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We investigate changes in the intermittent sequence of bursts in the electrostatic turbulence due to
imposed positive bias voltage applied to control the plasma radial electric field in Texas Helimak
[K. W. Gentle and H. He, Plasma Sci. Technol. 10, 284 (2008)]—a toroidal plasma device with a
one-dimensional equilibrium, magnetic curvature, and shear. We identify the burst characteristics
by analyzing ion saturation current fluctuations collected in a large set of Langmuir probes. The
number of bursts increase with positive biasing, giving rise to a long tailed skewed turbulence prob-
ability distribution function. The burst shape does not change much with the applied bias voltage,
while their vertical velocity increases monotonically. For high values of bias voltage, the bursts
propagate mainly in the vertical direction which is perpendicular to the radial density gradient and
the toroidal magnetic field. Moreover, in contrast with the bursts in tokamaks, the burst velocity
agrees with the phase velocity of the overall turbulence in both vertical and radial directions. For a
fixed bias voltage, the time interval between bursts and their amplitudes follows exponential distri-
butions. Altogether, these burst characteristics indicate that their production can be modelled by a
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stochastic process. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903201]

I. INTRODUCTION

In toroidal magnetic fusion devices, the plasma edge tur-
bulence limits the plasma confinement. The basic character-
istics of edge turbulence are common to several fusion
devices as tokamaks, stellarators, and reversed field
pinches.'™ Complementary plasma turbulence and their sta-
tistical and spectral characteristics have been investigated in
several simpler magnetic plasma devices.>' The compari-
son of the structure of fluctuations supports that plasma tur-
bulence displays universal characteristics common to all
these devices.'*"?

Generally, such observed turbulence in the density fluc-
tuations consists of two components: a broad band back-
ground fluctuation and a sequence of large intermittent
bursts. These bursts are encountered in the edge and the
scrape-off-layer (SOL) of tokamaks, stellarators, reversed
field pinches, and also in other magnetized devices.>”%!1-13
In particular, a significant fraction of the total transport to
the walls in all of these devices can be attributed to the pres-
ence of large and sporadic bursts.'*'®

Thereupon, several procedures have been tried to control
plasma turbulence and improve the confinement in fusion
devices. Experiments in the Reverse Field pinch eXperiment
(RFX) at padua showed turbulence changes with external ra-
dio frequency (RF) wave amplitude,'” by launching waves
using two electrostatic probes in the shadow of the limiter,'®
or by imposing an external electric potential that changes the
radial electric field profile.'*!

Recently, several experiments have also been performed
to study electrostatic turbulence in plasmas with flow and
magnetic shear in helimaks.”>° The helimak is one of a
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class of basic plasma experiments with characteristics of
fusion plasmas in a simple geometry. This basic plasma to-
roidal device has a sheared cylindrical slab that simplifies
the turbulence description and provides results that can be
used to understand the plasma edge and the scrape-off layer
in major fusion machines.”’ As the plasma of helimak is
colder and less dense when compared with tokamaks, it is
possible to use a large set of diagnostic probes. These char-
acteristics make the helimak an interesting device to study
the plasma flow shear influence on wave turbulence.?**

In Texas Helimak, for negative biasing, turbulence con-
trol has been investigated and states of greatly reduced turbu-
lence have been achieved.?>?® Furthermore, it was found
evidence that induced transport turbulence in this device is
much affected by wave particle resonances and, eventually,
by a kind of shearless transport barrier.>® On the other hand,
for positive biasing, previous experiments in Texas Helimak
support that for positive biasing, turbulence shows enhanced
broadband spectra and nonGaussian Probability Distribution
Function (PDF) with extreme events.>!

In this article, we analyze a new set of measurements
recently performed in Texas Helimak, on turbulence broad-
band spectra enhanced by positive biasing, to investigate how
the occurrence of bursts and their propagation change with the
alterations on the radial electric field profile. For that, we con-
sider a plasma region with roughly uniform equilibrium gra-
dients, compelled by external positive voltage bias applied to
a set of border plates. We analyze the ion saturation fluctua-
tions in these perturbed discharges, collected in a large set of
Langmuir probes available at the Texas Helimak, and identify
characteristics of the intermittent burst propagation and their
dependence on the applied bias potential.

© 2014 AIP Publishing LLC
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The observed turbulent signals have two components:
the almost stationary nearly Gaussian random fluctuations
and the intermittent bursts, similar to what has been observed
in many experimental investigations of turbulence in several
magnetic confinement devices.'*'® We identify the intermit-
tent bursts and determine the distribution of their amplitude,
which follows an exponential decay. We also found an expo-
nential distribution of the time interval between successive
bursts, suggesting a process formation independent of their
eventual predecessors. We also determine the burst charac-
teristics by the self and cross conditional average method
and the burst propagation velocity. Thus, we identify bursts
propagating along the plasma flow with velocities close to
the broadband turbulence phase velocity.

The number of bursts increase with positive biasing, giv-
ing rise to a long tailed skewed turbulence probability distri-
bution function. The burst shape and amplitude do not
change much while the burst vertical velocity increases
monotonically with the applied bias voltage. Furthermore,
for the highest bias voltage values, the bursts vertical veloc-
ity (corresponding to the poloidal velocity in the tokamak
case) is much higher than their radial velocity.

In Sec. IT A, we review the experimental set up. In Sec.
II B, we describe the turbulence perturbed by a positive bias
voltage in Texas Helimak, the observed extreme events in
Sec. III and, in Sec. IV, the influence of the positive external
biasing on the intermittent bursts. Finally, in Sec. V we com-
ment on our main conclusions.

Il. TEXAS HELIMAK
A. Experimental set up

The experiments were recently performed at Texas
He:limak,22 a basic plasma toroidal device located at the
University of Texas at Austin. In this machine, the combina-
tion between the toroidal and the small vertical field creates
a helical magnetic field with curvature and shear as shown in
Fig. 1. Texas Helimak has a vacuum vessel with rectangular
cross section of external radius R, ;e = 1.6 m, internal ra-
dius R;yernar=0.6m, and height H=2m. Most of these
magnetic field lines start and terminate into four sets of four
plates located at the top and the bottom part of the machine.
These plates are used as a support to the Langmuir probes
and to apply external electric potentials (bias) to change the
radial electric field profile. The Helimak geometry is well
described by the sheared cylindrical slab®’ since the connec-
tion lengths are long enough to neglect the end effects.

In Texas Helimak, the turbulence can be modified by
changing the radial profile of the electric potential, and thus,
changing the radial electric field component. This electric
field alteration can be achieved by imposing an external elec-
tric potential on some of the 16 available bias plates (see
Fig. 1(a)). For a normal grounded operation, all the plates
are connected to the vessel ground. An equilibrium electric
potential results from the sheath boundary conditions, result-
ing in vertical, sheared E x B flows.?® For the biased opera-
tion, the plates within a chosen radial range are connected to
a bias voltage. This bias induces a radial electric field that
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FIG. 1. Schematic of the Texas Helimak with a sample magnetic field line

(a). Position of the main Langmuir probes considered in this work (b). Grey
region indicates part of the bias plate.

can strongly impact the potential profile and the vertical
E x B flows.

In the analyzed experiments, the dominant toroidal field
is about 0.1 T. For the experiments analyzed in this work,
Argon gas at 10> Torr was heated by electron cyclotron reso-
nance heating with 6kW of power inserted by a window
located in the inner side of the vacuum vessel, located around
R =0.95 m (where the bias plates are located). The shot dura-
tion is up to 20s, and the plasma is in a steady state with sta-
tionary conditions during at least 10s, the time interval
considered for fluctuation analyzes described in this work.
Electrostatic probes mounted at the four sets of bias plates
were used to measure saturation current fluctuations analyzed
in this work and data were taken by two digitizers, one with
96 channels and 500 kHz of sample rate and another one with
128 channels and 7 kHz of sample rate for mean profiles.

For the shots analyzed in this paper (130128005-
130130024), bias is imposed in the four plates (two on the top
and two on the bottom, on both sides of the machine, labelled
by the numbers 2 in Fig. 1 placed in the interval from
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R >0.86m to R < 1.07 m) near the radial region chosen to an-
alyze the turbulence (1.10m < R < 1.15m). Data presented in
this paper are obtained from a set of probes place in the bot-
tom of the machine in the plate by the number 3, at the same
toroidal position of the bias plates (Fig. 1(b)). In this region,
the density gradient is practically uniform and the electric field
is much affected by the external bias.

B. Intermittent turbulence

In Helimak the turbulence changes due to alterations on
the radial electric field imposed by the applied voltage poten-
tial. In fact, data analyzes showed two different kinds of per-
turbed turbulence. Overall, the turbulence level is reduced
for negative biasing.?****! However, for positive biasing the
turbulence shows enhanced broadband spectra and
nonGaussian PDF with intermittent extreme events,31 as it is
briefly presented in this section. The main introduced spec-
trum characteristics, shown in Figures 2 and 3, are those
required to follow the new results, presented in Secs. III and
IV, on the intermittent burst propagation and their depend-
ence on the applied positive bias potential.

In this work, we consider time intervals about 9.7 s for cur-
rent saturation time series /,,(¢), obtained for each probe used
in the configuration, to perform statistical and spectral analyses
of the plasma turbulence. For the spectral analysis, we perform
a windowed Fast Fourier Transform (FFT) algorithm dividing
the data time series into 194 series with 25 x 10° points each.’’

Figure 2 shows an example of a saturation current sig-
nal, part of the time series for fluctuating ion saturation cur-
rent perturbed by a bias potential of 10V, measured in a
probe located at R=1.13m and z=0.233m (z=0 on the
bottom). High intensity spikes can be easily distinguished.

The turbulent fluctuation distribution functions of differ-
ent devices have significant non-Gaussian features. In partic-
ular, a significant fraction of the total flux can be attributed
to the presence of large and intermittent bursts.'*"?
Likewise, the PDF of the Iy, signal of the turbulence
observed for positive biasing, showed in Fig. 2(c), have a
long tail, an indication of intermittent bursts. The kurtosis
and skewness are higher than the values K=3 and S=0
obtained for Gaussian distributions, indicating the presence
of positive extreme events much more common than what is
expected from a random distribution. Namely, this deviation
from a Gaussian is due to the presence of intermittent bursts.
The same kind of PDF with long tail is been commonly
observed in tokamak scrape-off layers and other devices,
combined with a great variability in the amplitude of bursts
as well as in the time interval between two successive
bursts,'>1432:33 Thus, our observations confirm that the ana-
lyzed signals possess the two usual components: a random
nearly Gaussian fluctuations plus intermittent bursts.'>>*

An example of power spectra, for the signal of Fig. 2, is
shown in Fig. 3(a). This spectrum shows that energy of the
signal is concentrated in the interval 0.1 kHz <f< 1kHz.
The coherence spectra between two probes in the same radial
position, Figure 3(b), show a high coherence for f < 3 kHz.

To better characterize the fluctuations, we also present
the S(k,f) spectrum, obtained from two probe measurements
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FIG. 2. Saturation current signal shown in a small time interval (a) and a
zoom in (b). Signal obtained for R=1.13m, z=0.233 m and a bias voltage
of 10 V. PDF of the complete saturation current signal (c). A Gaussian distri-
bution is shown with the dashed line for comparison.

as the bidimensional histogram of the amplitudes of the cross
spectrum in terms of the wave number and frequency among
several similar realizations.>> The S(k,f) spectrum is observed
in Fig. 3(c), in which we present in color scale the obtained
signal power as a function of its frequency and wave number.
The frequency spectrum is broad and shows an average linear
dependence k(f) so, even without a mode with a well deter-
mined frequency, the average phase velocity, estimated
through this spectrum,*® is the same for all frequencies. So,
this spectrum presents an important characteristic: all the
waves in the turbulence spectrum have the same phase veloc-
ity, what is not commonly observed in broadband turbulences.

lll. EXTREME EVENTS

In this section, we analyze the burst form, their fre-
quency, and how they propagate in the plasma. In particular,
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FIG. 3. Power spectrum (a) of the signal obtained for R=1.13m,
z=0.233 m, coherence spectrum (b) and S(k,f) spectrum between signals of
probes positioned in z=0.213m and 0.233m, R =1.13m and bias=10V.

we obtain the burst amplitude and their waiting time distribu-
tions which could reveal the statistical nature of the extreme
events. We also use conditional analysis to identify the mean
shape of bursts propagating in the plasma.

Initially, for data from probes at R=1.11m and a shot
with a bias voltage of 10 V, we present in Fig. 4(a) the proba-
bility distribution of burst amplitudes, P(A), normalized by
the standard deviation, ¢;, of the entire time series. In this
figure, we see that the distribution of number of bursts as a
function of their normalized amplitude can be well repre-
sented by an exponential fitting, P(A) = Ce(~4/40).,

Another important issue is the distribution of time
between intermittent events.”*’*® Once the bursts instants
are detected, we determine the time between two consecutive
bursts, 7, and its PDF. Accordingly, for the same data used
for Fig. 4(a), from probes at R=1.11m and a shot with a
bias voltage of 10V, we present in Fig. 4(b) the probability
distribution, P(7), of time intervals, 7, between two succes-
sive bursts (considering events with amplitude equal or
higher than three times the standard deviation). This proba-
bility distribution has an exponential decay, P(t) = De~ /™,
the same exponential distribution observed for the inter
bursts time of the intermittent fluctuation in the tokamak
scrape-off layer.'* The amplitude and time between bursts
distributions can be interpreted as evidences of the stochastic
nature of the observed intermittence. Specially for P(t) in
which exponential distribution is a consequence of an uni-
form burst appearance probability.*

In order to investigate the bursts propagation, we per-
formed a coincidence analysis in nine neighbor probe fluctu-
ations data. Delay time histograms are obtained by counting
the time intervals relative to the time in which the peak of
the burst is identified at the reference probe (in the center of
Fig. 5). As the mean time interval between successive bursts
is much higher than the burst propagation time from one
probe to the other, the computed time delay measurements
have a good resolution. The red lines in Fig. 5 represent the
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FIG. 4. (a) Probability distribution P(A) of the burst amplitudes. The ampli-
tude A is normalized by the standard deviation oy of the entire time series.
(b) Probability distribution P(7) of the time interval between two consecutive
bursts. On this discharges bias =+10V and the analyzed probe was located
atR=1.13mand z=0.213m.

function, a Gaussian plus a constant, adjusted for the time
delay distribution. In conclusion, in Fig. 5, the histograms of
extreme events in one probe in time coincidence with an
extreme event detected in the reference probe shows a higher
dispersion for probes with the same vertical position and dif-
ferent radial positions in comparison with dispersion for
probes with same radial position and different vertical posi-
tions. This means that the bursts propagation is better defined
in the vertical than in the radial direction.

Once the coincidence histograms of Fig. 5 made the
bursts propagation evident, we consider the conditional aver-
aging technique to follow the statistical evolution of selected
conditions in the signal. Thus, Figure 6(a) shows cross condi-
tional average between the /,, signal of a probe positioned at
R=1.13m and z=0.213m and the signals from two neigh-
bour probes with the same vertical position. Figure 6(b)
shows the conditional average between the signal from the
same reference probe and four probes below and above at
the same radial position. From Fig. 6, we see that these cross
conditional average results confirm that the bursts are propa-
gating preferentially in the vertical direction, as inferred
from the histograms of Fig. 5. The observed resemblance of
the cross correlations from signals in equidistant probes is an
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FIG. 5. Histograms of extreme events with time coincidence with the extreme events identified in a reference probe (R =1.13m and z=0.213 m). The line is

a Gaussian plus background adjust. On this discharges bias=+10V.

evidence of the bursts propagation with uniform velocity
along the probe separation in the vertical (z) and radial (R)
directions.
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FIG. 6. (a) I, signal cross-conditional average along the radial direction for
z=0.213m. (b) I, signal cross-conditional average along the vertical direc-
tion for R=1.13m. The reference probe is positioned at R=1.13m and
z=0.213m and bias=+10 V.

Observing Fig. 6, we note that the burst shape obtained
from the conditional average is spread enough to be observed
in more than one probe. Indeed, for a discharge with +10V
of bias voltage the Fig. 7 shows the bidimensional burst
shape, in three time frames, where the conditional average
levels are indicated through the color scale. Thus, we can
identify the bursts propagation in both the vertical and radial
direction. The two-dimensional conditional average has also
been used in LArge Plasma Device (LAPD)' to investigate
the propagation of structures associated to strongly intermit-
tent turbulence in the shadow of a limiter in LAPD, a linear
magnetized plasma with a steep density gradient.

In order to determine the burst velocities, we perform a
bidimensional fit which takes into account a set of time frames
to estimate the burst size and his peak velocity. This fitting,
explained in detail in the Appendix, assume constant veloc-
ities for the burst peak in both vertical and radial directions.
The black contour lines indicated in Fig. 7 are obtained from
the fitted functions. This procedure is used to avoid overesti-
mation of the burst velocities that could be obtained by only
considering the time delays between orthogonal probes. This
overestimation would result from the elongated and tilted
burst shape mentioned in the next paragraph. This difference
between the apparent burst velocity inferred from time delays
and the real propagation velocity of the burst structure is one
of the important contributions of the analysis presented in the
paper, which only could be carried out because of the large
set of close Langmuir probes of Texas Helimak.

From the adjust shown in Fig. 7 is clear that the bursts
are tilted and elongated structures with largest characteristic
length about 6 cm. The tilt is approximately 60° with radial
direction and the ratio between the smallest and the largest
characteristic lengths is about 1/4.
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Besides their stochastic nature, we have not yet deter-
mined the mechanism of burst creation. Even so, we deter-
mine their structure and how they propagate in the plasma.
The burst driving mechanism has been investigated in other
machines. In TORPEX, a device similar to Texas Helimak, it
was found that the blob creation is related to the magnitude
of the temporary density gradient that induces coherent
waves in a inner radial region.‘w’41 However, in our analyzed
discharges no evidence of coherent waves driving bursts has
been found. Furthermore, our analyzes could be considered
as complementary to the TORPEX observations of propagat-
ing blobs in uniform density regions, as we describe bursts
propagating in the uniform gradient density radial region.
The two different density profiles regions analyzed in Texas
Helimak and TORPEX are similar to the tokamak density
profiles, at the plasma edge and in the scrape-off layer,
respectively, and may drive different bursts propagations as
those observed in the two tokamak regions.

IV. BIAS DEPENDENCE

Experiments with bias voltage to investigate the bursts
control have been performed in Texas Helimak**?® and

1.5

—o—gnd
e 10V
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FIG. 8. Radial profiles of the mean saturation current for three different bias
values: ground (solid black line), +10V (doted blue line), and +15V
(dashed red line). This profiles are directly related with the mean densities
profiles. Grey region indicates the radial region of the bias plates.

1 1.4

TORPEX.** In this section, we examine how the burst shape
and burst waiting time change with the bias voltage.

Initially, we present Fig. 8 with three average saturation
current radial profiles for three bias voltage values, From this
figure, within our approximation, we can consider that the
equilibrium density radial profile does not change much with
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FIG. 9. (a) Characteristic amplitude decay. (b) Bursts rate and characteristic
time decay, 7, ! as a function as bias values for four probes placed at
R=1.13m and z=0.253, 0.233, 0.213 and 0.193 m.
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the bias voltage, especially in the marked radial interval
where our turbulence data is collected for the presented anal-
ysis. Thus, as the density gradient remains approximately
constant for different applied bias voltage values, the turbu-
lence changes can be mainly attributed to the bias radial
electric field control.

To investigate the effect of bias in the amplitude of the
bursts we use the fitting shown in Fig. 4 to calculate the am-
plitude decay coefficient, Ay, as a function of the bias value
for a fixed radial position, R=1.13m. As observed in the
Fig. 9(a), A, presents a weak dependency with bias values.
The conditional analysis revels that not only the burst ampli-
tude but also its shape remains unchanged as the applied bias
voltage increases.

In addition, we verify the effect of bias value in the bursts
abundance by calculating the burst rate, represented by the
solid curve in Fig. 9(b), as the registered number of bursts di-
vided by the observation time interval. Complementary, this
same figure also shows, in a dashed curve, the coefficient 7, 1
of the distribution P(7) = Ce™"/% (see Fig. 4(b)). Comparing
these two curves, we observe that the measured burst rate
agrees with the average value obtained from the previous
PDF distribution, confirming our P(t) fitting. Moreover,
Figure 9 clearly shows that increasing bias voltage monotoni-
cally increases the number of bursts per second from 100 to
300.

Finally, we present in Fig. 10 the radial and vertical
components of the burst and phase velocities and their de-
pendence on the applied bias voltage. The phase velocities
are calculated from the average wave number and frequency
obtained from S(k.f) spectra for fluctuations in pair of probes.
The bursts velocities are close to the average phase velocities
and they increase monotonically with the bias voltage. In
fact, we expect the plasma potential and also the radial elec-
tric field change with the biasing and, consequently, the ver-
tical ExB drift velocity. Indeed, optical measurements of the
radial profile of the vertical flow velocity show modifications

1 _._Vph z direction
—_—— Vburst z direction
0.8] - » _Vph R direction
% 0.6 -9 - Vburst R direction
=
S 0.4
>
0.2
0

0 5 10 15

FIG. 10. Phase velocity (filled dots) and burst center velocity (empty dots)
in vertical (solid lines) and radial (dashed lines) directions. The uncertainty
of the bursts velocities is smaller than the size of the empty dots.
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with the bias that follows the expected changes on the ExB
drift velocity.”® In a bias voltage range of 15V, the radial
velocities increase by a small amount while the vertical
velocities triplicate their values. Therefore, for the highest
bias values the bursts propagate mainly in the vertical
direction.

V. CONCLUSIONS

We investigated changes in the intermittent sequence of
bursts in the electrostatic turbulence due to imposed positive
bias voltage applied to control the plasma radial electric field
in Texas Helimak. We identified the burst characteristics by
analyzing ion saturation current fluctuations collected in a
large set of Langmuir probes. To investigate the intermit-
tence changes, we analyzed data from a set of discharges
with chosen probe positions and a sequence of bias voltages,
appropriate to determine the burst shape and burst propaga-
tion in plasma.

The performed statistical analysis shows a monotonic
increase in the number of bursts, with approximately con-
stant amplitude distribution, with the external bias voltage.
This is a noticeable result once the plasma vertical velocity
shear increases with the external bias voltage and, in the
framework of the shear reduction turbulence models, one
would expect a reduction on the amount of large structures
when the velocity shear increases.

For a fixed bias voltage, the distribution of the burst am-
plitude distribution decays exponentially and the exponential
decay rate does not change much with the applied bias volt-
age. The time interval between consecutive bursts also fol-
lows an exponential distribution, which decay decreases with
the bias voltage, suggesting a formation process independent
of the preceding bursts. These reported exponential decays
support a stochastic model for the analyzed bursts as the one
recently proposed.>® Furthermore, from the statistical point
of view, the reported bursts average shape and PDFs of time
between bursts and amplitudes present similar behaviour of
bursts in tokamak scrape-off layer.

In order to investigate the bursts propagation in the ra-
dial and vertical directions (the vertical direction corre-
sponds to the poloidal direction in tokamaks), we applied the
data probe conditional analysis. Analyzing the cross-
conditional averages, through a bidimensional adjust, we
estimate the burst peak velocity and found it close to the
fluctuation average phase velocity, unlike commonly
observed in Tokamaks. These peculiar close velocities and
their similar monotonic increasing with the applied bias volt-
age could be explained by the burts predominance in the
examined turbulence regime. The bursts vertical velocity
(corresponding to the poloidal velocity in the tokamak case)
increases significantly with the bias voltage becoming much
higher than the radial velocity.

In conclusion, several key characteristics are presented
of the burst propagating in a sheared plasma flow and their
dependence on the radial electric field. Furthermore, the
reported characteristics may contribute to understand the
burst properties observed in other experiments in fusion and
nonfusion plasma devices.
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APPENDIX: BURST PROPAGATION MODEL

The typical one-dimensional (1D) cross-conditional
averages presented in (Fig. 6) suggests that the burst is prop-
agating in both vertical and radial directions. However, in
the bidimensional (2D) cross-conditional averages presented
in Fig. 7, it is possible to see that the average burst structure
is tilted, which implies that the radial and vertical propaga-
tion of the peak position will be mixed when detected by the
1D cross-conditional averages. Therefore, in this Appendix
we present the procedure used to estimate the radial and

|
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vertical velocity components, vz and vy, of the burst peak
from the 2D burst propagation shown in Fig. 7. To do that,
we use the cross conditional averages on a 5 x5 grid of
probes, using the instants of the burst occurrence on the cen-
tral probe as a reference. The chosen reference probe is the
onecatR,=1.15mand Z,=0.213m.

We consider that in a given time frame ¢, the signal in
the probe located at radial position R and vertical position Z
can be described as

Lt(R,Z,t) = Ir + I5(1).F(R,Z,1) , (A1)

where . is the average ionic saturation current, /5(¢) is the am-
plitude of the burst peak at time ¢, and F(R,Z.t) is the burst char-
acteristic shape. In order to describe the experimental data, the
burst characteristic shape must be a 2D titled peak with very
different characteristics lengths. By defining the two orthogonal
directions é1 = (cos 0, sinf) and ¢, = (—sin 0, cos 0) of the
peak shape in which the characteristic lengths are s; and s,,
with 51 > s, the peak shape can be written as

1

F(R,Z,1) =

5 (A2)

b s1(t)

where R(f) and Z(f) are the radial and vertical positions of
the peak and 6 is the tilted angle. Equations (A1) and (A2)
can be used to fit the 2-D peaks, but they will be seven pa-
rameters to be fitted (Ir, Ig(t) ,Ro(t) , Zo(1) ,51(1) ,52(2) , 0) in
each time frame. In this case, the radial and vertical veloc-
ities can be estimated from the evolutions of the correspond-
ing peak positions, Ry(#) and Z(?).

A further improvement in the fit can be done by impos-
ing some constrains on the time evolution of the parameters.
Indeed, the temporal evolutions of Ry(f) and Zy(f) can
be related with the corresponding peak velocities by Ry(¢)
= R, + vgt and Zy(t) = Z, + vzt. Also, observing Figs. 6 and
7, we note that the amplitude of the peak decreases as the
burst moves away from the reference probe, and the structure
width increases. The amplitude decay indicates that the burst
has a limited lifetime. The increase of the structure width
could be explained by a diffusion of the burst or by the con-
ditional averaging of bursts with slightly different velocities.
In order to take in account these two effects, we consider
that the amplitude decays exponentially with the time

Ip(t) = Iye ™1, (A3)

and the square of the characteristic lengths grow linearly

s1(1) = /53 + 9.

Furthermore, we assume that the ratio between the two char-
acteristic lengths does not changes with the time, so
sy = /sy, where 0 < 4 < 1. By using these constrains, it is
possible to fit all time frames together using only nine pa-
rameters: (Ir, Iy, 1, vg ,07,50,0,4,0).

(A4)

(R — Ry(t))cos 0 + (Z — Zy(1))sin 9] 2 N [(Z — Zo(1))cos O — (R — Ro(t))sin 0

52 ()

To obtain the burst velocity components (vg and vy)
present in Fig. 10 from the cross-conditional average for the
5 x 5 probe grid data, with the described procedure, we esti-
mate the introduced parameters by using a least squares fit-
ting. The nine parameters of the fitting reproduces quite well
the conditional average evolution obtained from the data and
gives the desired velocity components. An illustration of the
fitted conditional average values is represented by the black
contour lines in Fig. 7.
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