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Abstract. The low-frequency Zonal Flow (LFZF), coexisting with theoglesic acoustic mode (GAM)
was observed at the edge of HL-2A tokamak plasmas using fanginuir probe arrays. It is identified
as a low-frequency coherent mode peaking near zero freguaritbroadening several kilohertz on the
power spectral density (PSD) of the floating potential flattuns. Besides the poloidal and toroidal
axisymmetry, the radial wavenumber-frequency spectrd@fLi-ZF was firstly estimated. The three-
dimensional wavenumber-frequency spectral charadteyisty = k4 ~ 0, k.pi = 3.3 x 1072 with

the full width at half maximumAk,.p; = 0.19, are almost consistence with the theoretical predications
and simulation results. The radial spectra showing thalt B~ packages propagate both outwards and
inwards with a small net value outward, resulting in smadlesise shifts between two probe tips separated
radially at the LFZF frequency than the GAM frequency. Theetompe and the bispectrum analysis of
the poloidal velocity fluctuations both reveal that the iatdéion between the LFZF and the ambient
turbulence (AT) is as similar as that between the GAM and thgsiggesting the same generation
mechanism. But the differences are: the coherent coefficieetween the LFZF and the envelope of
the AT are smaller than that between the GAM and the AT, andhtieasity of the tri-wave interactions
including the LFZF is also much smaller than that includihg tGAM. These phenomena may both
caused by the small amplitude of the LFZF in the edge region.

1. Introduction

Zonal flows[1], which are believed to play a crucial role igu&ating the turbulence level and the tur-
bulent transport, become a concerned issue in magnetaifjined fusion plasmas over the last decade
[2][3][4]. Two kinds of zonal Flow have been identified in éddal magnetized plasma, i.e., a residual
flow with a low (near zero) frequency, also called statioreogal flows, and the oscillatory one with a
higher frequency called geodesic acoustic mode zonal floWMZF) caused by toroidal effects. Many
characteristics have been confirmed in experiments, edlyefir the GAMZF, which could be identi-
fied more easily. Besides the pioneer work on edge plasmalbCDlsing the phase-contrast imaging
(PCI) [5], the symmetry feature of the low-frequency Zonkivwr (LFZF) in the core plasma has been
measured directly on the DIII-D by the beam emission spectpy (BES) [6][7] and on the CHS by the
heavy ion beam probes (HIBP) [8]. There are also some irtdineasurements showing the signature
of the LFZF, such as the changement of nonlinear couplingebtspectra or the envelope modulations
[9][10][11] and the reduction of fluctuation-driven paléidlux [12]. The overview of the experiments
of zonal flows could be seen in [13]. In this paper, we desdhieobservation of the coexistence of the
LFZF and GAMZF, and the first complete three-dimension spéstructure of the LFZF in the edge
plasma of tokamak. The interaction between the LFZF, GAM&GF AT is also analyzed.

2. Experimental Setup

The experiments were carried out on the HuanLiugqi-2A (HL-2#Athe limiter configuration with the
major radiusR = 1.65m and minor radius: = 0.40m. The experimental condition was the Ohmic
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heated deuterium plasma with following typical parametgsasma currentl, = 160 ~ 180kA,
toroidal magnetic field3, = 1.47, line-averaged density. = (1 ~ 3) x 10¥m 3, and safety factor
at the limiter positiong, = 3.5 ~ 4.0. In this discharge condition, MHD activities are very weak,
which can not interfere the detection of the
LFZF and GAM. Measurements in the edge
plasma (/a > 0.9) were performed us-
ing two radially moveable Langmuir probe
systems, as shown in Fig.1. The first
probe system consists of three arrays, one
(marked as B) of which is located in the
outer midplane and the others (marked as
A and C) are located symmetrically about

: ) : D
the outer midplane in the same poloidal 3 Toroidal

cross-section of the torus and poloidally.___l_ ——
separated byly = 5.0cm. The second
probe system is composed of one probe ar=
ray (marked as D) which is locatdd0cm 7
toroidally (along§¢) with respect to the i lRadial
first system in the outer midplane. EXx-"%

cept for the probes in the array B which «

was used as a triple probe for measur- _—,

ing electron temperature as well as den- Poloidal

sity and floating potential, all other probes

were used to measure the floating poten- _
tial. There are three steps in the array D f ig. 1: The arrangement of experiments and the structures of

m fing the radial electric field. and th our probe arrays. The probe tips markedl and?2 are used to
eagu g the ra ‘T’l electric nield, a Estimate radial structures of the LFZF and GAM.
velocity of the poloidalEl x B flows cal-

culated asiy = —FE,/By,. All the signals
were sampled by 12-bit digitizers at a sampling rate of 1Mwhich gave the Nyquist frequency of
fn = 500kH z.

1.5m

3. Experimental results

3.1 Three-dimension spectral structures

The power spectral density (PSD) of potential quctuatiaﬁJs) (with different frequency resolutions,
along with their correlation coefficients and mode numbecs@a are shown in Figure 2. The PSD was
estimated as an ensemble average for a stationary intdrvab00ms, and before fast fourier transform
the linear trend of every realization has been removed toimdite the contamination induced by the
effects of slow movement of bulk plasma or changes in plasanarpeters. In addition to the AT feature
in the high frequency range of 20kH z, the spectra exhibit two distinct spectral features: a aite
mode peaked at the frequeney 8.5k H z with a full width at half-maximum of~ 3.5kHz and a low
frequency broadband (from zero extending upkdi z) feature with the tendency of peaking near zero
frequency as increasing the frequency resolution fiétH = to 0.125k H z. We can see that both features
have high coherencies and phase shifts of zero from Fig&{t)(c). The poloidal and toroidal mode
numbers with statistic errors are listed in Table | for th& feequency broadband feature (franbk H z

Table I. Poloidal and toroidal mode numbersfof 0.5kHz ~ 3kHz andf = 8.5kH z.
0.5kH z 1kHz 1.5kH=z 2kH=z 2.5kH z 3kHz 8.5kH z
m 0.43+0.25 0.394+0.29 0.314+0.31 0.364+0.33 0.36+0.34 0.08+0.39 0.04+0.24
n 004+£0.06 0.02+£0.07 0.01£0.08 0.07£0.09 0.1£0.1 0.056+0.1 0.144+0.04
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to 3kHz) and the co-

quency broadband fea-
ture can be regarded

herent mode a&.5k H z ’ ‘ i ‘
i oot (a) GAM of =1k 1 :: .
respectively, both smaller wof=osk | 8o
than one. The low fre-  Zort % -v-10f =025k | o oap e poloidal
é/ o ‘\ - -6f=0.125k | S 02 e toroidal
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o o

b5 Spectra
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g

as a poloidally and Al L “U
toroidally symmetric mode oz Z: e o
of m = 0 andn = 0, “ | = | | ‘
and is consistent with o1 " Prequency(kHz) ' Frequency(kHz)

the theoretical predic-

tion and simulation re-

sult [14] for the LFZF. Fig. 2: () PSD of»; under different frequency resolution (small vertical ghifdded
The coherent mode at  for clarity). (b) The spectra of coherent coefficients arjdnfode numbers between
8.5k H = has been iden-two ¢ s separated poloidally and toroidally.

tified to be GAMZF, as

similar to the previously observation [15][16], and will @ealyzed further for comparing with the LFZF.

The radial spectral structure can be characterized witlotta wavenumber-frequency spectritk,., f)
calculated using the two-point cross-correlation techeifl7]. Figure3 illustrate the contour plot of
the S(k,, f) spectrum (frequency rang@.5kHz ~ 20kH z) for gi;f as well as the conditional spec-
trum s(k./f) = S(k., f)/S(f), whereS(f) = X S(k, f), for the LFZF at the frequenc§.5kH =z
and GAMZF at the frequenc$.5kHz. The wavenumber resolution of spectra here is chosen to be
0k = 1.06em ™!, which is a tradeoff between reduction in the variance ofsihectral estimate and loss
of the wavenumber resolution for a given realization numbee1.5mm radial separation is the inverse
proportion to the range of the measured radial wavenumbgichais from —7/0.15 ~ —21em ™! to
21em L. Thus the smaller the radial distance, the more realizatimeded. It should be noticed that
the radial correlation of potential fluctuations are meadury the two probe of tip$ in the array D
and tip2 in the array B (marked in Fig.1) with radial and toroidal sgpans of1.5mm and 130cm
respectively to minimize the impact of the AT whose toroidatrelation length is much less than zonal
flows. A phase shift measured by the two probes is composedtbfradial and toroidal components,
i.e. Ab12(f) = k- (f)d, +kg(f)d,. Because the toroidal phase shift for both the LFZF and GAk&is
as described above and its contribution is negligible, tosszphase\d,»(f) can be used to estimate
the radial wavenumber for the LFZF and GAM.

It can be seen that

the spectra of5(k,, f) Normalized S(k,, f) 1 st/ f)

and s(k./f) for the ® ‘N o - —GAM : f = 85kH:
GAMZF are single- A 02 ) TTLEZE] =05k
peaked at a positivé, = -

value, indicating that
the GAMZF propagates
radially outwards with
little inward propaga-
tion component (posi-
tive k, represent prop-
agating outward in this
paper). In contrast, the
spectra for the LFZF rig 3: (a)S(k,, f) below20kH=(the part under the red dashed line is multiplied by

appear to be two peakst for better comparison). (b k,/f) for f = fgan andf = 0.5kH z.
at approximately sym-
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metric positive and negative valugs ~ 41.06cm ™! with a small imbalance in the positive and nega-
tive components, which is similar to that observed in theegplgsma of DIII-D [5]. This observation
implies that the LFZF propagates in both the radial inward amward directions with a small net out-
ward. These observations present a striking contrast toltheacteristic radial structure of the GAMZF.
The spectral averaged wavenumber and wavenumber widthaetl froms(k,./f) are respectively
k. = 0.55cm~! and Ak, = 3.2cm ™", which corresponds tb,p; = 3.3 x 1072 and A(k,.p;) = 0.19.
This is in the range for the LFZF expected by theory and sitiara [14]. The finite radial structure
of the LFZF can also be inferred from the changes of the tageckoss-correlations between lowpass-
filtered <;3fs measured by the probe tipsand 2 with increasing radial separation, as shown in Fig.4.
The picture display that the correlation coefficients in & F frequency range o — 2.5kH = de-
creases monotonically with increasing separation. We caghly estimate the radial correlation length
of 0.5cm < LEFZE < 1em, which corresponds to approximately ten times ion cyclotradius and

is shorter than that of the GAM. In brief, the LFZF has a smathelial wavenumber and decays more
quickly than the GAM, giving possible explanations to théiah phase shifts measuring by BES in
DIII-D (Fig.3 in [6]).
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Fig. 4: The correlation coefficients vs. time  Fig. 5: S(k,., f) atk, = 1.06cm ™!
lags, showing the radial propagation and
finite decorrelation length of the LFZF.
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Figure5 shows the power spectrum of ZFs at a given wavenuofoer = 1.06cm !, deduced from
S(ky, f). The spectral features for both the LFZF and GAMZF can be sksmly from the figure: The
LFZF spectrum has a peak=at0.5k H z with a

width of ~ 1.5k H z, corresponding to the cor-
relation time of0.7ms which is much longer 1
than that of AT ¢ 10us). The GAMZF spec-
trum has a peak at 8.5kHz with a width

of ~ 3kHz. These features, especially the
LFZF intensity is much smaller than that of
the GAMZF here, are in sharp contrast to the
simulation result of toroidal ITG turbulence
for typical core plasmas [14] and observed re-&
sults [7][8] in the core plasma which reveal
that the LFZF intensity is much larger than the
GAMZF. This difference is consistent with the
theoretical prediction that the ZF intensity is
dominated by the LFZF in the core region and
by the GAM in the edge region [18][19][20]F|g 6: (a) Coherent coefficient and (b) cross-phase spectra

because of different damping mechanisms aHatweenE and the envelope of filtereH, using two differ-
this may be the reason that the LFZF is more (it bandpass filters.

difficult to be observed than the GAM in the

edge region.

= # =passband = Tk — 13k
=—o0— passband = 200k — 500k g

Corr. Coef f




EX/p5-32 5

3.2. Envelope Analysis
In order to investigate the nonlinear interaction betwéenltFZF, GAMZF and AT, the envelope analy-
sis [21] is used. The envelope is defined as the modulus ofrthlgtac signal composed of the original
signal and that whose complex phase angles are shifted/ byAccording to the theory of zonal flow
generation based on parametric or modulational instabtliie generation of zonal flows is accompa-
nied by the envelope modulation of AT [22][23][24]. If it ibe& case, the information on the nonlinear
interaction between the ZFs and AT should be embodied inrhel@pe. Thus, the cross-correlation be-
tween fluctuations and the envelope of fluctuations can us@tentify the nonlinear coupling between
ZFs and AT. The correlation coefficients and cross-phasetrspbetweerE, and the envelopes of the
bandpass in the frequency ranges: 200 — 500k H = (referred to the AT envelope) arfd=7— 13kH z
(referred to the GAMZF envelope) are shown in Fig.6(a) and {&he coherencies clearly show that
there are significant correlations between the LFZF andikielepes of both the AT and GAMZF with
a finite coherency of 0.2, in addition to the strong correlation between the GAMZF #mel AT en-
velope. This result indicates that the AT envelope is mdddléy both the LFZF and GAMZF, and the
GAMZF envelope may also be modulated by the LFZF. Moreoterppodulation amplitude induced by
the LFZF is a factor of- (3 — 4) smaller than that by the GAMZF, which is consistent with tH&ZE
amplitude shown in Fig.5. The
cross-phase spectra illustrate that the
AT envelope modulation delays both

the LFZF and GAMZF by about

7 radian and the GAMZF envelope o
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modulation is almost in phase with 1 ,,
the LFZF. According to the analy- <% |

sis to the mechanism of the enve- ™=/}

lope modulation, cross-phase spectra .

nearr strongly suggest that the en- o Y

velope modulation process is domi- 30| *

nantly caused by the amplitude mod-

ulation effect during the ZFs gener- 73 20

ation and the phase modulation ef- & RATIAET Wi

fect caused by the Doppler shift is G b

subordnate [25) Thus, e cross. AU AL

phase in Fig.6(b) implies that both 100 200 300 400 500

the LFZF and GAMZF gain or lose fi(kHz)

energy synchronously with the de- %" © |

crease or increase of the turbulence .| * LrzF

energy. Because both the LFZF g’e”y‘g'r']g‘;;fgg)

and GAMZF are the ZF- eigenmodes  0.005

they should not be able to interact di- — == wmiEmeE T e

rectly. The GAMZF envelope modu- % s 10 15 20 25 30 3

lation by the LFZF appeared in the J(kHz)

coherence spectrum may not be &flg 7. (a) The squared self-bicoherenie (f1, f2), (b) the self-
lndlcqtor of the direct nonlinear 'n'biphaseéa,(fl,fg)/w and (c) the the summed squared bicoherence
teraction between them. Thereforeb,%s2

these results strongly suggest that

both the LFZF and GAMZF are si-

multaneously generated in the energy-conserving nomlimé@raction with the AT, as is predicted by
the theory of zonal flow generation based on the parametncooiulational instability.

3.3 Bispectrum

Other method to quantify the strength of the nonlinear thvage interaction between ZFs and AT is
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the bispectrum analysis [26]. The auto-bicohgrence ankdalsip are defined as foIIowé?( fi, f2) =
B F2)I? /U E () B (f2)[PYUE ()] andd(fi, fo) = tan~ (Im(B(f1, f2))/ReB(f1, f2))).
where B(f1, f2) = (E.(f1)E-(f2)E.(fs = f1 + f2)) is the auto-bispectrum. In this definition, the
bicoherence quantifies the fraction of power at the frequefac= f1 + f- due to the three-wave cou-
pling. The biphase measures the degree of the phase cobengong three waves at frequencfes f
and f3 and if a coherent phase relationship exists due to nonlic@apling, the biphase, averaged over
many realizations, will be a constant value and the bicatwrevill reach a finite value beyond the noise
level. Figure7(a) and (b) show the contour plots of them, maied with a resolution of.5kH z and
ensemble averaging ovég0 realizations. Because of the symmetry property of autot@eence, both
spectra are plotted within the triangle< f, < fy/2andf; < fi < fy — fo. From Fig.7(a) It can
be seen that the values I]t?f(fl, faam = 11k Hz) are clearly much larger than that at other frequencies,
which indicates that a strong nonlinear coupling existhawave triads f1, faan, f1 + feanm). The
values ofb®(f1, frrzr = 0 — 3kHz), though much smaller thab?(f1, foan = 11kHz), are stil
larger than the statistical uncertainties. The biphasergia Fig.7(b) shows a weak dependencefpn
with constant values of = over thef, frequency range of the LFZF and the GAMZF, verifying that the
nonlinear interactions between zonal flows (LFZF and GAMZ#’J AT are both coherent. This implies
that nonlinear interactions also occur among resonant Weds( f1, fr.rzr, f1+ fLrzr) but coupling
strength appears to be weaker than that among frequends tfig fcanr, f1 + faanr). This difference

of the bicoherences at frequencies of the LFZF and GAMZHustilated in Fig.7(c), where the summed
bicoherencé:i’f(f) =Yttt fo b2(f1, f2)/N(f) is shown andV(f) is the number of triads satisfying
f = fi1+ f2. According to the theoretical interpretation of the bigpem analysis for the drift wave-
zonal flow system [27][28], the summed bicoherence at thguisacy of zonal flows is proportional to
the ZF amplitude. Thus the difference in the summed bicotoeeat the LFZF and GAMZF frequencies
could also be explained by the smaller intensity of the LFZF.

f=50kHz

10% - %

Fig. 8: Distributions of the bicoherences of three kindsasfonant wave triads: (a) including the LFZF, (b)
including the GAMZF and (c) including0k H z.

In order to show the contrast of the nonlinear couplings efltRZF and GAMZF clearly, the distribu-
tions of the bispectrum of all the triads contributed to éhgéven frequency are shown in Fig.8 respec-
tively: f = 1kH z(referred to the LFZF)f = 11k H z(referred to the GAMZF) and = 50k H z(referred

to other frequency). Every point in the polar coordinatess) represents the bispectrum of one wave
triad (f1, f2, f): the distance to the origin poipt= b(f1, f2), the azimuth angleé = 4(f;, f») and the
points whosep below the noise level are not included (the dash circle incérger means noise level).
The numbers around the outmost solid circle are the pergestaf the number of the points located in
the corresponding0® pie sections, thus if the three wavesfat f, and f have statistically independent
random phases, the distribution@f= 6 —0, —0;, will be random and these numbers should all around
1/12 = 8.33%. The formularmaz =7 at the top right corner shows the maximum among all poirgs, i.
the maximum of aIIIS(fl,fQ) in the figure. Figure8(b) shows a typical concentrativeritistion and
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Fig.8(c) shows an approximate random distribution whilp &i(a) seems like an intermediate stage, cor-
responding to three kinds of resonant wave triads intemasti strongly coherent, weakly coherent and
incoherent. Our next work is to estimate a precise mathemadtidel to describe the differences more
guantitatively.

4. Summary

In summary, the LFZF has been observed to be coexisted vatlBhMZF in the edge plasma for the
firsttime. The three-dimensional spectral features of th&fE are identified to have many characteristics
expected for the stationary zonal flow. In particular, theaskation of the toroidal and poloidal sym-
metry provides the first conclusive evidence for the LFZFBwximetry of theoretical predictions. The
radial wavenumber spectra exhibit that the LFZF packetatldpropagates both outwards and inwards
with a net outward. In addition, both the LFZF and GAMZF ararfd to modulate the intensity of the
potential fluctuations with the anti-phase relation. Tleisult strongly suggests that both the LFZF and
GAMZF are simultaneously generated in the energy-consgruabnlinear interaction with AT. All the
results demonstrate that the LFZF intensity is much smtidbar that of the GAMZF in the higher g edge
region, in agreement with expectations from theory and kitimun.
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