after the transit-time
damping represents the resonant phase velocity. The resonant
phase velocity vres normalized by thermal velocity, vth, is 0.4

(vres=vth<1) for the bulk ions and 1.1 (vres=vth � 1) for the carbon
impurity ions. In the Landau damping and transit-time damping,
a larger velocity gradient in the velocity distribution function
contributes to the higher energy transfer rate from wave to ions.
The resonant velocity normalized by the thermal velocity, which
is proportional to the square root of the inverse of atomic mass, is
a crucial parameter in the collisionless energy transfer rate.

This is clear evidence that the deformation of velocity
distribution, known as a bipolar signature, occurs at the
resonance phase velocity, as predicted by Landau and transit-
time damping. Although the bipolar velocity-space signature is
observed both for bulk and carbon impurity ions, there are
significant differences in the time evolution of the zero-cross
phase velocity. The zero-cross phase velocity decreases from 220
to 40 km/s in 2 ms in carbon impurity ions. In contrast, only
slight decreases of zero-cross phase velocity are observed in bulk
ions, as seen in Fig. 6e. Since the solitary wave disappears within
0.2 ms, zero-cross phase velocity decreases due to a relaxation
process after the transit-time damping. The relaxation process,
characterized by the decrease of zero-cross phase velocity, is fast
for carbon impurity ions where the ion-ion collision time scale is
0.8 ms. In contrast, this relaxation process is too slow to be
observed within a few ms for the bulk ions, where the ion-ion
collision time scale is 12 ms. The energy gain is evaluated by the
relative increment of M0M2 integrated only in the positive
velocity from 0 to 2.5vth. Since the M0M2 in the negative velocity
is almost unchanged, the relative energy gain is defined as
(M0M2(v > 0, τ > 0)−M0M2(v > 0, τ < 0))/2M0M2(v > 0, τ < 0).
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The energy gain from solitary wave to carbon impurity ions is
2–3 times larger than that of bulk ions, as seen in Fig. 6f. This
observation clearly shows that the energy transfer from solitary
wave to the particle is higher for the carbon impurity ions with
larger atomic mass (M= 12) than the bulk ions with smaller
atomic mass (M= 1.75) (Methods). This mass dependence in
collisionless energy transfer rate contrasts with the charge-to-
mass ratio dependence in collisional energy transport usually
observed in magnetized plasma. The energy transfer from solitary
wave to carbon impurity ions is larger than that of bulk ions by
approximately the square root of a mass ratio of 7. More
observations of energy gain in the wide range of mass ratios are
necessary to discuss the detailed mass dependence of energy gain.
The mechanism of this mass dependence of energy transfer from
a wave to a particle is also a future study. Collisional energy
transfers from carbon impurity ions to bulk ions in the ion-ion
collision time scale. Therefore, carbon impurity plays a vital role
as a mediator in the collisionless energy transfer from energetic
ions to bulk ions.

Discussion
In collisionless space and astrophysical plasmas, Landau and
transit-time damping are essential processes for energy
transfer17,40. The collisionless energy transfer between distinct
particle populations through two-way wave-particle energy
transfer has been observed in laboratory and space plasma. In the
Earth’s magnetosphere, the Landau damping is observed for
Alfven waves excited by interplanetary shock41, whistler-mode
waves42, and obliquely propagating electromagnetic ion cyclotron
(EMIC) waves43,44. Theoretical studies suggest that both electrons
and ions interact with obliquely propagating EMIC waves
through Landau resonance43,45. Electron heating by EMIC waves
inside the plasmaspheric plume has been reported and explained
by the Landau damping of EMIC waves44. The energy transfer via
wave-particle interaction can occur both at the Landau and
cyclotron resonance. The energy transfer from hot protons to
cold Helium through the cyclotron resonance between an EMIC
wave and ions has been directly confirmed in the Earth’s
magnetosphere46–48. The collisionless energy transfer between
different species is a crucial issue in understanding the energy
balance between species in plasma, regardless of the resonance
process. In this experiment, the energy transfer from trapped
energetic ions to thermalized ions was higher for the species with
heavier mass. The mass dependence of energy transfer from wave
to the particle is crucial to evaluate the energy balance in multi-
species collisionless plasma. Therefore, the mass-dependent col-
lisionless energy transfer observed in this experiment gives new
insight into understanding the acceleration of ions with different
mass, through the interaction between the particle and chirping
wave or solitary wave in space and astrophysical plasmas as well
as in magnetically confined plasma.

Methods
Large Helical Device: experimental device. The Large Helical Device (LHD) is a
heliotron type device for the magnetic confinement of high-temperature plasmas
with a magnetic field, B, of 2.75 T at the magnetic axis in the vacuum field, major,
Rax, and effective minor radius reff, of 3.6 m and 60–65 cm, respectively. The LHD
is equipped with five neutral beams (NBs), and three of them are injected in the
direction parallel to the magnetic field, and two are injected perpendicular to the
magnetic field. The central electron and ion temperatures are 4 and 6 keV,
respectively, and the central electron density is 1 × 1019 m−3. In this experiment,
the beam species of three parallel NBs are hydrogen, the beam species of two
perpendicular NBs are deuterium, and neutrons are mainly created by the reaction
between the perpendicular beams and plasma. The fraction of hydrogen and
deuterium ions is measured by spectroscopy. The bulk ions are mainly deuterium,
but the parallel beams cause hydrogen contamination (~25%). Therefore, the
average mass of a bulk ion is 1.75. Therefore, the amount of trapped energetic ions
injected by perpendicular deuterium NBs is monitored by the neutron flux, mea-
sured with a scintillation detector30. The RF intensity measured with an RF
radiation probe32 is widely used as a timing indicator for the energetic ion loss
from the plasma. The jump of RF intensity measured with 880MHz at a toroidal
angle of ϕ= 121° is used for conditional averaging as a reference time for the onset
of the MHD burst. Charge exchange spectroscopy35 is used to measure ion velocity
distribution along the line of sight. There are two lines of sight, one is parallel to the
magnetic field, and the other is perpendicular to the magnetic field. The magnetic
probes are installed inside the vacuum vessel at toroidal angles of 18°, 90°, 126°,
198°, 270°, and 342°. The intensity of the electron cyclotron emission (ECE)36 is
proportional to the plasma electron temperature, Te. The ECE diagnostic is located
at a toroidal angle of 198°. Because the plasma electron temperature is constant on
a magnetic field line, the perturbation of the equi-temperature plasma surface is
equivalent to the perturbation of the magnetic flux surface. Therefore, the per-
turbation of the magnetic field inside the plasma can be measured from the dis-
placement of the equi-temperature plasma surface as −δTe/∇ Te, where δTe is the
temperature fluctuation in the frequency range of 1–10 kHz and∇ Te is the quasi-
state (<40 Hz) temperature gradient.

Beam pressure evaluated from neutron flux. We estimate the amount of stored
beam energy by measuring the neutron emission rate from the D-D reaction.
Although the thermal-thermal fusion reaction could be dominant in tokamaks, the
beam-thermal reaction is dominant in LHD plasmas. In the experiment, the
neutron rate does not depend much on the density and temperature of bulk ions
but strongly depends on the stored deuterium beam energy. The neutron emission
rate Sn is proportional to the product of the number of beam ions (n) and cross-
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blue circles and lines) for a carbon impurity ions and for b bulk ion and the
difference of velocity distribution function before and 0.15ms (red),
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section 〈σv〉, which strongly depends on the beam velocity (v). The beam energy
can be expressed as (1/2)mv2, where m is beam mass. The relation between beam
energy Enbi [=(1/2)mv2] and neutron emission rate Sn is calculated using the
simulation code, TASK/FP31. Neutrons are mainly created by the reaction between
perpendicular beams and plasma. Therefore, the drop in the neutron emission rate
indicates a change in beam energy Enbi, due to the inverse Landau damping and a
change (enhancement) in beam ion losses. The decrease of stored beam energy is
evaluated from a decrease in the neutron emission rate, using the relation between
the emission rate and beam energy, calculated by the simulation code TASK/FP.

Fast charge exchange spectroscopy. In high-temperature plasmas, the spectral
lines have broadened due to the Doppler effect caused by a distribution of velocities of
ions. In laboratory plasma, charge exchange spectroscopy is commonly used to
measure the local ion temperature and flow velocity by fitting the velocity distribution
function, f, to a Gaussian profile. The charge exchange spectroscopy provides a local
measurement at the intersection between the line of sight and the line of neutral beam
injected. The intensity of the spectrum is simply proportional to the number of ions
with the velocity corresponding to the Doppler shift, and this spectroscopy gives a
local velocity distribution function in plasmas. In this experiment, charge exchange
spectroscopy is used to measure the distortion of velocity distribution function δf
fromMaxwell-Boltzmann distribution (Gaussian profile). In a steady-state condition,
the velocity distribution function is Maxwell-Boltzmann distribution, due to ther-
malization through ion-ion collision. Therefore, the time resolution of velocity dis-
tribution function measurements should be shorter than the ion-ion collision time
scale (~10−3 sec for carbon impurity ions and ~10−2 sec for deuterium ions in this
plasma). The fast charge exchange spectroscopy developed for this experiment
consists of a high throughput spectrometer with lens, image intensifier, and fast
camera and provides the local velocity distribution at a frequency of 10 kHz for
carbon impurity ions and 2 kHz for bulk ions. The integration time for the ion
velocity distribution function measurements is 0.1ms for carbon impurity ions and
0.5ms for bulk ions. The pixel resolution of the velocity measurements is 12 km/s for
carbon impurity ions and 10 km/s for bulk ions.

MHD burst. The modes excited by the MHD instability can be categorized as low-
frequency shear Alfvén eigenmodes mode-driven energetic ions.49 Although the
parallel electric field to themagnetic field is zero in the ideal MHD, the energy transfer
between charged particles and Alfvén eigenmodes take place through the magnetic
(grad-B and curvature) drifts and the perpendicular electric field20. Although it is not
easy to identify the unstable modes in the toroidal plasma because of the complexity
of three-dimensional geometry, the characteristics of the unstable mode are clarified
in the experiment. The MHD burst is triggered by the collapse of a tongue-shaped
deformation, which occurs not at the resonant magnetic flux surface, the so-called
rational surface, but at the off-resonant magnetic flux surface27–29 The tongue
deformation is radially, poloidally, and toroidally localized and cannot be expressed
with a mode number, which is usually used in the simulation. After the collapse of the
tongue-shaped deformation, theMHD burst with the n/m= 1/1 mode starts to rotate
toroidally with a frequency of ~10 kHz. Here n andm are toroidal and poloidal mode
numbers, respectively. The pre-cursor wave mode before themain event (collapse of a
tongue-shaped deformation) has an n/m= 1/1 mode number and interchange parity
in radius (even parity: in-phase across the rational surface). It is identical both for
Landau and transit-time damping cases. In contrast, after the main event, the post-
cursor wave mode has the n/m= 1/1 mode number but tearing parity in radius (odd
parity: out-of-phase across the rational surface)28. This post-cursor wave mode is
much weaker than the solitary wave excited by the collapse of tongue-shaped
deformation in the case of transit-time damping. In contrast, this post-cursor wave
mode is stronger than the solitary wave in the case of Landau damping. Because of the
difficulty of including this trigger mechanism in the simulation, no theoretical and
numerical work can derive reasonable expectations of power transferred from
energetic ions to impurity ions.

Estimate of resonant and wave phase velocity. In the Landau damping process,
the particles initially moving at velocities slightly slower than the phase velocity of
the wave gain energy from the wave, while the particles initially moving at velo-
cities slightly faster than the phase velocity, lose energy to the wave. Because the
number of particles with velocities smaller than the wave phase velocity is greater
than those with velocities larger than the wave phase velocity in the Maxwell-
Boltzman distribution, this process results in the decay of the wave amplitude and
the increase of kinetic energy of particles. The increase of the kinetic energy of a
particle can be observed with the bipolar signature of the ion velocity distribution
function, where the simultaneous increase/decrease of the ion population with the
phase velocity larger/smaller than the resonant velocity appears. The resonant
phase velocity of Landau damping is evaluated from the zero crossings velocity in
the bipolar signature, observed in the ion velocity distribution, measured with fast
charge exchange spectroscopy. The phase velocity of the wave ω/k∥ is evaluated
from the oscillation frequency, f= ω/(2π), and the wavenumber, k∥= n/R, where R
is the major radius and n is the toroidal mode. Because the ECE diagnostic is
installed only at one toroidal location (ϕ= 198°), the toroidal mode number of the
MHD burst cannot be evaluated from the ECE measurement. The estimate of the
toroidal mode number requires diagnostics with an array distributed in the toroidal

direction. The toroidal mode number is evaluated from the phase shift of the
toroidal magnetic probe array. The magnetic field perturbations at 90° and 270° are
out of phase, which indicates that the toroidal mode number is odd. The contour of
the power in time and toroidal angle clearly shows that the toroidal mode number
n= 1. The major radius R, where the wave is excited, is 4.25 m. The frequency of
the magnetic field perturbation and the phase velocity decrease from 9 to 2 kHz
and from 230 to 50 km/s, respectively, within 2 ms.

Moment analysis of ion velocity distribution function. The distortion of ion
velocity distributions from the Maxwell-Boltzmann distribution is evaluated
quantitatively, using moment analysis of the ion velocity distribution function. The
moment analysis is a valuable tool to evaluate the contribution of the non-Maxwell
component of the velocity distribution function. The 0th, 1st, 2nd, and 3rd
moments of the ion velocity distributions are defined as

M0 ¼
Z

f ðvÞdv; ð1Þ

M1 ¼
1
M0

Z
vf ðvÞdv; ð2Þ

M2 ¼
1
M0

Z
v �M1

� �2
f ðvÞdv; ð3Þ

M3 ¼
1

M0M
3=2
2

Z
v �M1

� �3
f ðvÞdv: ð4Þ

Here, M0 corresponds to the number density of the species. When the velocity
function f(v) is Maxwell-Boltzmann distribution, each moment becomes M1=Vs,
M2 ¼ V2

th=2 ¼ Ti=mI ,M3= 0, where Vs is the projection of the flow velocity to the
line-of-sight, Vth is thermal velocity, Ti is the ion temperature, and mI is the ion
mass. The 3rd moment, M3, the so-called skewness, is a good measure for the
asymmetric distortion of velocity distribution from Maxwell-Boltzmann
distribution in the Landau damping. In this experiment, the moment of ion
velocity distribution is evaluated up to 4. A moment as high as five is not detectable
in this experiment. Before the onset of the MHD event, the 3rd moment, M3,
(skewness), is zero, and the 3rd moment, M4, (kurtosis), is three within the error
bars, showing that the ion velocity distribution is nearly Maxwellian thermal
velocity distribution. When the skewness becomes non-zero, the value of the ion
temperature, Ti, cannot be determined by Gaussian fitting of the spectrum in
velocity space. Therefore, the product of M0 and M2 is used as a measure of the
energy of carbon impurity ions and bulk ions.

Conditional averaging technique. The precise measurements of the ion distribu-
tion function, especially distortion from Maxwell-Boltzmann distribution, require a
high signal-to-noise ratio (S/N). On the other hand, a high time resolution is also
required for this study because of the rapid change in velocity distribution by the
MHD burst. Because the S/N is always a trade-off of the time resolution of the
measurements, conditional averaging is a powerful tool to improve S/N in the
measurement, especially for a repeated event such as theMHD burst. The conditional
averaging for an arbitrary time-dependent function Ψ(t,⋯ ) is defined as

�Ψðτ; � � �Þ ¼ 1
N

∑
N

i¼1
Ψðti þ τ; � � �Þ ð5Þ

where the value ti indicates the ith time where trigger events occur, N is the total
number of events, and τ is the relative time with respect to the sharp increase of the
RF intensity. In the present application, Ψ(t,⋯ ) is either Bθ(t), ξ(t), or f(t, v). Con-
ditionally averaged signals �BθðtÞ and �ξðtÞ are then decomposed in the time-frequency
space by Morlet wavelet analysis. Moments of conditionally averaged velocity dis-
tribution function �f ðt; vÞ are also calculated according to Eqs. (1)–(4) above. All of the
MHD burst events with similar discharge (~10 shots) are accumulated for the con-
ditional averaging in this study.

Data availability
The datasets generated during and/or analyzed during the current study are available in
the Large Helical Device (LHD) data repository server of the National Institute for
Fusion Science (NIFS) at https://www-lhd.nifs.ac.jp/pub/Repository_en.html.
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