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A distorted Maxwell-Boltzmann distribution of epithermal ions is observed associated with the col-

lapse of energetic ions triggered by the tongue shaped deformation. The tongue shaped deformation

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 kurtosis

(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. Published by AIP Publishing.
https://doi.org/10.1063/1.4999644

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 is important in order to sustain

the stable discharge with a significant 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 alpha 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 is also

observed.7,8 The impact of the energetic particle driven

MHD bursts on bulk plasmas has also been studied.9,10

However, there are few experimental results reported on the

impact of these MHD instabilities on ion velocity distribu-

tion of bulk ions.

Recently, a tongue-shaped deformation11,12 was observed

just before the MHD bursts.10,13 The tongue-shaped deforma-

tion 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 ls. The tongue-shaped deformation

appears in the relatively low density plasma with perpendicu-

lar neutral beam injection, where a significant amount of ener-

getic trapped ions exist, especially close to the neutral beam

injection port. In this experiment, it was demonstrated that the

tongue-shaped deformation triggers the loss of energetic par-

ticles and the distortion from Maxwell-Boltzmann distribution

of carbon impurity ions. The distortion from Maxwell-

Boltzmann distribution may cause the uncertainty in the eval-

uation 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,

a quantitative evaluation of the distortion from the Maxwell-

Boltzmann distribution is necessary in order to understand the

impact of energetic particle driven MHD bursts on bulk

plasmas.

In this paper, the distortion of ions from the Maxwell-

Boltzmann distribution is quantitatively evaluated as a mag-

nitude of skewness and kurtosis in space and time by using

the moment analysis technique. The time period and region

in the plasma where the distortion of ions from the 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 distribution 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

device 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 exchange

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 exchange spec-

troscopy system used in this experiment gives the ion veloc-

ity distribution parallel to the magnetic field with a high time

resolution of 0.8 ms and with a spatial resolution of 36 chan-

nels from the magnetic axis (Rax¼ 3.6 m) to plasma edge

(R¼ 4.6 m). When the two perpendicular beams are injected

into the plasma with a relatively low density of
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0.5–1.2� 1019 m�3, the MHD bursts appear associated with

the enhancement of high frequency RF signals.

Figure 1 shows the time evolutions of displacement of the

plasma at reff/a99¼ 0.77, RF intensity at 880 MHz measured

with an RF radiation probe at (/¼ 121�), magnetic field Bh at

toroidal angle of /¼ 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/a99¼ 0.77 are the

indication 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 the RF probe has high time reso-

lution 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 energetic ions, MHD bursts, and

the red shift of the charge exchange line of carbon impurity are

observed. Here, the red shift corresponds to the negative veloc-

ity which is the flow velocity in the direction anti-parallel to

the equivalent plasma current which produces the poloidal

magnetic field (counter-direction). In this discharge, two paral-

lel neutral beam injections (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 Fig. 2, the decrease and increase in 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 called “dent,” while the increase in popu-

lation is called “swell.” The “dent” appears in the positive

velocity (co-traveling ions) and more significant in the plasma

core at reff/a99¼ 0.64 and 0.79. In contrast, the “swell” appears

in the negative velocity (counter-traveling ions) and more sig-

nificant near the plasma edge at reff/a99¼ 0.92 and 1.0. The

simultaneous change in the population of carbon ions both in

co-traveling (V> 0) and in counter-traveling (V< 0) particles

are observed at reff/a99¼ 0.79.

Although the swell structures at reff/a99¼ 0.92 and

1.0 clearly exceed the noise level, the dent structures at

reff/a99¼ 0.64 and 0.79 are close to the noise level in the

spectra of one time slice. Therefore, further quantitative sys-

tematic analysis using conditioning averaged momentum

analysis is necessary in order to identify the distortion of epi-

thermal 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 velocity

distribution measured with charge exchange spectroscopy

FIG. 1. Time evolution of (a) displacement of the plasma at reff/a99¼ 0.77,

(b) RF intensity at 880 MHz measured with RF radiation probe, (c) magnetic

field Bh at toroidal angle of /¼ 198�, and (d) contour of spectra of charge

exchange line of carbon impurity at reff/a99¼ 0.79.

FIG. 2. Velocity distribution of carbon ions before (t¼ 4.8475 s) and

after (t¼ 4.8495 s) the tongue event measured with charge exchange

spectroscopy at (a) reff/a99¼ 0.64 (R¼ 4.124 m), (b) reff/a99¼ 0.79

(R¼ 4.261 m), (c) reff/a99¼ 0.92 (R¼ 4.401 m), and (d) reff/a99¼ 1.0

(R¼ 4.530 m).

122502-2 Ida et al. Phys. Plasmas 24, 122502 (2017)



viewing the plasma toroidally. The 0th to the 4th moment of

ion velocity distributions is defined as

M0 ¼
ð

f ðvÞdv; (1)

M1 ¼
1

M0

ð
vf ðvÞdv; (2)

M2 ¼
1

M0

ð
ðv�M1Þ2f ðvÞdv; (3)

M3 ¼
1

M0M
3=2
2

ð
ðv�M1Þ3f ðvÞdv; (4)

M4 ¼
1

M0M2
2

ð
ðv�M1Þ4f ðvÞdv: (5)

When the velocity function f(v) is Maxwell-Boltzmann dis-

tribution, each moment becomes M1 ¼ Vs; M2 ¼ V2
th=2; M3

¼ 0; M4 ¼ 3, where Vs and Vth are the projection of the flow

velocity to the line-of-sight (mainly toroidal direction) and ther-

mal velocity, respectively. Therefore, the finite values of skew-

ness and M3 and kurtosis (M4 – 3) exceeding the noise level are

clear evidence of distortion from the Maxwell-Boltzmann

distribution.

In order to improve the signal to noise ratio, the condi-

tional 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 s) during which two 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 in the RF radiation probe sig-

nal at (/¼ 121�). Here, s is the relative time of the event

with respect to the time of sharp increase in the RF radiation

probe signal. The major radius of magnetic axis and plasma

edge is 3.7 m and 4.5 m, respectively. The changes in 1st and

2nd moments of ion velocity distribution start at R¼ 4.2 m,

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 is

observed in the wide region plasma (R> 3.9 m) with 3–5 ms

after the sharp increase in the RF intensity. The sharp

increases of 2nd moment of ion velocity distribution are

observed at each burst, and the sharp increases are more visi-

ble near the plasma edge. This change in ion velocity distri-

bution also gives an apparent increase in the thermal

velocity.

The change in 3rd and 4th moments of ion velocity dis-

tribution is not so clear compared with the change in 1st and

2nd moments of ion velocity distribution. The sudden

decrease in 3rd moment of ion velocity distribution is

observed near the plasma edge (R> 4.2 m) and the time

period of the decrease is 1–3 ms. This decrease indicates that

the ion distribution is distorted from the 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 the 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 indi-

cated in Figs. 4(a)–4(d) and 5(a)–5(d) are defined as r=
ffiffiffiffi
N
p

,

where r is a standard deviation of N data points averaged

and N¼ 24 (3� 8). The 1st moment of ion velocity distribu-

tion 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 (apparent velocity and apparent ion tempera-

ture) is due to the relaxation of the distortion from the

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.
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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 deformation event.

The radial profiles of the radial electric field before and after

the tongue event are also plotted. The distortion from the

Maxwell-Boltzmann distribution is observed in the outer

half of the plasma minor radius of reff/a99> 0.6 as indicated

by the decrease in the 3rd and the 4th moments of ion veloc-

ity distributions. The distortion magnitude increases as the

minor radius is increased and becomes maximum at the

plasma edge of (reff/a99¼ 1). Although the value of the

square-root of the 2nd moment (which is equivalent to thermal

velocity of ion in Maxwell-Boltzmann) increases after the col-

lapse, its radial gradient even decreases in the whole plasma

region inside last closed flux surface (LCFS). The increase of

the 2nd moment of ion distribution is due to the thermalization

of the non-Maxwell-Boltzmann distribution of ions. It is inter-

esting that the change in the 1st and the 2nd moments due to

this collapse event extends to the plasma center, while the dis-

tortion from the Maxwell-Boltzmann distribution is only on

the outer region of the plasma. The distortion from the

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 Fig. 5, both the 3rd and 4th moments (M3 and

M4–3) become zero at 2.7 ms after the collapse, which indi-

cates that the ion distribution becomes Maxwell-Boltzmann

distribution by the thermalization. However, the radial profiles

of 1st and 2nd moment at 2.7 ms differ from that before the

collapse (–0.4 ms). This result shows the decrease in the toroi-

dal rotation velocity and increase in the ion thermal velocity

(ion temperature) observed at t¼ 2.7 ms is due to the thermali-

zation of the distorted Maxwell-Boltzmann distribution at

t¼ 0.6 ms. At t¼ 2.7 ms, the increase in the ion thermal veloc-

ity at reff/a99¼ 0.8 disappears, and the increase in the edge ion

thermal velocity at reff/a99¼ 1 remains. The gradient of ther-

mal velocity near the edge (reff/a99¼ 0.8–1.0), where the nega-

tive radial electric field appears, becomes smaller after the

collapse of energetic ions. It is also interesting 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 after

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

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/a99¼ 0.8, at the tongue event. Here, s
is the relative time of the event with respect to the time of the sharp increase

in the RF intensity.

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 0.4 ms before and 0.6 ms and 2.7 ms after the collapse,

and (e) radial electric field 2.5 ms before and 2.5 ms after the tongue event.
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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 velocity measured with Doppler reflecto-

metor13 and heavy ion beam probe (HIBP) measurements.10

The orbit of trapped ion is sensitive to the radial electric

field and the positive radial electric field prevents the orbit

loss of trapped ion in helical plasmas. The disappearance of

the positive radial electric field is a strong candidate for

causing the loss of epithermal trapped carbon 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 maximum 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 maximum value at reff/a99> 0.7.

It should be noted that the ion species in which the dis-

tortion from the Maxwell-Boltzmann distribution is observed

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 defor-

mation, which triggers the loss of energetic ions, it is neces-

sary to measure the velocity distribution of bulk ions. The

distortion from the Maxwell-Boltzmann distribution of car-

bon impurity is speculated to be the result of flattening or of

decrease of the gradient of epithermal trapped ions associ-

ated with the rapid change in the radial electric field due to

the loss of energetic bulk ions. The detailed mechanism that

causes the distortion from the Maxwell-Boltzmann distribu-

tion of carbon impurity is discussed in Sec. V.

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� 1019 m�3) with two perpendicular NBIs. No distortion

is observed in the plasma with one perpendicular NBI. The

changes in the 3rd moment (–DM3) and the 4th moment (–DM4)

of ion velocity distribution are significantly large at the low den-

sity of 0.5� 1019 m�3 and decrease as the electron density is

increased as seen in Fig. 6. Here, DM3 and DM4 are given as

DM3¼M3(t¼þ0.6 ms)-M3(t¼ –0.4 ms) and DM4¼M4(t¼þ
0.6 ms)–M4(t¼ –0.4 ms), respectively. At the line averaged elec-

tron density of 1� 1019 m�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 sen-

sitive to the number of parallel NBIs, which implies that the

mechanism causing the distorted Maxwell-Boltzmann can be

attributed to the trapped ions with banana orbit rather than the

passing ions of the NBI.

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 parti-

cle is located on the outer side of the line of sight. Therefore,

the decrease in the trapped particle gradient results in a simul-

taneous decrease in the co-traveling particles and an increase

in the counter-traveling particles, and the decrease in 1st

moment. The flattening of trapped ion gives the decrease in

the 1st moment of ion distribution and an apparent increase in

the plasma flow velocity in the counter-direction.

The tongue deformation triggers the collapse of ener-

getic ions detected by the sharp increase in the RF intensity

and the abrupt change in radial electric field and poloidal

rotation velocity measured with charge exchange spectros-

copy. The radial electric field is positive before the collapse

of energetic ions and the MHD burst (stationary m/n¼ 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 col-

lapse of energetic ions indicated by the sharp increase in the

RF intensity. The distortion of ion from the Maxwell-

Boltzmann distribution disappears due to the thermalization

process in the collision time scale between bulk ion and car-

bon impurity ions of �1 ms. Therefore, the measurements of

ion temperature and flow velocity are not affected by the dis-

tortion from the Maxwell-Boltzmann distribution 2 ms after

the sharp increase in the RF intensity. After this thermaliza-

tion process, the decreases in the thermal velocity (and ion

temperature) gradient and toroidal flow shear are observed as

an impact of tongue event on bulk plasma parameters.

There are similarities between the tongue deformation and

the solitary perturbations (SPs) observed in the KSTAR toka-

mak.19–21 Solitary perturbations (SPs) localized both poloidally

and radially are detected within �100 ls before the partial col-

lapse of the high pressure gradient boundary region (called

pedestal). Both perturbations have no mode structure and are

poloidally, toroidally, and radially localized and appear �100

ls before the collapse [edge localized mode (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 the mode structure appears. These quasi-stable

FIG. 6. The change in 3rd moment (–DM3) and 4th moment (–DM4) of ion

velocity distribution of carbon during the collapse as a function of line aver-

aged density.
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modes (QSM or stationary 1/1 mode) do not directly trigger

the collapse.
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