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A distorted Maxwell-Boltzmann distribution of epithermal ions is observed associated with the
collapse of energetic ions triggered by the tongue shaped deformation. The tongue shaped defor-
mation is characterized by the plasma displacement localized in the toroidal, poloidal, and radial
directions at the non-rational magnetic flux surface in toroidal plasma. Moment analysis of the ion
velocity distribution measured with charge exchange spectroscopy is studied in order to investigate
the impact of tongue event on ion distribution. A clear non-zero skewness (3rd moment) and kur-
tosis (4th moment -3) of ion velocity distribution in the epithermal region (within three times of
thermal velocity) is observed after the tongue event. This observation indicates the clear evidence
of the distortion of ion velocity distribution from Maxwell-Boltzmann distribution. This distortion
from Maxwell-Boltzmann distribution is observed in one-third of plasma minor radius region near
the plasma edge and disappears in the ion-ion collision time scale.

PACS numbers:

I. INTRODUCTION

The energetic particle driven MHD instabilities have
been studied intensively in nuclear fusion research [1–
4]. The understanding of the mechanism of this MHD
instability and its impact on the bulk plasma are impor-
tant in order to sustain the stable discharge with a sig-
nificant amount of energetic particles in the plasma. It
will be essential for the plasma in future devices such
as ITER, where a significant amount of energetic al-
pha particles are produced. Various energetic particle
driven MHD instabilities have been observed in heliotron
plasmas [5, 6]. Associated with the energetic particle
driven MHD bursts, the loss of energetic particles are
also observed [7, 8]. The impact of the energetic particle
driven MHD bursts on bulk plasmas has been also stud-
ied [9, 10]. However, there are few experimental results
reported on the impact of these MHD instabilities on ion
velocity distribution of bulk ions.

Recently a tongue-shaped deformation [11, 12] was
observed just before the MHD bursts [10, 13]. The
tongue-shaped deformation is characterized by a large
displacement of equi-temperature surface localized in
the toroidal, poloidal, and radial directions at the non-
rational magnetic flux surface in the short time of ∼ 100
µ sec. The tongue-shaped deformation appears in the
relatively low density plasma with perpendicular neu-
tral beam injection, where the significant amount of en-
ergetic trapped ions exist especially close to the neu-
tral beam injection port. In this experiment, it was
demonstrated that the tongue-shaped deformation trig-
gers the loss of energetic particles and the distortion
from Maxwell-Boltzmann distribution of carbon impu-

rity ions. The distortion from Maxwell-Boltzmann dis-
tribution may cause the uncertainty in the evaluation
of ion temperature and plasma flow velocity from car-
bon impurity using the charge exchange spectroscopy,
where the Maxwell-Boltzmann distribution is assumed
[10]. Therefore, quantitative evaluation of the distortion
from Maxwell-Boltzmann distribution is necessary in or-
der to understand the impact of energetic particle driven
MHD bursts on bulk plasmas.

In this paper, the distortion of ions from Maxwell-
Boltzmann distribution is quantitatively evaluated as a
magnitude of skewness and kurtosis in space and time
by using the moment analysis technique. The time pe-
riod and region in the plasma where the distortion of
ions from Maxwell-Boltzmann distribution appears are
described. The distortion is associated with the loss of
energetic ion indicated by the jump of intensity of the
RF probe. The radial profiles of each moment of ion dis-
tribution and the change in radial electric field due to
the energetic ion loss are presented and the impact of
the distortion on the ion temperature and flow velocity
measurements are discussed.

II. DISTORTION OF EPITHERMAL IONS
FROM MAXWELL-BOLTZMANN

DISTRIBUTION

The Large Helical Device (LHD) is a Heliotron-type de-
vice equipped with three tangential neutral beams with
a beam energy of 160 - 180 keV and two perpendicular
beams with a beam energy of 40 -50 keV. The charge ex-
change spectroscopy system has been installed in LHD to
provide the radial profiles of ion temperature and toroidal
rotation velocity of carbon impurity [14]. The charge ex-
change spectroscopy system used in this experiment gives
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FIG. 1: Time evolution of (a) displacement of the plasma at
reff/a99 = 0.77, (b) RF intensity at 880 MHz measured with
RF radiation probe, (c) magnetic field Bθ at toroidal angle of
ϕ = 198◦, and (d) contour of spectra of charge exchange line
of carbon impurity at reff/a99 = 0.79.

the ion velocity distribution parallel to the magnetic field
with a high time resolution of 0.8 ms and with spatial res-
olution of 36 channels from the magnetic axis (Rax = 3.6
m) to plasma edge (R = 4.6 m). When the two perpen-
dicular beams are injected into the plasma with relatively
low density of 0.5 - 1.2 × 1019m−3, the MHD bursts ap-
pear associated with the enhancement of high frequency
RF signals.

Figure 1 shows time evolutions of displacement of the
plasma at reff/a99 = 0.77, RF intensity at 880 MHz mea-
sured with RF radiation probe at (ϕ = 121◦), magnetic
field Bθ at toroidal angle of ϕ = 198◦ and contour of
spectra of charge exchange line of carbon impurity. Here
the displacement of the plasma is calculated from the
high frequency (1 - 10 kHz) change in temperature and
quasi-state temperature gradient (< 40 Hz) measured
with ECE. The spikes of the displacement exceeding 2 cm
at non-rational surface at reff/a99 = 0.77 are the indica-
tion of tongue events [13]. The RF radiation probes are
widely used as a timing indicator for the energetic ion loss
from the plasma[15, 16], because RF probe has high time
resolution and high sensitivity to the instability excited
by the loss of energetic ions at the plasma edge [17, 18].
Associated with the tongue events, abrupt loss of ener-
getic ions, MHD bursts and the red shift of the charge
exchange line of carbon impurity are observed. Here,
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FIG. 2: Velocity distribution of carbon ions before (t = 4.8475
sec) and after (t = 4.8495 sec) the tongue event measured
with charge exchange spectroscopy at (a) reff/a99 = 0.64 (R
= 4.124m), (b) reff/a99 = 0.79 (R = 4.261m), (c) reff/a99 =
0.92 (R = 4.401m), and (d) reff/a99 = 1.0 (R = 4.530m).

the red shift corresponds to the negative velocity which
is the flow velocity in the direction anti-parallel to the
equivalent plasma current which produces the poloidal
magnetic field (coubter-direction). In this discharge, two
parallel NBIs and two perpendicular NBIs are injected
into the plasma. The magnetic field is 2.7 T and the
major, Rax and effective minor radius reff are 3.6 m and
0.62 m, respectively. The plasma density is 0.55 × 1019

m−3 and the central electron and ion temperatures are 4
keV.

As seen in the velocity distribution of ions before and
after the tongue events in figure 2, the decrease and in-
crease of ion population are observed in the epithermal
velocity range, which is one to two and one-half times
of thermal velocity (1 - 2.5 Vth). Here the decrease is
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called ”dent,” while the increase of population is called
”swell.” The ”dent” appears in the positive velocity (co-
traveling ions) and more significant in the plasma core at
reff/a99 = 0.64 and 0.79. In contrast, the ”swell” appears
in the negative velocity (counter-traveling ions) and more
significant near the plasma edge at reff/a99 = 0.92 and
1.0. The simultaneous change in the population of carbon
ions both in co-traveling (V > 0) and counter-traveling
(V < 0) particles are observed at reff/a99 = 0.79.

Although the swell structures at reff/a99 = 0.92 and
1.0 clearly exceed the noise level, the dent structures at
reff/a99 = 0.64 and 0.79 are close to the noise level in the
spectra of one time slice. Therefore, further quantitative
systematic analysis using conditioning averaged momen-
tum analysis is necessary in order to identify the dis-
tortion of epithermal ions from the Maxwell-Boltzmann
distribution.

III. MOMENT ANALYSIS TECHNIQUE

In order to evaluate the magnitude of this distortion
quantitatively, the moment analysis is applied to the ve-
locity distribution measured with charge exchange spec-
troscopy viewing the plasma toroidally. The 0th to the
4th moment of ion velocity distributions are defined as

M0 =

∫
f(v)dv (1)

M1 =
1

M0

∫
vf(v)dv (2)

M2 =
1

M0

∫
(v −M1)

2f(v)dv (3)

M3 =
1

M0M
3/2
2

∫
(v −M1)

3f(v)dv (4)

M4 =
1

M0M2
2

∫
(v −M1)

4f(v)dv. (5)

When the velocity function f(v) is Maxwell-Boltzmann
distribution, each moment becomes M1 = Vs, M2 =
V 2
th/2, M3 = 0, M4 = 3, where Vs and Vth are the pro-

jection of the flow velocity to the line-of-sight (mainly
toroidal direction) and thermal velocity, respectively.
Therefore, the finite values of skewness and M3 and kur-
tosis (M4−3) exceeding the noise level are clear evidence
of distortion from Maxwell-Boltzmann distribution.

In order to improve the signal to noise ratio, the con-
ditional averaging with respect to the time of RF sharp
increase is applied for the series of MHD bursts (∼ 30
events) in the time period (∼ 1 sec) during which two
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FIG. 3: Contour of (a) the 1st moment, (b) square root of the
2nd moment, (c) the 3rd moment, and (d) the 4th moment of
ion velocity distribution of carbon at the tongue event.

tangential neutral beams and two perpendicular beams
are injected into the plasma. Figure 3 shows the contour
of each moment of ion velocity distribution in time at the
collapse of energetic ions indicated by the sharp increase
of the RF radiation probe signal at (ϕ = 121◦). Here τ is
the relative time of the event with respect to the time of
sharp increase of the RF radiation probe signal. The ma-
jor radius of magnetic axis and plasma edge are 3.7m and
4.5m, respectively. The changes in 1st and 2nd moments
of ion velocity distribution start at R = 4.2m, where the
large displacement of the plasma is observed, and fast
propagation inward and outward are also observed. The
decrease of 1st moment of ion velocity distribution are
observed in the wide region plasma (R > 3.9 m) with 3 -
5 ms after the sharp increase of RF intensity. The sharp
increases of 2nd moment of ion velocity distribution are
observed at each burst and the sharp increases are more
visible near the plasma edge. This change in ion velocity
distribution also gives an apparent increase of thermal
velocity.

The change in 3rd and 4th moments of ion velocity
distribution are not so clear compared with the change
in 1st and 2nd moments of ion velocity distribution. The
sudden decrease of 3rd moment of ion velocity distribu-
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(d)FIG. 4: Time evolution of (a) 1st moment (M1), (b) square
root of 2nd moment (M2), (c) 3rd moment (M3), and (d)
4th moment (M4) - 3 of ion velocity distribution of carbon
at reff/a99 = 0.8, at the tongue event. Here τ is the relative
time of the event respect to the time of the sharp increase of
RF intensity.

tion is observed near the plasma edge (R > 4.2m) and the
time period of the decrease is 1 - 3 ms. This decrease indi-
cates that the ion distribution is distorted from Maxwell-
Boltzmann distribution. The magnitude of the distortion
increases toward the plasma edge and the duration of the
distortion is 1 - 3 ms and becomes longer near the plasma
edge. There is a minute decrease in magnitude and time
of the 4th moment of ion velocity distribution, although
the decrease is not clear in the contour plot.

Figure 4 shows the time evolution of each moment with
the average in space (3 data points) and time (8 data
points) at reff/a99 ∼ 0.8, where the large displacement
of the plasma appears as the tongue deformation event.
The error bars indicated in figure 4 (a)-(d) and figure

5 (a)-(d) are defined as σ/
√
N , where σ is a standard

deviation of N data points averaged and N = 24 (3 ×
8). The 1st moment of ion velocity distribution is 25
km/s, which corresponds to the toroidal rotation velocity
in co-direction. After the tongue event, the 1st moment
decreases by 35 km/s and becomes negative (-10 km/s)
within 1 ms. This is due to the simultaneous decrease

of co-traveling particles and increase of counter-traveling
particles. The square root of the 2nd moment of ion
velocity distribution is 127 km/s, which corresponds to
the thermal velocity of 180 km/s. The change in the 1st
moment of ion velocity distribution is 20 % of thermal
velocity. The 3rd moment of ion velocity distribution
shows the sharp decrease after the tongue event and M3

falls below -0.1. However, it returns to zero within 2 ms,
which is much shorter than the recovery time of the 1st
moment of ion velocity distribution. The signal to noise
ratio is improved especially for the 4th moment and (M4-
3) falls below -0.2 after the tongue event, and returns to
zero within 2 ms, which is also shorter than the recovery
time of square root of the 2nd moment of ion velocity
distribution. These data show that the change of the
1st moment and the 2nd moment of ion distribution (ap-
parent velocity and apparent ion temperature) is due to
the relaxation of the distortion from Maxwell-Boltzmann
distribution, which is identified by the sharp and short
decrease of M3 and M4-3.

IV. PROFILES OF EACH MOMENT AND
RADIAL ELECTRIC FIELD

Figure 5 shows the radial profiles of each moment with
the average in space (3 data points) and time (8 data
points) 0.4 ms before and 0.6 ms after the tongue defor-
mation event. The radial profiles of the radial electric
field before and after the tongue event are also plotted.
The distortion from Maxwell-Boltzmann distribution is
observed in the outer half of the plasma minor radius of
reff/a99 > 0.6 as indicated by the decrease of the 3rd
and the 4th moments of ion velocity distributions. The
distortion magnitude increases as the minor radius is in-
creased and becomes maximum at the plasma edge of
(reff/a99 = 1). Although the value of the square-root
of the 2nd moment (which is equivalent to thermal ve-
locity of ion in Maxwell-Boltzmann) increases after the
collapse, its radial gradient even decreases in the whole
plasma region inside LCFS. The increase of the 2nd mo-
ment of ion distribution is due to the thermalization of
the non-Maxwell-Boltzmann distribution of ions. It is in-
teresting that the change in the 1st and the 2nd moments
due to this collapse event extends to the plasma center,
while the distortion from Maxwell-Boltzmann distribu-
tion is only outer region of the plasma. The distortion
from Maxwell-Boltzmann distribution is localized in time
and space, but the effect (change in the 1st and the 2nd
moments) extends longer in time and becomes wider in
space due to the thermalization of ions with non-Maxwell
distribution.
As seen in figure 5, both the 3rd and 4th moments (M3

and M4-3) become zero 2.7 ms after the collapse, which
indicates that the ion distribution becomes Maxwell-
Boltzmann distribution by the thermalization. However,
the radial profiles of 1st and 2nd moment at 2.7 ms dif-
fer from that before the collapse (-0.4ms). This result
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FIG. 5: Radial profile of (a) 1st moment (M1), (b) square root
of 2nd moment (M2), (c) 3rd moment (M3), (d) 4th moment
(M4) - 3 of ion velocity distribution of carbon 0.4ms before
and 0.6ms and 2.7ms after the collapse, and (e) radial electric
field 2.5ms before and 2.5ms after the tongue event.

shows the decrease in toroidal rotation velocity and in-
crease of ion thermal velocity (ion temperature) observed
at t = 2.7 ms is due to the thermalization of the dis-
torted Maxwell-Boltzmann distribution at t = 0.6 ms.
At t = 2.7 ms, the increase of the ion thermal velocity at
reff/a99 = 0.8 disappears, and the increase of the edge ion
thermal velocity at reff/a99 = 1 remains. The gradient
of thermal velocity near the edge (reff/a99 = 0.8 − 1.0),
where the negative radial electric field appears, becomes
smaller after the collapse of energetic ions. It is also inter-
esting that the shift of mean flow velocity (toroidal flow
velocity) is almost unchanged in the short time period of
2.7 ms after the collapse.

The radial profiles of the radial electric field are mea-
sured with charge exchange spectroscopy before and af-
ter the tongue event in the region where the distortion
from the Maxwell-Boltzmann distribution is observed.
After the tongue event, this positive radial electric field
decreases and even changes its sign to negative due to

the loss of energetic ions from the perpendicular NBI.
The change in the radial electric field from positive to
nearly zero near the plasma edge is consistent with the
radial electric field inferred from the perpendicular veloc-
ity measured with doppler reflectometor [13] and heavy
ion beam probe (HIBP) measurements [10].
The orbit of trapped ion is sensitive to the radial elec-

tric field and the positive radial electric field prevents the
orbit loss of trapped ion in helical plasmas. The disap-
pearance of the positive radial electric field is a strong
candidate for causing the loss of epithermal trapped car-
bon ions measured with charge exchange spectroscopy.
The change in radial electric field and poloidal rotation
velocity is localized near the plasma edge and has a max-
imum value at reff/a99 > 0.9, while the change in the 1st
moment (which is equivalent to toroidal rotation velocity
of ion in Maxwell-Boltzmann) is wider and has a maxi-
mum value at reff/a99 > 0.7.
It should be noted that the ion species in which the

distortion from Maxwell-Boltzmann distribution is ob-
served is carbon impurity and not the bulk ion during the
slowing down process of energetic particles from NBI. In
order to investigate the mechanism causing the tongue-
shaped deformation, which triggers the loss of energetic
ions, it is necessary to measure the velocity distribution
of bulk ions. The distortion from Maxwell-Boltzmann
distribution of carbon impurity is speculated to be the
result of flattening or of decrease of the gradient of ep-
ithermal trapped ions associated with the rapid change
in the radial electric field due to the loss of energetic bulk
ions. The detailed mechanism that causes the distortion
fromMaxwell-Boltzmann distribution of carbon impurity
is discussed in the next section.

V. DISCUSSION AND SUMMARY

The parameter regime in which the distorted Maxwell-
Boltzmann distribution of epithermal ions is observed
and the possible mechanism causing this distortion are
discussed in this section. This distortion is observed only
in the low density (< 1.2 × 1019m−3) with two perpen-
dicular NBIs. No distortion is observed in the plasma
with one perpendicular NBI. The changes in the 3rd mo-
ment (-∆M3) and the 4th moment (-∆M4) of ion ve-
locity distribution are significantly large at the low den-
sity of 0.5×1019m−3 and decrease as the electron den-
sity is increased as seen in figure 6. Here ∆M3 and
∆M4 are given as ∆M3 = M3(t=+0.6ms)-M3(t=-0.4ms)
and ∆M4 = M4(t=+0.6ms)-M4(t=-0.4ms), respectively.
At the line averaged electron density of 1×1019m−3, the
changes in 3rd and 4th moments are still present but are
relatively small (≤ 0.1). The magnitude of the change in
the 3rd and 4th moments is less sensitive to the number
of parallel NBIs, which implies that the mechanism caus-
ing the distorted Maxwell-Boltzmann can be attributed
to the trapped ions with banana orbit rather than the
passing ions of the NBI.
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The center of the banana orbit of co-traveling particle
is located on the inner side of the line of sight. On the
other hand, the center of the banana orbit of counter-
traveling particle is located one the outer side of the line
of sight. Therefore, the decrease of trapped particle gra-
dient results in a simultaneous decrease of co-traveling
particles and an increase of the counter-traveling parti-
cles, and the decrease of 1st moment. The flattening of
trapped ion gives the decrease of the 1st moment of ion
distribution and an apparent increase of plasma flow ve-
locity in the counter-direction.

The tongue deformation triggers the collapse of ener-
getic ions detected by the sharp increase of RF intensity
and the abrupt change in radial electric field and poloidal
rotation velocity measured with charge exchange spec-

troscopy. The radial electric field is positive before the
collapse of energetic ions and the MHD burst (stationary
m/n=1/1 mode and tongue deformation phases), but it
changes its sign to negative. The finite skewness and
kurtosis are observed in the outer half of the plasma only
within 1 - 2 ms after the collapse of energetic ions indi-
cated by the sharp increase of RF intensity. The distor-
tion of ion from Maxwell-Boltzmann distribution disap-
pears due to the thermalization process in the collision
time scale between bulk ion and carbon impurity ions of
∼ 1 ms. Therefore, the measurements of ion temperature
and flow velocity are not affected by the distortion from
Maxwell-Boltzmann distribution 2 ms after the RF in-
tensity sharp increase. After this thermalization process,
the decreases of thermal velocity (and ion temperature)
gradient and toroidal flow shear are observed as an im-
pact of tongue event on bulk plasma parameters.

There are similarities between the tongue deforma-
tion and the solitary perturbations (SPs) observed in the
KSTAR tokamak [19–21]. Solitary perturbations (SPs)
localized both poloidally and radially are detected within
∼100 µs before the partial collapse of the high pressure
gradient boundary region (called pedestal). Both per-
turbations have no mode structure and are poloidally,
toroidally, and radially localized and appear ∼100 µs be-
fore the collapse (ELM or MHD burst). This crash onset
is detected by the RF probe, which is sensitive to the
instability due to the energetic ion loss at the plasma
boundary. Between the collapses a quasi-stable mode
(quasi-stable edge-localized mode QSM or stationary 1/1
mode) with mode structure appears. These quasi-stable
modes (QSM or stationary 1/1 mode) do not directly
trigger the collapse.
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