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Abstract. We report properties of a coherent density oscillation observed at the core region

and its response to electron cyclotron resonance heating (ECH) in Heliotron J plasma. The

measurement was performed using a multi-channel beam emission spectroscopy (BES) system.

The density oscillation is observed in a radial region between the core and the half radius.

The poloidal mode number is found to be 1 (or 2). By modulating the ECH power with

100 Hz, repetition of formation and deformation of strong electron temperature gradient, which

is likely ascribed to be an electron internal transport barrier (e-ITB), is realized. Amplitude and

rotation frequency of the coherent density oscillation sitting at the strong electron temperature

gradient location are modulated by the ECH, while the poloidal mode structure remains almost

unchanged. Change in the rotation velocity in the laboratory frame is derived. Assuming that
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the change of the rotation velocity is given by the background E × B velocity, a possible time

evolution of the radial electric field was deduced.

1. Introduction

Spontaneous confinement transition in magnetically confined plasmas has been

intensively investigated because of its capability for reaching high plasma performance.

Numerous studies have clarified that the transport barrier is formed when the

confinement transition occurs, in which anomalous cross-field transport is suppressed by

inhomogeneous E × B flow structures [1]. Tokamaks and heliotrons/stellarators share

a typical confinement transition, the so-called electron internal transport barriers (e-

ITBs) [2, 3, 4, 5, 6, 7, 8]. For the case of heliotron/stellarator e-ITB, it is believed that

the neoclassical radial electric field bifurcation occurs between the electron-root and the

ion-root that forms a strong radial electric field shear [4, 5, 6, 8].

Interrelation between transport barriers and coherent fluctuations has attracted

interest. For instance, an important role of the so-called edge harmonic oscillation on the

quiescent-H-mode formation is revealed in tokamaks [9, 10]. In the I-mode confinement

regime, a weakly coherent mode that is considered to maintain the decoupling of the

particle transport and the thermal transport is routinely observed [11, 12]. Regarding

the e-ITB, low frequency magnetohydrodynamic (MHD) modes are known to impact

on the e-ITB dynamics through triggering, quenching, or giving saturations [2, 3, 7].

In order to properly control the e-ITBs for achieving high performance plasmas,
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it is crucial to predict the MHD activity in the e-ITB plasmas. In general, the

magnetic configuration strongly impacts both on the e-ITB formation and the MHD

activity. In order to specify which aspect of the magnetic configuration is essential,

case studies in different heliotron/stellarator devices having different configuration

parameters, e.g., the magnetic shear or the magnetic well, are highly desirable for future

multi-device comparison. Furthermore, comparisons between cases in tokamaks and

heliotrons/stellarators are of great interest.

In this paper, we report the observation of a coherent density oscillation observed

at the core region in Heliotron J plasmas by use of a multi-channel beam emission

spectroscopy (BES) system [13]. The density oscillation is observed in a radial region

between the core and the half radius. The poloidal mode number is found to be 1 (or

2). Repetition of formation and deformation of strong electron temperature gradient,

which is likely ascribed to be an e-ITB, is realized by modulating the ECH power with

100 Hz. Amplitude and rotation frequency of the coherent density oscillation sitting

at the strong electron temperature gradient location are modulated by the ECH, while

the poloidal mode structure remains almost unchanged. Change in the coherent density

oscillation rotation velocity in the laboratory frame is derived, from which the time

evolution of the expected radial electric field is deduced.
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2. Experimental setup

2.1. Heliotron J

Heliotron J is a helical-axis heliotron device having an averaged plasma major radius of

R = 1.2 m and an averaged plasma minor radius of a = 0.17 m [14]. The target plasmas

are sustained by two neutral beam injections (NBIs) of a total of 600 kW and a electron

cyclotron resonance heating (ECH) of 48 kW. Above the stationary ECH, a square wave

modulation of ECH power (the frequency of 100 Hz and a peak-top-peak amplitude of

194 kW) is superimposed that causes the formation/deformation of the strong electron

temperature gradient. The modulation part of the ECH is called the modulation ECH

(MECH). Both the stationary ECH and the MECH are injected toward on-axis. Ray-

tracing code confirms that more than 77 % of the total absorption power is deposited

in ρ < 0.3. Toroidal magnetic field strength at the magnetic axis is Bt = 1.23 T. The

magnetic configuration is characterized by a nearly flat vacuum rotational transform

with the core value of ιcore/2π = 0.56. Since Heliotron J has a low magnetic shear, low

order rational surfaces do not exist in the vacuum configuration.

2.2. Beam emission spectroscopy

The local density fluctuation is measured with a multi-channel beam emission

spectroscopy (BES) system [13]. The line of sight for the BES system is designed to be

almost parallel to the magnetic field line, which minimizes the line integration of the

density fluctuation. In this experiment, an 8× 2 rectangular array of sampling volumes
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(radial direction × vertical direction) is composed to diagnose the two-dimensional

fluctuation structure at the mid-plane of the high field side of the torus. The spatial

resolution is approximately 1 cm and the sampling time is 1 µs. The upper limit of

the detectable frequency of density oscillation is 200 kHz, which is determined by the

cut-off frequency of the amplifier. The sampling volumes cover the plasma core region,

0.1 < ρ < 0.5, where ρ = r/a is the normalized averaged minor radius and r is the

averaged minor radius.

3. Experimental results

3.1. Target discharges

Figure 1 show the time evolutions of (a) the heating power, (b) the line averaged density,

(c) the plasma stored energy, and (d,e) the electron temperature measured by the ECE

radiometer at the core region, ρ ∼ 0.33, and the edge region, ρ ∼ 0.67, respectively.

The ECE signal is calibrated using the electron temperature profile measured by the

Thomson scattering system [15]. Data from different discharges (#61280-#61285)

having an excellent reproducibility are overplotted. With the modulation frequency

of the MECH (100 Hz), the plasma parameters are modulated. In particular, the core

electron temperature shows a large modulation amplitude of δTe ∼ 0.25 keV, whereas

the edge temperature modulation is moderate.

Figure 2 is the electron temperature profile measured by the Thomson scattering

system when the MECH is turned on and turned off, respectively. In order to increase
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the signal to noise ratio, data from different discharges are averaged. The horizontal

axis ρvac denotes the normalized averaged minor radius in the vacuum magnetic surface.

During the discharge, the plasma center slightly shifts outward due to a finite plasma

beta. A strong electron temperature gradient is formed when the MECH is turned on,

which is likely ascribed to be the e-ITB [8]. A repetition of formation and deformation

of the strong electron temperature gradient occurs with the MECH frequency. A

radius in which the improved confinement region and the normal confinement region

are connected, which we call the connection radius, exists at ρ ∼ 0.3. When the MECH

is turned off and only the stationary ECH is injected, the heating power is not sufficient

to reach the improved confinement. In that case, the temperature profile is rather

smooth and the discontinuity in the temperature gradient does not appear, as shown

by the black curve in Fig. 2.

3.2. Core coherent density oscillation

The response of the density fluctuation on the MECH and/or the electron temperature

gradient formation is measured by the BES system. Figure 3 (a) is the time evolution of

the density fluctuation wavelet spectrum measured at ρ ∼ 0.28 close to the connection

radius. In the second half of the discharge, 0.24 s < t < 0.30 s, a sharp peak appears

quasi-intermittently in the frequency spectrum. The central frequency of the peak is

found to vary with the ECH power modulation. Figure 3 (c) is the time averaged

spectrum when the MECH is turned on and turned off. The central frequency of the
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quasi-coherent oscillation is ∼ 7 kHz and ∼ 15 kHz when the MECH is turned on and

turned off, respectively.

In order to compare the properties of the coherent density oscillation when the

MECH is turned on and off, background noise and/or incoherent density fluctuations

are removed by means of the conditional averaging technique. Here, the ensembles are

taken not only from different periods of the MECH but also from different discharges,

which results in a total of 24 ensembles of the event. Time dependent cross spectrum is

defined as

S̄1,2(τ, f) =
1

N

N∑
i=1

W1(ti + τ, f)W ∗
2 (ti + τ, f) (1)

where W1(ti+ τ, f) and W2(ti+ τ, f) are wavelet spectrum of density fluctuation signals

from the vertically separated BES channels. The asterisk in Eq. 1 denotes the complex

conjugate. The time instance ti indicates the i-th MECH turn on time, N is the total

number of the modulation, and −T/2 < τ ≤ T/2 where T is the time period of the

MECH. Figure 4 (b) shows the absolute value of the conditional averaged cross spectrum

of vertically separated BES channels at ρ ∼ 0.28. The time dependent dynamics of the

fluctuation spectrum is clearly captured. The frequency immediately responds upon the

MECH turning on with the time scale of approximately 1 millisecond or less. A few

milliseconds after, the central frequency is no longer robust, and a back transition event

likely occurs. When the MECH is turned off, a decrease of the central frequency occurs

with, possibly, a slightly longer time scale than the case of the MECH turning on.

The use of the conditional averaging is valid when statistical properties of all
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ensembles follow the Gaussian distribution. In order to confirm this point, the

probability density function (PDF) of the peak frequency is analyzed. The PDF is

obtained from the 24 sets of the time evolution of the peak frequency as a function

of τ . The PDF plotted in Fig. 4 (c) shows the most probable time evolution of the

peak frequency. The fast change in the peak frequency shown in Fig. 4 (b) is confirmed

statistically as well. Although the number of ensembles is not sufficiently large to discuss

the shape of the distribution function, it is confirmed that the time evolutions of the

peak frequency follow a symmetric distribution without a large deviation.

3.3. Spatial structure of the core coherent density oscillation

Spatial structure of the core coherent density oscillation is investigated in detail.

Figure 5 shows radial profile of (a) the mode amplitude, (b) the cross coherence γ2,

and (c) the poloidal mode number obtained from the pair of vertically separated BES

channels. The amplitude is defined as the square root of the absolute value of the

cross spectrum. The poloidal mode number is obtained as m = ∆θr/d, where ∆θ is

the phase difference and d ∼ 1 cm is the distance between two vertical channels. The

positive value of m corresponds to the mode rotating in the ion diamagnetic direction.

When the MECH is turned on and the strong electron temperature gradient is formed,

the mode amplitude and the cross coherence slightly increases. The poloidal mode

number structure remains almost unchanged. Although the evaluated poloidal mode

number is not constant in radius, it is natural to regard that the mode is rotating
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rigidly bacause the cross coherence among signals from radially separated BES channels

are high (not shown). In this case the most plausible poloidal mode number might be

m = 1 or 2. Heliotron J plasma has a low shear rotational transform of ι/2π ∼ 0.56 even

with a nonzero toroidal current ascribed to be the neutral beam current drive and/or

the bootstrap current [16]. Considering a resonant MHD mode with a finite toroidal

mode number, m = 1 oscillation seems unlikely unless ι/2π ∼ 1 is satisfied. Note that

a different set of discharges having a half line averaged density shows a signature of

m = 2 oscillation in the similar situation. Note also that the mode in the present set

of discharges does not show a clear coherence with the on-vessel magnetic probe signal,

which may be due to a relatively large distance between the radius where the mode

exists and the magnetic probes. Radial phase difference from the core BES signal Ψr(r)

is shown in Fig. 5 (d). A smooth phase inversion occurs between the core region and

ρ ∼ 0.3. A similar observation is given in Ref. [17].

Using the measured information, the spatial structure of the mode is reconstructed

in the poloidal cross section. It is defined as

I(r, θ) = A(r) cos [Ψr(r) +mθ] , (2)

where A(r) and Ψr(r) indicate the amplitude and the phase difference of the mode

given in Figs. 5 (a) and (d), respectively. Here, we take m = 1 for the poloidal mode

number according to the discussions above. Figure 6 shows the reconstructed spatial

structure in (a) the MECH turning off phase and (b) the MECH turning on phase.

After the MECH is turned on, the strong electron temperature gradient is formed and
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the rotation frequency increases without any major change of the mode structure.

Although the identification of the coherent density oscillation is out of the scope of

this paper, we attempt to raise possible candidates of the density oscillation. The first

candidate would be a MHD instability at the core region. In some similar discharges, a

weak correlation between the BES signal and the on-vessel magnetic probe signal was

obtained. Energetic particle driven modes [18] cannot be excluded as well since the two

NBIs supply the source of the mode excitation energy. Another candidate is the so-

called long-range fluctuation nonlinearly driven by turbulence, which has been observed

in LHD experiment [19].

4. Discussion

Here, we attempt to interpret the cause of the frequency change of the core coherent

density oscillation. Change in the mode rotation velocity in the laboratory frame, V LAB
θ ,

is derived as

V LAB
θ = 2πfr/m. (3)

With the global low frequency oscillation, the low order poloidal and toroidal mode

numbers, m and n, respectively, are expected. Since the major radius and the minor

radius have an order of magnitude difference, the poloidal wavenumber is considered

to be much larger than the toroidal wavenumber. Under such a condition, change in

the mode rotation frequency is sensitive to change in the poloidal velocity rather than

the toroidal velocity. The time evolution of the mode frequency f is obtained from
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Fig. 4 (b). Figure 4 (d) shows the time evolution of the mode rotation velocity in the

laboratory frame V LAB
θ at ρ = 0.28. Two thinner curves indicate the frequency width at

the half maximum of the spectral peak. The conditional averaged electron temperature

at ρ ∼ 0.33 and ρ ∼ 0.67 measured by the ECE system is plotted in Fig. 4 (e). By

applying the MECH, the mode is accelerated in the ion diamagnetic direction. The

change in the mode rotation velocity starts just after the MECH turning on. The mode

rotation velocity saturates earlier than the electron temperature.

As a working hypothesis, we assume that this change is driven by the change in

the background E × B rotation velocity. The expected radial electric field is given as

Er = V LAB
θ Bt. A similar method for the rotation velocity estimation is widely used

by means of movement of turbulence pattern measured with imaging-BES systems or

other imaging diagnostics, which is sometimes called the “velocimetry”. See Ref. [20].

Note that the contributions from the ion pressure gradient and the toroidal rotation

velocity in the radial force balance equation are considered to play minor roles with

the modulation of the ECH. Change in the radial electric field is estimated to be

approximately +2 kV/m.

Referring to the case of the e-ITB formation in the ECH sustained plasma [8], the

expected change in the radial electric field from the neoclassical theory is O(+1) kV/m

at ρ ∼ 0.3 in the electron root solution. The magnitude of the Er change in the

present evaluation is in the same order with the case of the e-ITB formation in the ECH

plasma, although the plasma properties in the NBI plasma and ECH plasma are not
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identical. Therefore, the increase of the neoclassical radial electric field in the electron

root by applying the MECH would be a possible explanation for the stronger positive Er

excitation. The larger the electron temperature reaches, the greater the positive radial

electric field is formed, which likely contributes further suppression of the turbulent

transport. The observed time scale of the transition may correspond to the time scale

of this feed-back loop for the square wave modulation. It should be noted that we did

not take into account the intrinsic propagation velocity of the mode, which is unknown.

If the change in the intrinsic mode velocity in response to the MECH is larger than the

change in background E ×B velocity, the above evaluation is no longer valid.

5. Summary

We reported the observation of a core coherent density oscillation in Heliotron J plasmas

by use of a multi-channel beam emission spectroscopy (BES) system. The density

oscillation was observed in a radial region between the core and the half radius. The

poloidal mode number was found to be 1 (or 2). Repetition of a strong electron

temperature gradient formation/deformation was realized by modulating the ECH

power with 100 Hz. Amplitude and rotation frequency sitting at the strong electron

temperature gradient location were modulated by the ECH, while the mode structure

was nearly unchanged. Change in the mode rotation velocity in the laboratory frame

was derived, from which a possible time evolution of the radial electric field was deduced.
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Figure 1. Time evolution of (a) heating power (the ECH is mainly absorbed in ρ < 0.3), (b)

line averaged density, (c) plasma stored energy, and electron temperature measured by the ECE

radiometer at (d) the core region (ρ ∼ 0.33) and (e) the edge region (ρ ∼ 0.67).
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Figure 2. Electron temperature profile measured by Thomson scattering system when the
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Figure 3. Time evolution of (a) density fluctuation spectrum at ρ ∼ 0.28 measured with the

BES and (b) ECH power, and (c) time averaged spectrum when the MECH is turned on and

turned off. Vertical lines in (a) and (b) provide eye-guides for ECH turn-on time and turn-off

time.
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Figure 4. Conditional averaged (a) ECH power, (b) power spectrum in density fluctuation

measured with the BES, (c) probability density function (PDF) of the peak frequency as a

function of the reference time τ , (d) evaluated poloidal rotation velocity of the mode in the

laboratory frame, and (e) electron temperature at ρ ∼ 0.33 and ρ ∼ 0.67. Black dots in (b) show

the local peak of the spectrum.
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