
Design and exploitation of a vorticity probe for turbulence studies

in fusion devices

Inês Henriques
ines.henriques@ist.utl.pt
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Abstract

In this work, the vorticity is investigated and studied in the ISTTOK tokamak through a
vorticity probe designed with six-tip Langmuir probes. The direct measurements of the floating
potential and the ion saturation current allows for the indirect calculation of other characteristics
related with the turbulence. This probe is pioneer in obtaining the vorticity signals. The studies were
made through a statistical and spectral analysis and the parameters profiles. It was possible to observe
equal behaviors as previously seen in the ISTTOK tokamak and it was proven that the vorticity flux is
directly related with the negative gradient of the Reynolds stress and also that the vorticity behaves
in accordance with turbulence. The self-similarity of the characteristics was studied, showing that the
vorticity in plasmas is also similar.
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1. Introduction
Fusion power has been taken into considera-

tion as a future energy source, for it could solve
the world energy demand. One of its challenges
is to understand the plasma characteristics, know-
ing why events happen and trying to manipulate
or even avoid them. One of plasma’s behavior not
fully understood is the turbulence.

In magnetized confined plasmas, turbulence is
found in transport. Due to a difference of the in-
tensity of the magnetic field, this event affects the
transport of particles and consequently the trans-
port of energy (due to the particle collision effects
such as diffusion). In the plasma boundary, the
magnetic fluctuations (B̃) are too small, playing no
significant role in the transport, leaving only the
contribution of electrostatic fluctuations (Ẽ). The
turbulent fluxes responsible for the turbulent trans-
port are the particle flux (ΓE×B =< ñ.ṽr >), and
the energy flux (ε). In tokamaks, the magnetic field
is the toroidal field (B) and the electric field is ap-
proximately an electrostatic fluctuation (Ẽ = −∇φ̃,
with φ being the potential), making it possible to
also approximate the radial and poloidal compo-
nents of the ve, E ×B velocity:

ṽr =
∇θφ̃
B
→ ṽr ∝

Ẽθ
B
, (1a)

ṽθ =
∇rφ̃
B
→ ṽθ ∝

Ẽr
B
. (1b)

The ∇θ is the derivative in the poloidal direction,
Ẽθ is the poloidal electric field, ∇r is the derivative
in the radial direction and Ẽr is the radial electric
field. Thus, with the electrostatic fluctuation, the
particle flux can be approximated to:

ΓE×B ≈ ñ.ṽr ∝ ñ.Ẽθ. (2)

Turbulence is an unstable state formed by the
motion of field aligned filaments, more precisely,
the superposition of eddies and vortices of different
scales, which interact with each other, perpendic-
ular to the magnetic field. The energy transferred
in the turbulent transport is a conservative process,
making it invariant, and leading to self-similarity[1].

The radial transport is believed to be the main
cause of eddies in plasmas. A consequence of the
radial motion of blob structures is the formation
of dipolar vorticity and the electrostatic potential
fields. This happens in the open magnetic field lines
and it is due to vorticity[2][3].

2. Vorticity
Vorticity describes the swirling motion of neu-

tral fluids (and plasmas), and can be seen as a
source function for the velocity field. It is used to
understand quantitatively the dynamics of eddies,
vortices and other coherent structures in the flow
in fluid dynamics or magnetized plasmas. It can be
defined by w = ∇ × v, that locally measures the

1



circulation of the velocity, v, field at each point in
the fluid or in the plasma through ∇, which is the
Laplace operator (or gradient). With the previously
approximations, the vorticity can be written as:

w̃ = ∇× ṽe → w̃ =
1

B2
∇2φ̃. (3)

The Poisson equation has to be solved with dis-
crete operators[4]. So discretizing the equation 3
using a finite difference approximations and with
separation being ∆x = ∆y = h, it becomes:

∂φ

∂x
≈ φ(x+ h)− φ(x− h)

2h
, (4a)

∂2φ

∂x2
≈ φ(x+ h)− 2× φ(x) + φ(x− h)

h2
, (4b)

w̃ =
1

B2

φ(x+ h)− 2× φ(x) + φ(x− h)

∆x2

+
φ(x+ h)− 2× φ(x) + φ(x− h)

∆y2
. (5)

The vorticity flux can be calculated with the vor-
ticity and its relation with the E×B velocity, more
precisely, with its radial component[5], Γw = ṽr.w̃,
with the approximation to Γw = ṽr.w̃ ∝ Ẽθ.w̃.

The Reynolds stress has an important role in
the turbulent fluxes, since it can modify poloidal
flows profiles in the plasma. For the calculation
of Reynolds stress, the contribution of the mag-
netic fluctuations is negligible, and only electro-
static fluctuations are considered. It is related
with the E ×B velocity and can be determined by
Re ≈< ṽr.ṽθ >∝ 1

B2 < Ẽθ.Ẽr >.
The vorticity flux is related to the turbulent

Reynolds stress and Reynold force, FR, by the re-
lation [5][6][7], FR = −∇r < ṽr.ṽθ >=< ṽr.w̃ >.

There were some experiments describing the
propagation and structure of plasma filaments
through a magnetic field. The Langmuir probes
measured the electrostatic potential of the blobs
structures and the resulting particle flux, due to
vorticity, that originated vortices and characteris-
tic mushrooms shapes[8]. In LAPD (Large Plasma
Device), a vorticity probe, designed with five-tip
Langmuir probes, proved the relation of character-
istic vortices in Kelvin-Helmholtz instability with
the vorticity[4]. Experiments using a 3×3 probe de-
termined that collisional electron drift wave turbu-
lence caused drift wave packet structures with den-
sity and vorticity fluctuations in the center of the
plasma pressure gradient region of a linear plasma
device[4][9].

Since vorticity is related with turbulence, self-
similarity is also a vorticity characteristic. In dy-
namic fluids, with the presence of coherent struc-

tures in turbulent jet flows, a self-similarity regime
was found in an axial location[10].

3. Experimental Setup

The ISTTOK tokamak is a small size and large
aspect ratio tokamak with a circular cross-section
with poloidal (graphite) limiter and its main param-
eters are: the toroidal magnetic field, B0 ∼ B ∼0.5
T, the plasma current, Ip ∼7 kA, the plasma elec-
tron density, ne(alimiter) ∼ 0.5×1012 cm−3 and the
plasma electron temperature ∼ 20 eV.

The vorticity probe is a six-tips Langmuir probe
arranged in a diamond pattern, to coincide with the
pattern of the discretized Laplacian operator (equa-
tion 5). The probe is oriented with respect to the
magnetic field direction. Five tips (tips 2 to 6) of
the probe were used to measure the floating poten-
tial (φf ) and the other one (tip 1) is biased so that it
could measure a fixed voltage in the ion saturation
current regime (ISat). The vorticity probe is sepa-
rated poloidally and radially, avoiding shadows be-
tween the tips and consequentely, better measure-
ments. Figure 1 presents the vorticity probe dimen-
sions in different plan views. The poloidal distance,
∆θ, between tips is 5 mm and the radial distance,
∆r, is 3 mm. Since the tips of the probe are sub-
jected to the greatest energy flux, they are made of
tungsten and they have a small diameter (0.7 mm)
and 3 mm long. The probe body needs to be robust
and to make no interference with the plasma, so the
body structure is made of boron nitrate.

(a) Poloidal and toroidal view

(b) Radial and poloidal view

Figure 1: Dimensions of the vorticity probe in mm
(axis: r radial, θ poloidal and φ toroidal).
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Under some assumptions, other plasma parame-
ters can be deduced. The electric field fluctuations
can be approximatted with the fluctuation floating
potentials signals, φ̃f , measured by poloidally, Ẽθ,

or radially, Ẽr, separated probes. In this work the
electric fields are specified with φf of the tips num-

bers (φ̃i, with i = 1 to 6) and the temperature effects
are neglected[11]:

Ẽθ =
∆φ̃f
∆θ

→ Ẽθ1 =
φ̃4 − φ̃5

∆θ
,

Ẽθ2 =
φ̃5 − φ̃6

∆θ
, Ẽθ =

Ẽθ1 + Ẽθ2
2

. (6)

Ẽr =
∆φ̃f
∆r

→ Ẽr =
φ̃3 − φ̃2

∆r
. (7)

The Reynolds stress can be written as, Re =

1
B2 <

φ̃4−φ̃5
∆θ

+
φ̃5−φ̃6

∆θ

2 . φ̃3−φ̃2

∆r
>. Also the particle flux

(equation 2) can be approximated assuming that
the density fluctuation is proportional to the ion
saturation current fluctuation (equation 8). Figure
2 shows the electric fields, the particle flux and cor-
responding tips for their calculations.

ΓE×B ∝ ñ.Ẽθ ∝ ĨSat.∆φ̃f → ΓE×B = ĨSat.(φ̃4−φ̃5).
(8)

(a) Electric fields: radial (Er)
and poloidal (Eθ)

(b) Particle Flux, ΓE×B

Figure 2: The measures in the vorticity probe (axis:
r radial, θ poloidal and φ toroidal).

For the vorticity calculation, it is necessary to
take into consideration that the floating potentials
are valid as long as the number of primary electrons
on the probe position is small and the temperature
is the same at all probe tips. From equation 5, the
vorticity fluctuation is calculated by:

w̃ =
1

B2

φ̃2 − 2× φ̃5 + φ̃3

(∆r)2
+
φ̃6 − 2× φ̃5 + φ̃4

(∆θ)2
. (9)

This allows to measure the vorticity flux, Γw ∝
1
B2 <

φ̃4−φ̃5
∆θ

+
φ̃5−φ̃6

∆θ

2 .( φ̃2−2×φ̃5+φ̃3

(∆r)2

+ φ̃6−2×φ̃5+φ̃4

(∆θ)2 ) >.

4. Analysis Methods and Data Validation
4.1. Analysis Methods

The Probability Density Function (PDF) has all
the statistical information concerning a variable.
The first momentum is the mean and the second
momentum is the variance, which is the width of
the distribution with its square root, the standard
deviation (used as an error measurement). The
third momentum is the skewness which measures
the asymmetry of the data around the sample mean
and the fourth momentum is the kurtosis, that mea-
sures how outlier-prone a distribution is. To plot
the PDF, firstly a histogram plot is created. The
limits of the histogram are defined as the minimum
and maximum of the series and the number of bins
may vary according to the resolution of the series
(between 20 to 75 bins). The normalization used
is the ’pdf’ normalization, in which the sum of the
bar areas is equal to 1. Thus by defining a vector
with the values of the bins as the height value, it is
possible to compute the PDF function and plot it .

The spectral analysis is the process of identifying
component frequencies in data such as the power
in each frequency and the amplitude and phase of
each component in the spectrum. It is character-
ized by the fast Fourier transform (FFT) and the
power spectrum or spectral density of a signal. The
spectrogram provides information about the spec-
tral content of a signal over a given dataset of sam-
ples.

For space and time statistics, a function with
both wavenumber (k) and frequency (w) depen-
dency is defined, implementing the S(k,w). From
the mean of power spectrum of both and each of
the signals, the coherence between the signals can
be computed. It is possible to calculate the poloidal

velocity with this method[12]: vθ =
∑

w
k S(k,w)∑
S(k,w) .

The poloidal velocity can be estimated, through the
slope in color, that is, when the slope tends to be
vertical, the vθ →∞.

4.2. Data Verification and Validation

There are some plasma parameters that should
be taken into account in order to choose the best
data before signal processing, such as the plasma
current, the density and the vertical and horizon-
tal positions of the plasma. For these plasma
characteristics, it is necessary to see the overall of
their normal signals over the time (no fluctuations),
choosing the best time interval for analysis, and
then use them in the data analysis. Within a time
interval of 5-10 ms, it is possible to select the final
intervals.

An interval with 5 ms corresponds to 10000
points. From the statistic point of view, this num-
ber is not enough to have a good statistic, so it is
necessary to use more. The first and second inter-
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vals are the more cohesive, so it is practical to sum
them up. When the analysis has temporal windows,
it is not possible to sum the intervals, because in an
intersection between the temporal series there is a
crossing between the signals, and their correlation
is very low (near zero).

5. Results and Discussions
5.1. Floating Potential and Ion Saturation

Current
Since the vorticity probe measures the floating

potential and the ion current saturation directly,
it is important to analyse these signals in the first
place, since they are used to compute other charac-
teristics. A way to examine the level of fluctuation
of a plasma parameter is the the root-mean-square
(RMS) level of the signal, allowing to compare fluc-
tuations from different signals.

(a) Ion current saturation mean.

(b) Ion current saturation RMS.

Figure 3: Ion current saturation profiles for the
three interval.

In figure 3 it is possible to see that the ion satura-
tion current has a leap in the limiter region, and its
values are higher inside the plasma rather than in
the SOL. Figure 4 shows a tendency in the limiter
region where the φf change from negative in the
edge of the plasma to positive and continue to be
positive in the SOL. Also, RMS tend to be higher in
the edge of the plasma and lower in the SOL. These
are characteristics previously observed in the IST-
TOK tokamak [11] and since the experimental shots
were done in ISTTOK tokamak, they are coherent
with the previous shots.

(a) Floating potential mean.

(b) Floating potential RMS.

Figure 4: Floating potential profiles for the overlap
interval.

Looking to figure 5 the skewness and kurtosis in-
crease outside the plasma, which can be caused by
the ’blobs’ in the SOL region[13]. This affects the
ion saturation current signal. Also, it is possible to
have a parabolic relation between skewness and kur-
tosis. In figure 6 there is a part that can be related
to a parabolic curve, however the lack of statistics
does not allow any concrete conclusion.

5.2. Particle Flux

The particle flux profiles are plotted with the
normal signal and figure 7 shows the overlap of the
three intervals, showing that they have basically the
same behavior. In the SOL (the outside region of
the plasma, which in this case is +5 mm), the par-
ticle flux should be positive, and it is but yet very
close to zero values. As it goes into the plasma,
the particle flux rate becomes negative, which can
be seen in the innermost position, -20 mm, for all
intervals.

5.3. Poloidal Velocity

The two floating potential fluctuation signals
separated poloidally were from tips 4 and 5, with
a poloidal distance, ∆θ = 5 mm. Computing the
poloidal velocities and their coherence, it is possible
to see that in the limiter region there is a lower ve-
locity which then increases again to positive inside
the plasma (figure 8). This behavior was expected
since it was previously seen in ISTTOK [11].
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(a) Skewness.

(b) Kurtosis.

Figure 5: PDF statistics of the ion saturation cur-
rent fluctuations for the three intervals.

Figure 6: Ion saturation current fluctuations statis-
tics.

Figure 7: Particle flux profiles for the three inter-
vals.

(a) Poloidal velocities.

(b) Coherence of the poloidal velocities.

Figure 8: Poloidal velocities for the three intervals.

5.4. Reynolds Stress

From figure 9), it is possible to see that the
Reynolds stress shows a radial gradient in the prox-
imity of the region where the poloidal velocity is
positive. This can indicate that the Reynolds stress
plays a significant role in the physics of poloidal flow
in the plasma boundary[11].

Figure 9: Reynolds stress fluctuations profiles for
the three intervals.

5.5. Vorticity

The vorticity is a characteristic of the plasma
not yet well studied. Most of the studies present
simulations of the vorticity as it is known in fluids
and not its signal or its measures. From equation 9
and all the approximations taken into account, it is
possible to have the vorticity signals as an indirect
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measure of the vorticity probe. Figure 10 shows the
vorticity signals fluctuations for all the radial posi-
tions for the 1st interval. These are the first vor-
ticity signals ever seen in plasmas. It is possible to
see that the fluctuations values of vorticity increase
while going to the inner region of the plasma. Since
the vorticity calculation is based on the floating po-
tentials, the vorticity signals are very similar to the
floating potential signals, as expected.

(a) Vorticity 5 mm position. (b) Vorticity 0 mm position.

(c) Vorticity -5 mm position (d) Vorticity -10 mm position

(e) Vorticity -15 mm position (f) Vorticity -20 mm position

Figure 10: Vorticity fluctuations for the radial po-
sitions for the 1st interval.

A better way to analyse the vorticity signals is to
plot the normal signal profiles (figures 11). The ten-
dency of vorticity is not the same of the floating po-
tentials. However, since the turbulence is stronger
inside the plasma, and the vorticity is related with
it, it is expected that the vorticity values are higher
in -20 mm comparing to +5 mm, and that can be
seen both in the vorticity profiles and in fluctuations
signals.

Figure 11: Vorticity profiles for the three intervals.

For a spectral analysis, figures 12 and 13 show the
FFT, the power spectrum and the spectrogram of
the vorticity fluctuations for the 1st interval. From
the power spectrum, it is possible to see that the
inner positions of the plasma have higher values
and the outer positions of the plasma lower values.
The spectrograms are very similar except for a few
stripes of background noise in the outside region of
the plasma.

(a) FFT.

(b) Power spectrum (logarithmic scale).

Figure 12: Vorticity fluctuations spectral analysis
for the 1st interval.

The PDFs show a interesting behavior of the
tails. Figure 14 shows the statistical analysis and
the same behavior can be observer in the vorticity
fluctuation signals: the tails are longer for the in-
ner positions of the plasma, and lower for the outer
region positions.

As the results presented in this section are new-
found to the plasma physics. It is important to
note that the vorticity statistics and spectral anal-
ysis was not yet studied and the shown signals are
new achievements.

5.6. Vorticity Flux

The vorticity flux is related with the gradient of
the Reynolds stress. To calculate the negative gra-
dient of the Reynolds stress fluctuations, the sim-
plest method is used: ∇ = −∆y

∆x . A fit of the values
is then plotted, as shown in figure 15 (a polynomial
function of second order: y = 6e6x2+4e7x−1.5e8).
The vorticity flux fluctuation profiles are plotted
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(a) +5 mm: spectrogram.

(b) -20 mm: spectrogram.

Figure 13: Vorticity fluctuations spectrogram anal-
ysis for the 1st interval: they show the overlap of
250 due to a better resolution.

(a) PDF (30 bins).

(b) PDF logarithmic scale(30 bins).

Figure 14: Vorticity fluctuations PDF statistics for
the overlap interval.

and to compare with the gradient of Reynolds
stress, the fit of the gradient is plotted with the
values (figure 16). It is possible to compare the two
results: firstly the gradient fit is a good approxima-
tion fit for the vorticity flux values, and secondly,
the values order for the gradient and for the vortic-
ity flux is the same, since the values are very close
to each other.

Figure 15: Reynolds stress profiles for the three in-
tervals with the gradient fit.

Figure 16: Vorticity flux profiles for the three inter-
vals with the gradient fit of Reynolds stress.

Figures 17 and 18 show the spectral plots. The
previously behavior of the the inner positions and
outer positions of the plasma continues to be seen,
as the higher values inside the plasma, and lower
values outside the plasma. Again, the spectrograms
are very similar except some background noise in
the outside region of the plasma. The PDFs also
continue to have the same behavior of the tails. Fig-
ure 19 shows the statistical analysis and where the
behavior can be observer.

5.7. Self-Similarity
Self-similarity is used to see if things are sim-

ilar or have identical behaviors. The previous pa-
rameters will be analysed to found out about their
self-similarity. To this section, all the signals are
fluctuations normalized by the standard deviation
of the signal. The analysis is based on the statisti-
cal analysis, PDFs and their respective logarithmic
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(a) FFT.

(b) Power spectrum (logarithmic scale).

Figure 17: Vorticity flux fluctuations spectral anal-
ysis for the 1st interval.

(a) +5 mm: spectrogram.

(b) -20 mm: spectrogram.

Figure 18: Vorticity flux fluctuations spectrogram
analysis for the 1st interval: they show the overlap
of 250 due to a better resolution.

(a) PDF (30 bins).

(b) PDF logarithmic scale(30 bins).

Figure 19: Vorticity flux fluctuations PDF statistics
for the overlap interval.

scale.

(a) PDF (50 bins).

(b) PDF logarithmic scale(50 bins).

Figure 20: Particle flux fluctuations normalized
PDF statistics for the 1st interval.
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(a) PDF (50 bins).

(b) PDF logarithmic scale(50 bins).

Figure 21: Reynolds stress fluctuations normalized
PDF statistics for the 1st interval.

(a) PDF (30 bins).

(b) PDF logarithmic scale(30 bins).

Figure 22: Vorticity fluctuations normalized PDF
statistics for the 1st interval.

It is possible to observe that the signals are sim-

(a) PDF (30 bins).

(b) PDF logarithmic scale(30 bins).

Figure 23: Vorticity flux fluctuations normalized
PDF statistics for the 1st interval.

ilar, specially in the logarithmic scale, in which the
tails are overlapped. The self-similar has been ob-
served in fluid’s vorticity, making it possible to see
that also the plasma has a self-similar vorticity. To
complete the analysis, a normalization distribution
allowed to see the similarity between signals. A
gaussian fit to the 1st interval is plotted with the
overlap of all the intervals as shown in figure 24. In
both PDFs is possible to observe a tendency to the
normalization fit, making the self-similarity of the
vorticity more clear.

6. Conclusions

The main goal of this work was to study the
vorticity in plasmas. A vorticity probe was designed
and built, allowing the study of different plasma
parameters in the ISTTOK tokamak with the use
of Langmuir probe diagnostics.

The Reynolds stress, the vorticity and the vor-
ticity flux signals are very alike to the floating po-
tential signals, as expected since the calculations
of these parameters were with φf . The profiles of
the floating potential are as expected for ISTTOK,
as well as the poloidal velocities and the Reynolds
stress, based on the behavior of the previously mea-
surements in ISTTOK.

The particle flux profiles show that the defined
region of the limiter in ISTTOK has a small error
of 5 mm. In the SOL the particle flux should be
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(a) PDF (30 bins) with gaussian.

(b) PDF logarithmic scale(30 bins) with gaussian.

Figure 24: Vorticity fluctuations normalized PDF
statistics for the overlap of the three intervals with
a gaussian fit.

positive and when it goes into the plasma, the par-
ticle flux rate becomes negative, and the transition
region usually is the limiter region. In the cause of
the results presented in this work, the transition re-
gion is between -15 and -10 mm, so there is a small
error.

With the statistical analysis, the ion saturation
current was as expected for a turbulent plasma. For
all the analysis parameters, the tails in the PDF,
specially in the logarithmic scale, behave in the
same way: they tend to be higher in the inside re-
gions of the plasma, and lower in the outside regions
of the plasma. This means that there is evidence of
something disturbing the plasma in the inner re-
gion, making possible the transport of particle and
energy and the existence of eddies. The spectral
analysis and the power spectrums show a similar
behavior as the PDF: the -20 mm position is higher
than the +5 mm position.

The vorticity signals presented in this work are
the first signals measured in plasma physics. The
vorticity profiles have a different behavior of the
floating potential signals, however, the higher value
in the inner region of the plasma shows that the
turbulence is strong, and as seen before, if there is
turbulence, it is possible to have vortices and eddies
and consequently vorticity.

It was possible to prove the relation between the

negative gradient and the vorticity flux in ISTTOK.
This means that the vorticity probe measurements
were correct and coherent with each other, and it
was possible to relate them to the plasma parame-
ters.

The normalization of the signal to its standard
deviation allowed to compare signals and observed
if the signals are similar. The vorticity had an in-
teresting behavior. It was possible to see that like
the vorticity in the fluids, also the vorticity in plas-
mas is self-similar. One more time, the plasma has
the behavior of a fluid.

To continue these studies, and as further work,
the relations of some of the parameters presented
with the vorticity should be study: between the
fluctuations of vorticity and the density and be-
tween the particle and vorticity fluxes; the behavior
of correlation length of the tips separated radially
in the turbulent plasmas; and a different analysis
of the intervals would be the conditional average.
Also some new analysis, or even different relations
with other plasma characteristics rather then the
ones presented in this work.
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