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Two types of oscillation phenomena are found just after hydrogen ice pellet injections in the Large

Helical Device (LHD). Oscillation phenomena appear when the deposition profile of a hydrogen

ice pellet is localized around the rotational transform i¼ 1 rational surface. At first, damping

oscillations (type-I) appear only in the soft X-ray (SX) emission. They are followed by the second

type of oscillations (type-II) where the magnetic fluctuations and density fluctuations synchronized

to the SX fluctuations are observed. Both oscillations have poloidal/toroidal mode number,

m/n¼ 1/1. Since the type-II oscillations appear when the local pressure is large and/or the local

magnetic Reynold’s number is small, it is reasonable that type-II oscillations are caused by the

resistive interchange modes. Because both types of oscillations appear simultaneously at slightly

different locations and with slightly different frequencies, it is certain that type-I oscillations are

different from type-II oscillations, which we believe is the MHD instability. It is possible that type-

I oscillations are caused by the asymmetric concentration of the impurities. The type-I oscillations

are similar to the impurity snake phenomena observed in tokamaks though type-I oscillations

survive only several tens of milliseconds in LHD. Published by AIP Publishing.
https://doi.org/10.1063/1.5003058

I. INTRODUCTION

“Snake” oscillation is one of the important but not well

understood phenomena related to transports in fusion plas-

mas. The snake-like oscillation was first found in the JET

tokamak after hydrogen pellet injections.1 The name of

“snake” is associated with the shape in space time plot of

oscillation of soft X-ray (SX) emission, induced by the rota-

tion of helical structure. The helical structure is a quite local-

ized region extending along the magnetic field line having

m/n¼ 1/1 structure. Although snakes are localized on the

q¼ 1 rational surface, they survive the sawtooth crashes.

Several theoretical models, such as the generation of the

magnetic island by the excitation of the tearing mode2 or

helical core equilibrium,3 have been proposed. However, no

model can fully explain the characteristics of snakes

observed in the experiments. On the other hand, snakes hav-

ing m/n¼ 1/1 structures induced by the impurity concentra-

tion are reported in several devices, such as the Doublet-III,4

PBX,5 or the Alcator-C mod device.6

Because these types of snake-like oscillation phenomena

are reported in most tokamaks,1,7,8 RFPs,9 and a spherical

torus,10 it may be a common feature in magnetic confinement

devices. Snakes are not only interesting phenomena, they

also are quite important phenomena to understand the

mechanism of the formation since, in the present ITER

experimental scenarios, the q¼ 1 rational surface is located

in the middle of plasmas and the behavior of the impurity

concentration is quite important for realizing fusion reactors.

Large Helical Device (LHD) is a heliotron-type device

with superconducting helical coils having winding numbers

of 2/10. The major radius is 3.9 m and averaged minor radius

is 0.6 m.11 In LHD, hydrogen pellet injections are one of

important ways to provide fuel to the core of plasmas. The

pressure profile is changed significantly by a hydrogen pellet

injection in LHD. Figure 1 shows the profile of (a) electron

pressure, (b) electron density, and (c) electron temperature

before and after a pellet injection. These profiles were mea-

sured by Thomson scattering measurement.12 The red circles

and blue triangles show the profiles before and after the pel-

let injection, respectively. The green dashed line indicates

the normalized minor radius around the rotational transform

i¼ 1 surface. The electron pressure gradient around the i¼ 1

radius increases by about 50% with the increase of the elec-

tron density and the decrease of the electron temperature as

shown in Fig. 1. It is also known that the density profile

becomes peaked gradually after the pellet injection. With

such a steeper pressure gradient, pressure-driven MHD insta-

bilities can be unstable in LHD plasmas.13,14

Oscillations just after the ice pellet injection were

reported in previous study.15,16 Detailed analyses of those

oscillations have revealed that there are two types ofa)Electronic mail: bando.takahiro@nifs.ac.jp
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oscillations. In this article, the observations of the two types

of oscillations induced by hydrogen pellet injections in LHD

are reported. The first type of damping oscillations (type-I)

appear only in SX emission when the pellet is ablated mainly

around i¼ 1 surface. Type-I oscillations are sometimes fol-

lowed by the second type of oscillations (type-II) with the

magnetic fluctuations and density fluctuations synchronized

to the SX emission fluctuations. As discussed in the follow-

ing sections, it is possible that the type-I oscillations are

impurity snake phenomena, and the type-II oscillations are

m/n¼ 1/1 resistive interchange modes induced by steep pres-

sure gradients by pellet injections.

This article is organized as follows. In Sec. II, the exper-

imental setup and analysis methods are explained. In Sec.

III, characteristics of type-I and type-II oscillation just after

hydrogen pellet injections are introduced in detail. In Sec.

IV, the discussion regarding two types of oscillation is given.

The study is summarized in Sec. V.

II. EXPERIMENTAL SETUP AND ANALYSIS METHODS

The experimental condition in which type-I and type-II

oscillations are observed is as follows. The vacuum magnetic

axis Rax is 3.6 m and the aspect ratio Ap is the standard ratio,

Ap¼ 5.8. In this condition, the i profile monotonically

increases as the normalized minor radius (q) increases. In the

vacuum magnetic configuration, i¼ 0.38 surface is located

on the magnetic axis and the i¼ 1 rational surface is located

around q¼ 0.85.

Figure 2 shows a schematic view of diagnostics used in

this article. The hydrogen ice pellet injector17 is located at

the toroidal angle of /¼ 288�. The hydrogen pellet injector

can inject pellets repeatedly from the outboard side of the

plasma. The speed of the injected pellet is 1000–1400 m/s.

The number of hydrogen atoms in pellets used in this study

is 1� 1021, 1.5� 1021, or 2� 1021. There is a Ha detector

located near the pellet injector. The time evolution of the rel-

ative amount of the ablation of pellets can be measured by

the Ha detector. The SX detector array systems viewing the

whole poloidal cross section are installed at several loca-

tions, /¼ 108�, 162�, and 270�.16,18,19 Figure 2(c) shows the

sight lines of the main SX array installed at / ¼ 270�. The

CO2 laser imaging interferometer is located at /¼ 90�.20

There are three groups of sight lines, and there are two gaps

between the groups. The sight lines of the CO2 laser imaging

interferometer are shown in Fig. 2(b). Although the SX emis-

sion signals and the line integrated electron density obtained

with the CO2 laser imaging interferometer include line inte-

grated effect, it is sufficient to identify structures of oscilla-

tion reported in this study. Magnetic probes21 are used to

determine the poloidal and toroidal mode numbers of the

FIG. 1. The profile of (a) electron pressure, (b) electron density, and (c)

electron temperature before and after a pellet injection.

FIG. 2. Figure (a) shows the geometrical information of the diagnostic used

to determine spatial structure of modes in this article. Figure (b) shows the

sight lines of the CO2 laser imaging interferometer at /¼ 90�. Figure (c)

shows the sight lines of SX diagnostic installed at / ¼ 270�. The red dashed

sight line in (b) is the red sight line for the signal in Fig. 3(b). The red dashed

and blue dashed sight lines in (c) are sight lines for two signals in Fig. 3(a).

012507-2 Bando et al. Phys. Plasmas 25, 012507 (2018)



MHD activities. It is noted that the ECE measurement cannot

be used due to the cutoff of the wave caused by the abrupt

ramp-up of the electron density by pellet injections.

In the following subsections, Singular Spectrum

Analysis22 (SSA) is used to obtain fluctuation component of

SX emission signals. SSA is a technique based on Singular

Value Decomposition (SVD) and effective for separating

fluctuation component from signals when trend component

is also changing. SSA shows better performance compared

with the conventional FFT method.

The flux surfaces and i profiles used in this study are

estimated by fixed-boundary VMEC code23 assuming pres-

sure profiles similar to the experimentally observed pressure

profiles. The toroidal current is not included in the equilib-

rium calculations.

III. CHARACTERISTICS OF TYPE-I AND TYPE-II
OSCILLATION

Figure 3 shows typical time evolution of several kinds

of signals when oscillation phenomena are observed: (a) SX

emission measured at /¼ 270�, (b) the line integrated elec-

tron density, neL, obtained with the CO2 laser imaging inter-

ferometer, (c) the magnetic fluctuations, and (d) the Ha
emission. Two signals in Fig. 3(a) show the SX emission

from red solid and blue dashed sight lines shown in Fig. 2(c)

with the same colors. The minor radii viewed by the red and

blue sight lines are about q¼ 0.89 and 0.78, respectively.

The hydrogen pellet is injected at 3.743 s, then ablated for

about 390 ls as shown in Fig. 3(d). Figure 4 shows (a) the

flux surface at a horizontally elongated poloidal cross sec-

tion, where the pellet is injected, and (b) the i profile. The

pressure profile in the calculation of the VMEC is similar to

the profile after the pellet is injected. In Fig. 4(a), the green

region roughly indicates the flux surface at i¼ 1. The

deposition profile of the pellet, which is estimated by the

time evolution of the Ha signal and the speed of the injected

pellet, is shown by the blue line in Fig. 4(b). It is clear that

the pellet is ablated around the i¼ 1 surface. The pressure

gradient around the i¼ 1 surface thereby becomes steeper.

The pressure gradient can be the driving force of resistive

interchange modes usually observed in LHD plasmas as

mentioned in Sec. I.

The time for ablation is 3–7 times longer than the char-

acteristic time of ion acoustic waves, 2pRax/vs. vs is the

speed of the ion acoustic waves and calculated as (Te/mi)
0.5.

mi is the mass of the proton. The two types of oscillations

reported in this article seem to appear after the transient

states of the ion acoustic waves.

After the ablation of the pellet, the damping oscillation

was observed on SX emission signals. Hereafter, we refer

the damping oscillation as type-I oscillation. The peak of the

fluctuation level (dISX/ISX) of the type-I oscillation is located

around q¼ 0.78 on SX emission signals as shown in Fig.

3(a). No coherent electron density and magnetic fluctuation

are observed in type-I phase as shown in Figs. 3(b) and 3(c).

After the type-I oscillation attenuates, another type of oscil-

lation (type-II) appears in the SX emission signals viewing

at approximately around q¼ 0.89, the line integrated density

around q¼ 0.84, and the magnetic fluctuation measurement.

The peak of the fluctuation level of type-II oscillation on SX

emission is slightly on the outside of the radii where the

type-I oscillation locates. The fluctuation amplitude of the

type-I oscillations is usually larger than that of the type-II

oscillations. In the case of Fig. 3(a), they are 60% and 15%,

respectively. It is noted that the q values, where fluctuation

levels are high, are slightly different between the SX detector

array system and the CO2 laser imaging interferometer

because the shapes of poloidal cross sections viewed by two

systems are different as shown in Figs. 2(c) and 2(b).

Figure 5 shows time evolution of (a) SX emission sig-

nals viewing R¼ 4.05 m (q¼ 0.71) which shows the

FIG. 3. Typical time evolution of (a) SX emission signals from SX diagnos-

tic at /¼ 270�, (b) line integrated electron density, neL, obtained with the

CO2 laser imaging interferometer, (c) magnetic fluctuations, and (d) Ha sig-

nals when type-I and type-II oscillation.

FIG. 4. (a) Flux surfaces at a horizontally elongated poloidal cross section

and (b) the i profile from a VMEC equilibrium assuming the pressure profile

after the pellet injection. In figure (a), the green region roughly indicates the

location of the i¼ 1 rational surface. In (b), the blue line indicates the radial

profile of ablated amounts of the pellet estimated by the speed of the injected

pellet and the time evolution of Ha signals.
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damping type-I oscillation of (b) the fluctuation component

of SX emission as a function of time and the chord location,

and (c) the i profile and the magnetic shear on the vertically

elongated cross section. In Fig. 5, type-II oscillation is not

observed. Rotation of the m¼ 1 structure, which is similar to

snakes, is clearly observed in Fig. 5(b). The peaks of the

“snake” structure are localized around or slightly inside the

i¼ 1 surface as shown in Figs. 5(b) and 5(c). The shear

around the i¼ 1 surface appears to be weak to satisfy

inequality (6) in Ref. 2, which is a proposed condition to

form a snake-like structure. Figure 6 shows SX emission sig-

nals from chords viewing around the i¼ 1 surfaces at differ-

ent toroidal angles, /¼ 108�, 162�, and 270�, respectively,

at the same pellet injection as that in Fig. 5. The toroidal

mode number is estimated to be unity from the phase differ-

ence between each signal. Since the fluctuation level is

almost constant, it is quite likely that this snake-like structure

is extending toroidally and continuously.

The observed toroidal rotation directions of the snake-

like type-I structure are the opposite direction of the direc-

tion of the magnetic field. Though the poloidal rotation

direction cannot be detected with SX diagnostics viewing

poloidal cross sections from one direction, the result of 2D-

SX camera viewing the plasma tangentially indicates that the

poloidal rotation direction is the electron diamagnetic direc-

tion.16 Poloidal rotations to electron diamagnetic directions

are the same as that of resistive interchange modes observed

in LHD.24 The frequency of the snake-like oscillation varies

from 300 Hz to 700 Hz in discharges which have been ana-

lyzed. The frequency is not changing during the damping

process. The frequencies are the same order as the electron

diamagnetic frequency around i¼ 1 surface.

The stability of the Mercier modes is considered with the

Mercier parameter, DM. When DM> 0, Mercier modes are

marginally stable. In the case of Fig. 5, DM is 0.025 around

R¼ 4.03 m where the peak of type-I oscillation is observed.

Therefore, type-I oscillation is not a Mercier mode.

The observed duration time of the snake-like oscillation

is up to 0.03 s. The duration time of the type-I oscillation is

not as long as the snakes in tokamaks. If we evaluate the

decay time of the column whose diameter is 0.1 m with the

diffusion coefficient D¼ 0.5 m2/s, which is a typical diffu-

sion coefficient for the bulk plasma in LHD,25 the decay

time is about 0.01 s. Diffusive process from the pellet-

induced asymmetric profile may be the cause of the decay of

the amplitude of the type-I oscillation.

The SX emission depends on the electron temperature,

the electron density, and the impurity density. There are no

density fluctuations in the type-I phase as shown in Fig. 3(b).

If the electron temperature fluctuates, the electron density

should be also changed to maintain the electron pressure

constant on a flux tube. Since the change in the electron den-

sity and the electron temperature is too small to explain the

change in the SX emission, asymmetric concentration of the

impurity is one candidate to explain the oscillations in the

SX emission. Figure 7 shows (a) the SX emission signal

viewing around the i¼ 1 surface and (b) the line emission of

FeXVI measured by a vacuum ultraviolet (VUV) spectrome-

ter. The wave length of the line emission is 33.5 nm. This

observation supports the view that the fluctuations in the SX

emission are caused by impurities.

A. Type-II oscillation accompanied by magnetic
fluctuations

The type-II oscillation is accompanied by the electron

density and magnetic fluctuation as well as the fluctuations

FIG. 5. Time evolution of (a) SX emis-

sion signals viewing R ¼ 4.05 m which

shows the damping oscillation of the

snake structure, (b) the radial profile of

fluctuation component of SX emission

signals, and (c) the i profile and the

magnetic shear on the vertically elon-

gated cross section. In (c), the solid

black line is the iota profile and the

purple dashed line is the magnetic

shear.

FIG. 6. SX emission signals from chords viewing around i¼ 1 surfaces at

different toroidal angles, /¼ 108�, 162�, and 270�, respectively. The thick-

ness of the Be foil installed in each SX diagnostic is 15 lm. This type-I

oscillation is the same as that in Fig. 5.
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in SX emission. The frequencies of type-II oscillation are the

same order as the frequencies of type-I oscillation. The mode

number of the type-II oscillations can be determined by the

magnetic probes. It is m/n¼ 1/1. These oscillations are con-

sidered to be the resistive interchange modes from the dis-

cussions below. As explained in Sec. I, resistive interchange

modes can be unstable with steeper pressure gradients

induced by pellet injections. Figure 8 shows the relationship

between the local magnetic Reynold’s number, S, and the

local b value around i¼ 1 surfaces obtained with and with-

out type-II oscillations. Red and blue points indicate data

with and without type-II oscillations, respectively. Type-II

oscillations appear when the local pressure is large and/or

the local Reynold’s number is small though the trend is

slight. The slight trend may be due to errors of estimation of

i¼ 1 surfaces. The saturation level of the mode amplitude

for resistive interchange modes is proportional to S�1/3 in

LHD.26 It is clear that the type-II oscillations appear when

the resistive interchange mode is unstable. Besides, the

observed rotation directions (electron diamagnetic drift

direction) are also consistent with the rotation direction of

the resistive interchange mode observed in LHD.24

B. Coexistence of snake-like type-I oscillations and
resistive interchange modes

There are many observations that type-I oscillations and

type-II oscillations, which may be resistive interchange

modes, are excited simultaneously. Figure 9 shows the time

evolution of (a) magnetic fluctuations, (b) SX emission from

two channels, (c) fluctuation component of SX emission sig-

nals, and (d) the i profile. In Fig. 9(b), the blue dashed line

and red solid line show type-I and type-II oscillations,

respectively. In Fig. 9, the pellet is ablated at 3.8435 s and

the type-I oscillation appears. The type-II oscillation appears

from 3.847 s and overlaps with each other. These oscillations

are not Mercier modes because DMs are greater than 0

around peaks of type-I and type-II oscillation.

The mode width of the resistive interchange modes is

usually quite localized around i¼ 1 surfaces in LHD.

However, peaks of snake-like type-I oscillation are localized

slightly on the inner side of the radii where resistive inter-

change modes are observed as shown in Fig. 9(c). In addi-

tion, these have different frequencies. The frequencies of

type-I and type-II oscillations are approximately 680 Hz and

490 Hz in Fig. 9(b). These observations suggest that the

snake-like type-I oscillation is different from resistive inter-

change modes though snake-like type-I oscillation has the

mode structure closed to m/n¼ 1/1.

IV. DISCUSSION

Since both types of oscillation appear simultaneously at

slightly different locations and with slightly different fre-

quencies, it is certain that type-I oscillations are different

from type-II oscillations, which we believe are the MHD

instabilities. It is expected that density fluctuations cause

type-I oscillation since there should be localized density per-

turbations due to pellet ablation. However we have not

observed oscillation of the density in type-I phases experi-

mentally. One of possible explanations is that oscillations

observed in SX emission is caused by the asymmetric con-

centration of the impurity and the rotation of the plasma as

discussed below. In LHD, the impurity transport is quite sen-

sitive to the collisionality of the plasma.27 Moreover, a

recent LHD experiment revealed that the strong gradient of

the electron density causes the outward transport of impuri-

ties.28 Then it is possible that impurity ions in the core

plasma are transported to the outward direction by the forma-

tion of the steep electron density gradient by the ablation of

the pellet. The accumulated impurity may form a strong

emission layer inside the i¼ 1 rational surface as shown in

Fig. 10. Figure 10 is a schematic drawing of the radiation

layer at a vertically elongated poloidal cross section. The

solid green line is the i¼ 1 surface and the dashed green line

is the deformed i¼ 1 surface with m¼ 1 deformation. Then

the red-colored region is the region where impurity ions

accumulate with m¼ 1 structure slightly on the inner side of

i¼ 1 surface. The red and blue sight lines are the same as the

FIG. 7. (a) SX emission signal viewing around the i¼ 1 surface and (b) line

emission of FeXVI measured by a spectrometer.

FIG. 8. Relationship between the magnetic Reynold’s number, S, and the

local b value around i¼ 1 surfaces obtained by Thomson scattering measure-

ment with and without m/n¼ 1/1 mode where Rax¼ 3.6 m, Bt¼�2.75 T.
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sight lines for SX emission signals in Fig. 3(a). The role of

the rational surface of i¼ 1 in impurity transport has not

been clarified. However, when the pellet is deposited deeply

inside the plasma, similar damping oscillations are observed

near i¼ 1/2 rational surfaces, as well. Therefore, the exis-

tence of the low-number rational surface may be necessary

for the snake-like type-I oscillations.

The origin of the poloidal and toroidal asymmetry of the

impurity density, which may cause the oscillation in labora-

tory frame, is an open issue. However, similar phenomena

are reported in another helical device, TJ-II Stellarator.

Damping oscillation just after the pellet injection having

m¼ 1 mode structure was found in the TJ-II Stellarator.29

This phenomenon was explained by the change of the fric-

tion force due to sudden change of plasma parameters

induced by a pellet injection. The equilibrium of the LHD is

also a three-dimensional equilibrium. Similar 3D effects

may be a candidate to explain the generation of the poloidal

asymmetry of the impurity profile.

Note that the Geodesic Acoustic Mode (GAM) is also a

candidate of the type-I oscillation because pellet injections

can bring the momentum into plasmas. The possibility of

excitations of GAMs should be also examined in the future.

V. SUMMARY

In this article, two types of oscillation phenomena

observed just after the pellet injections in LHD are reported.

Type-I snake-like oscillation is observed only in SX emission

just after ablation of injected pellets when the pellets are

ablated mainly around i¼ 1 rational surface. The snake-like

oscillation may be caused by asymmetric concentration of

impurities since coherent oscillation of line emission of

FeXVI is observed, as well. Type-II oscillation, which is the

resistive interchange mode, then sometimes appears. Because

both types of oscillations appear simultaneously at slightly

different locations and with slightly different frequencies, it is

certain that type-I oscillations are different from type-II oscil-

lations. In order to narrow the physical models of the snake,

our observation that two types of oscillation are excited simul-

taneously may play an important role.
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