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Abstract

The E · B drift motion of charged test particle dynamics in the Scrape-Off-Layer (SOL) is analyzed to investigate a
transport control strategy based on Hamiltonian dynamics. We model SOL turbulence using a 2D non-linear fluid code
based on interchange instability which was found to exhibit intermittent dynamics of the particle flux. The effect of a small
and appropriate modification of the turbulent electric potential is studied with respect to the chaotic diffusion of test
particle dynamics. Over a significant range in the magnitude of the turbulent electrostatic field, a three-fold reduction
of the test particle diffusion coefficient is achieved.
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1. Introduction

Cross-field turbulent transport in the Scrape-
Off-Layer (SOL) has a strong influence on divertor
efficiency and thus on the overall performance of
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discharges. Recent experiments as well as numerical
investigations suggest a non-diffusive transport in
the SOL. The transport seems to be characterized
by large intermittent events which propagate ballis-
tically with large velocities. On the one hand SOL
turbulence can cross H-mode barrier and connect
SOL and core turbulence, destabilizing the pedestal
stable region. On the other hand, when large inter-
mittent events propagate in the far SOL, they can
modify the recycling pattern and consequently the
wall particle content and thus the wall tritium inven-
tory. Furthermore, such a convection of hot ion
.
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over-densities can lead to localised heat deposition
on components that are not designed to sustain
meaningful plasma energy deposition. A strategy
to control intermittent transport can therefore
prove to be highly valuable to achieve high perfor-
mance operation.

Several experiments [1,2] have been dedicated to
the control of turbulence in magnetized plasmas.
Although a modelling of some of the experiments
has been achieved, there was to date no theoretical
backing for such a procedure. Our aim is to develop
such a theoretical background and proceed by steps
towards a realistic turbulence control scheme. In the
present paper, we apply the control strategy derived
for Hamiltonian systems to the transport of test
particles in an electrostatic potential which exhibits
key features of the turbulent electrostatic potential
generated by the Tokam code. This is a 2D non-lin-
ear fluid code based on interchange instability [3,4].

The investigation of passive tracer dynamics has
demonstrated to be a powerful tool for a deeper
understanding of fluid and plasma turbulence, even
if, in the case of plasmas, one has to be cautious about
the limits of its applicability due to the back-reaction
of turbulence on electro-magnetic fields [5–8].

Our strategy is to define a small apt modification
of the system which enhances confinement, at low
additional cost of energy [9–11]. In the present case
it consists in reducing the chaotic diffusion of
charged test particles advected by the E · B drift
motion. This effect is obtained by adding a small
control term to the turbulent electric potential and
comparing the chaotic diffusion of the test particles
advected by the original electric potential and by the
modified one.

In the case of turbulence with intermittent bursts
of transport, one has to specify the control strategy:
Either one aims at controlling turbulence in between
the bursts of transport with a fluctuation level of
the order of 2%, or one aims at controlling the inter-
mittent events with fluctuation levels larger than
10%. The former is comparable to the case of homo-
geneous turbulence and is readily achieved while
the latter is more challenging and is presently inves-
tigated.

The paper is organized as follows. In Section 2
the 2D model for SOL turbulence is recalled as well
as its non-linear transport properties. In Section 3
the procedure for the computation of the control
term is described and the results of its application
to the E · B drift motion of charged test particles
are presented.
2. Interchange turbulence in the Scrape-Off-Layer

SOL turbulence is specific with respect to core
turbulence due to the sheath boundary conditions
that strongly reduce the parallel current flowing
on each flux tube. Regimes with reduced parallel
current are then very sensitive to charge separation
via the curvature drift since the parallel current
is less effective to balance the charge separation.
In fact, the interchange instability, hence curva-
ture charge separation combined to a density gradi-
ent, in conjunction with the sheath resistivity
have been proposed to explain the very large fluctu-
ation levels reported in the SOL [12,13]. We con-
sider here this model of SOL turbulence in the
limit Ti� Te. In this model two balance equations
are used, the particle balance that governs the den-
sity transport, and the charge balance which takes
the form of an evolution equation for the vorticity
D/, where / is the electric potential, due to the
ion inertia terms. Further simplifications are intro-
duced in the flute limit, hence with weak parallel
gradients such that the average along the field lines
can be performed. The system is thus reduced to a
two dimensional and two field model, n the density
and / the plasma potential normalised to Te/e,
given by

o

ot
� Dr2

? þ f/g
� �

n ¼ rnnþ S;

n
o

ot
� mr2

? þ f/g
� �

r2
?/þ goyn ¼ r/n:

ð1Þ

In these equations time is normalised to the ion
Larmor frequency Xi and space is normalised to
the so-called hybrid Larmor radius qs. D and m
stand for the collisional transverse diffusion and
viscosity (normalised to the Bohm values), S is
the density source term, here localised radially
and constant in time and along the poloidal angle
h. rn and r/ are the sheath controlled particle
flux and current to the wall, rn = rexp(K � /)
and r/ = r 1� expðK� /Þð Þ where r = qs/qR

stands for the normalised saturation current. The
operator {/}F = {/,F} = ox/oyF � oy/oxF is the
electric drift convection term. At first order in
the fluctuation magnitude, sheath loss terms can
be linearised to yield the Hasegawa–Wakatani
coupling term r(n � /) [14]. The interested reader
can refer to Refs. [3,4] for more details in Eq. (1),
the assumptions of this model and its transport
properties.
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Fig. 1. Snapshot of the electric potential /(x,y, t) for t = 100
obtained by Eq. (1) on a spatial grid of 512qs · 512qs.
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Large systems with 512qs in both the radial and
poloidal directions are simulated for about 200
SOL confinement times (typically 1500 turbulence
correlation times). A localised particle source, with
Gaussian shape in the radial direction and width
8.5qs and no dependence in poloidal angle or time,
splits the box in two regions, an unstable region
where the average density gradient is negative and
exceeds the threshold of the interchange turbulence,
and a stable region with positive gradient of the
average density and where the system is stable with
respect to the interchange mechanism. A contour
plot of the electric potential at a given time is shown
in Fig. 1. Typical power spectra of the potential in
the x and y direction are shown in Fig. 2.

In the following Section we study the effect of the
control term on E · B drift motion of charged test
particles.
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Fig. 2. Typical power spectra of the electric potential / represente
3. Turbulent potential and test particle dynamics

In the guiding center approximation, the equa-
tions of motion of a charged test particle in presence
of a strong toroidal magnetic field and of a time
dependent electric field are [15]:

_x ¼ d

dt

x

y

� �
¼ c

B2
Eðx; tÞ � B ¼ c

B

�oy/ðx; y; tÞ
ox/ðx; y; tÞ

� �
;

ð2Þ

where / is the electric potential, E = �$/, and
B = Bez. We study the 2D dynamics of test particles
obeying to Eq. (2), where the considered turbulent
potential is generated by Eq. (1). We consider a
reduced selected spatial region and we impose peri-
odic boundary conditions in x, y directions. More
precisely we choose a square box of 256qs · 256qs,
not too close to the source region (in Fig. 1 the
selected square box is between x 2 [100,356] in the
radial direction and y 2 [1, 256] in the poloidal
direction). This allows one to avoid the complex
analysis of diffusive transport in finite systems,
namely where the sources and sinks play an impor-
tant role. With such an infinite system, one can use a
straightforward calculation of diffusion coefficients
to characterize the turbulent transport. Since we
are interested in long time behaviour of test particle
dynamics, we impose periodic boundary conditions
also in time. Periodicity in time provides a means to
generate appropriate statistics with long time series.
The underlying assumption is that all meaningful
time scales of the system are shorter than the chosen
period. A snapshot of the turbulent potential in the
selected spatial region after the filtering procedure
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d in Fig. 1 at t = 100 using the same parameter as in Fig. 1.
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for imposing periodic boundary conditions is shown
in Fig. 3. In what follows we denote V(x,y, t) the
filtered potential. Therefore the potential V(x,y, t)
is Lx = 256qs periodic in the x-direction, Ly = 256qs

periodic in the y-direction and T ¼ 256� 50X�1
i

periodic in time.
In order to have a 1-periodic dependence in

(x,y, t) for simplicity, we perform the change of
variables

~x ¼ x
Lx
; ~y ¼ y

Ly
; ~t ¼ t

T
: ð3Þ

It follows that

d~x
d~t
¼ T

Lx

dx
dt
¼ � T

Lx

oV
oy
: ð4Þ

From

oV
oy
¼ oV

o~y
d~y
dy
; ð5Þ

we get

d~x
d~t
¼ � T

LxLy

o~V ð~x; ~y;~tÞ
o~y

: ð6Þ

Thus the equations in the ð~x; ~y; ~tÞ variables are
equivalent to the equations in the (x,y, t) variables
if the potential is multiplied by a factor T

LxLy
.

The test particle dynamics governed by Eq. (2) is
studied with the aid of numerical simulations. Since
the potential is given over a spatio-temporal
grid, the estimation of the electric field which acts
on the particle trajectories is computed using a four
point bivariate interpolation in space and a linear
interpolation in time [16]. The time integration is
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Fig. 3. Snapshot of the electric potential V(x,y, t) for t = 100
over the spatial grid of 256qs · 256qs obtained from the original
potential / represented in Fig. 1 after the filtering in space and
time.
performed using a fourth order Runge–Kutta
scheme.

We consider a set of M particles (M of order 1000)
uniformly distributed at random at t = 0 and we
study the diffusion properties of the system. We
verified that for the values of the parameters in the
range of interest the mean square displacement
hr2(t)i is a linear function of time and we computed
the corresponding diffusion coefficient

DH ¼ lim
t!1

hr2ðtÞi
t

;

as a function of the amplitude of the turbulent
potential. In Fig. 4 the results obtained for small
values of the electric potential are shown.

The first step in the computation of the appropri-
ate modification of the potential which entails a
reduction of chaotic diffusion is the Fourier expan-
sion of the electric potential, i.e.,

V ðx; y; tÞ ¼
X

k1;k2;k3

V k1k2k3
e2piðk1xþk2yþk3tÞ: ð7Þ

Then we compute CV, that is the time-integral of V,

CV ¼
X

k1;k2;k3 6¼0

V k1k2k3

2pik3

e2piðk1xþk2yþk3tÞ; ð8Þ

and the constant part of V with respect to time that
is written RV :

RV ¼
X
k1;k2

V k1k20e2piðk1xþk2yÞ: ð9Þ

The control term f2 is given by the Poisson bracket
between CV and ðRþ 1ÞV ,
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Fig. 4. Test particle diffusion coefficient Dw versus a (magnitude
of the potential) in log–lin scale obtained for the turbulent
potential V without (full squares, solid line) and with (full circles,
dashed line) the addition of the control term f2 given by Eq. (10).
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Fig. 5. Contour plot of the control term f2(x,y, t) for t = 100
given by Eq. (10).
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f2 ¼ �
1

2
fCV ; ðRþ 1ÞV g

¼ � 1

2

oCV
ox

oðRþ 1ÞV
oy

� oCV
oy

oðRþ 1ÞV
ox

� �
:

ð10Þ
A contour plot of f2 at a fixed time is depicted in

Fig. 5. Finally we study the test particle dynamics in
the modified potential V + f2. The comparison
between the diffusion coefficient obtained with and
without the control term is shown in Fig. 4. One
readily observes two main features, on the one hand
the control term exhibits higher frequencies than the
turbulent electrostatic field, typically a factor 2
larger as expected from the quadratic form of the
control term given by Eq. (10). On the other hand
the magnitude of the control term is more than a
factor 10 smaller. This reduction compensates for
the increase of the electric field via the increased fre-
quencies. A significant reduction of Dw is observed
in the controlled case. These preliminary results
obtained for small amplitudes of the electric poten-
tial show that the control strategy we propose can
be applied to much more turbulent flows than the
one considered in [9]. Further investigations on the
efficiency domain of the control term and its robust-
ness are required.
4. Discussion and conclusion

In this paper, we have shown that the procedure
developed to control turbulent diffusive transport of
test particles can be applied to particles transported
in a realistic turbulent electrostatic potential. The
procedure to compute a low magnitude control term
provides an efficient turbulence reduction. For this
test of the control strategy the turbulent field is
truncated to simplify the analysis of test particle
transport. More generally, the proof of principle
that a control strategy can be efficient is tested on
the simplest available model. When comparing the
diffusion coefficient of the test particles in the
uncontrolled system to that in the controlled case,
a typical factor 3 reduction of the diffusion coeffi-
cient is achieved with a factor 10 lower magnitude
of the control term. Far more investigation is still
required on the way towards realistic control
systems for the turbulent transport. However, the
present paper shows that a theory based starting
point is available.
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