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Abstract. The electrostatic fluctuation with Geodesic-Acoustic-Mode (GAM) frequency is observed in L-mode
plasmas. The fluctuation has the poloidal wave numkgrof (-2 + 24) x 10-3 (cm?), that corresponds to the
poloidal mode number of 1.5 or less, and the radial wave nunkpenf(0.94 + 0.05 (cnT?), that is corresponds to

k-oi = 0.26 < 1. The amplitude of the fluctuation changes in the radial direction; it is small near the separatrix and
it has maximum at 3 cm inside the separatrix. The relation between the amplitude of potential fluctuation and that
of density fluctuation is the same as that of the predicted GAM. The fluctuation is probably GAM.

The envelope of ambient density fluctuation and the potential fluctuation have a significant coherence at the
GAM frequency. Thus, it is clearly verified that the fluctuation with the GAM frequency correlates with the
ambient density fluctuation. The fluctuation with the GAM frequenfigas the particle transport through the
modulation of the ambient fluctuation. But thfext is not large, and it is not a ficient condition to form the
edge transport barrier and to drive the intermittent particle flux.

1 Introduction

Itis thought that the transport of magnetically confined plasmas is mainly caused by plasma
turbulence. The clarification of the feature of the turbulence is an important issue to predict the
transport of plasma and to estimate the performance of future machines such as International
Thermonuclear Experimental Reactor (ITER).

Recently, zonal flow [1] is getting a lot of attention as a cause of the saturation of the turbu-
lence through the energy transfer due to the nonlinear coupling of the turbulence and through
the suppression of turbulence due to the shear of zonal flow [2, 3]. Some experimental results
indicate the existence of zonal flow [4, 5, 6, 7, 8].

In this study, the potential and density fluctuations are measured directly and simultaneously
with a heavy ion beam probe (HIBP), and the existence of Geodesic-Acoustic-Mode (GAM)
[9, 10] which is a branch of zonal flow is investigated. Moreover, the correlation between GAM
and ambient fluctuation is examined directly, and the influence on the particle flux is studied.

2 Experimental Setup

The HIBP can measure a local electrostatic potengipt{rectly even in high temperature
plasmas with a high temporal and spatial resolution. Singly charged heavy ion beam, called
the primary beam, is injected into the magnetically confined plasma. A part of the primary
beam is charged doubly through the electron impact ionization and it is called the secondary
beam. Since the charge number increases by one, the total energy of the ion changes by the
potential energy at the ionization point. Therefopeat the ionization point can be obtained
through the measurement of thdéfdrence in the kinetic energies between the primary and the
secondary beam ion. Moreover, the secondary beam cufrggg)(reflects the electron density
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and temperature. In this experiment, the contribution of the temperature is smaller than that
of the density [11]. Thus, the density fluctuationcan be inferred through the fluctuation of

the secondary beam curreifit,gp). When the path integrafiect is negligible, the normalized

Ihisp is equivalent to the normalize® ~fe/Neo ~ Thigp/lHispo.-

In this study, the characteristics of the electrostatic fluctuation, especially focusing the fluc-
tuation with the GAM frequency, are studied with the HIBP [12] in the JFT-2M tokamak.

The JFT-2M tokamak is a medium-sized tokamak with a major radius (R) of 1.3 m and
an averaged minor radius (a) of 0.3 m. The experiments are performed with an upper single
null divertor configuration an&B drift of ion is toward X-point. The fueling gas species is
deuterium.

The HIBP on JFT-2M can measure 7 sample volumes simultaneously: the density fluctua-
tion can be measured in all the 7 sample volumes and the potential can be measured in 4 or 5
sample volumes of them, which depends on the injection condition. The radial width of each
sample volume is about 6 mm according to a beam trajectory calculation [13]. The arrangement
of sample volumes is determined through the Larmor radius of the beam, that is the combina-
tion of the magnetic field strengtl( and the beam energ¥\p). WhenW, = 350 keV, the
sample volumes are aligned in nearly minor-radius-directid, iof 1.17 T and in the poloidal
direction in B, of 1.28 T. In addition to that, the sample volumes can be moved in the radial
direction with the electrostatic sweeper. Thus, the radial profile in wide range are measured
through changing the sweep voltage.

3 Temporal behavior and frequency spectra of the electrostatic fluctuation

First, the temporal behavior of the electrostatic fluctuation is shown. Figure 1 shows the
temporal behavior of a typical discharge. In this shotzBt17 T, the plasma current is 190 kA
and the g5, which is the safety factor at the flux surface that encloses 95 % of the total poloidal
flux, is 2.9. The neutral beam (NB) is injected in the co-direction from 700 ms to 800 ms and
its power is 700 kW.

After the sawtooth crash at 725 ms, large spikes start to appeariménsity and negative
spikes are shown ihygp. It indicates that the formation of the transport barrier starts intermit-
tently but it is not sustained. The SX intensity from the scrapéager (SOL) and [ intensity
drop clearly after a sawtooth crash at 735.5 ms. They indicate the transition to the ELM-free
H-mode. The fluctuation in the intensity of the secondary beam, which reflects density fluc-
tuation ), exists with the broad frequency spectrum in L-mode, and it is suppressed at the
L-H transition (Fig.1(d)). The potential fluctuatia®)(shows the similar behavior except that
a significant fluctuation with the frequency of about 15 kHz is observed during L-mode (702
- 725 ms) (Fig.1(f)). The potential fluctuation with the frequency of 15 kHz exists in L-mode
(and Ohmic phase in other discharge) and disappear at about 725 ms, when the intermittent
formation of the transport barrier starts.

4 Characteristics of electrostatic fluctuation with the GAM frequency

4.1 Frequency spectra

The power spectra of the potential) (and normalized density fluctuationse(fie) are
shown in Fig.1(g) and (h). A significant peak with the frequency of about 15 kHz appears.
The predicted GAM frequency\(T; + Te)/M;/27R) [10] is 19 kHz, wheraVj; is the mass of
the ion, R is 1.54 m, the ion temperatuiig)(is 340+ 40 eV measured with charge exchange
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Fig. 1: (a) Chord integrated soft x-ray(SX) intensities from the egge (0.85) and SOL p ~ 1.1),
wherep is the distance of the chord from the plasma center normalized by the minor radius., (b) D
intensity in the divertor. The vertical dashed lines indicate the timing of the sawteeth crash. (c)(d) the
secondary beam intensity(gp) and its spectrum at 1.4 cm inside the separatrix and its spectrum,
(e)(f) electrostatic potentialg). (g)(h) power spectra of the electrostatic potential fluctuatighand
fluctuation of normalizedy;gp, Which is normalized density fluctuatiofie(neo), during L-mode, (i)
coherence betweehand normalizedygp

spectroscopy (CXS), and the electron temperafligei$ assumed to be the samelasThe fre-
guency of the peak in the power spectra is similar to the predicted GAM frequency. The word
“GAM frequency” andfgam are used as the frequency of the peak near the predicted GAM
frequency in this paper, and the physical value (A) with the GAM frequency is expressed as
A(foam). .

The coherence and phasdfeience between andri./neo is shown in Fig.1(c). The fluc-
tuations with the broad frequency spectrum indicate high coherence, and the ffasack
is nearrr/2. On the other hand, the fluctuations wilkwy indicate lower coherence than the
above fluctuation, but the coherence is higher than that of the ambient fluctuation &aund
The phase dierence isr, and it is quite dferent from the phase fiierence of the fluctuations
with the broad frequency. The results mean the fluctuations consist @ePetit components
at least; one is the fluctuation with the GAM frequency and the other is the ambient fluctuation
with the broad frequency spectrum.

4.2 Radial profile of the amplitude

The radial profile of the amplitude of the potential fluctuation with the GAM frequency
(6(fsanm)) is measured. The HIBP can measure the potential at 4 sample volumes simultane-
ously. The sample volumes range over about 1 cm in the radial direction, when they are aligned
in nearly radial direction. In order to measure the radial profile of the amplitudéfefy), the
positions of the sample volumes are changed every shot. The profile is shown in Fig.2(b), where
each shot is identified with fierent marks. The amplitude is almost the same in same position
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Fig. 2: (a) The radial profiles of and I gp in L- and H-mode. (b) The radial profiles of the amplitude
of ¢(feam) and (c) the radial profile of; (fgam) in L-mode. The horizontal axis is the distance from the
separatrix and the negative sign means the inside of the separatrix.

even in the dferent shot, thus the shots are reproducible. The the amplitutld£fy) is small
near the separatrix, it reaches to the maximum value at about 3 cm inside the separatrix.

The radial electric field fluctuatiorE() can be also measured and the radial profile of its
amplitude is shown in Fig.2(c). The profiles is similar to that¢fsay). The maximum of
the E, is about 5 % of the stationary electric field in H-mode plasma [14, 15], and the peak of
the profile is inside the position where the ste&dy B flow shear is maximum in H-mode. It
indicate theE, (fgam) may not be very important for L-H transition.

4.3 Coherence in the poloidal direction

In order to measure the coherence in the poloidal direction, the sample volumes are ordered
in the poloidal direction on almost the same magnetic surface. For the purpose, the magnetic
filed is 1.28 T, and the other parameters are fixed agd=B.2. The position of the sample
volumes are at 1 cm inside the separatrix. The density fluctuation (7 sample volumes), potential
and potential fluctuation (4 sample volumes) are measured simultaneously under this condition.
The sample volumes are at intervals of 7 mm in the poloidal direction.

The frequency spectra @¢fand normalizea¢ are shown in Fig.3(a). Although a peak exists
aroundfgan in the spectrum o, there is no significant peak in the spectrum of normalized
Ne. The reason is that the fluctuation witgay is weak and the ambient density fluctuation is
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Fig. 3: (a) power spectra o and normalizedie. (b) Coherence. The sample volumes are at 7 mm
apart. (c) Coherence. The sample volumes are at 21 mm apart. The solid ling amdfthe dashed line
is of fe.
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Fig. 4: (a) Dispersion relation of the normalizé@. (b) Dispersion relation evaluated with phase dif-
ference. The sample volumes are at 7 mm apart. (c) Dispersion relation evaluated with gfasack.
The sample volumes are at 21 mm apart. The solid line &arid the dashed line is @. (d) phase
delay ofé(fsawm) in the radial direction. The horizontal axis is the distance between sample volumes.

strong near the separatrix.

The coherence between the fluctuations is shown in Fig.3(b) and (c). The distance between
the sample volumes is 7 mm and 21 mm, respectively. As the distance between the sample
volumes is larger, the coherence betwegrsignals is smaller in all frequency range. The
coherence betweehsignals shows the similar tendency except thaear the GAM frequency
keeps high coherence. That means the correlation lengttfefy) is longer than that of the
ambient fluctuation in the poloidal direction.

4.4 Wave number

Fist, the poloidal wave numbek] is estimated. The sample volumes can be aligned on
almost the same magnetic surface with intervals of 7 mm in the poloidal direction as mentioned
above, so we can measukeof 4.5 (cnT?) or less. The dispersion relation of the density fluc-
tuation is estimated with Fast Fourier Transform (FFT) (Fig. 4(a)). The dominant components
exist in the frequency range of 40 - 60 kHz dgaf 1 - 2 (cnT?). Its poloidal mode number is
about 60 - 120.

Because the potential fluctuation is measured only in 4 sample volumes, fligsltito
estimate the dispersion relation with FFT. Thus, the dispersion relation is estimated through the
phase dierence {¢) between the signals fromftierent sample volumes; = Ag/Al,, where
Al is the distance between the sample volumes. The estimated dispersion relatissiodwn
in Fig. 4(b). The distance of the sample volumes is 7 mm. It is similar to that diGwever,
ke around the GAM frequency is almost zero unlike thanofThat is due t@( fgam) Which has
long correlation length in the poloidal direction, lsoof ¢(fsam) is estimated using the signals
from the sample volumes located at 21 mm apart (Fig.4(c)). The phfieesdice around the
GAM frequency is small, and the is estimated aky = (-2 + 24) x 1072 (cm™?). The poloidal
mode number is 1.5 or less. It does not contradict the predicted structure of GAR).(m

Next, in order to estimate the radial wave numie}, (the sample volumes are set in the
radial direction by means of optimization of the magnetic field strength and the energy of the
injected heavy ion beanB; = 1.17 T andW, = 350 keV. The interval of the sample volumes
is about 2.5 mm in the radial direction. The phasetéence off(fsav) measured near 3.7 cm
inside the separatrix is shown in Fig.4(d)). Thas estimated ak, = A¢;/Ads whereAy; is
the phase dierence anddsis the distance between the sample volumes kaad0.94 + 0.05
(cmt). Evaluatingk, through|E,| = | — 8¢/dr| = |k.¢| in Fig.2, it is consistent with the above
k.. The Larmor radius of the deutergn)is 0.28 cm, where the ion temperature is 380 eV and
the magnetic field strength is about 1 T,kgp;, = 0.26 < 1.
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Fig. 5. Relation betweef and¢. (a): fie with a frequency of 30 kHz and high@ég with a frequency
of 80 kHz and higher, and with a frequency from 1 to 30 kHz. The envelop@git also shown. (b):
Expanded view of (a). (c) and (d): power spectra of the envelofir of (a). (e) and (f): coherence
betweenp and the envelope dt.

4.5 The amplitude ofé and normalized density fluctuation

The relation between the amplitudedoéind normalizedof GAM is predicted as following
equation [1]: |fie(foam)/Neo| = V2kpi [ep(foam)/Te|- In the experiment, the right hand side
of the equation is 121072 at -3.7 cm inside the separatrix, whegg; = 0.26 estimated in
the previous sectiong(fsam)| is about 11 V (Fig.2(b)), and@ = 380 eV assuminde = T;
measured with CXS. The measum@fz av)/neo is about %1073, thus the observed fluctuation
with fgam has the same character as that of the predicted GAM.

5 Relation between the fluctuation with the GAM frequency and ambient fluctuation

The fluctuation withfgay probably produces the shear flow as inferred from Fig.2, so it
possibly suppresses the ambient fluctuation. Originally, GAM is produced through nonlinear
coupling of the turbulence. Therefore, it can regulate the power of the ambient fluctuation.

In order to see the temporal behavior of the amplitude of the ambient fluctuation, the enve-
lope ofri. is evaluated (Fig.5(a) and (b)). The envelope is evaluated with Hilbert transform and
a low pass filter whose cutidfrequency is 30 kHz. The envelope oscillates and it indicates the
amplitude ofrig is modulated.

The frequency spectra of the envelopesofith a frequency of 30 kHz or highen{(f >30kHz))
and 80 kHz or highem(f>80kHz)) are shown in Fig.5 (c) and (d), respectively. A significant
peak appears around the GAM frequency in each spectrum. It indicatesnodulated with
the GAM frequency.

The coherence between the envelopegdridé(fsav) is shown in Fig.5(e) and (f). There
is a peak around the GAM frequency in each figure. Therefore, the modulatiensoflosely
related with thes(GAM). It possibly shows the self-regulated mechanism of plasma turbulence
with zonal flow (GAM).

Compared with the modulation of(f >80kHz) with fgay, that ofig(f >30kHz) is weaker
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Fig. 6: (a) fe with a frequency of 30 kHz and high@g with a frequency of 80 kHz and highérwith a
frequency from 1 to 30 kHz, afig in L-mode. (b) the expanded view of (a). The envelogg & also
shown.

than the modulation with the lower frequencylQkHz). It may indicate that the turbulence
with higher frequency is suppressed mofigceently by the oscillating shear flow of GAM.

6 Influence on the particle transport

The particle flux induced by the electrostatic fluctuatibp) can be estimated witk, and
fe measured with the HIBH;; = neEg/Bt The E9 is measured by the HIBP through alignment
of the sample volumes on the same magnetic surface as described in section 4.3.

In L-mode, the average particle flgK;) is about (8@:40) xne(rsy) (1/m? s), whereng(rs,) is
the local electron density in the sample volume. Assuming that the particle confinement time is
50 ms which is 5 times the energy confinement time, the particle filuis(roughly estimated
at about 20< 10*° (1/m? s). The experimental result {§¢) ~ (80 + 40) x 10'° (1/m? s), where
ne(rsy) = 1 x 109 is assumedr’s is the same aE in the order, so the mesur&d is possibly a
major component to the total particle flux.

The mesured’; during L-mode is shown in Fig.6. It indicates intermittent behavior. Some
spikes appear at intervals of about &5, which corresponds té;am. They coincide with the
increase in the amplitude of as shown in Fig.6(b), thus the fluctuation wifgw, affects the
particle transport through the modulation of the ambient fluctuation. Larger spikes with longer
period (several hundredss) also appear in Fig.6(a), and it probably shows the existence of
some other mechanism of the intemittent transport.

In this shot, bursting fluctuation appears with the repetition frequency of about 4 kHz just
after the start of the formation of the edge transport barrier. After the burst continues for about
9 ms, andE, andni, are suppressed and the transition to the ELM-free H-mode occurs. The
burst means the formation and disappearance of a weak transport barrier repeat at intervals of
about 4 kHz [15].¢(fsam) and any spike with a time interval of GAM period does not appear
in the burst phase. Therefore, other mechanism play the important role for the formation of the
transport barrier.

7 summary

The characteristic electrostatic potential fluctuation measured by the HIBP is found to have
the theoretically predicted characters of GAM: the frequency, the structure in the poloidal di-
rection, wave numbers in radial and poloidal direction, and the relation between amplitude of
#(fsam) and that oiy( fsam). Therefor, the fluctuation considered to be GAM.
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The high coherence between the envelope of ambient fluctuation and the fluctuation with
feam Clearly indicates that the modulation of the ambient fluctuation and the fluctuation with
feam is closely related.

The measured particle flux indicates the intermittent behavior. The fluctuationfyyjth
affects the particle transport through the modulation of the ambient fluctuation, however , it
seems that the intermittent flux can not be expalined only with fiieeteof GAM. And, it does
not appear in H-mode and bursting phase but in L-mode and Ohmic phase. Therefore, other
mechanism play the important role for the formation of the transport barrier.
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