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To improve the understanding of the turbulence intermittency, a detailed investigation of the intermittency of the

density fluctuations has been performed in the boundary of J-TEXT. The intermittency of the density fluctuations and

its influence on the radial transport are reported. The probability distribution functions of the density fluctuations are

not scale-invariant, being inconsistent with the self-organized criticality hypothesis. The underlying dynamics of the

intermittency are detected using the quiet-time statistical method. The probability distribution function of the quiet

times shows double-power-law regions, indicating the existence of correlations between the successive burst events.
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1. Introduction

Decades of studies have shown that the cross-field
transport is much higher than expected in the fu-
sion research. Significant contributors to the anoma-
lous transport are the intermittent burst events em-
bedded in the fluctuations in the boundary of fusion
devices.' =31 Statistical analysis of the electrostatic
fluctuations reveals that the intermittency is ubiqui-
tous in nearly all the devices, such as tokamaks, stel-
larators, reversed-field pinches and linear devices.!*!
The burst events, featuring higher pressure and ra-
dial velocities than the ambient plasma, can extend to
the far scrape-off layer (SOL) and result in nearly flat
density and temperature profiles there. Moreover, the
burst events take about 50% of the radial transport

[5=7] These observations ques-

in many fusion devices.
tion the traditional theoretical models based on the
assumption that the fluctuations in the SOL are diffu-
sive. More importantly, the burst events, taking a sig-
nificant fraction of the radial transport, will increase
the particle and energy loss, enhance the plasma-wall

interaction, affect the boundary recycling, and conse-
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quently reduce the plasma confinement. Thus, study-
ing the characteristics and understanding the source
of the intermittency will be of great importance in
finding effective measures to reduce its impact on the
radial transport. A large number of experimental
and theoretical studies have been devoted to these is-
sues. However, the origin of the intermittency is still
an open question.®9 A detailed review of the recent
progress in understanding the intermittency can be
found in the literature.[*8] Experimental results ob-
tained from different devices should be of great impor-
tance in revealing the universal and diverse characters
of the intermittency, and hereafter, provide the possi-
bility for deepening the understanding of the nature
of the intermittency.

This paper presents a detailed description of
the intermittency found in the boundary of J-TEXT
and of their contributions to the radial transport;
moreover, the dynamics between the successive burst
events is detected in the SOL of J-TEXT. Emphasis
is put on the characterization of the intermittency in
the newly formed fusion device with the purpose of
improving the understanding of the turbulence inter-
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mittency. Besides, the new data will enrich the ex-
isting database constructed on the basic of different
devices’ results.

The remainder of this paper is organized as fol-
lows. The experimental set-up is described in Section
2. The experimental results are presented in Section 3,
including the intermittency of the density fluctuations
and the radial transport induced by the intermittency.
Conclusions are given in the last section.

2. Experimental set-up

The J-TEXT,%1 formerly TEXT-U (Texas Ex-
perimental Tokamak Upgrade), whose major and mi-
nor radii are 1.05 m and 0.27 m, respectively, has
been reconstructed and has been in operation since
2007.
with plasma current of 200 kA, toroidal magnetic

The experiments are carried out on J-TEXT

field of 2.2 T and line average plasma density of
1.3 x 10" m—3.

plasma current, loop voltage, horizontal and vertical

The typical discharge waveforms of

displacements of the plasma column are presented in
Fig. 1. All data are taken in the flat top time of 200 ms
(from 0.2 s to 0.4 s) in typical Ohmic hydrogen dis-
charges with a limiter configuration.
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Fig. 1. Typical discharge waveforms of plasma current (a),
loop voltage (b), horizontal displacement (c) and vertical
displacement (d) of the plasma column.

The measurements are obtained from a Langmuir
probe system mounted on the top of J-TEXT at 45°
toroidally from the limiter. The probe system can be
moved radially shot-by-shot. A square probe array
with 3.5-mm spacing consists of four carbon tips with
each tip 2 mm long and 1 mm in diameter. Two of the
tips are operated as a double probe with a constant
bias voltage of 180 V to record the ion saturation cur-
rent (I5) and the positive bias voltage (V). The other
two tips are spaced poloidally to measure the floating
potentials (denoted as Vz; and Viz). Probe signals are

acquired using 500-kHz digitizers with an accuracy of
16 bits. Local measurement of the density fluctuation,
which is related to the particle transport, can be ob-
tained from the I and the local electron temperature
(T,) using the formula n, o ISTe_l/Q. In this paper,
the fluctuation on Ty is assumed to be negligible. The
poloidal electric field is Ey = (Vi1 — Vi) /d, where d is
the distance between the two tips spaced poloidally.
The radial transport can be calculated using the for-
mula I, = n.V; < IV, where V, = Ey X BT/B% and
Br is the toroidal magnetic field.

3. Experimental results

3.1. Intermittency of the density fluctu-
ations

Intermittency means being patchy in space or
bursty in time. A signature of the intermittency in
measurement is the non-Gaussian probability distri-
bution function (PDF).['?] The intermittency of the
density fluctuations can be identified by direct analy-
sis of the I signals. Figure 2 shows examples of the
time-varying fluctuations of I5 and their correspond-
ing PDFs at three different radial locations, where the
fluctuations are normalized by their standard devia-
tions. Inside the last closed flux surface (LCFS) shown
in Fig. 2(a), there are lots of burst events embedded
in the fluctuation signal. The frequency of the burst
events, whose amplitudes are above 2.5 times the stan-
dard deviation, is about 2500 s~!. The positive fluctu-
ations are slightly more than negative ones, as revealed
by the corresponding PDF shown in Fig. 2(b), where
the PDF is asymmetric with a slight deviation from
Outside the LCFS shown in
Fig. 2(c), the frequency of the burst events whose am-

Gaussian distribution.

plitudes are above 2.5 times the standard deviation, is
about 3200 s~!. The PDF shown in Fig. 2(d) reflects
that the positive fluctuation is very close to a Gaus-
sian distribution while the negative one is not. Deep
into SOL, the fluctuation shown in Fig. 2(e) is dom-
inated by more rare but larger positive bursts. The
frequency of the burst events in which the amplitudes
are greater than 2.5 times the standard deviation, in-
creases to about 5200 s~!. The PDF shown in Fig. 2(f)
becomes strongly asymmetric with a pronounced tail
towards the positive values. The enhanced relative
amplitudes and the increased frequency of the burst
events in the far SOL indicate that the intermittency
becomes more important in the far SOL.
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Fig. 2. Time evolutions of I fluctuations normalized by their standard deviations (panels (a), (c¢) and (e)), and
the corresponding PDF's at three different radial locations (panels (b), (d) and (f)). The dotted lines indicate the
amplitudes of the I fluctuations equal to 2.5 times their deviations (panels (a), (¢) and (e)) and the best Gaussian

fit to the PDFs (panels (b), (d) and (f)).

The deviation from Gaussian distribution can be
quantified by the skewness and kurtosis of the fluctu-
ation. For a signal x, the skewness S is defined as

§ = ((z—(@)")/o*, (1

which describes the asymmetry of the PDF. The kur-
tosis K can be calculated in the following way:

K = ((z—(=)")/o", @)

which describes the tail weight with respect to the cen-
tral distribution. For a Gaussian signal, the skewness
and the kurtosis are zero and three, respectively. Fig-
ure 3 shows the radial dependences of skewness and
At each radial
position, data averaging is achieved by five identical
shots with 200-ms length (from 0.2 s to 0.4 s, 100000
data points). Both the skewness and the kurtosis are

kurtosis of the density fluctuations.

almost invariable (about 0.5 and 3, respectively) near
the LCFS while tend to increase in the far SOL, con-
firming that the intermittency becomes stronger in the
far SOL than that near the LCFS. This is in accor-
dance with the phenomena observed in Fig. 2.

To gain further insight into the nature of the inter-
mittency, a conventional power spectrum of the den-
sity fluctuation is obtained by Fourier analysis. In
the analysis, the data set obtained from a typical dis-

charge is broken into twenty-four non-overlapping sub-
blocks, and each sub-block has 4096 data points. Fig-
ure 4(a) shows the power spectrum of the I fluctua-
tion in shot 11020. There are no significant peaks in
the spectrum, indicating that the density fluctuation
is not dominated by periodic signals. The spectrum
breaks at about 7 kHz and 25 kHz. The shape of
the spectrum is divided into three regions which can
be described by power-law dependences of the type
S(f) o< f~™, a flat region at low frequencies, an in-
termediate one with a spectral index of about m =1,
and a steep one with exponent m close to 2. A similar
shape of the power spectrum has also been observed
in the edge of J-TEXT in the density fluctuations.
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Fig. 3. Radial profiles of skewness (a) and kurtosis (b) of
the density fluctuations. Error bars indicate the standard
deviations of the mean from five reproducible discharges
for each location.
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Fig. 4. Power spectrum of the I fluctuation (a), skewness and kurtosis of the decomposition of the I signal versus

frequencies (panels (b) and (c)), and PDFs of the Is fluctuation at three different frequencies (panels (d), (e) and
(f)). The dotted lines indicate the best Gaussian fit to the PDFs (panels (d), (e) and (f)).

The intermittency corresponding to the different
regions mentioned above can be quantified by calcu-
lating the skewness and kurtosis of the decomposition
For
this, the wavelet transform is applied to obtain a set

of I, signals at the corresponding frequencies.
of wavelet coefficients for each time scale 7, where

7 =1/f. The wavelet transform is a time-frequency
transform, which has the form

anwzjﬁﬂjaww(

where C'is the wavelet coefficients and 1) is the wavelet

t—s

) at,  (3)

function. This allows us to obtain the decomposition
of the I signal at the scale 7 as a function of the
time parameter s. Here the Morlet wavelet is used for
the analysing function . Wavelet coefficients repre-
sent the time behaviour of characteristic fluctuations
at each scale 7. The skewness S, and kurtosis K, of
the density fluctuation at each time scale are the nor-
malized third and fourth order moments of wavelets
coefficients for the corresponding scales. The corre-

sponding formulas are

S, = {(C(r) = (C(r))*) /o (4)
and
K. = ((C(r) = (C(r)*) /ot (5)

where o is the standard deviation of wavelets coefhi-
cients at the scale 7. Figures 4(b) and 4(c) show the

variations of the skewness S, and kurtosis K, with
frequencies. The skewness tends to increase from —0.1
to 0.2 with frequencies up to 20 kHz, and has a max-
imum value near the frequency of 20 kHz, suggesting
a maximum positive deviation of the rescaled fluctu-
ations at this frequency. In the range of 20 kHz and
250 kHz, the skewness tends to decrease from 0.2 to
about 0, indicating that the deviation becomes smaller
with increasing frequencies. The kurtosis is about zero
at frequencies up to about 10 kHz. When the frequen-
cies are above 10 kHz, an increase of the kurtosis with
increasing frequencies is found, indicating that the in-
termittency of the density fluctuation is more obvious
at high frequencies. The variations of skewness and
kurtosis with frequencies indicate that the PDF's of the
density fluctuations at the three different power-law
regions mentioned above are near-Gaussian, positive
skewed, and more stretched, respectively. Examples of
these behaviours are presented in Figs. 4(d), 4(e) and
4(f), which show that the PDFs are near-Gaussian
at low frequencies (4 kHz and 16 kHz) and tend to
develop strong tails at higher frequencies (250 kHz).
These results indicate that the density fluctuations are
not scale-invariant.

Another important issue is the underlying dynam-
ics of the intermittency. Quiet-time statistics!314 is
an approach to probe the dynamics between the suc-
cessive burst events, which allows the extraction of
information of the long-range correlation by measur-
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ing the quiet times between the events. The statistics
of the quiet times is somewhat related to the waiting
times, but the quiet times can be shown not to suffer
from the same shortcomings as their relatives. First, it
is important to measure quiet times instead of waiting
times if we intend to separate the correlations induced
by the drive and the ones induced by the dynamics.
Second, the distribution of the quiet times between
all burst events in the system essentially reflects the
statistics of the drive.l'¥] Based on the utility of the
quiet-time statistics, the method is performed on the
I signal in the SOL of J-TEXT. In the analysis, a
reference level of 2.5 times deviation of the I fluctu-
ation is used to measure the quiet times between the
successive burst events. The PDF of the quiet times is
shown in Fig. 5, which displays two distinct power law
regions (P(7q) oc 7,7) with the power law exponents
of v =1.05 £ 0.06 and v = 2.29 £ 0.18, respectively.
The result implies the existence of correlation between

the successive burst events.
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Fig. 5. PDF of the quiet times. Power-law fit is shown by
the solid lines.
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3.2. Transport induced by intermittency

The intermittency of the radial transport can
be characterized by measuring the burst events of
Iy, Vi, and IV, using the conditional averaging
analysis.['>16] By setting a certain level threshold,
normally several times the standard deviation, the
burst events can be selected from the time series sig-
nals. Conditional averaging is achieved by recording a
certain number of points around the maxima of each
event and then accumulating and averaging the se-
lected events. If both the selection criterion and the
selected object are performed on the same signal, it
is called “auto-conditional averaging”. If the selection
criterion is made on one signal while the averaging is
done on another, it is called “cross-conditional aver-
aging”.

Figure 6 displays the conditional average of I, V;,
and IV, at three different radial locations, where I3V}
is used to qualify the particle transport. The inter-
mittent structures of I are shown in Fig. 6 (panels
(a)—(c)), which are selected using auto-conditional av-
erage for the threshold of (Is — (Is))/o = 2.5. The
maximum values of the burst events at the three dif-
ferent radial locations are 70, 56, and 15 mA, respec-
tively. The corresponding mean values of I are 37,
28, and 5 mA, respectively. The maximum values are
about two times the corresponding mean values near
the LCFS, while deep into SOL, the ratio increases to
three. Although both the maximum values and the
mean values decrease outwards along the radius, the
burst events still feature higher density than the am-
bient plasma.

r—a=3cm

Is/mA

Vi /km - s—1
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Fig. 6. Conditional averaging of Is, Vi, and IsV; at three different radial locations for the same threshold of

(Isat — (Isat))/o = 2.5. The dotted lines indicate the mean values of the corresponding signals.

The intermittent structures of V; are obtained us-
ing cross-conditional average with the same threshold
mentioned above. A comparison of V; at the three dif-
ferent radial locations is shown in Fig. 6 (panels (d),
(e), and (f)).
burst events are 1.5, 1.6, and 0.5 km/s, respectively.

The maximum radial velocities of the

The corresponding mean velocities of V; are 0.02, 0.2,
and 0.1 km/s, respectively. Although the maximum
radial velocities of the burst events decrease with the
radius, these data indicate that the velocities of the
burst events are essentially larger than the correspond-
ing mean velocities.

The intermittent structures of IV, at the same lo-
cations are shown in Fig. 6 (panels (g), (h), and (i)),
which are selected using cross-conditional average at
the same threshold. The maximum values of the burst
events are about 100, 838, and 8 Am/s, respectively.
The corresponding mean values of IV, are 7, 12, and
0.8 Am/s, respectively. The maximum values of the
burst events are much higher than the corresponding
mean values of I;V;, implying that the burst events
have a significant impact on the radial transport.

The radial transport induced by the intermittency
can be calculated by using

<F>int/<F>tot = <IsVr>im/<IsVr>tot7 (6)

where (I;V}),,, represents the radial transport carried
by the burst event, and (IsV}),,
radial transport. The burst events, where amplitudes

represents the total

are above 2.5 times standard deviation of the IV, fluc-
tuations, are responsible for 25%—45% of the radial
transport in the boundary of J-TEXT.

4. Discussion and conclusion

The experimental results mentioned above reveal
that the intermittency is ubiquitous in the bound-
ary of J-TEXT. The PDFs of the density fluctuations

deviate from pure Gaussain distribution, particularly
in the far SOL. The cause for the breakdown of the
Gaussain distribution is considered to be the exis-
tence of intermittency in the fluctuations, which is
considered as a consequence of the underlying turbu-
lence dynamics.[M] Among the models proposed to de-
scribe the turbulence dynamics in the fusion research,
the self-organized-criticality (SOC) models have been
widely used owing to some properties of the plasma,
like the burst behaviour, power-law decay in fluctua-
tion spectra, long-range spatial and temporal correla-
tion through scale invariance.

In the experiments of this paper, the power spec-
trum of the density fluctuation shows three power-
law regions. The presence of the f~' region gives
an indication of the avalanche interactions. Besides,
the power-law dependences of the spectrum reflect the
self-similar behaviour of the density fluctuation in the
three different regions. The power-law spectrum and
the intermittency behaviour of the density fluctua-
tions are consistent with the SOC hypothesis. How-
ever, further research reveals that the PDFs of the
This is
inconsistent with the self-similar property of the SOC
(17]

density fluctuations are not scale-invariant.

hypothesis.

In order to get insights into the underlying dy-
namics of the intermittency, the PDF of the quiet
times for density fluctuations is investigated, which
has been found to exhibit double-power-law decay.
This decay is in contrast with the predictions of
the standard SOC model, the Bak—Tang—Wiesenfeld
(BTW) model, which predicts an exponential decay
instead. However, as mentioned in Ref. [18] some au-
thors have conjectured that other SOC models, in-
cluding the running sandpile, could allow for a power-
law decay for the PDF of quiet times in laboratory
plasmas. Anyway, the occurrence of the power-law
decay in the distribution of quiet times indicates the
existence of correlations between the successive burst
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events.

The burst events, featuring higher density and
radial velocity than the surrounding plasma, are re-
sponsible for 25%-45% of the radial transport in the
boundary of J-TEXT. Although the ratio is smaller
than the results observed in many other devices, 5
the burst events still have a significant impact on
the radial transport. Experiments in the boundary
of DITI-D and SUNIST showed that the particle con-
tent of the burst events and their frequency increase
with the local density.®'°) Thus, there is evidence to
believe that the burst events in J-TEXT will have a
greater impact on the radial transport with increasing
density. The relevant experiments are underway.

In summary, the intermittency of the density fluc-
tuations has been characterized in the boundary of J-
TEXT. Results show that the intermittency is ubiqui-
tous both near the LCFS and in the far SOL. The pos-
itive fluctuations are slightly more than the negative
ones near the LCFS, while deep into SOL, the fluctu-
ations are dominated by more rare but larger positive
peaks. The density fluctuation is not dominated by

periodic signals, and its power spectrum shows three
power-law regions. Moreover, the wavelet decompo-
sition reveals that the PDFs of the density fluctua-
tions are not scale-invariant, being inconsistent with
the SOC hypothesis. Quiet-time statistics shows that
the PDF of the quiet times exhibits double-power-
law regions, indicating the existence of correlations
between the successive burst events. Particularly, the
conditional averaging reveals that the burst events fea-
turing higher density and radial velocities than the
surrounding plasma have a significant impact on the
radial transport. The fraction of the radial transport
carried by the burst events is about 25%-45% in the
boundary of J-TEXT.
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