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Abstract. Intermittent fluctuations in the TCV scrape-off layer have been investigated

by analysing long Langmuir probe data time series under stationary conditions, allowing

calculation of fluctuation statistics with high accuracy. The ion saturation current signal

is dominated by the frequent occurrence of large-amplitude bursts attributed to filament

structures moving through the scrape-off layer. The average burst shape is well described

by a double-exponential wave-form with constant duration, while the waiting times and peak

amplitudes of the bursts both have an exponential distribution. Associated with bursts in the

ion saturation current is a dipole shaped floating potential structure and radially outwards

directed electric drift velocity and particle flux, with average peak values increasing with

the saturation current burst amplitude. The floating potential fluctuations have a normal

probability density function while the distributions for the ion saturation current and estimated

radial velocity have exponential tails for large fluctuations. These findings are discussed in

the light of prevailing theories for filament motion and a stochastic model for intermittent

scrape-off layer plasma fluctuations.

PACS numbers: 52.35.Ra, 52.40.Hf, 52.65.-y
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1. Introduction

Since the very first probe measurements in magnetically confined plasmas, it has been

known that the scrape-off layer (SOL) is in an inherently turbulent state with fluctuation

levels of order unity, leading to anomalous transport of particles and heat [1–5]. Recent

advances in theory, numerical simulations and experimental measurements have identified

radial propagation of filamentary structures as the dominant contribution to the cross-field

transport [5–10]. The turbulence-driven particle and heat fluxes result in broad SOL plasma

profiles and enhanced levels of plasma-wall interactions that may be an issue for the next

generation plasma confinement experiments and future fusion power reactors [11–20]. There

is also accumulating evidence that turbulent motions in the SOL are related to various divertor

operating regimes and the empirical discharge density limit [16–23]. For all these reasons,

plasma fluctuations and filament dynamics in the tokamak SOL remains a very active field of

research [10].

Interchange motions due to the non-uniform magnetic field in toroidally magnetised

plasmas have been identified as the mechanism for radial propagation of filamentary structures

in the SOL [7–10, 15–17, 24–29]. Direct comparison between turbulence simulations and

experimental measurements have revealed agreement on many of the statistical properties

of the fluctuations [15–17, 30–34]. However, there remain several controversial aspects, in

particular the presence of long-range correlations, clustering and power law distributions

[35–39]. This has partly resulted from conclusions drawn from statistical analysis of small

data sets, which does not allow unambiguous identification of scaling relationships. This

contribution reports on results from novel measurements on the Tokamak á Configuration

Variable (TCV) revealing the statistical distribution and correlations of large-amplitude bursts

in the ion saturation current and floating potential to Langmuir probe tips inserted into the

SOL region using a fast reciprocating drive system, and the associated estimate of the radial

velocity and fluctuation-induced particle flux [40].

In normal operation, reciprocating Langmuir probes move radially through the SOL up

to the last closed magnetic flux surface to record radial profiles and fluctuations of the ion

saturation current and floating potential [41–43]. For any given radial position, this yields

rather short data time series with corresponding limitations and uncertainties in the calculation

of statistical averages. While amplitude statistics can be improved by combining data from

several probe reciprocations, the calculation of level crossing rates, waiting time distributions

and long-range temporal correlations requires a consecutive time record [40].

In order to elucidate the statistical properties of plasma fluctuations in the tokamak SOL,

dedicated experiments were performed on TCV with the probe maintained at a fixed spatial

position at the outboard mid-plane in an ohmically heated, lower single null, deuterium fuelled

plasmas to record very long time series under stationary plasma conditions [40]. Based on

these long data time series, the amplitude distribution and correlations of the ion saturation

current, floating potential and estimated radial velocity are clarified. Conditional averaging

is used to identify the fluctuation wave-form for large-amplitude events and the distribution

of waiting times and peak amplitudes. These results are shown to provide evidence for
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Figure 1. Poloidal cross-section for TCV shot 27601 with a lower single null divertor

geometry. The toroidal magnetic field and plasma current is directed into the paper plane

for this experiment.

stochastic modelling of intermittent fluctuations and transport in the boundary region of

tokamak plasmas. The results presented here complement and augment similar investigations

of gas puff imaging measurements on the Alcator C-Mod tokamak [44, 45].

This paper is organised as follows. The following section describes the experimental

setup and probe measurements in TCV. The main results of this contribution are presented

in section 3, where the correlation between the different probe signals and their statistical

properties are analysed. Discussion and interpretation of the results are given in section 4 and

a summary of the findings and conclusions are given in section 5.

2. Experimental setup

In this contribution, results are presented from Langmuir probe measurements in an ohmically

heated, lower single null, deuterium fuelled plasma in TCV. The plasma current Ip = 340kA,

the line-averaged particle density ne = 4.5× 1019 m−3 and the axial toroidal magnetic field

B0 = 1.43T. TCV has major radius R0 = 89cm and minor radius a = 25cm. Thus, the

Greenwald fraction of the density is ne/nG = 0.24. Figure 1 presents the poloidal cross-

section of the magnetic equilibrium used to obtain the data time series investigated here. The

magnetic field points into of the plane of the paper, so the magnetic guiding centre drift current

density is vertically upwards.

For the TCV discharge 27601 considered here, a five-tip probe head was maintained at

a fixed position 10mm below the outboard mid-plane and 3mm in front of the main chamber
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Figure 2. Picture of the probe head used in TCV discharge 27601. The arrows and

corresponding labels show which probe pins measure ion saturation current J and floating

potential V .

wall, indicated by a black horizontal line at the outboard mid-plane in figure 1. This places

the probe in the far SOL plasma, approximately 20mm from the outboard separatrix and

connected magnetically to the floor and ceiling of the vacuum chamber, both armoured by

graphite tiles. A picture of the probe head is presented in figure 2. The electrodes recorded ion

saturation current J and floating potential V at a sampling rate of 6MHz. The time-averaged

particle density and electron temperature at the probe position were n ≈ 4× 1018 m−3 and

Te ≈ 7eV, respectively, giving the ion acoustic speed Cs = (Te/mi)
1/2 ≈ 2× 104 ms−1. The

average magnetic connection length to the divertor targets was Lq ≈ 10m at the probe position.

In figures 3 and 4 are shown the radial profiles of electron number density and

temperature for a discharge with similar parameters as 27601, but with the probe reciprocating

up to the last closed magnetic flux surface. These profiles are presented as function of radial

distance from the separatrix when mapped from the probe location to the outside mid-plane.

The profiles of electron density and temperature are calculated at a temporal resolution of

1kHz, using the standard Langmuir probe voltage sweeping. The fluctuation data time series

are divided into sub-records of 5ms, corresponding roughly to a movement of the probe

tips of order the 1.5mm tip length. Since the diagnostic cannot measure local temperature

fluctuations, they are assumed to be negligibly small when estimating the local particle density

from the ion particle flux.

While the probe voltage sweeping leads to significant scatter of the data points in

figures 3 and 4, it is clear that the profiles can be approximated by exponential functions.

For the electron density, the profile has the familiar two-layer structure with a strong gradient

region in the vicinity of the magnetic separatrix, which extends roughly one e-folding length

into the SOL [14–20]. The e-folding length in this so-called near-SOL region is 1.1cm.

Radially outside this, in the so-called far-SOL region, the profile has a significantly larger

scale length of 2.1cm with the break point located at 1.0cm. The electron temperature profile

in figure 4 is well described by a single exponential function with a scale length of 1.2cm. In

figures 3 and 4 the location of the probe head for discharge 27601 is indicated by the shaded

region.
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Figure 3. Radial profile of electron number density as function of radial distance from the

separatrix when mapped from the probe location to the outside mid-plane. The full line shows

the fit of a double-exponential function to the data points.
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Figure 4. Radial profile of electron number density as function of radial distance from the

separatrix when mapped from the probe location to the outside mid-plane. The full line shows

the fit of an exponential function to the data points.

For the probe measurements in discharge 27601, a combination of floating potential (Vup

and Vdn) measurements from two probe pins separated vertically by △Z = 10mm yields

an estimate of the poloidal electric field and the corresponding radial electric drift velocity

U =△V/B△Z. Here △V =Vup−Vdn is the potential difference between the vertically upper

and lower probe pins and B is the total magnetic field strength at the probe location. This is

combined with simultaneous measurements of the local fluctuating ion saturation current at

the mid-point between the floating probe pins. It should be noted that the finite separation of

the floating electrodes likely gives an underestimate of the radial electric drift velocity.

Based on these signals, the turbulence-driven radial particle flux density Γ is estimated

by the product of J and U . Positive values of the radial electric drift velocity and particle flux

density correspond to radially outwards motion and flux at the probe position, respectively.

The following normalised variables are defined

Ĵ =
J−〈J〉

Jrms
, V̂ =

eV

Te
, Û =

U

Cs
, Γ̂ = ĴÛ ,

where angular brackets denotes the sample mean and the rms subscript denotes the sample

standard deviation or root mean square value. At the fixed probe location, the relative
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fluctuation level for the ion saturation current is given by Jrms/〈J〉 ≈ 0.7, while for the floating

potential V̂rms ≈ 0.7 and for the estimated radial velocity Ûrms ≈ 10−2. The floating potential

and radial velocity have vanishing mean values, while the mean particle flux 〈Γ̂〉 ≈ 6×10−3.

During the discharge, the plasma column drifted slowly outwards, gradually reducing the

mid-plane separatrix to wall gap from 27 to 20mm. The probe data have accordingly been

de-trended by removing a linear fit to the data time series. Since the plasma drift occurs on

a very slow temporal scale, this de-trending is not found to significantly influence any of the

results presented here. The fixed probe position results in time series with a duration of nearly

one second, corresponding to the flattop time of the discharge plasma current.

3. Fluctuation statistics

A short interval of the raw probe time series for the ion saturation current, the floating potential

recorded by the upper electrode and the estimated radial velocity is presented in figure 5.

The ion saturation current signal is clearly dominated by the frequent appearance of large-

amplitude bursts, which are generally characterised by an asymmetric wave-form with a fast

rise. It should be noted that the peak amplitude of the ion saturation current bursts is typically

several times the rms value. Associated with these bursts in the ion saturation current signal

are rapid changes of the floating potential and typically a change of sign from positive to

negative potential values. The estimated radial velocity clearly has a large value when there

are strong bursts in the ion saturation current. In the following, the correlations between these

signals and their statistical properties will be analysed.

3.1. Correlation functions

The auto-correlation function for the ion saturation current signal is presented in figure 6. This

is compared to predictions from a stochastic model (presented in the appendix), describing the

signal as a superposition of uncorrelated pulses with an exponential pulse shape [46–48]. This

is clearly a very good description of the correlation function for the ion saturation current,

predicting a pulse duration of 16 µs.

An analysis of the auto-correlation function for the floating potential signals indicates

a much longer correlation time of approximately 30 µs, as might be expected from the raw

times series presented in figure 5. A cross-correlation analysis of the signals recorded by

the two floating electrodes reveals a lag of 4 µs for the floating potential signal on the upper

electrode, suggesting a vertically upward motion of the potential structures.

Figure 7 shows the cross-correlation function between the ion saturation current and the

signal recorded by the upper floating electrode. The dipole structure of the cross-correlation

function follows from the shape observed in the raw time series shown in figure 5. The

extremum values of the cross-correlation function occur symmetrically at 18 µs before and

after zero lag, with positive potential recorded before the negative potential structure. A

similar cross-correlation analysis of the ion saturation current and estimated radial velocity

and particle flux does not reveal any significant delay in the maximum correlation between
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Figure 5. Time series of ion saturation current (top), floating potential (middle) and estimated

radial velocity (bottom). Shown in red are conditional parts of the time series where the ion

saturation current has a peak value with max Ĵ > 2.5 and a conditional window duration of

100 µs centered around each peak.
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Figure 6. Auto-correlation function of the ion saturation current signal (full line) and the fit

of a nearly exponential function predicted by a stochastic model (broken line).

these signals. This suggests that large-amplitude bursts in the ion saturation current signal

are associated with radially outward electric drift velocities and particle fluxes. This will be

explicitly demonstrated by the conditional averaging analysis below.
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Figure 7. Cross-correlation function between the ion saturation current signal and the signal

recorded by the upper floating electrode of the probe.

3.2. Probability densities

Probability density functions (PDFs) for the full probe time series are presented in figure 8,

where also the skewness S and flatness F moments are given. It should be noted for a normal

distribution S = 0 and F = 3. The saturation current PDF is positively skewed and flattened

and has an exponential tail towards large values, reflecting the frequent appearance of large-

amplitude bursts in the time series. It should be noted that the distribution function covers

four decades in probability, which is a result of the long time series available here. Over this

entire range a Gamma distribution is clearly a very good description of the experimental data,

with the shape parameter given by 〈J〉2 /J2
rms (see the appendix).

The floating potential and radial velocity PDFs are nearly symmetric and a normal

distribution is a reasonably good fit to the floating potential PDF. The radial velocity PDF has

more elevated tails, which appear to be exponential. The PDF fitted to the estimated radial

velocity in figure 8 is the prediction of a stochastic model in which the velocity is given by a

superposition of uncorrelated double-exponential pulses with a Laplace distribution of pulse

amplitudes with zero mean (see the appendix). This is clearly a good fit to the measurement

data, and indeed predicts exponential tails for the velocity fluctuations. The motivation for

fitting this distribution is discussed in section 4. There are no signatures of power law tails for

any of the PDFs in figure 8.

The joint PDFs between the ion saturation current and the estimated radial velocity

and particle flux are presented in figure 9. This reveals a clear correlation between large

fluctuation amplitudes in the saturation current and radially outwards directed velocity and

particle flux, which is evidently attributed to blob-like structures moving through the SOL.

The linear product-moment coefficient, ‡ that is, the co-variance of the two variables divided

by the product of their standard deviations, is 0.55 between Ĵ and Û , and 0.48 between Ĵ and

Γ̂, revealing a strong linear correlation between the signals.

‡ The so-called Pearson product-moment correlation coefficient is a measure of the linear correlation between

two variables. For two variables X and Y it is given by (〈XY 〉− 〈X〉〈Y 〉)/XrmsYrms, where the angular brackets

denote the mean. A value of 1 is total positive correlation, 0 is no correlation, and −1 is total negative correlation.
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Figure 8. Probability density function for the ion saturation current (top left), floating

potential (top right), radial velocity (bottom left) and fluctuation-induced particle flux density

(bottom right). The broken lines show a fitted gamma distribution to the ion saturation

current and a fitted normal distribution to the floating potential. The sample skewness (S)

and flatness/kurtosis (F) moments are given in the plot for each of the distributions.
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Figure 9. Joint probability density function for the ion saturation current and estimated radial

velocity (left) and the ion saturation current and estimated radial particle flux (right).

3.3. Conditional averages

In order to reveal the properties of large-amplitude events in the time series, a standard

conditional averaging technique is utilised [49–52]. The ion saturation current is used as a

reference signal, and events when the current is above a specified amplitude threshold value

are recorded. The algorithm searches the reference signal for the largest amplitude events,

and records time series for all signals in conditional windows centred around the time of peak
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Figure 10. Conditionally averaged wave-form for the ion saturation current with peak

amplitudes larger than 2.5 times the rms value (full line) together with a fitted double-

exponential pulse shape (broken line).

amplitude in the reference signal whenever the amplitude condition is satisfied. These sub-

records are then averaged over all events to give conditionally averaged wave-forms associated

with large-amplitude events in the reference signal. Overlap of conditional sub-records are

avoided in order to ensure statistical independence of events.

In figure 10 the conditionally averaged wave-form for the ion saturation current is

presented for peak amplitudes Ĵ > 2.5 and a conditional window length of 100 µs, which

resulted in a total of 2673 non-overlapping events for this long time series. The saturation

current wave-form has an asymmetric shape with a fast rise and slower decay, as is apparent

in the raw data presented in figure 5. The average wave-form is well described by a double-

exponential pulse shape with a rise time of 5 µs and fall time of 10 µs, giving a duration time

of 15 µs, in agreement with the correlation analysis presented in section 3.1.

When the amplitude condition on the reference signal is fulfilled, the wave-form for other

signals is also recorded. Figure 11 gives the cross-conditionally averaged signals from the

floating electrodes for the condition Ĵ > 2.5 It is clear that the floating potential has a dipole

shaped structure with the positive potential recorded before the peak of the ion saturation

current, which is then followed by the negative potential. The delay between zero crossing

for the two floating potential signals is 6 µs, and the time between the maximum and the

minimum for each signals is 15 µs for the lower electrode and 22 µs for the upper electrode.

As for the cross-correlation function in figure 7, it is clear that the peak potential amplitude is

first recorded by the lower electrode.

Restricting the peak amplitude of conditional events in the ion saturation current signal to

be within a range of 2–4, 4–6 and 6–8 times the rms value, the appropriately scaled conditional

wave-forms, shown in figure 12, reveal that the average burst shape and duration do not

depend on the burst amplitude and are again well described by a double-exponential wave-

form. The corresponding cross-conditionally averaged wave-form of the estimated radial

velocity is shown in figure 13. This clearly indicates that the average radial velocity increases

linearly with the amplitude of the ion saturation current and that the peak value of the velocity

occurs on average at the same time as the peak value of the ion saturation current. This is in
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Figure 11. Conditionally averaged wave-form for the floating potential on the upper and lower

probe electrodes for peak amplitudes in the ion saturation current larger than 2.5 times the rms

value.
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Figure 12. Conditionally averaged burst wave-form for the ion saturation current signal with

peak amplitudes in units of the rms value given by the range indicated in the legend.
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Figure 13. Conditionally averaged wave-form for the estimated radial velocity for peak

amplitudes in the ion saturation current signal in units of the rms value given by the range

indicated in the legend.

agreement with the cross-correlation function for these signals.

However, there is a significant scatter between the different large-amplitude events. This

is already suggested by the joint PDF presented in figure 9, and is further substantiated by the
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Figure 14. Scatter plot of conditionally averaged peak amplitudes above 2.5 times the rms

level in the ion saturation current and the corresponding estimated radial velocity at zero time

lag.

scatter plot between conditional peak amplitudes in the ion saturation current and the value

of the estimated radial velocity at zero time lag, which is presented in figure 14. The linear

product-moment coefficient for this data set is 0.37. There is thus a clear linear correlation

between these signals, although there is a significant scatter. Less than 7% of the velocity

amplitudes at zero lag have negative values, so nearly all large-amplitude burst events are

associated with a radially outwards electric drift.

3.4. Amplitude distribution

For large-amplitude burst events, the peak amplitudes after the signal crosses a certain

threshold value are also recorded. figure 15 shows the distribution of these peak amplitudes

for ion saturation current fluctuations larger than 2.5 times the rms level. § This is clearly well

described by a truncated exponential distribution, as might be expected from the exponential

tail in the distribution function for the full signal presented in figure 8. The mean value of the

fitted exponential distribution is 3.7, in agreement with the peak amplitude of the conditionally

averaged ion saturation current wave-form shown in figure 10.

Similarly, the distribution of the estimated radial velocity at the times of peak amplitude

in the ion saturation current is presented in figure 16. This is reasonably well described

by a normal distribution, despite the fact that the probability distribution for the velocity

fluctuations appears to have exponential tails, as seen in figure 8. However, it is emphasised

that these are conditional velocity fluctuation amplitudes associated with bursts in the ion

saturation current. Further discussion of this topic can be found in section 4.

§ The cumulative distribution function (CDF) describes the probability that a real-valued random variable X

with a given probability distribution will be found at a value less than or equal to x, CDF(x) = Pr(X ≤ x).

The CDF of a continuous random variable X can be defined in terms of its probability density function PDF

as CDF(x) =
∫ x
−∞ dyPDF(y). The complementary cumulative distribution 1−CDF(x) describes the probability

that the random variable X will be found at a value greater than x. The complementary cumulative distribution

function for an exponentially distributed random variable with mean 〈X〉 is exp(−X/〈X〉).
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Figure 15. Complementary cumulative distribution function for ion saturation current burst

amplitudes with peak values larger than 2.5 times the rms level (full line). The broken line

shows the fit of a truncated exponential distribution.
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Û
)

Figure 16. Complementary cumulative distribution function for estimated radial velocity at

zero time lag for ion saturation current burst amplitudes with peak vaues larger than 2.5 times

the rms level (full line). The broken line shows the fit of a normal distribution.

3.5. Waiting time distribution

From the occurrence times of large-amplitude events in the ion saturation current signal,

the waiting times between them is readily calculated [40]. As shown in figure 17, for peak

amplitudes larger than 2.5 times the rms value, the waiting time distribution is well described

by an exponential function over three orders of magnitude on the ordinate. The mean value

of the waiting time based on this fit is 0.36ms. It has been confirmed that the waiting time

distribution is exponential for a large range of amplitude threshold levels. Such an exponential

distribution of waiting times is in accordance with a Poisson process, suggesting that large-

amplitude fluctuations in the far SOL are uncorrelated [46–48].

Figure 18 shows a scatter plot between peak amplitudes larger than 2.5 times the rms

for the ion saturation current versus the following waiting time before a new event. A similar

scatter plot is obtained for waiting times preceding conditional events in the saturation current.

The linear product-moment coefficient vanishes in both cases, showing that there are no

correlations between burst amplitudes and waiting times. This further supports the conjecture

that large-amplitude fluctuations are uncorrelated.
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Figure 17. Complementary cumulative distribution function for waiting times between large-

amplitude events in the ion saturation current signal with peak values larger than 2.5 times the

rms level (full line). The broken line shows the fit of a truncated exponential distribution.
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Figure 18. Scatter plot of conditionally averaged peak amplitudes above 2.5 times the rms

level in the ion saturation current and the following waiting time before the next conditional

event.

Many previous investigations of plasma fluctuations in the tokamak boundary region

have emphasised the presence of long range temporal correlations and clustering of events

[35–39]. In order to clarify these issues for the present TCV data set, the result from a rescaled

range analysis of the ion saturation current signal is presented in figure 19. ‖ For a self-similar

process, the rescaled range R/S depends on the time lag τ as a power law, R/S ∼ τH , where

the self-similarity parameter H is often referred to as the Hurst exponent [36, 53]. As seen

in figure 19, for temporal scales less than 100 µs, the rescaled range is linear in the time

lag which is expected for a smooth signal. For time lags longer than 1ms, the rescaled

range is well described by a square root dependence, R/S ∼ τ1/2, which is the expected

result for a white noise process. This further indicates the absence of long range correlations

and clustering in the ion saturation current signal. Similar results are found for the floating

potential measurements.

‖ The rescaled range is a statistical measure of how the apparent variability of a series changes with the length

of the time-period being considered. It is calculated from dividing the range R of the values exhibited in a portion

of the time series by the standard deviation S of the values over the same portion of the time series.
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Figure 19. Rescaled range for the ion saturation current signal (full line) together with power

law fits (broken lines) for short and long time lags. For the range from 1 to 100 µs a power law

fit gives an exponent of 0.99, while for the range 1 to 100ms a power law fit gives an exponent

of 0.54.

4. Discussion

The results presented here show that the intermittent fluctuations in the far-SOL of TCV can be

described as a superposition of uncorrelated pulses with exponentially distributed amplitudes

and a double-exponential wave-form with fixed shape and duration. These are exactly the

assumptions underlying a recently developed stochastic model for intermittent SOL plasma

fluctuations [46–48]. This model predicts an exponential auto-correlation function and that

the plasma fluctuation amplitudes follow a Gamma distribution with the shape parameter

given by the ratio of the pulse duration and the average waiting time. Accordingly, there is a

parabolic relation between the skewness and flatness moments as shown in figure 20, which

presents a scatter plot of flatness versus skewness for reciprocating probe data in previous

density and current scan experiments on TCV [16–18]. The stochastic model thus explains

the broad range of universality of fluctuations in the SOL of ohmic and low confinement

mode TCV plasmas [15–18, 41–43]. It is noted that the conditional wave-forms of ion

saturation current and floating potential presented here agree with that found from many other

devices [23, 30, 44, 45, 54–61].

Measurements of the floating potential fluctuations and the estimated radial velocity

show that these are strongly correlated with bursts in the ion saturation current signal. The

floating potential has a dipole shape, as expected from theories of blob motion in SOL

plasmas [24–28]. From figures 7 and 11 it is clear that the floating potential structures

have a significantly longer duration than the ion saturation current signal bursts [30]. In

particular, cross-conditional averaging shows that the maximum value of the dipole structures

are recorded on both floating electrodes before the peak in the ion saturation current. This

indicates that the plasma potential has a larger spatial scale length than the plasma filament

itself, which is expected in the inertial velocity scaling regime for blob motion [26–30].

The fact that a single probe on average records a dipole shaped floating potential in

the temporal domain, as shown in figure 11, indicates that blob-like structures have poloidal

motion in the SOL. Indeed, the mean poloidal velocity can be estimated from the delay of the



Scrape-off layer turbulence in TCV: evidence in support of stochastic modelling 16

0.0 0.5 1.0 1.5 2.0 2.5

S

0

2

4

6

8

10

12

F

3 + 3S2/2

Figure 20. Scatter plot of flatness F versus skewness S moments for the ion saturation current

measured by probe reciprocations in TCV plasmas with a scan in line-averaged density and

plasma current. Each point is calculated from time series of 5ms duration. The full line shows

the parabolic relation predicted by a gamma distribution.

zero crossing of the floating potential recorded by the upper and lower probe pins. The average

delay time is 6 µs, so with a probe pin separation of 10mm this gives an estimated velocity

of 1.6km/s. The direction of this velocity is poloidally upwards at the probe position for this

experiment. Such vertical motion has previously been inferred from correlation analysis of

probe and gas puff imaging measurements on other experiments [7, 30, 62].

Associated with large-amplitude bursts in the ion saturation current are radially outwards

electric drift velocities. The conditional peak amplitudes at the times of ion saturation current

bursts are reasonably well described by a normal distribution, as shown in figure 16. While

there is a significant scatter of the conditional velocity amplitudes, the average velocity

increases linearly with the peak amplitude in the ion saturation current, as is clear from

figure 16. However, the amplitude distribution for the estimated radial velocity fluctuations

appears to have exponential tails, as shown in figure 8. This is confirmed by conditional

averaging using the radial velocity itself as the reference signal, resulting in 2744 events

without overlap. This reveals a nearly symmetric double-exponential wave-form with a

duration of 8 µs, presented in figure 21, and exponentially distributed peak amplitudes,

presented in figure 22. The reason for the bell-shaped cross-conditional wave-form seen in

figure 13 is likely due to scatter in the time of peak amplitudes in the ion saturation current

and estimated radial velocity.

The fast radial motion of filamentary structures in the SOL may significantly enhance

plasma interactions with the main chamber walls. The radial transit time for blob structures in

the present experiment is given by τ⊥ =△SOL/V⊥ ≈ 5×10−5 s, where △SOL ≈ 25mm is the

midplane separatrix to wall gap and the radial blob velocity is estimated as V⊥≈ 2.5×10−2Cs.

The plasma loss time along the magnetic field is given by τq = Lq/Cs ≈ 5×10−4 s. Thus, this

rather conservative estimate gives a radial transit time that is an order of magnitude smaller

than the parallel loss rate. This suggests that there is negligible parallel plasma transport

associated with the large-amplitude filament structures as they move through the SOL.
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Figure 21. Conditionally averaged wave-form for the estimated radial velocity for peak

velocity amplitudes larger than 2.5 times the rms value (full line) together with a fitted double-

exponential pulse shape (broken line).
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Û
)

Figure 22. Complementary cumulative distribution function for estimated radial velocity

amplitudes for peak velocity amplitudes larger than 2.5 times the rms level (full line). The

broken line shows the fit of a truncated exponential distribution.

5. Conclusions

Cross-field transport of particles and heat in the SOL of magnetically confined plasmas is

dominated by the radial motion of filament structures. The turbulence-driven transport results

in broad plasma profiles in the far SOL and enhanced levels of plasma–wall interactions that

may be an issue for the next generation plasma confinement experiments and future fusion

power reactors. The average particle density and radial flux in the SOL evidently depend on

the amplitude distribution of blob structures and their frequency of occurrence. Revealing the

statistical properties of plasma fluctuations in the SOL is thus crucial for the prediction of

average profiles and plasma–surface interactions.

In this contribution, the fundamental statistical properties of large-amplitude plasma

fluctuations and associated floating potential and radial velocity variations have been

elucidated for an ohmic TCV plasma based on probe measurements of unprecedented duration

[40]. The ion saturation current signal is found to be dominated by large-amplitude bursts with

an exponential distribution of both peak amplitudes and waiting times. The latter suggests

that blobs in the far SOL are uncorrelated—they occur independently of each other and at a
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constant average rate. The burst duration is found to be independent of the burst amplitude

and has a double-exponential wave-form.

Associated with large-amplitude bursts in the ion saturation current signal is a dipole

shaped floating potential structure and a radially outwards directed electric drift velocity and

particle flux, with average peak values increasing with the saturation current burst amplitude.

The potential fluctuations have a normal probability density function while the distribution

for the ion saturation current and estimated radial velocity have exponential tails for large

fluctuations. Large-amplitude events in the estimated radial velocity signal are also well

described by an exponential wave-form with exponentially distributed peak amplitudes.

Measurements such as those presented here provide invaluable input for both first

principles based computations and stochastic modelling of plasma fluctuations in the far

periphery of tokamaks. Truly predictive capabilities of a model can only be claimed if

simulation codes or stochastic models reproduce the salient fluctuation statistics derived from

experimental measurements in the simplest plasma such a the one considered here.

The results suggest further experimental investigations in order to clarify how the

statistical properties of large-amplitude events change with SOL plasma parameters,

in particular the line-averaged particle density and plasma current which change the

collisionality in the SOL. Previous work along these lines have indicated a connection

between transport in the SOL and the empirical discharge density limit [16–23]. Moreover,

there have been few investigations on plasma fluctuations in the SOL in high confinement

modes, such as quiet or inter-ELM H-mode periods and I-modes. Work in this direction will

be undertaken in the near future.

Appendix

A stochastic model for intermittent fluctuations in the scrape-off layer is based on a

superposition of uncorrelated pulses with a constant duration and shape [46–48],

Φ(t) =
K(T )

∑
k=1

Akϕ(t − tk), (1)

where ϕ(t) is the pulse shape, Ak is the pulse amplitude and tk is the pulse arrival time for the

pulse labeled k. It assumed that the number of pulses K(T ) occurring during a time interval of

duration T is distributed according to a Poisson process. From this it follows that the waiting

times are exponentially distributed with the average waiting time given by τw. The pulse

duration is defined by

τd =
∫ ∞

−∞
dt |ϕ(t)| . (2)

For this stochastic process, the intermittency parameter γ = τd/τw determines the degree of

pulse overlap and it can be shown that the probability density function approaches a normal

distribution in the limit of large γ , independent of the amplitude distribution and pulse shape.
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A particularly relevant case in the present context, as motived by results from conditional

averaging, is a double-exponential pulse shape,

ϕ(t) =

{
exp(t/τr) for t < 0 ,

exp(−t/τf) for t ≥ 0 ,
(3)

where the pulse duration is τd = τr + τf, that is, the sum of the rise time τr and fall time τf.

Combined with an exponential distribution of pulse amplitudes,

PA(A) =
1

〈A〉 exp

(
− A

〈A〉

)
, (4)

for positive amplitudes A with mean 〈A〉, it follows that the stationary probability density

function for the variable Φ is a Gamma distribution [46],

〈Φ〉PΦ(Φ) =
γ

Γ(γ)

(
γΦ

〈Φ〉

)γ−1

exp

(
γΦ

〈Φ〉

)
, (5)

where γ is the shape parameter and Γ is the Gamma function. For this process the mean is

given by 〈Φ〉= γ 〈A〉, the variance is Φ2
rms = γ 〈A〉2, the skewness SΦ = 2/γ1/2 and the flatness

FΦ = 3+6/γ . Accordingly, there is a parabolic relation between skewness and flatness given

by FΦ = 3+ 3S2
Φ/2. The distribution given by (5) is compared to the ion saturation current

distribution in figure 8. For the same process, it is straight forward to calculate the auto-

correlation function which is given by

RΦ(τ) = 〈Φ(t)Φ(t + τ)〉

= 〈Φ〉2 +Φ2
rms

τf exp(−|τ|/τf)− τr exp(−|τ|/τr)

τf − τr
. (6)

This is fitted to the experimental measurement data for the ion saturation current in figure 6.

As a stochastic model for fluctuations in the estimated radial velocity, define the random

variable

Ψ(t) =
K(T )

∑
k=1

Bkψ(t − tk), (7)

with the same arrival times tk as for the plasma density modeled by equation (1). The pulse

shape is again assumed to be a double-exponential function as in equation (3). For the pulse

amplitudes a Laplace distribution is assumed,

PB(B) =
1

2β
exp

(
−|B|

β

)
, (8)

which has vanishing mean and variance B2
rms = 2β 2 where β is the scale parameter. The

probability density function for the variable Ψ is then found to be given by

PΨ(Ψ) =
1√

πβΓ(γ/2)

( |Ψ|
2β

)(γ−1)/2

K(γ−1)/2

( |Ψ|
β

)
, (9)

where K is the modified Bessel function of the second kind. This distribution has vanishing

mean, variance Ψ2
rms = γβ 2, vanishing skewness and flatness FΨ = 3+6/γ . The distribution

given by equation (9) is compared to the distribution of the experimentally estimated radial

velocity fluctuations in figure 8.
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