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Zonal flow type oscillation, which is driven by a small modulation of the electron cyclotron resonance (ECR)
power in a low-frequency band (< 0.1 kHz), and its impact on drift wave turbulence are observed in linear cylin-
drical ECR plasmas by simultaneous spatiotemporal measurements with a multi-ring probe array. It is found
that a potential low-frequency (< 0.1 kHz) oscillation can have a zonal flow type structure. Bicoherence analysis
reveals that this zonal flow type oscillation has a nonlinear interaction with the drift mode. These results indicate
that an electric field with zonal flow, which is excited externally, can modulate the drift mode amplitude, similar

to spontaneous zonal flow.
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The regulation or suppression of plasma turbulence
by a zonal flow is considered to be a control knob for
plasma confinement. It was theoretically and numerically
demonstrated that zonal flow can be generated by the non-
linear interaction of the plasma turbulence, and regulates
the turbulence itself[1-3]. Zonal flows have anisotropic
potential structures, with toroidal and poloidal symmetries
(poloidal and parallel mode numbers m = 0 and n = 0, re-
spectively), and they are radially localized (radial wave
number k. # 0). Zonal flows modulate the turbulence
through the shear suppression mechanism. Fujisawa et al.
confirmed the presence of zonal flows in a magnetically
confined toroidal plasma device, compact helical system
(CHS), using dual heavy ion beam probes [4,5]. Several
studies on zonal flows have been reported using various
diagnostics [6-8]. Recently, Nagashima ef al. identified
the parametric-modulational instability of the drift wave-
zonal flow system in a linear cylindrical Large Mirror De-
vice (LMD), using a Reynolds stress probe [9-11]. Komori
et al., reported the influence of E x B sheared flow in a
coherent mode using a biased separated end plate, which
controls the mean radial electric field [12]. However, the
interaction of externally induced time varying E x B shear
flow with the drift mode has not been reported. In this let-
ter, we present experimental observations of the impact of
an oscillation driven by a small modulation of ECR power,
which has the zonal flow structure (called a zonal flow type
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oscillation in this letter), on the drift wave.

Experiments are performed in the region of lower ion-
neutral collision frequency vi,/Q; ~ 0.4 (filling gas pres-
sure pan = 0.6 x1073 Torr), where the drift mode is
strongly excited in a linear cylindrical electron cyclotron
resonance (ECR) plasma[13]. Here, vj, and £; indicate
the ion-neutral collision frequency and the ion cyclotron
frequency, respectively. A multi-ring probe array [14] is
used to observe the radial structure of the radial electric
field oscillation. The magnetic coil assembly consisted of
eight coils (axial width of 6.4 cm, and inner and outer di-
ameters of 60 and 88 cm, respectively) forming a mirror
magnetic field, with a mirror ratio of 1.5. A microwave
with a frequency of 2.45 GHz and output power of P, <
1 kW is launched into a vacuum chamber (with a 40 cm in-
ner diameter and 120 cm axial length 120 cm) in a circular
TE|; mode through a coaxial waveguide converter (10 cm
inner diameter and 21 cm axial length), which is mounted
at the end of the vacuum chamber. The total axial length of
the plasma including the converter is about 140 cm and the
plasma radius is Scm. The ECR discharge is performed
continuously for 2s. The spatiotemporal structures of the
ion saturation current ;s and floating potential Vi were
measured simultaneously using a multi-ring probe array
that has eight stainless steel rings (3 mm outer diameter,
2.5 mm inner diameter, and radial length of 1.2 mm with
a radial central separation of 10 mm) positioned in the ra-
dial direction. The averaged plasma parameters (the elec-
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Fig. 1 (a) Auto-power spectra of normalized density 7i/n. (red), normalized potential eV /kg T, (blue) and radial electric field E; (black)
at r= 4.5 cm. The signal magnitude without plasma in the low-frequency band (60 Hz component is dominant) are at least seven
orders smaller than the above mentioned signals. (b) Radial profiles of leVi/kgTel/|fie /ne| at f=4-5kHz (red) and f < 0.1 kHz
(blue) and amplitude of |E,(f= 15 - 45 Hz)| (green). The cross phase (divided by ) and cross coherence between floating potentials
(f < 0.1kHz) at (c) poloidal (at z = 30 cm) and (d) z directions (at 6= 270 deg.) in the same radial direction r= 4.5 cm.

tron density n. and temperature 7'.) are obtained from the
current-voltage (/-V) characteristics of the single Lang-
muir probe. Experiments were performed in the region
where the drift mode is dominant under the following con-
ditions: the magnetic field strength B = 685 Gauss, P,=
300 W, pan = 0.6 x 1073 Torr, ne =2 x 10! cm=3, and T,
=2eV.

Figure 1 (a) shows the auto-power spectra of the nor-
malized density 7. /ne (red), normalized potential eVi/kgTe.
(blue) (kg is the Boltzmann constant) and radial electric
field fluctuation E, (black) at r = 4.5cm, where A(r) =
A(t) — <A(#)> (<>: the temporal average) and E(r,t) =
—(Vi(r + Ar, 1) — Vi(r, 1))/ Ar, Ar=1cm is calculated from
two adjacent positions of the multi-ring probe array with
a spatial distance of 1cm. The frequency resolution is
6.1 Hz and 100 ensembles are averaged to reduce the sta-
tistical error. It is found that the power spectra of E; have
peaks in the low-frequency band (f < 0.1kHz) and the
maximum peak is observed at f = 30 Hz. The spectrum of
eV¢/kgT. contains the overall potential fluctuations which
will cancel out E, estimation, and thus is broad in the low-
frequency (f < 0.1kHz) band. In fact, eV;/kpT. has a
strong coherence (~ 0.7) with E; at f = 30 Hz (not shown).
Thus, we focus on modes at f = 30 Hz. The radial profiles
of |E;| at f = 15 - 45 Hz (green) are shown in Fig. 1 (b). The
ratio of the normalized potential to density fluctuation lev-
els, i.e., |eVi/kpTe|/|fie/ne| is useful in identifying the drift
modes. The radial profile of leVi/ kg Te|/ |7 /ne| at the drift
frequency (4 - 5kHz) (red) is also shown in Fig. 1 (b). This
indicates a drift mode feature i.e. |eVi/kgTe|/|fie/ne| ~1 at
r ~ 3 - 5cm. In the low-frequency band (f < 0.1kHz), the
magnitude of the normalized potential fluctuation is one
order larger than the density at all radial positions, which
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is one of the features of zonal flows. The radial profile of
|E/|at f =15-45Hz peaks at r = 1.5 cm, and decreases to-
ward the outer radial region. Figures 1 (c) and (d) show the
cross phases and cross coherences of V; between two sep-
arated positions in the low-frequency band (f < 0.1kHz)
(here, the significant level of this cross coherence is 0.01.).
The reference probe is located at (7, 6, z) = (4.5cm, 303°,
30cm). The cylindrical coordinate system in which axes
(r, 6, 7) satisfy the right-hand rule is employed. Here, z
is measured from the coaxial waveguide converter. The
6 coordinate is defined such that the vertical (downward)
direction from the center of the device has a 6 of 270 de-
grees [13]. The cross phases in both azimuthal and axial di-
rections are regarded as near zero within the present error
bars, and show the azimuthal and axial symmetric struc-
tures of (m, n) = (0, 0), similar to a zonal flow structure.
Here, m and n are the azimuthal and the axial mode num-
bers, respectively. In addition, the azimuthal mode number
m of E; at f = 30Hz is identified as 0 by two point E;
measurements with a finite azimuthal angle (about 60 de-
grees) (not shown). This result supports that the idea that
E, at f = 30Hz has an axial symmetry (m = 0). The V; at
f < 0.1kHz is in phase with a strong coherence (> 0.5) in
an axial magnetic field line direction as shown in Fig. 1 (d)
and has strong coherence (~ 0.7) with E;at f =30Hz in
the same radial position in this experiment. Thus, we as-
sumed that E; at f = 30Hz also has an axial symmetric
structure of n = 0 like V; at f < 0.1 kHz). The mode struc-
ture of E, at f = 30Hz is considered to be (m, n) = (0,
0).

The spatiotemporal characteristics of the radial elec-
tric field (at low frequency, f < 0.1kHz) are given
by calculating the two-points correlation function, de-
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Fig. 2 (a) Correlation functions between the radial electric fields (f < 0.1 kHz) at different radial positions around r= 4.5 cm with three
time delays; 7=0, 0.016 and 0.032 s. (b) - (g) Auto correlation functions of E, (f= 15-45Hz) atr = 1.5 - 6.5cm, (h) of V; (f=4 -
5kHz) at r = 3.5cm, and (i) of the input microwave (f = 15 - 45 Hz).

fined as C(ry,r;7) = <Er(r1;t) - E(rt + ‘r)>/

\/<E~r(r1; 02) - (Ex(raz1)?), whereqw) = (1/T) x [/ w .
Here, T is 1s and the number of ensembles is 10. Cross
correlation of E; in the low-frequency band (f < 0.1 kHz)
is obtained by shifting the probe tip position r;, shot-by-
shot, while fixing the other at r; = 4.5cm. Figure 2 (a)
shows C(ry, r2; T) at three points in times (7= 0, 0.016, and
0.032s). These show the simultaneous radial structure in
the low-frequency band (f < 0.1 kHz), which seems to be
a quasi-sinusoidal radial structure with a radial wavelength
of A, ~ 2.5cm. This wavelength of zonal flow type os-
cillation is approximately eight times larger than the ion
Larmor radius (micro scale) and less than one-half of the
plasma radius (macro scale). A characteristic meso scale is
givenby [1] ~ +Josa = 1.2 cm, which is in a factor of ~ 2 of
the observed one. This quasi-sinusoidal radial structure has
the cycle with f=30Hz. (As shown in Fig. 1 (a), The auto-
power spectra of E, also have peaks at f = 30 Hz.) Here,
we consider the main component (f = 30 Hz) of E; in the
radial direction. The auto-correlation functions C(r; 7) of
E.(f =15-45Hz) (T = 1s and 10 ensembles.) at » = 1.5
- 6.5cm (shown in Figs 2 (b) - (g)) indicate that the zonal
flow type oscillations are coherent and have a long lifetime
(> 0.55). In particular, at r = 3.5 and 4.5 cm, the lifetime
is much longer than that of the drift mode (~ 2 ms) (shown
in Fig.2 (h)). Thus, observed zonal flow type oscillation
is not considered to be produced by the secondary (mod-
ulational) instability of drift waves. In this letter, the os-
cillations produced by the modulational instability of drift
waves and by the influence of external sources are defined
as the spontaneous and the externally driven zonal flow
oscillations, respectively. Next, we studied the origin of
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this zonal flow type oscillation. As shown in Fig. 1 (b), the
maximum amplitude of |E, (f= 15 - 45Hz)|at r = 1.5cm
indicates that ECR power is mainly absorbed in the cen-
tral region. In addition, the auto correlation function of the
input microwave ( f = 15 - 45Hz) (shown in Fig. 2 (1)) is
similar to that of the E; (f = 15 - 45Hz) at r = 1.5cm
(shown in Fig.2 (b)). We then study the relation between
the modulation of the ECR heating power and the observed
oscillation. Figure 3 (a) shows auto-power spectra of E; at
r=15-4.5cmat f <0.1kHz. Though the spectrum of E;
is broad near the plasma center (r = 1.5 cm), it is coherent
at outer radial positions. To understand the causal relation-
ships between E; (f =15 - 45Hz) and the input microwave
(f = 15 - 45Hz), the cross correlation function between
their envelopes is calculated in the phase where the ampli-
tude of the input microwave changes (shown in Figs. 3 (b)
atr=1.5cmand (c) at r = 2.5cm). Here, T= 0.3 sec, there
are 10 ensembles, and the reference of this analysis is the
input microwave (f = 15 - 45Hz). Peaks of the cross cor-
relation functions at r = 1.5 and 2.5 cm are large (> 0.7),
thus the amplitudes of E, and the microwave have a strong
correlation. The time-to-peak of the cross correlation (the
time delay) 7 at » = 1.5cm is almost 0 and 7 = —0.007 s
at r = 2.5cm. The negative T means that the amplitudes
of E; (f=15 - 45Hz) is altered by changes in the input
microwave oscillation (f=15 - 45Hz). Thus the E; is con-
sidered to be generated by the input microwave oscillation
and its generation mechanisms have a time scale of 0.007 s.
The observed time delay of 0.007 s is shorter than the life-
times of £, (f=15 - 45Hz) (> 0.03s) at all radial positions
(shown in Figs. 2 (b) - (g)). The E, oscillation with a zonal
flow structure is therefore induced from a small perturba-
tion of input microwave power. It has been reported that
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Fig. 3 (a) Auto-power spectra of E; at r = 1.5 - 4.5cm at f < 0.1 kHz and, (b) and (c) the cross correlation functions between envelopes
of the input microwave (f= 15 - 45 Hz) and E, (f=15-45Hz) at r = 1.5 and 2.5 cm.
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Fig. 4 Auto-bicoherence of the floating potential fluctuation at

f3 < 0.1kHz (frequency of zonal flow type oscillation).
The horizontal axis shows f;. The significance level is ~
0.002.

the ECR power modulation can excite electric field oscil-
lations [15]. The zonal flow type electric fields E; at r =
3.5 and 4.5 cm have coherent mode at f = 30 Hz and its
higher harmonics. The reason why E atr=3.5and4.5cm
has especially long autocorrelation times at f= 30 Hz is un-
known. This issue corresponds to the mechanism by which
E. is excited by external power modulation, and is left for
the future work.

This externally induced zonal flow type oscillation
regulates the ambient drift waves. Figure 4 shows an
auto-bicoherence plot of the floating potential fluctuations
(0%) = [ o (TEDOVR( = 5 = V() df. Here,
the frequency resolution is 24.4Hz and the significance
level is 0.002. Auto-bicoherence analysis indicates that
the nonlinear interaction between the drift mode and the
zonal type oscillation is significant, which is similar to the
observed spontaneous zonal flow in LMD [10].

In conclusion, we have observed zonal flow type oscil-
lation in a linear cylindrical ECR plasma using simultane-
ous spatiotemporal measurements with a multi-ring probe
array. It was found that low-frequency (< 0.1 kHz) radial
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electric field oscillation, which is induced from microwave
power modulation, has a zonal flow structure. Bicoher-
ence analysis revealed that externally driven zonal flow
type oscillation has a nonlinear interaction with the drift
mode. These results indicate that radial electric field os-
cillations with a zonal flow type structure excited by an
external source can modulate and control the drift mode
amplitude.
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