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Abstract. This article proposes a new method to evaluate basic characteristics of the dynamics
of a coherent plasma structure (blob). With this method, one can evaluate the propagation
angle of a blob in a two-dimensional plasma cross section as well as the blob velocity, size, and
amplitude from one-dimensional data. The method is applied to blob measurements from the
Lithium beam emission spectroscopy (Li-BES) system in ASDEX-Upgrade (AUG). Statistical
features of the observed blob velocities, angles of propagation, blob sizes and amplitudes are
discussed. The validity of the method is examined by comparing two values of the propagation

angle that are evaluated in an independent manner.



1. Introduction

The dynamics of coherent plasma structures are intensively studied [1] not only for
gaining scientific understanding of this self-organization but also in view of realization
of a thermonuclear reactor. For instance, in order to reduce the heat load towards the
first wall or divertor of a nuclear reactor, the dynamics of coherent plasma structures
in the scrape-off layer (SOL), so called plasma blob filaments, are deeply investigated
(see reviews in [2, 3]). The radial non-diffusive transport of coherent plasma structures
produce a non-exponentially decaying density tail in the SOL [4, 5], which can lead to
the increase of impurities and recycling rate on the first wall. In order to explain the
radial transport, several theoretical models are proposed [6, 7, 8]. In these theories,
the main mechanism which induces F x B radial transport is considered to be a VB
drift driven charge separation in the blob filament. The charge separation is balanced
by creating a closed current loop by, for instance, an ion polarization current or sheath
current at the limiter or divertor plate. The blob size determines the dominant element
of the current loop closure, which results in a blob size dependence of the radial velocity.
In that context, many experimental observations of the interrelation between blob size
and radial velocity are performed to examine the theoretical models [9, 10, 11, 12, 13].

For the study of blob dynamics including such a blob scaling, two-dimensional
measurements are widely used [9, 10, 11, 14, 15, 16]. In addition to the blob size
and the radial velocity scaling, two-dimensional measurements of the blob velocity are

important because the background poloidal flow and flow shear can affect transport
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processes. Also tilted structures carried by the flow can lead to misinterpretation of
the time delays in terms of velocity direction and amplitude [17]. Recently, the focus
is directed at poloidal momentum transport by blobs, in order to explain shear flow
generation at the boundary of the edge/SOL region [18, 19].

Although the two-dimensional measurements develop remarkably in modern plasma
experimental systems, some difficulties, e.g., signal interpretation or complication of the
installation, as well as spatial restriction, still exist. In contrast, simple one-dimensional
measurement is routinely used in many devices. In this article, we propose a new method
which enables us to evaluate the propagation angle of a blob in the two-dimensional
plasma cross section as well as the blob velocity, size and amplitude. The method
is applied to blob measurements from the Lithium beam emission spectroscopy (Li-
BES) system in ASDEX-Upgrade (AUG) [20]. Statistical features of the observed blob
velocities, angles of propagation, sizes and amplitudes are discussed. The validity of
the method is examined by comparing two values of the propagation angle that are

evaluated in an independent manner.

2. Analysis method

The schematic view of the one-dimensional blob detection system is shown in Fig. 1.
The Cartesian coordinate drawn in Fig. 1 is used to describe the direction of the blob
motion on the poloidal cross-section, where the radial and poloidal directions correspond

to x and y directions, respectively. For simplicity, the following three assumptions of
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propagation characteristics are used for the explanation: (1) The blob has a circular
shape in the poloidal cross section with a monopole density perturbation (e.g., two-
dimensional Gaussian distribution) [11, 15], and keeps its shape in a rigid manner during
propagation. (2) The blob propagates with a constant velocity vector. (3) Generation
or corruption does not take place on the line of the diagnostic array. The effect of some
violations of the assumptions in the practical case is discussed later. The situation that
is considered here is that a single blob with a radius a and a velocity v moves through
the line of the diagnostic array [ with an angle #. Each detector senses the blob when
the distance to the center of the blob ‘O’ is less than a. The point ‘C’ represents the
intersection between [ and the blob trajectory. The points ‘A’ and ‘B’ correspond to
the intersection between [ and the equiphase line of the blob and the projection of ‘O’
onto [, respectively. From the velocity difference between the points ‘A’ and ‘B’, the
propagation angle 6 is derived.

The velocity of the point ‘A’ is identical to that obtained from time delay of
the signal peak in the detector array. When ‘A’ passes the position of the certain
detector that we analyze, the signal experiences the maximum in its time evolution.
The time when the signal takes the maximum is defined as ty.x(x), as a function of
the position of the detector . The velocity of ‘A’ is calculated from the time delay
of tmax(x) at different positions of the detectors, i.e., Vgelay = [dtmax(2)/ dx]_l. This is
also given as vgelay = v/ cos @ geometrically. In contrast, the motion of ‘B’ shows the

evolution of the peak position on the one-dimensional spatial distribution of the signal.
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The peak position at time ¢ is defined as xp.x(t), and the velocity of ‘B’ is given as
Upeak = Uy = ATmax(t)/dt. Another expression vpe = vcosf is also utilized from Fig. 1
(a).

Data processing of a set of signals from the diagnostics gives us vgelay and vpeax
simultaneously at every blob event, and from the pair of velocities, the blob velocity v

and the propagation direction 6 are obtained as

U = 4/ VUpeak X Vdelay (1)

and

|COS 9' = Upeak/vdelay; (2)

respectively. In Fig. 1 (b), the illustration which depicts a typical spatiotemporal
evolution of a single blob and the trajectory of the points ‘A’ and ‘B’ is shown. Short
vertical and horizontal pieces at left bottom corner (right top corner) in the figure show
the first (last) appearance of the points ‘A’ and ‘B’ in the contour plot. As an example,
the positions of ‘A’ and ‘B’ at ¢t = ¢/, where the situation corresponds to the picture in
Fig. 1 (a), are plotted in Fig. 1 (b). The velocity of the point ‘A’ is always faster than
that of the point ‘B’, i.e., Upeax < Vdelay, When 6 # 0. In addition, when ‘O’ is overlapped
on [, the radius of the blob is evaluated as the half width at half maximum (HWHM) of
the spatial distribution of the signal. The position and time where ‘O’ is just on [ can
be found at the point which has recorded the maximum value of the signal in the set of
spatiotemporal data. Furthermore, the maximum value of the signal itself reflects the

amplitude of the blob. With this method, only |cos#| is obtained, therefore, the sign



6

of # cannot be evaluated. This might be one of the limitations of the one-dimensional
observation.

In the practical case, the above three assumptions can sometimes be violated. For
example, asymmetric blob shapes, e.g., blob that has a strong gradient in the front
and a weak gradient in the rear, have been observed in the experiments and numerical
simulations [21, 22, 23, 24]. In addition, Li-BES signal generally tends to have an
asymmetry in the radial direction because of the finite lifetime of the excited electrons
as discussed in Ref. [20]. These asymmetric data shapes result in a distortion to the
contour map of the spatiotemporal evolution. In the case of the blob that has steep
gradient in the front, the center-of-mass of the contour might be shifted toward the
bottom left side. Temporal changes in the blob velocity and size also affect the contour
map by bending and/or blurring the trajectory. Nevertheless, as far as one can capture
the trajectory of the points ‘A’ and ‘B’, the propagation velocity and angle are properly

obtained from Egs. (1) and (2), even if the spatiotemporal evolution contour is distorted.

3. Application of the method

The method proposed above is applied to data from an L-mode plasma of the discharge
# 28814, in AUG. The time evolution of the plasma parameters is shown in Fig. 2. The
experiment is conducted with the following conditions: the toroidal magnetic field of
B = —2.5 T (negative sign corresponds to the clockwise direction) with lower single

null configuration, the plasma current of I, = 0.8 MA, and the safety factor at the
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flux surface enclosing 95% of the total poloidal flux of gg5 = 5.17. The line-integrated

electron density is fieL ~ 4.5 x 10Y¥ m~2.

The edge Thomson scattering system [25]
provides the electron temperature in the scrape-off layer (SOL) of T, ~ 25 eV. The
analysis is performed for the time interval ¢ = 2.4 — 2.8 s, which is indicated by
two vertical dashed lines in Fig. 2. In this time interval, the plasma is in L-mode,
sustained only with Ohmic heating (no auxiliary heating). According to Figs. 2 (a)-
(¢), which show time evolutions of plasma current I,, plasma stored energy Wymp and
line-integrated electron density 7oL, respectively, the plasma parameters in this time
interval are almost constant. Figure 2 (d) indicates constant D, in time, showing no
large spikes related to ELM activities. Therefore, any plasma activities except for the
blob events are considered not to affect the following analysis. For other discharges with
different plasma parameters, this method provides us plausible results likewise.

The main diagnostic of this study is the Lithium beam emission spectroscopy (Li-
BES) system [26, 20]. The adaptability of the Li-BES system for blob measurement
was recently demonstrated in AUG [12, 20]. An externally injected neutral Li-beam
emits Li I line radiation by reactions with plasma particles, from which the electron
density can be deduced. The optical head houses more than 20 channels of detectors
(elliptic shape with minor axis and major axis of about 5 mm and 11 mm, respectively),
arranged in the direction of the major plasma radius with 6 — 7 mm distance between

adjacent channels. The Lithium beam is installed about 32 cm above the outer (low-field

side) mid-plane, where the angle between the beam line and the plasma minor radius
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is smaller than 20 degree. In this discharge, the positions of the detected volumes

correspond to p, ~ 0.92 — 1.1 in terms of the normalized poloidal flux coordinate,

pp = \/ (¥ — Woux)/(Wsep — Vax), where Wy, and W, denote the poloidal fluxes at the
separatrix and the magnetic axis, respectively. In particular, in the region of p, > 1,
i.e., in the SOL, the emission intensity is proportional to the electron density. In this
region, the skewness of the probability distribution function (PDF) of the signal has a
positive trend (up to 0.5), showing the appearance of positive spikes due to blobs. The
time resolution is 5 us. The signal to noise ratio is sufficiently high in the low frequency
range, whereas it becomes the order of unity at f > 20 kHz for this discharge. In order
to extract the signal components of interest for the blob activity, a digital filter with a
band-pass regime 1 —10 kHz [27] is used. The regime of filter frequency limits the upper
and lower observable boundaries of the blob with respect to the velocity-size ratio v/a.
The validity of the values are discussed later. Furthermore, a spatial filter is used to
eliminate small-scale turbulence from the blob pattern. Here, we focus on blobs with
a > 1.5 cm, and smaller structures are filtered out.

A conditional averaging technique is applied for each blob event as performed in
Ref. [12]. The reference position is set at p, = 1.043, and a threshold value of ;i + 30
is employed to determine the onset of a blob event, where y and o denote the mean
value and the standard deviation of the signal at the reference position. During the time
interval ¢ = 2.4 — 2.8 s, 28 independent blob events are selected. Figure 3 (a) shows a

typical spatiotemporal evolution of a single blob in the SOL region at ¢ ~ 2.513 s. The
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contour map shows the perturbation intensity of the Lis,_os emission, 01 = I — I, where
I and I denote the emission intensity and its mean value, respectively. Definitions of
horizontal and vertical axes in Fig. 3 (a) are: At =t —t; and z3 = R — Ry, where t;
is the onset time of the ¢-th blob event and R and R, are major radii on the line of
detectors and separatrix position, respectively. The position of the reference channel is
xs ~ 4 cm. Figures 3 (b) and (c) show slices of the contour diagram at specific positions
and time points, respectively. In the contour diagram, the trajectory of ‘A’ and ‘B’,
i.e., tmax(7) and xpmax (), are plotted. Those points are calculated as the center-of-mass
(see definition in [12]) of slice curves shown in Figs. 3 (b) and (c). Linear fit of the
trajectories provides Ugelay and vpeax, which bring v and 6 through Egs. (1) and (2),
respectively. Here, the linear fit averages out all temporal and spatial changes of blob
trajectories, and gains one representative velocity and angle for the whole propagation
through the SOL. The maximum point of the signal is regarded as the position and time
point where ‘O’ overlaps on [. A characteristic width of the blob emission profile dx
is calculated from the time-constant slice of the contour diagram at that time, as the
HWHM value. It should be noted that there is a discrepancy between a and dx due
to the lifetime of the excited state and the velocity of the beam atoms, as discussed in
Ref. [12, 20]. Because of these effects, perturbation in the emission profile caused by a
density perturbation that has a certain width tends to be radially elongated from the
original density perturbation width. Sensitivity study well resolved relation between

a and 0z, as a ~ 1.5(0z — 1) cm in the SOL. In addition to dz, the amplitude of
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the blob in the emission profile, 47, is also obtained as the maximum value. Linearity
between the relative density perturbation dn./n. and emission perturbation §1/I was
also demonstrated by the sensitivity study in the SOL region. Therefore, we conclude
that the blob parameters obtained from the emission profile substantially reflect the
parameters of the actual density blobs, although the density perturbation and emission
perturbation are not identical. Figure 3 (a) also shows that the spatiotemporal pattern
is almost point-symmetric with respect to its maximum. This implies that the above
assumption, i.e., the blob does not change its shape and amplitude during propagation
on the line of the diagnostic array for this blob event, is roughly satisfied in this case.
Using the proposed method, blob parameters are computed for each event.
Distributions of v, 6, éx and 01/ I as a function of v, = Upeak are shown in Figs. 4
(b)-(e), respectively. In addition, Figs. 4 (a) and (f)-(i) depict histograms of v,, v, 0,
dx and 81/I, respectively. Each histogram seems to have a certain central value and
deviation, although the shape is not smooth because of the insufficient number of the
ensemble. The value of v, scatters from —100 m/s to 400 m/s, where the central value is
~ 200—300 m/s. The distribution of v has a relatively slim shape with v ~ 400+£100 m/s.
A peak of the propagation direction is found at § ~ 45 degree, with a positive tail of
the distribution up to 90 degree. Linear regressions are also shown with blue thin lines.
The speed of blob v slightly correlates with v, whereas the correlation between 6 and v,
is much more clear. The correlation coefficients of v and 6 with respect to v, are 0.37

and —0.77, respectively. This means that the variation of v, is mainly due to that of
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propagation direction #. A possible explanation of the observation is given as follows:
In the SOL, a certain propagation velocity v is determined by the local electric field
inside the blob filament that is created by the dipole electrostatic potential structure.
The blobs can travel in arbitrary directions depending on the orientation of the dipole
vector, which determines the direction of the electric field in the blob filament and of
the £ x B direction. As a result, the radial propagation velocities v, strongly depends
on the angles 6 with almost fixed total blob velocity v. Figure 4 (d) shows that v, and
dz are almost independent (correlation coefficient between them is 0.085). Most of the
evaluated width dx is larger than the lower limit, which is determined by the cutoff scale
of the spatial filter, and is distributed within dx ~ 2—2.54+0.5 cm. The blob size a that
corresponds to the observed dx is a ~ 1.5 — 2+ 1 cm. These results are almost identical
to what was evaluated by the traditional method, i.e., peak detection method, in the
AUG experiment, where the comparison of the observations with scaling laws are given
[12]. The typical emission amplitude is in the range of 61/I ~ 0.3 £ 0.1. Correlation
between §1/I and v, is also unclear within the present number of ensembles.

Now, the influence of the frequency filter on the evaluated blob parameters is
discussed. When a blob with the velocity of v and the width of 2a passes over the
line of the detector array, the recorded time series at a detector forms a pulse width of
2a/v. The cutoff of the band-pass filter (lower cutoff f > f.; = 1 kHz and higher cutoff
f < fen = 10 kHz) restricts the pulse width in time. If the pulse width 2a/v is shorter

than the inverse of the higher cutoff frequency f; L, the higher frequency components of
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the signal are filtered out and the pulse is stretched up to the length f_; ﬁ In this case,
the evaluated relative blob amplitude dn/ng is decreased, although the peak position
or time and evaluated blob size or velocity seems not to be disturbed. In the other
case, when the pulse width 2a/v is longer than the inverse of the lower cutoff frequency
fe1, the signal is not detected as blob activity, but interpreted as a gradual change of
the background density profile. Black dots in Fig. 5 exhibit the distribution of v as a
function of 26z in order to check the influence of the filter on the result. Most of the
points are located within the two black solid lines, which show cutoff limits for low- and
high-pass filter with the cutoff frequencies of 10 kHz and 1 kHz, respectively. Note that
several points distributed around the higher cutoff limitation is not owing to chopping
off by the filter. Red dots in Fig. 5 indicate the same plot with another higher cutoff
frequency of f.n = 15 kHz. Although individual locations of dots are not completely
identical, the tendency of the distribution is almost unchanged. Little effect of the
chopping off by filters is confirmed.

From Fig. 5, a correlation between v and dx (a also) is found. The regression line is
calculated as v = ¢g + c10x where ¢ = 3.6 298 m/s and ¢; = 190 + 44 1/s, respectively,
with a correlation coefficient of ~ 0.64. As shown in Fig. 4 (d), the correlation between v,
and 0z was small. By taking into account the angle 6 and looking at v, clear correlation
between the blob velocity and size are found. In addition, the correlation coefficient
between v and # is ~ 0.15, and a regression line is expressed as v = ¢y + ¢10, where

co =340 £ 83 m/s and ¢l = 1.1 + 1.5 m/s degree. It is found that v hardly correlates
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with @ in this discharge.

The validity of blob parameters evaluated with the new method is confirmed. In
Fig. 1 (a), a blob signal is detected for the first time with a detector in the diagnostic
array when OB = a. Then, the blob passes over the diagnostic array with OB < a,
and finally, again OB becomes a. The distance between two points where the blob is
detected at the first time and last time is defined as l;;. From the trajectory of ‘B’
shown in Fig. 3 (a), I, is evaluated. If the blob satisfies the three assumptions remarked

above, a relation,

tan 6 = 2a/ly,, (3)

should hold. Figure 6 examines Eq. (3) by plotting 20x/l;, as a function of tan . Almost
all points are distributed around the red dashed line showing Eq. (3), although a small
offset, 26z /I, ~ 0.5, exists. This means that the assumptions made for the analysis
essentially hold. Four dots having tan > 4 correspond to the blob events with slower
radial velocity (|v.| < 100 m/s) and larger angle (6 ~ 70 — 90 degree). For those blobs
that propagate almost vertically through the detector array, /i, can be small value and
thus becomes sensitive to noise. Therefore the large scatter of the values from Eq. (3)

1S seen.

4. Conclusion and summary

In this article, we have proposed a new method which evaluates the propagation angle,

the velocity and the size of a plasma blob from one-dimensional data. The method
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calculates these quantities by means of two different velocities that are obtained from a
one-dimensional measurement, i.e., the velocity of spatial- and temporal- peak positions
in a spatiotemporal evolution signal. After the explanation of the calculation procedure,
the method was applied to data from the Lithium beam emission spectroscopy (Li-BES)
system in AUG. In the present experimental condition, the statistically evaluated blob
parameters were: blob velocity of v = 400+100 m/s, blob radius of a ~ 1.5—241 c¢m and
propagation direction of 8 ~ 40 — 90 degree. Correlation between blob size and velocity
of ~ 0.64 was clearly obtained, whereas that between blob size and radial velocity was
less than 0.085. By employing a new degree of freedom, in this case the angle 6, a new
physical aspect was clarified.

Throughout the work, the capability of the Li-BES for the investigation of plasma
blob dynamics is proved. In order to obtain more reliability of the new method, actual

crosscheck with two-dimensional diagnostics is necessary.
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Figure 1. (a) Schematic view of the one-dimensional blob detection system and (b) a typical

spatiotemporal evolution of the signal intensity.
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regression line for (c) is calculated only for blobs with positive v, considering the symmetry in

6. ) Histogram of (a) vs, (f) v, () 6, (h) éx and (i) §I/I are also given.
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Figure 5. Distribution of v as a function of 26z. Black and red symbols exhibit the distributions

calculated with two cutoff frequencies of the low-pass filter, f., = 10 kHz and f. = 15 kHz,

respectively. Two black solid lines indicate frequency filter limitations for the low- and the high-

pass filter with the cutoff frequencies of 10 kHz and 1 kHz, respectively. Red dashed line shows

that for the low-pass filter with the cutoff frequency of 15 kHz.
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Distribution of 26z /I, as a function of tan §. Red dashed line indicates 2§z /l;, = tan 8



