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Edge localized modes (ELMs) are routinely observed in H-mode plasma regimes of the National Spherical Torus

Experiment (NSTX). Due to the explosive nature of the instability, only diagnostics with high temporal and spatial

resolution could provide a detailed insight into the dynamics associated with the ELMs. Gas-puff imaging (GPI) at

NSTX provides 2D measurements of the magnetic field aligned fluctuations (e.g. ELM filaments) in the scrape-off

layer and the at the plasma edge with 2.5 µs temporal and 10 mm optical resolution. A novel analysis technique was

developed to estimate the frame-by-frame velocities and the spatial parameters of the dominant structures associated

with the ELMs. The analysis was applied to single ELM events to characterize the ELM crash dynamics, and then

extended to a database of 159 ELM events. Statistical analysis was performed in order to find the characterizing

dynamics of the ELM crash. The results show that on average an ELM crash consists of a filament with a circular

cross-section which is propelled outwards with a characterizing peak radial velocity of ∼ 3.3 km/s. The radial velocity

was found to be linearly dependent on the distance of the filament from the separatrix, which has never been seen before.

The ELM filament is characterized by propagation in the ion-diamagnetic direction poloidally with a peak velocity of

11.4 km/s. The ELM crash lasts for approximately 100 µs until the radial propulsion settles back to the pre-ELM

level. The experimental findings were compared with analytical theory. Two possible mechanisms were identified for

explaining the observations: the curvature interchange model and the current-filament interaction model.

I. INTRODUCTION

High confinement mode (H-mode) plasma regimes are con-

sidered to be the baseline scenarios for a future fusion power

plant1. It was found that by applying heating power to the

plasma over a certain threshold, the plasma develops a trans-

port barrier at the very edge. This gives rise to a steep pressure

gradient at the edge and in a picturesque view the original L-

mode pressure profile is put onto a pedestal.

Steep gradients in any physical systems provide a source

of free energy which is usually released in the form of insta-

bilities. In the case of the edge pedestal the associated in-

stabilities are called edge localized modes, ELMs2. They are

quasi-periodic instabilities which could eject large number of

particles and high enough energy from the plasma to be able

to permanently damage the plasma facing components3. Pre-

dictions for ITER show that the currently available materials

cannot withstand such high heat loads associated with ELMs4,

thus, the understanding of their underlying physics and the de-

velopment of possible mitigation techniques are of great im-

portance.

According to the current understanding of the ELM trig-

gering mechanism, ideal MHD modes are driven linearly un-

stable by the edge pressure gradients and the edge current

profiles5,6. The unstable modes are called peeling - balloon-

ing modes due to the source of the instability, i.e. current

and pressure, respectively. Experiments and theoretical find-

ings agree that the peeling-ballooning instability is the driving

force behind the triggering of the ELM. The results regard-

ing the triggering mechanisms were reviewed by Kirk et al7.
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An extensive review of the ELM phenomenon was given by

Zohm8, and more recently by Leonard et al2

Even though the peeling-ballooning theory mechanism ex-

plains most of the ELM triggering observations, the ELM

crash itself is not well understood. During the crash, filamen-

tary structures emerge. This phenomenon were first observed

experimentally on NSTX by Nishino et al9. The first detailed

characterization of these structures was done on MAST by

Kirk et al10. According to their observations, a filament-like

structure is a structure which extends along a field line in a

way that at any toroidal angle it appears to be poloidally lo-

calized and at any poloidal angle it appears to be toroidally lo-

calized. Their investigation was based on measurements per-

formed on the MAST tokamak using Langmuir probes and

high-speed video images. These findings confirmed for the

first time, that the ELM crash is a filament-like structure ex-

tended along the magnetic field lines. They are generated on a

100 µs time scale, and they erupt solely on the outboard side.

The occurrence of such structures confirmed the predictions

of the non-linear ballooning theory11.

Similar structures were also observed on ASDEX as mea-

sured with a dedicated Dα fluctuation diagnostic and on JET

with Langmuir-probes12. These results show that the ELM fil-

aments are propelled outwards by the E×B velocity due to po-

larization in the filament. The filaments could travel radially

at least 10 cm (restricted by the location of the probe tip). Ra-

dial acceleration of the structures was also found on ASDEX13

as measured with Langmuir-probes. Later observations con-

firmed the presence of ELM filaments on Alcator C-Mod14

as measured with a gas-puff imaging (GPI) optical array, on

JT-6015 with Langmuir-probes, on NSTX16,17 with a 2D GPI

and on KSTAR18 with Electron Cyclotron Emission imaging,

as well. ELM filaments were also measured at COMPASS

with a combination of ball-pen probe and Langmuir-probes19.
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The observations consistently reported field aligned ELM fila-

ments with an elevated radial velocity at the time of the crash.

The theoretical understanding of the ELM crash has

evolved throughout the years of research. The most recent

summary (to the best of our knowledge) of the theory behind

the filamentary eruptions was summarized by Ham et al20.

According to the summarized results, the precise mechanism

behind the energy transfer from the filament to the open field

lines of the SOL is unclear. Understanding the energy trans-

fer is important to be able to mitigate damage to the device

due to the associated heat and particle deposition during ELM

crashes. It is believed that the dynamics of the associated fil-

aments are directly connected with the energy transfer, thus,

their characterization is of interest.

The motivation of this paper is to unfold the dynamics of

the ELM filaments on a microsecond time-scale. High time-

resolution characterization of the ELM filaments could reveal

so far hidden features of the filament propagation and struc-

tural evolution. The investigation could also provide a basis

for theoretical analysis which could lead to establishment of

a new physics model for the filament formation and propaga-

tion. As explained in Section II, gas-puff imaging on NSTX

allows measurement of the poloidal cross-section of the ELM

filaments with high temporal and spatial resolution.

The rest of the paper is organized as follows. Section II de-

scribes the experimental setup of the GPI and the generation

of the ELM database. Section III details the two-dimensional

spatial displacement and the structure finding method. Sec-

tion IV presents the results from a single shot calculation and

also results on the characterizing structural dynamics of the

ELM filaments calculated from the generated ELM database.

Section V provides a discussion of the results, and Sec. VI

summarizes them.

II. EXPERIMENTAL SETUP AND THE ELM DATABASE

The results presented in this paper are focused on analy-

sis of gas-puff imaging (GPI) measurement data on the NSTX

tokamak. Hence, a brief description is given about the mea-

surement technique and the observation geometry on NSTX.

A detailed, thorough description of the diagnostic technique

and measurement geometry have been reviewed by Zweben

et al21.

A. Gas-puff imaging (GPI)

The gas puff-imaging (GPI) diagnostic measures the local

fluctuations by injecting a puff of neutral gas (e.g. Deuterium

or Helium) into the SOL and edge plasma and by measuring

the increased line emission of the neutral - plasma collisional

atomic processes.

The measured signal is a non-linear function of the local

electron density and temperature fluctuations and the back-

ground neutral density. This function cannot be determined

from the measurement itself, however, the shape and motion
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FIG. 1. a) Schematic view of the GPI measurement geometry along

with the local radial and poloidal (i.e. binormal) directions (Repro-

duced from Zweben et al, Rev. Sci. Instrum. 88, 041101 (2017),

with the permission of AIP Publishing)21;

b) An in-vessel photo of the GPI system on NSTX along with the

line-of-sight, an example magnetic field direction and the plane of

measurement. Target plate used for spatial calibration is shown. (Re-

produced from Zweben et al, Phys. Plasmas 24, 102509 (2017), with

the permission of AIP Publishing)23

c) The poloidal cross-section of the GPI measurement region of in-

terest (ROI) on NSTX along with the magnetic field reconstruction

(shot 139901 at 32 5ms) and the separatrix (red).

of the structures visible in the measured signal are indepen-

dent of this non-linearity22. Thus, the velocities and shapes of

the structures can be analyzed by using the GPI data without

the information of the absolute electron density or temperature

or their fluctuations.

A schematic diagram of the measurement technique can be

seen in Figure 1 (a) along with the local radial and poloidal

(i.e. bi-normal) directions. Ideally the following conditions

need to be fulfilled for optimal spatial resolution: 2D sheet-

gas injection perpendicular to the line of sight and magnetic

field aligned line of sight. These conditions need to be fulfilled

as much as possible to achieve optimal measurement of field

aligned filamentary structures e.g. blobs or ELM filaments.

Conventional fast camera measurement techniques allow

GPI to provide observation of the local fluctuation on the time

scales of ∼ 1 µs to 1 ms (depending on the utilized fast cam-

era). The effective spatial resolution is a function of the gas-

puff geometry, the observation geometry and the resolution of

the optics. The measurable scales could extend in principle

from the ion gyro-radius (ρi ∼ 0.1− 1 mm) to the radial size

of the edge and SOL region (∼ 10 cm).

B. GPI on NSTX

Results in this paper are solely from the spherical toka-

mak called NSTX (National Spherical Torus Experiment)24.

NSTX is a medium-sized, low-aspect ratio spherical tokamak

with a major radius of R = 0.85 m, minor radius of a= 0.67 m
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(R/a ≥ 1.26). Its highest toroidal field can be BT = 0.6 T.

The most significant heating methods are the NBI (Neutral

Beam Injection) with 5 MW and radio frequency heating with

6 MW.

The GPI system on NSTX has also been described in earlier

papers22,23, thus, here only a short description is given.

The measurement geometry on NSTX can be seen in Fig-

ure 1 (b). In the lower right corner, one can see the re-entrant

view-port with the GPI viewing direction in yellow. The line

of sight is close to parallel with the magnetic field shown in

orange. However, depending on the magnetic field configu-

ration, this angle can be slightly different. The sheet-gas is

realized with a gas manifold shown in the upper left corner

in red. The gas manifold has 29 gas nozzles spaced 1 cm

equidistantly. The target plate used for spatial calibration is

shown in light blue along with the radial and poloidal direc-

tions. Figure 1 (c) depicts an example measurement geometry

in the radial-vertical plane along with the magnetic iso-flux

surfaces (from EFIT reconstruction) and the separatrix. As

one can see, the NSTX GPI system measures the SOL and the

very edge of the plasma slightly above the mid-plane. During

the 2010 NSTX measurement campaign, the time resolution

of the GPI was 2.5 µs (400kHz sampling rate). The pixel

resolution was 64× 80 (horizontal× vertical) which provided

3.75 mm× 3.75 mm resolution (radial× poloidal) for each

pixel on the target plane. The effective optical resolution was

approximately 10 mm radially and poloidally, as well. During

GPI measurements in 2010 the injected gas was Deuterium,

D2.

C. GPI measurement of ELMs on NSTX

Several publications have already reported on the precur-

sor and the post-cursor oscillations of ELMs measured by

GPI16,17,25. However, the early phases of the ELM crash were

not investigated on NSTX with the means of GPI. Further-

more, the presented data analysis methods provide the high-

est possible temporal resolution to investigate the dynamics

of the ELM crash, which have never been utilized before on

the NSTX GPI data. GPI provides sufficiently high optical

(≈ 10 mm) and temporal resolution (2.5 µs) at NSTX for

characterizing ELMs on the microsecond time scale and on

the 10 mm spatial scale.

After preliminary analysis of ELM events, a single shot,

#139901, was chosen with multiple ELMs in order to develop

the analysis algorithms, and to gain a deeper understanding

into the phenomenon from the perspective of the GPI diag-

nostic. The temporal evolution of its plasma parameters can

be seen in Figure 2. The plots on the left depict the entire

plasma discharge, with the red area showing the time interval

when GPI measurement was available. On the right one can

see the measurements zoomed in during the time range when

GPI was available.

Figure 2 (a) shows the Dα radiation from Bay-C. One can

see from the time trace, that the L-H transition occurred just

before the GPI measurement. The first three ELMs were mea-

sured by the GPI and occurred at 307.5 ms, at 325 ms and
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FIG. 2. Relevant plasma parameters of a GPI measurement with

ELMs (shot 139901). The red area on the left depicts the time range

of the gas-puff. The red line on the right depicts the time of the gas

injection. Left column: the entire plasma discharge; right column:

time range of the GPI measurement. a) Dα trace; b) GPI signal av-

eraged for each pixel; c) Plasma current; d) Line averaged density

calculated from the Thomson electron density profile measurement;

e) Magnetic fluctuation measured by a B-dot coil.

at 345.5 ms. From these three ELMs, the analysis of the one

at 325 ms is shown in detail in Section IV A. Fig. 2 (b) de-

picts the time trace of the GPI signal averaged over the en-

tire image of measurement. This signal is dominated by the

Dα emission from the Deuterium gas-puff. As one can see,

the peak gas emissions around the ELMs match between the

Dα signal and the frame-averaged GPI signal within the time

resolution of the 1 kHz sampled Dα . There was no fast Dα

measurement available for this particular shot to compare the

two types of measurement in more detail. Fig. 2 (c) depicts

the plasma current during the shot, which was close to sta-

tionary in the time range of the GPI measurement. Fig. 2 (d)

depicts the line averaged electron density during the plasma

discharge. This signal is derived from the Thomson electron

density profile measurement line averaged through its entire

radial range26. It shows that during the GPI measurement

the line averaged electron density was slowly increasing from

around 3 · 1020 m−3 to 4 · 1020 m−3. Figure 2 (e) shows the

signal of the B-dot coil located at θ = 14.15◦ above the mid-

plane (Mirnov HF5). The signal was band-pass filtered to the

frequency range of [100 kHz,500 kHz] in order to remove the

low frequency oscillations and the high frequency noise from

the signal. One can see that each ELM causes a small pertur-

bation in the magnetic field measured by the coil.
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The ELM event captured by the GPI system during shot

139901 at 325 ms is a typical example of what one can see

during these phenomena in the GPI videos. Fig. 3 depicts

30 consecutive frames, overall a 75 µs long GPI time trace

around the ELM crash.

The ELM crash time was determined to be 324.956 ms

based on the GPI data (see in Sec. IV A). Before the ELM

event, one can see relatively quiet activity, no coherent pre-

cursor is present. A filament-like structure enters the frame

of measurement at 324.946 ms propagating in the ion dia-

magnetic direction, i.e. downwards. During its downwards

motion, it is propelled outwards into the SOL. The radial ve-

locity reaches its peak at tELM = 324.956 ms. At this frame

the red title highlights the estimated time of the ELM crash

based on the largest change in between the two frames (see

Sec. III A). The filament reaches its highest peak intensity at

tELM+2.5 µs then propagates further downwards while seem-

ingly interacting with another filament in the edge plasma.

This behavior is seen in frames between tELM + 5 µs and

tELM + 15 µs. The filament then exits the frame of the mea-

surement, followed by further less intense filaments.

By observing multiple GPI measurements of ELM events

one can see the following similar behavior in each event: af-

ter a quiet period or precursor activity, an intense filament-

like structure is formed in the edge plasma which then crashes

outwards radially, and propelled downwards poloidally in the

ion-diamagnetic direction. The intensity of the ELM filament

is significantly higher than any other activity e.g. edge tur-

bulence or blobs. The spatial size of the injected filaments is

comparable to other filamentary activity preceding the ELM

(e.g. blobs).

D. Generation of the ELM database

After preliminary analysis of a few ELM events (e.g. the

ones in the previous section), a database was generated from

H-mode shots from the 2010 NSTX measurement campaign.

Based on the GPI frame-averaged signal, the ELM events

were identified for each plasma discharge. The slower (1kHz)

divertor Deuterium-alpha signals were also cross-checked for

ELM peaks. The GPI movie of each identified event was

checked for signal quality and the ones with high noise level

were removed from the database. Following these steps, 159

ELM events were identified in 77 shots in which the 2010

NSTX campaign. The different types of ELMs (type I, type III

and type V27) were not separated in the database. Upon pre-

liminary inspection of the movie of each ELM crash, similar

ELM filamentary dynamics were found in the different plasma

regimes in the generated database. The goal of this research

was to find the common features of the ELM crashes and the

related ELM filaments not dependent on the ELM type. The

database of the ELMs can be found under reference 28. The

range of relevant plasma parameters for the discharges in the

database are shown in Table I.

Parameter Range

BT 0.35−0.55T

Ip 0.6−1.2MA

< ne > 1.3 ·1020 −6.2 ·1020m−3

Paux 0−6MW

TABLE I. Plasma parameter ranges for the discharges in the ELM

database: toroidal magnetic field (BT), plasma current (Ip), line aver-

aged electron density (< ne >), total auxiliary heating power (Psum).

III. DATA ANALYSIS METHODS

This section describes the steps performed during the data

analysis to estimate the radial and poloidal velocities and

structure sizes of the ELM filament on a frame-by-frame,

2.5µs time resolution. The first subsection summarizes the

steps performed for the velocity estimation, while the second

one presents the structure identification and characterization

method. The fine details of the analysis methods are shown

in the Appendix. The data generated during the data analysis

can be found under Ref. 29.

A. Frame-by-frame velocity estimation

In order to get the highest possible time resolution for char-

acterization of the velocities of the exposive ELM event, a

novel GPI data analysis method had to be developed. The

method estimates the spatial cross-correlation function be-

tween consecutive frames, of which maximum’s displacement

gives an estimate of the displacement of the governing struc-

tures propagating between the two frames. The following

paragraphs describe the necessary steps in order to success-

fully utilize this method to arrive at the frame-by-frame ve-

locity estimation.

The first step in the method is normalization of the neutral

gas response. This step is necessary because the presented

cross-correlation based method is biased towards the propa-

gation of the most intense structure. Without this step, the

presence of the stationary gas response would introduce un-

derestimation in the calculation. The normalization was done

by calculating a 1 kHz Elliptic IIR (infinite impulse response)

temporally filtered signal from the raw sequence of frames.

Then the raw sequence of frames was divided by the filtered

one frame-by-frame. The result of an example normalization

step can be seen in Fig. 4 with a raw (a), a filtered (b) and a

normalized frame (c). A more detailed description of this step

can be found in the Appendix at A1.

The second step of the velocity estimation involves two-

dimensional spatial trend subtraction (for details see Sec. A2).

A cross-correlation based method needs a signal which has

zero intensity offset. Ideally, all lower polynomial order (up to

about fourth order) offsets need to be subtracted from the sig-

nal. This step utilizes a 2D nth order polynomial least squares

fitting method to fit each frame in the GPI signal. This calcu-

lated trend was then subtracted from the normalized frames.

Fig. 5 depicts the process of the 2D polynomial trend subtrac-

tion for an example normalized GPI frame during the ELM
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FIG. 3. The GPI measurement of an ELM event in shot 139901. A 75 µs long (30 raw frame) time series is depicted with the ELM

approximately in the middle in the radial-vertical plane (projection of the target plane shown in 1). Relatively little precursor activity is seen

preceding the ELM. The crash occurs at 324.956 ms (determined from the frame similarity, see at Sec. III A). An intense filament is propelled
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crash along with the original normalized frame (a), the fitted

fourth order 2D polynomial (b) and the subtracted frame (c).
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The third step of the calculation estimates the 2D spatial

cross-correlation function (2D CCF) between each consecu-

tive frames (see Sec. A3). The maximum of the resulting 2D

CCF is displaced from the center with the same number of
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a zoomed part of the 2D CCF which makes the x, y pixel displace-

ment more visible. Displacement in the x and y direction implies

propagation radially and poloidally, respectively.

pixels in the corresponding radial and poloidal directions as

the governing structure is displaced between the consecutive

frames.

In the last step, the maximum of the 2D CCF was found

by fitting a second order 2D polynomial onto the ±5 pixel

area around the peak. The position of the maximum was then

analytically calculated resulting in the pixel displacement be-

tween frame (a) and frame (b). This enhanced the pixel reso-

lution by applying fitting of multiple pixels. The radial and

poloidal displacements were then calculated from the cor-

responding spatial calibration coefficients and the estimated

pixel displacements. Figure 6 shows an example calculation

of the 2D CCF estimation with two consecutive frames around

the ELM crash.

In some cases the 2D CCF velocity estimation method

would have resulted in an unrealistically high velocity (e.g.

a structure has just left the frame when another similar one

enters). In order to mitigate this caveat a minimum accept-

able level of the peak frame-to-frame cross-correlation was

defined (ρmax,thres), below which the above velocity calcula-

tion was considered to be invalid. Based on thorough testing,

this correlation threshold was set to ρmax,thres = 0.6 for the

calculations shown in Section IV.

In order to define a unique ELM crash time for the analy-

sis, the frame similarity coefficient is introduced. This mea-

sure equals +1 if two consecutive frames are completely the

same, and -1 if they are each other’s inverts. The zero lag

2D spatial correlation coefficient can be used for this purpose:

ρFS,tk = CCF(κx = 0,κy = 0, t = tk), where ρFS,tk is the frame

similarity coefficient for the frame time tk. This coefficient is

evaluated for all consecutive frame pairs. The largest change

between two frames occurs when an ELM happens, thus the

minimum of the frame similarity can be used for defining the

ELM crash time.

B. Structure size estimation

Estimating the spatial size and shape evolution of individ-

ual filaments during the ELM crash could reveal important as-
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FIG. 7. Example structures found during an ELM crash in shot

139901 starting at 324.959 ms a) One structure is found (the orange

ellipse fit of the green path is concealed by the fit); b) Two structures

are found, the former orange and a new large structure (purple path

and its red ellipse fit); c) The same two structures are found as in b),

and the formation of the second one is more pronounced; d) Only

one structure is found, since the second one does not contain enough

enclosed paths and is about to leave the measurement area.

pects of the structural dynamics e.g. filaments coalescing into

a single structure. The analysis could also provide a basis for

theoretical models where the current or the mass of the fila-

ment could be estimated from the current density, the electron

and ion density and the size of the filament.

In the first step, the structures in each frame are identified.

First, the data is pre-processed by normalizing each frame

with the method presented in the previous section. Then a

5 pixel wide median filter is applied to remove excess noise.

Then the frames are plot with a contour plotting algorithm

which orders the contour levels by intensity and returns their

coordinates one by one30. The plotting library also provides

a method to find contour paths which are embedded into each

other. Based on thorough testing, each frame was plot with 51

contour levels and a structure was identified if 5 contour paths

(roughly 10% of the contour levels) with increasing levels en-

circled each other. (The detailed steps of the algorithm can be

found in Sec. A4.) Example results of the structure identifi-

cation method is presented in Fig. 7 along with the fit ellipses

on the half intensity level paths.

The relevant structure size was defined as the poloidal and

radial cross-section of the fit ellipse on the half intensity path.

Each found structure was fit, however, in the presented re-

sults, only the one with the largest integrated intensity was

considered. The goal was to determine the parameters of the

ELM filament which was the most intense structure in the

frame sequences. A dimensionless shape parameter, the elon-
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gation was defined to characterize whether the structures are

poloidally or radially elongated. The elongation is calculated

with the following expression: (dpol−drad)/(drad+dpol). This

metric equals 1 if the structure is purely poloidal, -1 if it is

purely radial, and 0 if it is circular. The radial and poloidal

position of the structures were estimated from the center of

the fit ellipse. The distance between the filament and the sep-

aratrix can be estimated utilizing the estimated center and the

coordinates of the separatrix from the magnetic field recon-

struction (see Sec. V A).

The developed algorithms were tested on synthetic signals

(for a worst case scenario see Sec. A5) and by manually cross-

checking the automatic results and the movement of the center

of the structures during the ELM crash. The algorithms were

found to be providing good estimates on both velocities and

structural parameters.

IV. RESULTS

After developing and validating the analysis methods de-

scribed in the previous sections, the algorithms were utilized

to estimate parameters of the ELM events in the database. As

a first approach, the methods were applied on shot 139901

to the second ELM event, which was shown in earlier sec-

tions. After analysis of that particular ELM event the param-

eters were estimated for each of the 159 ELM events in the

database. The characterizing behavior of the ELM filaments

was determined by analyzing the distribution functions of the

estimated parameters. The results presented here are shown in

the radial-poloidal plane which is approximately perpendicu-

lar to the magnetic field lines.

A. Dynamics of a single ELM event

The 2D CCF based velocity estimation method and the

structure parameter estimation method were both utilized to

investigate the dynamics of a single ELM event. For this sam-

ple analysis shot 139901 was chosen and the ELM event was

at 325 ms. The GPI frames of this ELM can be seen in Fig. 3.

The time range analyzed was [324.5 ms,325.5 ms], which is

±0.5 ms around the ELM crash time. The plasma parameters

of this ELM event can be seen in Fig. 2.

Figure 8 (a) shows the time trace of the frame-averaged GPI

signal. One can see that the ELM event shows up as a large

peak in the middle of the time range. Several oscillations can

be seen before the ELM, however, there is no clear coherent

precursor oscillation. In Fig. 8 (b) one can see the maxi-

mum correlation of the 2D CCF calculated between consecu-

tive frames in red. The correlation threshold is depicted with

green. Results for the radial and poloidal velocity are only

valid over this threshold. The blue plot shows the frame simi-

larity between consecutive frames. One can see that the frame

similarity reaches its minimum at the time of the ELM crash

(depicted with magenta).

Fig. 8 (c) and 8 (d) show the radial and poloidal veloc-

ity, respectively, calculated with the 2D CCF velocity esti-
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FIG. 8. Results for plasma shot 139901 for tELM = 324.956 ms. The

timescale for all panels is shown at the bottom of each column. The

missing data points in the radial and poloidal velocities are at times

when the maximum correlation was under the set threshold. a) Aver-

age GPI signal vs. time with the ELM time defined by the minimum

of the frame similarity (magenta); b) Maximum correlation (red) and

frame similarity (blue) along with the correlation threshold (green),

the ELM time is given by the minimum of the frame similarity; c)

Radial velocity: d) Poloidal velocity; e) Radial size of the structure

with the highest intensity; f) Poloidal size; g) Elongation; h) Num-

ber of structures; i) Distance between the center of the most intense

structure in the frame and the separatrix.

mation method. The missing data points in the plot corre-

spond to times, when the correlation maximum did not reach

the threshold, e.g. between 324.7 ms and 324.9 ms. In this

range no significant filamentary activity was found, thus, no

velocity was estimated. The maximum radial velocity of the

ELM filament is vrad =+3 km/s outwards, which is followed

by two slower outbursts. The radial velocity then decreases

back in about 200 µs to the level seen before the ELM. This

time is considered to be the length of the ELM crash, the time

until the structures are propagating outwards after the ELM

time. Further structures appear after this period of time, which
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could indicate post-cursor activity. The poloidal velocity has a

sudden decrease right at the ELM crash time with a velocity of

vpol =−13 km/s downwards in the ion diamagnetic direction.

This velocity relaxes back to around zero in 150 µs.

Figure 8 (e) and 8 (f) show the radial and poloidal sizes of

the structure having the highest light intensity in each frame.

These results are calculated by utilizing the structure finding

and parameter estimation algorithm. The blue lines depict the

size of the found structures. One can see that the radial size

of the ELM filament changes between 20 mm and 50 mm,

however, the size of this structure is not significantly different

from the ones found in the time ranges before and after the

ELM. The poloidal structure size varies between 20 mm and

80 mm. There is no significant difference between before,

after and during the ELMs in the poloidal size of the occurring

filaments either.

Figure 8 (g) shows the elongation, which is a function of

both radial and poloidal sizes (see. III B). Positive elongation

means that the structure has a larger poloidal size, while nega-

tive means larger radial size. One can see that the elongation is

fluctuating with the same level before, after and during ELM

times, which is consistent with the previous figures depicting

the size.

Figure 8 (h) shows the number of filament structures

present in the frame at a time. One can see, that just before the

ELM crash time, the number of structures is higher at N = 4,

which then decreases showing that the structures almost dis-

appeared just before the crash where only one or two struc-

tures are present. This state is persisting until the end of the

crash for about 200 µs when the structure number increases

to 2-3.

During the analysis the center of the filaments was esti-

mated from the ellipse fitting, as well. The absolute position

itself is not a relevant physical parameter in the investigation

of the filaments, however, the distance of the filaments from

the separatrix could reveal important features of the dynamics.

The coordinates of the separatrix were read from the EFIT re-

construction of the magnetic geometry of NSTX. They were

interpolated linearly to match the temporal and spatial range

of the GPI diagnostic. The relevant parameter was considered

to be the minimum distance between the separatrix and the

filament center. This quantity was then calculated for each

time point of the GPI measurement. The results can be seen

in Fig. 8 (i). One large outburst can be seen before the ELM

crash time to about 60 mm from the separatrix in the range of

t− tELM ≈ [−400 µs,−200 µs]. The outburst with the largest

distance occurs right before the defined ELM crash time. An-

other crash with similar distance from the separatrix happens

50 µs after the ELM crash. The filaments stay at 25mm out-

side the separatrix for approximately 200 µs after the ELM

crash, after which they return nearer to the separatrix. Two

filaments appear at 300 µs and 400 µs which propagate to

75 mm and 90 mm outside the separatrix.

From the results above one can see that a typical ELM

crash is an explosive event seen for approximately 200 µs

in the GPI measurement. The radial and poloidal veloci-

ties during the crash are significantly increased outwards and

downwards (in the ion diamagnetic direction), respectively.

The poloidal and radial sizes of the ELM filament were de-

termined, however, no significant increase was found when

compared to filamentary activity before and after the ELM.

The structures remained elongated poloidally. The number

of structures showed a tendency to decrease during the ELM

crash.

B. Characterizing dynamics of the ELM crash

Results in the previous section (Sec. IV A) showed the dy-

namics of the ELM crash for a single ELM event. In order to

investigate the characterizing behavior of all ELM events in

the database, a different approach is needed. One cannot draw

conclusions for each ELM one-by-one in order to develop an

understanding about the characterizing dynamics (as shown

in the previous section). Preceding this, the same calculations

were done for each ELM event as for the single one in Sec.

IV A, but they were not analyzed manually one-by-one.

The characterizing behavior of the ELM crash was studied

by analyzing the distribution functions of the estimated veloc-

ity and structure parameters. First the ELM crash times were

identified based on the frame similarity (see Sec. III A). Then

the distribution function of each estimated parameter was cal-

culated in the ±500 µs time range around the ELM crash time

for each parameter. The calculation was done using the valid

results only, where the frame-to-frame correlation threshold

exceeded 0.6. The distribution functions were calculated by

dividing the value ranges of the parameters into 50 bins. Their

histograms were then evaluated in the bins, and then divided

by the number of valid data points. The number of structures

were only divided to 10 bins since there are only whole values

in this parameter, and the 90th percentile was below 10.

In order to characterize the distribution functions, their me-

dian value (50th percentile), and their 10th and 90th percentile

values were calculated. The median characterizes a skewed

distribution better than the average, because it is not as sensi-

tive to outliers. The 10th and 90th percentile values character-

ize the deviation of the distribution from the median and can

provide an asymmetric range of deviation. The results of the

calculations can be seen in Fig. 9 and Fig. 10.

1. Characterizing radial and poloidal velocities

Figure 9 (a) and (b) depict the distribution function of the

radial velocity of the filaments as a function of time for the

entire ELM database and for the ELM time, respectively. The

median values are shown in red, the 10th and 90th percentiles

are shown in magenta. The median radial velocity before and

after the ELM crash is approximately 300m/s. The median

peak radial velocity is 3.3km/s which occurs 2.5µs (1 sam-

pling time) before the ELM crash. The elevated radial prop-

agation lasts for about 100µs. The 10th and 90th percentiles

at the peak are 0.2km/s and 9.4km/s, respectively. The radial

velocity decreases to 2.1km/s at t = tELM and the percentiles

are -1km/s and 6.3km/s (see Fig. 9 (b)).
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FIG. 9. Distributions of the radial and poloidal velocities vs. time for

all ELM events in the database. The median of the parameters are de-

picted with red on the left. The 10th and 90th percentiles are depicted

with magenta in each plot. (a) Distributions of the radial velocity

vs. time; (b) Distribution of the radial velocity at the ELM crash; (c)

Distributions of the poloidal velocities vs. time; (d) Distribution of

the poloidal velocity at the ELM crash.

Figure 9 (c) depicts the distribution function of the poloidal

velocity of the filaments as a function of time for the entire

ELM database. As for the radial velocity, the median val-

ues are shown in red, the 10th and 90th percentiles are shown

in magenta. The median poloidal velocity before and after

the ELM crash is approximately -700m/s. The negative sign

stands for the ion diamagnetic direction. The median poloidal

velocity is -11.4km/s at the ELM crash. The 10th and 90th

percentiles at the ELM crash are -2.6 km/s and -22 km/s, re-

spectively. The distribution function of the poloidal velocity

at the ELM crash is depicted in Fig. 9 (d).

It has to be noted, that the GPI observation is aligned to the

typical pitch angle of NSTX plasma regimes. Deviations from

the typical angle results in a projection of the actual poloidal

velocity onto the target measurement plane introducing un-

certainty in the velocity estimation. However, these angle de-

viations are small on NSTX. Furthermore, the uncertainty of

the velocity estimation method is larger than the uncertainty

caused by the misalignment, thus, this effect can be neglected.

2. Characterizing structural parameters

The distribution functions of the spatial parameters of the

ELM filaments were also investigated. The distribution func-

tions and the corresponding percentiles were calculated for

the filament size, elongation, number of structures and the dis-

tance of the structures from the separatrix. The results of the

calculation can be seen in Fig. 10. On the left the time evolu-

tion of the distribution functions is shown. The median value

is plotted with red, while the 10th and 90th percentiles are plot-

ted with magenta. The plots on the right show the distribution

functions of each parameter at the ELM crash.

Fig. 10 (a) and (b) show the distribution of the radial size

for the analyzed time range and for t= tELM, respectively. The

median radial size remains relatively constant before the ELM

crash at a level of 30mm. This value increases to 49 mm at

the ELM crash. The 10th and 90th percentiles are 31 mm and

69 mm at the ELM crash, respectively. The median radial size

level is increased to 35 mm after the ELM crash.

Fig. 10 (c) and (d) show the time evolution of the distribu-

tion function of the poloidal size for the analyzed time range

and for t = tELM, respectively. The median poloidal size is

approximately 40mm before and after the ELM crash. The

poloidal size at the ELM crash is 47 mm. The 10th and 90th

percentiles at the ELM crash are 32 mm and 72 mm, respec-

tively. The poloidal size shows a smaller increase than the

radial size has at the ELM crash.

Fig. 10 (e) and (f) show the time evolution of the distri-

bution function of the elongation for the analyzed time range

and for t = tELM, respectively. The level of the median elon-

gation undulates slightly around 0.1 before and after the ELM

crash. About 35µs before the ELM crash the elongation is

increased to 0.21 which then rapidly decreases to 0.035 at the

ELM crash. This value is close to zero, which indicates that

the characterizing shape of the filament at the ELM crash is

close to circular. The 10th and 90th percentiles at the ELM

crash are -0.24 and 0.2, respectively. This large spread is a re-

sult of the definition of the elongation and the relatively large

spread of the poloidal and radial sizes from which the elonga-

tion was calculated.

Figure 10 (g) and (h) show the time evolution of the dis-

tribution function of the number of structures identified for

the entire analyzed time range and for t = tELM, respectively.

The median structure number is 2-3 before the ELM crash.

The 10th and 90th percentiles are 1 and 4-7, respectively. The

median number of structures is 1 at the ELM crash with the

percentiles being 0 and 2 (see Fig. 10 (h)). This reflects that

the characterizing behavior of the structures at the ELM crash

is coalescing, multiple structures merge into 1 or 2 structures.

Right after the ELM crash the median increases to 2. The

characterizing number of structures is 3 at 200− 300µs after

the ELM crash. At around 350µs after the ELM crash the me-

dian number of structures decrease back to the same level as

it was before the ELM crash.

Figure 10 (i) and (j) depict the time evolution of the distri-

bution function of the distance of the filaments from the sep-

aratrix for the entire analyzed time range and for t = tELM,

respectively. One can see that the median distance is approx-

imately +20mm before the ELM crash and the percentiles are

-15 mm and +60mm. The negative sign stands for inside the

separatrix, while the positive is outside. It has to be noted

that the accuracy of the magnetic field reconstruction is in the

range of 10mm. The outburst of the ELM filaments sets on

approximately 30µs before the ELM crash and it reaches a

median distance of 67 mm. The 10th and 90th percentiles of

the distribution at the ELM crash are 20mm and 105mm, re-

spectively. The median distance settles back to the original

level in approximately 330µs after which a slight increase oc-
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FIG. 10. Distribution of structure sizes, elongation and number of

structures calculated for the entire ELM database with the structure

identification method. The distribution is calculated for each time

point. The median of the parameters is depicted with red on the left.

The 10th and 90th percentiles are depicted with magenta in each plot

on the left. The distributions at tELM are shown in the right column.

(a)-(b) Distribution of the radial size of the most intense structures in

a frame; (c)-(d) Distribution of the poloidal size of the most intense

structure in a frame; (e)-(f) Distribution of the elongation during the

ELMs; (g)-(h)) Distribution of the number of structures during the

ELMs. (i)-(j) Distribution of the distance between the most intense

structure and the separatrix.

curs.

V. DISCUSSION

In the first part of this section (Sec. V A), the results are

discussed by analyzing their dependence on each other. In

Sec. V B the dependence of the sizes and the velocities on

several plasma parameters is discussed. Sec. V C connects the

results to analytical theory. In Sec. V D the observed poloidal

velocities are compared to the ion-diamagnetic drift velocities

at the ELM crash time. The last section, Sec. V E puts the

results into context of previous experimental findings.

A. Dependence of the ELM crash parameters on each other

This section presents the dependencies of the characterizing

ELM database results in Sec. IV B on each other. The con-

ventional approach is to calculate the correlation-coefficients

between each parameter (resulting in a Pearson-matrix). This

approach, however, cannot provide insights into the time de-

pendence of the results e.g. the pre-ELM, the ELM crash, and

the post-ELM period. Therefore, the relevant parameters are

plotted against each other. The dependence between every pa-

rameter was determined, however, in the followings only the

most physically significant and relevant results are presented.

Figure 11 depicts the dependencies between the median pa-

rameters. The color bar on the right shows the timing with

respect to the ELM crash. The blue lines connect data points

which are consecutive in time.

Fig. 11 (a) depicts the relationship between the character-

izing radial and poloidal velocity of the ELM filament. As

one can see, during the ELM crash the radial velocity reaches

its peak one sample time (2.5 µs) before the poloidal veloc-

ity does. There is close to linear dependence between the two

velocities in the 20 µs time range both before and after the

crash. The radial velocity relaxes back to approximately the

same level as it was before the ELM. The poloidal velocity

relaxes back to its original level in approximately 200 µs.

The dependence between the radial and poloidal sizes is de-

picted in Fig. 11 (b). Positive correlation can be seen between

the radial and the poloidal sizes. The few outliers are caused

by the ELM crash, when the structures are close to circular.

Fig. 11 (c) depicts the dependence between the median ra-

dial velocity and the distance between the center of the fila-

ment and the separatrix. As one can see before the ELM crash

(blue/green patch of data points), the filaments are around the

separatrix (considering the approx. 10 mm accuracy of the

magnetic reconstruction and the 10 mm optical resolution of

the GPI). As was also seen in Fig. 10 (i), 25 µs before the

ELM crash the filament accelerates outwards radially. The

radial velocity during this outwards motion is approximately

linearly dependent on the distance of the filament from the

separatrix. This behavior has never been seen before. The ra-

dial velocity reaches its peak at r− rsep = 49 mm, and then

it rapidly decelerates back to the orange and purple patch of

data points.
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The dependence between the poloidal velocity and the dis-

tance of the filament’s center from the separatrix can be seen

in Fig. 11 (d). Before the ELM crash, the poloidal velocities

are between 0 and -2 km/s (the minus sign denotes the ion

diamagnetic drift direction). As the filament propagates out-

wards, its poloidal velocity increases, however, the increase

is faster than linear. The same behavior can be seen after the

crash. The velocity relaxes back to approximately the original

level.

B. Dependence of the filament parameters on plasma
parameters

After determining the trends between the estimated ELM

filament parameters, their dependence on the edge plasma pa-

rameters were investigated. The edge plasma temperature,

density and pressure profiles were fitted and the maximum

gradients were determined from the profiles. The magnetic

field reconstruction on NSTX provided the current density

profile.

Several parameters were determined from the fitted plasma

profiles such as the maximum gradient, the global gradient,

and the width of the pedestal. However, non of these param-

eters showed significant correlation with the estimated ELM

filament parameters. It is suspected, that the reason for this

negative result is the relatively low temporal resolution of

the Thomson-scattering diagnostic, which could only provide

profiles on a 16ms time resolution. It is expected that the

plasma profiles evolve on a ms time-scale between the ELMs.

However, there were only 9 cases from 159 ELMs where the

profiles were within 1ms compared to the ELM times.

The plasma current density profile is reconstructed dur-

ing the magnetic field reconstruction on NSTX. The peeling-

ballooning theory predicts the stability boundary of the

plasma on the pressure-current density plane. Hence, it is ex-

pected that the edge current has influence on the ELM filament

parameters. The relevant edge current density was identified

as the value at the maximum density gradient, because accord-

ing to the peeling-ballooning theory, the ELM is triggered at

the position of the largest gradient. Fig. 12 depicts the results

of the dependence calculations between the edge current den-

sity at the maximum density gradient and the ELM filament

sizes and velocities at the ELM time.

Fig. 12 (a) shows the dependence between the edge current

density (jedge) and the radial size. The results have large scat-

ter, however, a weak positive trend can be seen between the

two parameters. This trend meets the expectations, and expla-
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nation for it is given in V C. Fig. 12 (b) shows the dependence

between jedge and the poloidal size. The same weak trend can

be seen as for the radial size.

Fig. 12 (c) and (d) depict the dependence of the radial

and poloidal velocities on jedge, respectively. A weak posi-

tive trend can be seen between vrad and jedge, which can be

explained by the current-filament theory shown in Sec. V C 2.

The poloidal velocity shows a weak negative correlation with

the edge current density.

In order to provide a more accurate dependence study be-

tween the plasma parameters and the ELM filament parame-

ters, more accurate plasma profiles (e.g. from numerical mod-

elling) and magnetic reconstructions (e.g. from kinetic EFIT)

would be needed. Performing these more accurate calcula-

tions are outside the scope of this paper, and will be consid-

ered during future research.

C. Connection with theory

In this section a connection between the observations and

analytical theory is discussed. In the first subsection the ex-

isting papers are summarized shortly. In the second subsec-

tion of the section the possible underlying mechanisms behind

the radial acceleration are discussed; namely, the curvature-

interchange mechanism and the current-filament interaction

model.

1. Theoretical models for the ELM filaments

The non-linear peeling-ballooning model, also known as

the Wilson and Cowley model, explains the early nonlinear

evolution of the ballooning mode and shows that the ELM is

en explosive event growing faster than exponential11. This

theory gives an explanation for the formation of the filamen-

tary structures appearing at the ELM crash on the time scale

of 50− 100 µs. In our results, the time scale of the crash is

between 100− 200 µs. The presence of filaments in our ob-

servations can be explained by the Wilson and Cowley model.

The theory for the early non-linear phase was devel-

oped by Ham et al into a fully nonlinear MHD model

which gives an explanation for the saturation of the filament

displacement31,32.

Several models were established for explaining the trans-

port mechanisms behind the ELM filaments. In a model es-

tablished by Kirk et al it is assumed that the filament re-

mains connected to the confined plasma and to the divertor

directly, causing a leak from the core33. In our measurements

GPI only covers a small two-dimensional cross-section of the

plasma while the model is describing a three-dimensional ef-

fect. Hence, it was not possible to find evidence for the fila-

ment having connection with the confined region.

Another model was established later on by Evans et al34.

The model assumes that after the initial linear peeling-

ballooning growth phase of the ELM the thermoelectric cur-

rents flowing through relatively short pedestal plasma flux

tubes are amplified causing the explosive growth of the insta-

bility. These also account for connecting the inner and outer

divertor target plates.

A theoretical model specific to the current-carrying aspect

of ELM filaments was proposed by Myra35. Current conserva-

tion provides a mechanism that can propel the ELM filament

outwards from the main plasma. At the time of birth of the

ELM filament from an underlying peeling-ballooning mode,

areas with both positive (filament) and negative (hole) current

density appear. These anti-parallel currents repel each other.

Whether this mechanism could account for the observed ELM

acceleration is discussed in more detail below.

Further theoretical insight into the dynamics of the ELM fil-

aments is provided by D’Ippolito et al36. Two electromagnetic

mechanisms are reviewed. The first mechanism is the afore-

mentioned repulsion, while the second is field line bending37.

This effect is a three-dimensional effect and it is not directly

captured by the GPI measurement.

2. Proposed models for explaining radial acceleration

ELMs are believed to originate from unstable peeling-

ballooning modes, and are driven by a combination of the

gradients of parallel current and pressure in the presence of

curvature. It is therefore reasonable to investigate whether

the observed ELM acceleration can be explained by mecha-

nisms related to curvature-interchange or current-filament in-

teraction.

The curvature-interchange mechanism is described by an

effective gravitational acceleration

gκ = fκ
c2

s

R
(1)
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where fκ ≈ (pmax − pbg)/(pmax + pbg) ≤ 1 is a form fac-

tor that accounts for the amplitude of the filament pressure

perturbation (pmax) above background (pbg), cs is the sound

speed, and R is the radius of curvature, approximately the ma-

jor radius of the torus. According to standard blob theory, gκ

drives charge polarization in a blob, and results in radial E×B

convection38. Since Eq. 1 is only a rough analytical estimate

of the curvature-interchange driving force in a real device, we

also regard fκ as accounting for other factors arising for exam-

ple from device geometry and the filament profiles along and

across the magnetic field and dissipative or retarding forces.

The other model under consideration is the current-filament

interaction model35. Similar models were also applied to ex-

plain the ELM filament dynamics on the Pegasus Toroidal

Experiment39,40. In this model, the fundamental force is the

magnetostatic force between two anti-parallel current carrying

‘wires’. One ‘wire’ is the ELM filament which is postulated

to carry away a fraction of the current density at its birth lo-

cation and transport that current outward radially. The other

‘wire’ is the current hole left behind. In the thin wire approx-

imation, which is only appropriate when the separation of the

ELM and its current hole greatly exceed the ELM radius, the

accelerating force is

gJ =− µ0I1I2

2π2dminiδ
2
b

=
µ0J2

‖δ 2
b

2dmini

f 2
J (2)

where I1 ≈ −I2 are the currents contained in the filament

and the hole, d is their separation, mini is the plasma mass

density and δb is the filament radius35. In the second form of

Eq. 2, we estimate I1 ∼ fJJ‖πδ 2
b where J‖ is the edge plasma

current density at which the filament forms, and fJ ≈ Jb/J‖ < 1

is the radio of the current density in the ELM filament (Jb). As

discussed in relation to the curvature interchange mechanism,

Eq. 6 is only a rough analytical estimate, and the form factor

fJ absorbs other corrections.

Equation 2 is the thin wire approximation for infinitely

long filaments; it is sufficiently accurate for d/δb > 1.7. For

smaller d, it is straightforward to generalize the thin-wire

model by numerical integration. For uniform disks of radius

δb carrying anti-parallel current density, we find that gJ max-

imizes for d/δb ∼ 1.3 at a value that is about 0.80 lower than

the thin-wire estimate. For still smaller d/db the thin wire es-

timate becomes increasingly inaccurate: when d/δb = 0 the

uniform disk result goes to zero, not infinity.

The momentum or vorticity equation38 governing the mo-

tion of ELM filaments contains terms representing inertia, ac-

celerating forces from gκ and gJ, and retarding forces from

magnetic line bending. If we assume that the line bending

force is subdominant, then inertia, dv/dt, balances the g forces

(this is the so-called inertial regime of blob-filament theory)

and it is reasonable to compare the measured acceleration of

the ELMs with gκ and gJ to assess the plausibility of these

mechanisms as an explanation. Line bending could reduce the

net acceleration of the ELM, but it cannot be dominant; oth-

erwise, the peeling-ballooning mode would not be unstable in

the first place.

To assess the plausibility of the two mechanisms, the factors

fi (i = κ or J) are estimated by solving for them from aGPI = gi

where aGPI is the measured radial acceleration from the ELM

database (the slope of the linear fit on vrad for the time range of

[tELM −10µs, tELM] for each ELM), gi are obtained from Eqs.

1, and 2 using approximate experimental data for the ELM

parameters. In particular, ne and Te for the ELMs were taken

from edge Thomson scattering measurements. J‖ was taken

from EFIT magnetic reconstructions from the radial position,

where ∇ne was the largest. It was assumed that the ELM fil-

ament is born in edge at the location where the density gradi-

ent is maximum. The plasma and current density parameters

that are assumed to characterize the ELM in the analysis were

taken at the birth location. This location could be determined

with reasonable certainty, and detailed analysis of a selected

discharge indicated that this location is close to where the cur-

rent density gradient also maximizes. Error bars for the form

factors were estimated from the scatter in the edge Thomson

scattering measurements and from the estimated uncertainty

in determining δb. Error bars for the measured accelerations

were estimated from the uncertainty of the slope during the

linear fitting of vrad. Results are shown in Figs. 13. In making

this comparison, the uniform disk model has been employed

and only points with d/δb > 1 were retained.

Figure 13 shows the maximum total acceleration gκ + gJ

from both mechanisms assuming fκ = fJ = 1 plotted against

the measured acceleration aGPI. It can be seen that the max-

imum total available acceleration from the model easily ex-

ceeds the measured acceleration, consistent with the fact that

the deducted form factors are mostly less than 1. These mech-

anisms are strong enough to explain the observations, even

with the addition of mitigating forces. Although there is con-

siderable scatter, there is some tendency for gκ +gJ to increase

with aGPI.

Several other features of the plots in Fig. 13 are worth not-

ing. If a particular mechanism (curvature or current filament

interaction) is the only active mechanism, then fκ or fJ should

always be less than one in order to be a viable explanation.

This is the case in both plots for the vast majority of the data

(including error bars). For example, the measured accelera-

tion in shots with fκ ∼ 1 could be explained by the curvature

mechanism assuming the ELM provides an order unity pres-

sure perturbation.

For ELMs with fJ ∼ 1, the measured acceleration could be

explained by the current filament interaction mechanism if the

ELMs carry a substantial fraction of the background parallel

current J‖ in the edge plasma at their presumed birth location.

For the NSTX data, fJ ∼ 1 would imply an ELM current of the

order of a few hundred Amperes, which is not unreasonable

given the measured ELM currents in other devices (See Sec.

V E).

Thus, we conclude that either mechanism has sufficient

strength to contribute to the acceleration of the ELM fila-

ments. However, the current filament interaction mechanism

has the theoretical possibility of qualitatively explaining some

other features of the measurements, as discussed next.

It was noted in Sec. IV (see Figs. 8 and 10) that the ELM

filaments tend to become nearly circular (elongation≈ 1) near
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the ELM crash time, and that multiple filaments (within the

GPI view) also tend to coalesce at the crash time resulting in a

structure number of 1. Both of these observations are qualita-

tively expected for current-filament interaction. For the same

reason that anti-parallel currents in a filament and hole repel,

parallel currents in adjacent filaments, or within an individual

filament, attract. This naturally leads to coalescing and circu-

larization.

The current filament interaction model also provides a theo-

retical possibility for understanding the observed poloidal ac-

celeration. In the presence of flow shear, the ELM filament

and current-hole acquire poloidal separation and the poloidal

motion is then also subject to the same current-repulsion force

mechanism as the radial one.

Finally, the abrupt end of the acceleration phase is promi-

nent in Fig. 11 (c). The change from acceleration to deceler-

ation in Fig. 11 (c) is sudden; and, in fact, the deceleration is

very large and occurs at a specific radial location. This is sug-

gestive of a discrete process. One hypothesis is that during the

initial phase when the ELM filament is observed to accelerate

into the SOL at the mid-plane, it remains magnetically con-

nected to the closed surfaces at its foot-points near the top and

bottom of the torus. This is made possible by magnetic line

bending. But then at the crash, either one or both foot-points

of the filament reconnect with field lines in the SOL at which

time the heat and current drain quickly. This would bring the

radial motion by both curvature and current mechanisms to a

sudden stop. For the present work, this idea is theoretical and

speculative as there is no available corroborating data. How-

ever, the idea of reconnection has been discussed in several

ELM review articles and references therein2,41.

Most of the preceding observations are difficult to under-

stand based on the curvature drive mechanism alone. Possi-

ble exceptions are coalescence which can sometimes occur for

curvature driven blobs and radial, but not poloidal, accelera-

tion which could be accounted for by other mechanisms asso-

ciated with propagation down a density gradient, as discussed

in the blob context by Bodi et al42.

We close this section with a qualitative observation. One of

the most striking features of the present data is the rapid and

nearly constant acceleration of the ELMs from the time when

they first emerge to when they crash. There have been many

experimental papers on blobs, but to our knowledge a quali-

tatively similar acceleration of blobs has never been reported

in these experiments, or in fact in blob turbulence (as distinct

from seeded blob) simulations. Why are ELMs and blobs dif-

ferent in this respect? A definitive answer is not possible from

the information at hand, but theoretical considerations suggest

one possible speculation.

An ELM forms from a rapidly growing MHD instability.

Furthermore, as the instability grows, nonlinear effects such

as its explosive character take over further shortening the time

scale43. Thus, ELMs may be seeded almost instantaneously

but require time to accelerate up to a terminal velocity consis-

tent with the gJ + gκ forces. Blobs on the other hand are ex-

pected to evolve out of slower growing turbulence for which

the blob velocity is already a characteristic velocity of the un-

derlying linear mode. (See e.g. the discussion of the corre-

spondence principle in Ref. 36.) Simulation modeling of non-

linear ELM evolution, in conjunction with a direct experimen-

tal measurement of the current in the modeled ELM filament

would likely be required to test this hypothesis.

D. Relationship between the poloidal filament velocities and
the ion-diamagnetic drift velocity

The poloidal propagation of the ELM filaments is charac-

terized by vpol = 11.4km/s median poloidal velocity (see Fig.

9) in the ion diamagnetic drift direction. According to the

peeling-ballooning theory, ELM filaments originate from in-

side the separatrix where their poloidal motion is determined

by the local ion diamagnetic drift velocity. By calculating

the ion-diamagnetic drift velocity profile, and relating the es-

timated poloidal velocities to them, one could calculate the

birth position of the filaments. This calculation assumes that

the filament’s poloidal motion is not influenced by the shear

layer at the separatrix or other effects like the previously dis-

cussed current-filament interaction significantly. The ion dia-

magnetic drift velocity can be calculated with Eq. 3.

vi,diam =−∇p×B

qniB2
≈− |∇p|

qiniB
(3)

In the calculation pure poloidal propagation is assumed per-

pendicular to the magnetic field. The pressure gradient pro-

file is estimated from the radial pressure profile provided by
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FIG. 14. (a) Poloidal velocity of filaments vs. maximum of the ion

diamagnetic drift velocity profile. The red line depicts vpol = vi,diam,

the green line separates the ion and electron diamagnetic direction;

(b) Histogram of positions where vpol = vi,diam with the median (red),

and the 10th and 90th percentiles (magenta).

Thomson scattering. The ion density profile is assumed to

equal the electron density profile, which is provided by the

same diagnostic. The ion diamagnetic drift velocities were

calculated for each ELM in the database for the closest time

point to the ELM crash time.

Fig. 14 (a) shows the maximum values of each ion dia-

magnetic drift velocity profiles plotted against the estimated

poloidal velocity at tELM. In the majority of the cases, vi,diam is

lower than the estimated poloidal velocity. This means that in

most cases the ion diamagnetic drift cannot be the only mech-

anism driving the poloidal propagation. The missing portion

of the driving force could originate from the current-filament

mechanism described in Sec. V C 2.

In the rest of the cases, the ion-diamagnetic drift velocity

could account for the observed poloidal velocity During the

analysis of these cases, the normalized poloidal flux position

was found, where the observed poloidal velocity equals the

radial ion diamagnetic velocity profile. The range of these

locations was divided to 10 bins, and the number of cases were

counted in each bin. The results of this calculations are shown

in Fig. 14 (b).

The median and the 10th and 90th percentiles are depicted

with red and magenta lines, respectively. The median is

Ψnorm = 0.95, and the 10th and 90th percentiles are 0.83 and

1.2, respectively. The median value itself could be physically

feasible in these cases, since the 0.95 value is close to and in-

side the separatrix, where the filaments are theoretically orig-

inating from. However, the distribution has a large deviation

from the median. Due to the small number of positive cases

and the large deviation no strong statement can be said about

the birthplace of the filaments. Providing more accurate esti-

mation on the observed poloidal velocities would require nu-

merical modelling, which is outside the scope of this work,

and will be considered during future research.

E. Comparison with previous experimental results

As presented in Sec. I, ELM filaments were investigated ex-

tensively on many different machines with different diagnos-

tic techniques. Most of the previous results were originating

from Langmuir-probe measurements. A few publications are

based on measurements with fast visible imaging, Thomson-

scattering and reflectometry. The following sections put the

presented NSTX results into perspective with results on other

machines. The comparison is solely based on the ELM fila-

ment findings in the SOL, thus, e.g. the triggering mechanism

inside the separatrix is not discussed. A summary of the re-

sults discussed below for each machine can be seen in Table

II.

1. Comparison with earlier results from NSTX

Several papers have already been published on results from

NSTX. The first observation of ELM filaments on NSTX was

done by Nishino et al9 with the use of fast visible imaging.

Maingi et al27 characterized type V ELMs on NSTX with

several diagnostics including fast visible cameras, interferom-

eter, magnetic probes and gas puff imaging. The size and ve-

locity of the filaments were estimated by analyzing measure-

ments of toroidally adjacent interferometry channels. Their

rotation speed was estimated to be ∼ 10 km/s, and their per-

pendicular length was in the range of ∼ 10cm. The filaments

were found to be drifting radially outwards while rotating

toroidally in the direction opposite to the plasma current. The

estimated sizes are about a factor of two higher than our re-

sults. The difference comes from the different diagnostic tech-

nique the estimation was based on.

Maqueda et al reported on the structure of the primary

ELM filament structure17 and the secondary ELM filament

structure16, as well. The radial velocity of the primary fila-

ments were reaching 8 km/s, and the poloidal velocity was

estimated to be approximately 11 km/s. The poloidal size

of the primary ELM filaments were estimated to be between

40-50mm. Their results based on earlier measurements agree

with our findings from a later measurement campaign.

2. Comparison with results from MAST

Measurements of ELM filaments in the SOL on MAST

were performed by Kirk et al with Langmuir probes, fast

imaging and Thomson-scattering10.

The fast visible imaging system was able to resolve the spa-

tial structure of the ELM filaments in the SOL for the entire

vacuum vessel with the use of wide angle observations. A

toroidal mode numbers of 12 is reported from the spatial sep-

aration of 75 cm. The NSTX GPI system is covers only a

24 cm×30 cm (radial×poloidal) plane of the plasma, hence,

the complete spatial structure of the ELM filaments cannot

be resolved. The filament width was estimated to be between

7.5 cm and 15 cm on MAST. This filament width range is mea-

sured with Langmuir-probes and it is significantly larger than

the result seen in Fig. 10 (1-6 cm radially, 1-7 cm poloidally).

The duration of the ELM crash is reported to be ≈ 100 µs

which is in the same range as our results. The MAST plasma

parameters are similar to the NSTX plasma parameters.
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Device Diagnostic Measurement vrad [km/s] vpol [km/s] drad [cm] dpol [cm] tcrash[µs] Ref.

NSTX GPI Dα 8 -11 - 4 - 5 300 16 and 17

(earlier) Interferometry ne,int - <10 (toroidal) 10 - 400 - 1000 27

MAST Langmuir-probes jsat 0.75 - 7.5 - 15 - 100 10

JET Langmuir-probes jsat 1 - 2 -2 - - 10 - 50 12 and 44

ASDEX HFD Dα - -7.5 - 14 few cm few cm - 12

Langmuir-probes jsat 0.2-0.8 - - 5-8 - 13

Filament-probe jsat 0.5-6 - 1-30 - - 45

FFR ne displacement 3-4 - - - few µs 46

Alcator C-MOD 1D GPI Dα 1 - 0.5 - 1 - - 14

JT60-U Langmuir-probes jsat 0.5-3 - 0.5 - 4 2 - 6 30 15

COMPASS Filament-probe jsat 1 - - - 200 47

NSTX GPI Dα 3.3 -11.4 3-7 3-7 100

TABLE II. Summary of the velocity, size and ELM crash time estimations of the ELM filaments in the SOL from different fusion devices

including the diagnostic and the physical quantity measured. The positive sign in the radial velocity denotes the outwards direction. The

negative sign in the poloidal velocities denotes the ion diamagnetic direction.

Results of the Langmuir-probe measurements at 3 cm out-

side the separatrix on MAST show radial propagation veloc-

ities of 750 m/s. This value is significantly lower, than the

one in Fig. 9. One reason for this difference may be that the

probe is only measuring in the scrape-off layer, and can only

resolve an average velocity of the filament. According to our

observations, the filament reaches its peak radial velocity at

the separatrix. The probe measurements on MAST are not

performed in that region.

Section V C discusses the underlying theoretical mecha-

nisms behind the dynamics of the ELM filaments. One of

these is the current-filament interaction model, hence, the re-

sults regarding the ELM filament current is discussed here. In

MAST measured magnetic fluctuations for an ELM filament

combined with modeling suggest an ELM parallel current of

190 A48. It was also pointed out that this value is similar to

the edge current density multiplied by the area of the filament.

3. Comparison with results from JET

The fine structure of ELMs in the SOL on JET (and AS-

DEX) was reported by Endler et al12. For the analysis on JET,

a reciprocating Langmuir-probe system was providing mea-

surements of the ion-saturation current. Measurements in JET

showed radial velocities of 1-2 km/s which agreed with the

E×B velocity resulting from an estimation of the plasma and

ELM filament parameters. This velocity is significantly lower

than the peak velocity at NSTX seen in Fig. 9. In NSTX

there was no electric field measurement fast enough to resolve

the electric field during the ELM, thus, our results cannot be

cross-checked with the corresponding E×B velocities.

Further investigation by Silva et al provided a more thor-

ough analysis of the radial velocities and mode numbers on

JET44. Poloidal velocities of 2 km/s are reported for Type-I

ELMs, which is significantly lower than the result seen in Fig.

9 (c). The difference might be explained by considering that

the pure poloidal velocity is reported on JET, while the GPI

measurement can only resolve the apparent poloidal velocity,

which may be due in part to the toroidal rotation. The ra-

dial velocity found in the JET measurements reached 6 km/s,

which agrees with the results in Fig. 9 (a).

In JET, ELM filament currents in the range of 200− 500 A

were measured, with a most probable current in the order of

400 A49.

4. Comparison with results from ASDEX

The spatial fine structure (on the scale of a few millime-

ters) of ELMs in the SOL was reported for ASDEX by

Endler et al12. These results were based on measurements

of the Hα/Dα fluctuation diagnostic (HFD) which provided

a 16 channel Balmer-alpha light measurement in the SOL.

The reported poloidal velocity was between +14 km/s and

−7.5 km/s (the negative sign denotes the ion-diamagnetic di-

rection). This velocity range is comparable to the range of our

results in Fig. 9 (c). However, it has to be noted that velocity

measurements with a 1D diagnostic can only resolve the ve-

locity components in the direction of the array, which could

be distorted by the radial velocity components.

The radial velocities and sizes of ELM filaments on AS-

DEX were also investigated by Kirk et al13. Langmuir probe

measurements showed the poloidal extent of the structures

were in the 5− 8 cm range, which is consistent with our re-

sult. However, the measured radial velocities were between

200− 800 m/s, which are significantly lower, than our mea-

sured peak velocity. One explanation for this could be that the

radial velocity in ASDEX was not estimated at the separatrix.

A specially built "filamentary probe" was also utilized on

ASDEX to investigate the ELM filaments45. The probe mea-

sured ion saturation currents with 9 probe tips which are dis-

placed radially, vertically and toroidally, as well. The ra-

dial velocity of the ELM filament was reported to be between

0.5 km/s and 6 km/s, and radial sizes of 1 cm to 30 cm were

reported. Based on their results they infer that the ELM fil-

aments were generated close to the separatrix. These results

agree qualitatively with our results at NSTX, however, their

reported radial size of 30 cm exceeds four times our obser-

vations. The radial extent of the ELM filament in ASDEX
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is suspected to depend on the distance between the separatrix

and the limiter. In NSTX the usual distance between the sep-

aratrix and the RF antenna limiter is 10− 15 cm, and much

less for radio-frequency heated shots. This difference could

explain the discrepancy of the ELM filament sizes between

ASDEX and NSTX.

ELM filaments on ASDEX were also investigated with a

fixed frequency reflectometry (FFR)46. This diagnostic pro-

vided measurements of the radial displacement of a density

layer, which can be used to estimate the radial propagation ve-

locity of the ELM filaments. The reported radial velocity was

about 3− 4 km/s. The duration of the crash was estimated to

be only a few microseconds. The poloidal size of the ELM

filaments was estimated to be in the range of 5.75− 11.5 cm.

The magnitude of this estimated velocity agrees with our re-

sults seen in Fig. 9. The duration of the crash, however, is

about 10 times smaller than at NSTX, which is is the range of

≈ 100µs. The reason for this discrepancy may be the diag-

nostic method itself. The reflectometry measures the reflected

wave from a certain fixed density area. The density of the

ELM filament is changing rapidly during its motion, hence,

the peak is only seen for a short amount of time.

In AUG, measurements showed that ELM filaments carried

a substantial field aligned current, estimated to be on the order

of 2 kA with large uncertainty50.

5. Comparison with results from other machines

ELM filaments were investigated on many other machines,

as well.

Terry et al performed ELM filament measurements with a

1D gas-puff imaging array on Alcator C-MOD14. The median

radial velocity of the ELM filaments was reported to be 1 km/s

with spikes up to 8 km/s. The radial size of the ELM filament

was reported to be between 0.5−1 cm. The magnitude of the

radial velocity agrees with our results qualitatively. The size

of the ELM filament was significantly lower than at NSTX.

Asakura et al investigated the high field side and low field

side ELM filaments on JT-60U15 with Langmuir probes. The

radial propagation velocities of the LFS filaments were esti-

mated to be between 0.5 km/s and 3 km/s. The radial size of

the ELM filament is found to be in between 0.5 cm and 4 cm,

while the poloidal size to be 2− 6 cm. These results agree

with our results on NSTX seen in Fig. 9 (a) and Fig. 10 (a)

and (c).

Spolaore et al measured the ELM filaments in the scrape-

off layer of the COMPASS tokamak with a "filament probe"47.

The radial velocity was estimated to be 1 km/s in the far SOL

and the typical ELM crash lasted for approximately 200 µs.

As one can see from these comparisons and in Table II,

quantitative agreement is found between the results on other

machines and our results from NSTX. The discrepancies

could have been due to the limitations of the diagnostics in

most cases.

VI. SUMMARY

Edge localized modes (ELMs) are quasi-periodic events at

the plasma edge causing significant particle and energy losses

from the plasma. The dynamics of the most violent part of

the ELM cycle, the ELM crash, were investigated utilizing

the gas-puff imaging (GPI) diagnostic on NSTX. This diag-

nostic enabled the characterization of the ELM crash and its

associated ELM filaments. An ELM database was built from

2010 H-mode plasma discharges using high signal-to-noise

ratio GPI measurements.

A frame-by-frame velocity estimation method was devel-

oped in order to characterize the propagation of the filaments

during an ELM event. A frame-by-frame structure identifi-

cation and fitting method was developed to characterize their

sizes, and also their velocities. These methods were tested

and validated, and found to provide an accurate estimate of

the ELM filament properties.

During a preliminary analysis, typical ELM filaments were

found to propagate radially outwards and poloidally in the ion-

diamagnetic direction. No significant size change was found

compared to the regular filaments (blobs) of the background

turbulence. The number of structures present during the ELM

crash was found to be lower than during the background tur-

bulence.

The analysis methods were automated and applied to all

159 ELM events in the database. In order to characterize the

behavior of the ELM crash, the distribution functions of the

parameters and their median and 10th and 90th percentile val-

ues were calculated around the ELM crash times. The follow-

ing experimental results were found during the analysis corre-

sponding to the propagation velocity and the structure sizes.

• The characterizing radial velocity of the ELM filament

peaked at 3.3 km/s outwards. Its median poloidal veloc-

ity peaked at 11.4 km/s in the ion diamagnetic direction

at the crash. The ELM crashes have a characterizing

time of approximately 100 µs.

• The characterizing radial and poloidal sizes of the ELM

filaments were 49 mm and 47 mm, respectively. The

median radial and poloidal sizes are close to each other

at the ELM crash: the ELM filament has a nearly circu-

lar characterizing shape.

• During the characterizing behavior of the ELM fila-

ment, it was born close to the separatrix, and then it

propagated from r− rsep = 20 mm to r− rsep = 67 mm.

The propagation of the ELM filament set on t = 25 µs

before reaching its peak radial velocity.

These results were found to be consistent with experimen-

tal results from other fusion devices, at least within the exper-

imental limitations. The following novel results were found

during the analysis, which have not been seen before on other

machines.

• The median number of structures is N = 1 at the ELM

crash meaning that the filaments coalesce into a sin-
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gle structure, the ELM filament, within the GPI field

of view.

• The characterizing radial velocity of the ELM filament

is increasing close to linearly with the filament’s dis-

tance from the separatrix.

• There is positive correlation between the radial and

poloidal sizes of the filaments before and after the ELM.

Two theoretical models were identified which could explain

certain aspects of our observations: the curvature-interchange

mechanism and the current-filament interaction model. The

radial acceleration of the ELM filaments measured by GPI

were compared with these originating from the two analyti-

cal theories. The conclusion of the comparison was that ei-

ther mechanism could have sufficient strength to contribute to

the radial acceleration of the ELM filament. However, the

poloidal acceleration and the coalescence of the ELM fila-

ments cannot be explained with the curvature drive mech-

anism alone. The current-filament interaction model could

much better account for both of these aspects of the obser-

vations.

One of the most striking findings in this paper, however,

cannot be explained by these theories. The characterizing ra-

dial velocity of the ELM filament increases linearly with the

distance of the filament from the separatrix. A definitive ex-

planation cannot be given to why the ELM filaments behave

in such a way based on the theoretical physical mechanisms.

Looking ahead to future devices, unmitigated ELMs would

cause cyclical and unacceptably high heat loads to plasma-

facing surfaces, while mitigated ELMs would nevertheless

enhance erosion of main chamber walls. Understanding the

underlying mechanisms behind ELM structure, motion, life-

time and energy deposition in the SOL remains critically im-

portant. The time history of the ELM determines in part the

energy deposition rate on the divertor while the motion and

size of the ELM filament determines the location and cross-

sectional area where that deposition occurs. It is intended

that the present mid-plane ELM observations will contribute

to the full characterization of the three-dimensional structure

and motion of the filaments, towards development of models

that can predict their impact on plasma-material interactions.
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Appendix

A1. NORMALIZATION OF THE NEUTRAL GAS
RESPONSE

In order to get an accurate estimate of the structure ve-

locities and sizes from the GPI images, normalization of the

GPI frames is necessary. The velocity estimation method pre-

sented in Section III A is biased towards the spatial displace-

ment of the structure with the highest intensity. In most cases,

despite the ELM crash, the most intense structure in the frame

is the stationary response of the gas to the background plasma.

Normalizing each frame can tackle this problem as described

below.

During GPI measurements it is assumed that the measured

emission intensity is a function of the local temperature and

density and the neutral density of the gas. No independent

measurement is available for the neutral density distribution at

the location of the GPI neutral gas. However, the timescales

of the fluctuations (≈ 10 µs) and the neutral density (≈ 1 ms)

are several magnitudes apart. One can separate the response

of the neutrals to the background plasma from their response

to the fluctuations by low-pass temporal filtering the GPI sig-

nal. The filtering was performed with 1 kHz cut-off frequency,

Elliptic IIR (infinite impulse response) filter kernel and sym-

metric filtering. Symmetric filtering was necessary in order to

remove the phase shifting property of the filter.

This method isolates the rapidly fluctuating part of the GPI

signal, which is assumed to be due to the density and tem-

perature perturbations of the ELM filament. Although it is

possible that the neutral density in the gas cloud changes due

to these perturbations, we assume that neutral density pertur-

bations do not significantly affect the estimates of filament

velocity and structure. This is the usual assumption in the ex-

perimental interpretation of GPI21, since there is no way to

directly measure the local neutral density fluctuations.

A2. TWO-DIMENSIONAL SPATIAL TREND
SUBTRACTION

A one-dimensional nth order polynomial fit is readily avail-

able in most data analysis environments, however, a two-

dimensional polynomial fit had to be developed. A two-

dimensional nth order polynomial can be written as Eqn. A1.

f (x,y) =
n

∑
i=0

n−i

∑
j=0

ci, jx
iy j (A1)

where f(x,y) is the 2D polynomial, n is the order of the

polynomial, ci,j are the coefficients, and x and y are the coor-

dinates in the two dimensions. This expression realizes a two-

dimensional polynomial which can be fit onto each 64× 80

pixel GPI frame by a least square fit method51 then subtracted

from it frame-by-frame.

A3. FRAME-BY-FRAME TWO-DIMENSIONAL SPATIAL
DISPLACEMENT ESTIMATION

During the velocity estimation presented in Sec. III the 2D

cross-correlation function is utilized to give an estimate on

the velocity. The definition of the 2D spatial CCF function is

given by Eqn. A2.

CCF( fk, fk−1)
(κx,κy, tk) =

COV( fk, fk−1)
√

ACF( fk)
·ACF( fk−1)

(A2)

where COV(fk,fk−1)
is the spatial co-variance between frame

fk at time tk and frame fk−1 at time tk−1 given by Eqn. A3.

ACF(fk)
is the spatial auto-correlation function of frame fk

given by Eqn. A4.

COV( fk, fk−1)(κx,κy, tk) =

Cκx,κy ·∑
i, j

f (xi −κx,y j −κy, tk) · f (xi,y j , tk−1)
(A3)

ACF( fk)
(κx,κy, tk) =

Cκx,κy ·∑
i, j

f (xi −κx,y j −κy, tk) · f (xi,y j, tk)
(A4)

where i and j are indexing the x and y pixel coordinates,

κx and κy are the spatial displacements, and Cκx,κy = (nx −
κx) · (ny −κy) is a normalization factor, which equals to the

overlapping number of pixels. The summation is done for

overlapping pixels only.

A4. THE STRUCTURE FINDING ALGORITHM

The steps of the algorithm were the following:

1. Plot the frame as a contour plot with a pre-defined num-

ber of contour levels.

2. Find the closed path(s) with the highest intensity.

3. This defines the first, initial structure(s).

4. Find the closed path(s) with the second highest inten-

sity.

5. Check if the path of this level contains (encloses) one

of the paths in the previous level.

6. If yes: belongs to the same structure.

7. If not: create a new structure.

8. Repeat from step 4 until the algorithm runs out of levels.

9. Delete the structures with a number of paths below a

defined number.
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At the end of the calculation, falsely identified structures

could exist due to noise in the GPI measurement. In order

to mitigate this caveat, a threshold was established based on

the number of paths a structure must contain. This threshold

was set to 5 (roughly 10% of all the contour levels). In the

last step, the structures which do not reach this threshold are

removed.

A5. VALIDATION OF THE VELOCITY AND STRUCTURE
SIZE ESTIMATION

Before applying the methods of Sec. III to determine the

structural dynamics of the filaments associated with ELMs,

the velocity estimation and structure finding algorithm were

validated against a synthetic GPI signal.

Here we are presenting a worst-case scenario testing of the

2D cross-correlation based velocity estimation method and the

structure finding mechanism. During the testing the simulated

filament is propagating in the frame in a way, where at the

edge of the frame, it is present with its full intensity, and an-

other filament is already present at the top of the frame. Dur-

ing the real GPI measurements of ELM filaments this rarely

occurs and the algorithms give a more accurate result.

The spatial geometry of the synthetic input signal was ex-

actly the same as the NSTX GPI with 64× 80 pixels. The

synthetic input signal was generated for 1 ms with 400 frames

as it would have been in the real measurement. A stationary

background was added to the image to simulate the response

of the GPI gas neutrals to the background plasma. Eqn. A5

simulated the filaments seen in the actual GPI measurement.

I(R,z, t) =
Asin(φ) f (φ ,FF)√

2πσ
· e

1
2

(

R−(R0+vrad ·t)
σ

)2

φ =
π

dpol

(z− (z0 + vpol · t))+φ0

(A5)

where A is the amplitude, σ = drad/2.355, where drad is the

radial size, R0 is the initial radial position of the input struc-

ture, vrad is the radial velocity, dpol is the poloidal size, z0 is the

initial vertical position, vpol is the poloidal velocity φ0 is the

initial phase. Function "f" is a special square wave function

with a fill factor of FF. This filters the signal in a way where

only the nth positive half period of the sine wave remains. This

realizes a periodically occurring filament which propagates in

the poloidal and radial direction. Its poloidal intensity profile

is sinusoidal, and its radial profile is Gaussian.

Figure 15 depicts the results of the testing of the cross-

correlation based velocity estimation and the structure param-

eter estimation methods on the aforementioned synthetic sig-

nal. Figures 15 (a) and (b) show two input frames of the nor-

malized synthetic GPI signal along with the synthetic struc-

tures depicted with an orange ellipse in each frame. The

structure in the synthetic signal was set to have vrad = 0 and

vpol = 3 km/s radial and poloidal velocities, respectively. The

radial and poloidal sizes were both set to drad = dpol = 50 mm.

No further effects were added to the structure, thus, its shape
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FIG. 15. Input of the synthetic signal a) Synthetic GPI signal at 0 ms

with one found structure; b) Synthetic signal 20 µs after a), after the

structure in a) has partially left the measurement range. The struc-

ture found is smaller than the input due to its partial presence in the

frame; c) Estimated radial velocity from the CCF method (blue) and

from the structure centers (red), where the green line depicts the input

setting; d) Estimated poloidal velocity (same notation as for c); e) Es-

timated radial structure size from the structure fitting (the green line

depicts the setting); f) Estimated poloidal structure size (the green

line depicts the setting).

was not changing during the synthetic signal generation, only

its center position was modified.

One can see that just like in the ELM crash case in Fig. 7,

the structures just entering the frame or already exiting, are

not found. Furthermore, Fig. 15 (a) shows that the structure

size is accurately estimated for the frame where the structure

is entirely within the measurement frame. However, in Fig.

15 (b) one can see, that the structure is only partially inside

the frame, thus, its size is underestimated. This shows one

of the limitations of the structure finding algorithm combined

with the GPI measurement.

Fig. 15 (c) and (d) show the estimated radial and poloidal

velocities, respectively, estimated by the cross-correlation

based method in blue. The red plot in both figures shows the

velocity estimate calculated from the displacement of the fit

ellipse’s center. One can see that the cross-correlation based

velocity estimation method estimates an average of -150 m/s

radial velocity instead of the input 0 m/s velocity, while the es-
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timate from the center of the structure is more accurate, with

an average of approximately 0 m/s. In the case of the poloidal

velocity estimation, the average estimated velocity is 2.4 km/s

which is below the set 3 km/s.

Fig. 15 (e) and (f) depict the estimates for the radial and

poloidal sizes, respectively. As one can see, the average esti-

mated radial and poloidal sizes are both approximately 35mm.

This effect is a result of the partially framed structures of

which sizes are consistently underestimated when they are not

entirely in the frame of the measurement. When they are in the

frame entirely, the estimated size becomes more accurate.


