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In collisionless space and astrophysical plasmas, Landau and transit-time damping are 

essential processes for energy transfer [1]. The energy transfer from wave to particle occurs in 

collisionless laboratory plasma through the interaction between particle and wave, associated 

with the deformation of ion velocity space from Maxwell-Boltzmann distribution [2]. We 

present the direct observation of mass-dependent collisionless energy transfer via Landau and 

transit-time damping in a laboratory plasma. Figure 1(a) shows ion velocity distribution 

measured by fast charge exchange spectroscopy with a time resolution less than ion-ion 

collision time. The deformation of ion velocity space from Maxwell-Boltzmann distribution is 

clearly observed at 0.1ms after the onset of magnetohydrodynamics (MHD) burst. The 

Landau and transit-time damping are 

confirmed by the bipolar velocity-space 

signature of the ion velocity distribution 

function, as seen in Figure 1(b). The 

excellent agreement between the decrease of 

resonant phase velocity evaluated from the 

bipolar velocity-space signature and the 

wave’s phase velocity, estimated from the 

chirping down burst frequency of the MHD 

oscillations measured with the plasma 

displacement, is clear evidence for the 

Landau damping.  

 
Reference  

[1] C. Chen, et. al, Nat. Commun. 10, 740 (2019). 

[2] K.Ida et. al., Commun. Phys. 5, 228 (2022). 

 

Fig.1 (a) Distribution function of ion velocity at 0.1 

ms before (blue circles) and after (red circles) the 

onset of MHD burst, (b) the difference of velocity 

distribution function between 0.1 ms before and 

0.1ms (red circles), 1.0 ms (purple circles), 1.9 ms 

(dark blue circles) after the onset of MHD burst.  

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
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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).

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

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


