
P H Y S I C A L R E V I E W L E T T E R S week ending
23 APRIL 2004VOLUME 92, NUMBER 16
Computations of Intermittent Transport in Scrape-Off Layer Plasmas
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Two-dimensional fluid simulations of interchange turbulence for geometry and parameters relevant
for the scrape-off layer of magnetized plasmas are presented. The computations, which have distinct
plasma production and loss regions, reveal bursty ejection of particles and heat from the bulk plasma in
the form of blobs. These structures propagate far into the scrape-off layer where they are dissipated due
to transport along open magnetic field lines. From single-point recordings it is shown that the blobs
have asymmetric conditional wave forms and lead to positively skewed and flattened probability
distribution functions. The radial propagation velocity may reach one-tenth of the sound speed. These
results are in excellent agreement with recent experimental measurements.
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Recently, several experimental investigations have re-
vealed a strongly intermittent nature of particle and heat
transport in the scrape-off layer (SOL) of magnetized
plasmas [1–3]. There are strong indications that this is
caused by field-aligned structures in the form of plasma
blobs propagating radially far into the SOL. It has been
suggested that this is due to the dipole vorticity field
caused by vertical guiding center motions in nonuni-
formly magnetized plasmas [4]. An outstanding chal-
lenge is to give a self-consistent description of the
emergence and evolution of such structures, which also
captures their statistical properties. Here an attempt to-
wards this goal is presented, yielding favorable agreement
with experimental measurements. This is achieved by
focusing on the collective two-dimensional dynamics
perpendicular to the magnetic field while using a simpli-
fied description of particle and heat losses along open
field lines.

Some of the most prominent features of experimental
single-point measurements are asymmetric conditional
wave forms as well as positively skewed and flattened
probability distribution functions (PDFs) of the density
and temperature signals [1–3]. Simple interpretations as
well as advanced imaging techniques give a picture of
field-aligned blobs or filaments propagating out of the
bulk plasma with radial velocities up to one-tenth of the
sound speed cs. These highly nonlinear thermal struc-
tures have amplitudes that significantly exceed the back-
ground levels. A change of sign in the asymmetry of
the fluctuation time series close to the last closed flux
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surface (LCFS) indicates that the structures are generated
by a local relaxation of the edge pressure profile [1]. This
leads to an ejection of blobs of excess particles and heat
into the SOL, where the structures are subject to parallel
losses. This separation of driving and damping regions
in configuration space has been discarded in previous
simulations of SOL turbulence [5,6]. On the other hand,
while three-dimensional computations include most of
the detailed geometry and physics, they are restricted to
small integration times and are usually run with frozen
profiles [7].

In this Letter we present a novel model for interchange
turbulence in slab geometry and numerical solutions in
qualitative agreement with experimental measurements.
The model geometry comprises distinct plasma produc-
tion and loss regions, corresponding to the inner edge and
SOL of magnetized plasmas. The separation of these two
regions defines an effective LCFS, though we do not
include magnetic shear in our model. In the edge region,
large pressure gradients maintain a state of turbulent
convection. However, a self-regulation mechanism in-
volving differential rotation leads to repetitive expulsions
of hot plasma into the SOL, resulting in asymmetric
conditional wave forms and PDFs, and significant cross-
field transport by the turbulent structures.

Assuming cold ions and neglecting electron inertia
effects, a three-field model may be derived for quasineu-
tral electrostatic perturbations of the full particle density
n�x; t�, electron temperature T�x; t�, and electric potential
��x; t�. Using the Bohm normalization and slab coordi-
nates with ẑz along the magnetic field we obtain [8]
dn
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where the vorticity is given by � � r2
?�, time is normalized by the ion gyration period, 1=!ci, and spatial scales are
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given by the hybrid gyration radius, �s � cs=!ci. The
particle density n and temperature T are normalized to
fixed characteristic values at the outer wall. We further
define the two-dimensional advective derivative and the
magnetic field curvature operator,

d
dt
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respectively, where B�x� � 1=�1� "� �x� is the toroidal
magnetic field, " � a=R0 the inverse aspect ratio, and
� � �s=R0. The terms on the right hand side of the model
equations describe external sources S, collisional diffu-
sion with coefficients 	, and damping of all fields at rate

. The latter is a simplified representation of parallel
losses due to end sheaths in regions of open magnetic
field lines. As the turbulent time scale is comparable with
the loss time scale, the blobs are extended along the
magnetic field lines but have a nontrivial parallel struc-
ture. Thus, the local parallel loss of particles and charge
from a blob need not be directly connected with the
overall losses at the sheaths. This is different from the
standard two-dimensional sheath dissipation model [4,5].
The validity of either of these models may be questioned.
However, we again emphasize that our main focus is on
the nonlinear collective dynamics. The geometry and
boundary conditions are sketched in Fig. 1.

In the absence of external sources and dissipative pro-
cesses the model equations nonlinearly conserve particles
as well as the global energy

E�t� �
Z
dx
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;

where the integral extends over the whole plasma layer.
Thus, the curvature terms correctly yield a conservative
energy transfer from the confined heat to the convective
motions. We further define the kinetic energy of the
fluctuating and mean motions,
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FIG. 1 (color online). Geometry of the simulation domain
showing the forcing region to the left, corresponding to the
edge plasma, and the parallel loss region to the right, corre-
sponding to the scrape-off layer. Data time series are collected
at the probe positions Pi.
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where the zero index denotes an average over the periodic
direction y and the spatial fluctuation about this mean is
indicated by a tilde. The linearly damped mean flow,
v0�x; t� � @�0=@x, does not yield any radial convective
transport and hence forms a benign path for fluctuation
energy. The energy transfer rates from thermal energy to
the fluctuating motions, and from the fluctuating to the
mean motions, are given, respectively, by

Fp�t� �
Z
dxnTC���; Fv�t� �

Z
dx~vvx~vvy

@v0
@x
: (2)

Note that Fp is essentially a measure of the domain
integrated convective thermal energy transport, while
Fv shows that structures tilted to transport positive po-
loidal momentum up the gradient of a sheared flow sus-
tain the mean flow against dissipation [9].

In the following we present results from a numerical
simulation of the interchange model using parameters
relevant for SOL plasmas. The dimensions of the simula-
tion domain are Lx � 2Ly � 400, and the LCFS is lo-
cated at xLCFS � 100. The parameters are " � 0:25,
� � 10�3, and 	 � 5� 10�3 is taken to be the same for
all fields. The parallel loss rate of temperature is assumed
to be 5 times larger than that of density and vorticity,

n � 
� � 
T=5 � �=2 q, since primarily hot elec-
trons are lost along open field lines. Here 
n and 
�

are estimated as the loss rate over one connection length
2 qR0 with the acoustic speed cs, where q � 3 is the
safety factor at the edge. Finally, the radial line integral
of the sources Sn and ST equals 0:2, and the shape of the
sources and parallel loss coefficients shown in Fig. 1 are
given by " � 16 and # � 2. The numerical solution has
spatial resolution of 512 and 256 grid points in the radial
and poloidal directions, respectively. The time span of the
simulation is 4� 106.

In Fig. 2 we show the typical evolution of the particle
confinement P and heat confinement H in the edge and
SOL regions, defined by
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FIG. 2 (color online). Evolution of particle confinement P
and the heat confinement H in the edge and scrape-off layer
regions, showing sawtoothlike oscillations.
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FIG. 3 (color online). Evolution of the kinetic energies and
the collective energy transfer terms, showing bursty behavior
in the fluctuation integrals.
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FIG. 5 (color online). Probability distribution functions of
particle density measured at different radial positions Pi as
shown in Fig. 1. The vertical axis shows count numbers.
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and similarly for the heat confinement H being the inte-
gral of temperature. From the figure we observe that
plasma and heat gradually builds up in the edge at the
same time as it is decaying in the SOL region. This is
repetitively interrupted by rapid changes in which plasma
and heat is lost from the edge to the SOL. More than 20%
of the edge plasma may be lost during individual bursts.
Also note from the figure that the normalized heat con-
finement is much less than the particle confinement due to
the larger loss rate in the SOL region of the former.
Further insight is revealed by Fig. 3, which shows the
evolution of the kinetic energy contained by the fluctuat-
ing and mean motions [confer Eq. (1)], as well as the
energy transfer terms defined in Eq. (2). From this figure
we observe that the convective energy and thermal trans-
port appear as bursts during which particles and heat are
lost from the edge into the SOL region. As discussed in
Ref. [9], such global dynamics is caused by a self-
regulation mechanism in which kinetic energy is trans-
ferred from the fluctuating to the mean motions, and
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FIG. 4 (color online). Time-averaged profiles of plasma par-
ticle density n0 and mean poloidal flow v0, and typical profiles
during a fluctuation burst and during a quiet period.
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subsequently damped by collisional dissipation. As the
particle and heat confinement is allowed to vary, this
results in the sawtoothlike oscillations seen in Fig. 2 [9].

The time-averaged profiles of the particle density and
the mean poloidal flows are shown in Fig. 4. Parallel
losses in the SOL region result in steep average profiles
inside the LCFS and weakly decaying throughout the
SOL. Also shown in Fig. 4 are typical instantaneous
profiles during a quiet period (tquiet) and during a burst
(tburst). We observe significant deviations from the average
profiles, with a more peaked particle density profile in the
edge region during quiet phases. During the turbulent
phase there is a substantial particle increase in the SOL
region due to the convective plasma transport. It is also
seen that there is larger flow amplitudes during bursts due
to the efficient energy transfer from tilted convection
cells; confer Fig. 3.

The statistics of single-point recordings at different
radial positions Pi indicated in Fig. 1 agrees very well
with experimental measurements. In Fig. 5 we present the
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FIG. 6 (color online). Conditionally averaged wave forms of
the particle density measured at different radial positions Pi as
shown in Fig. 1, using the local condition n� n > 4nrms.
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FIG. 7 (color online). Typical spatial structure of density,
temperature, vorticity, and electric potential during a quiet
period to the left and during a burst to the right. The broken
vertical lines indicate the last closed flux surface.
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PDFs of the density signals taken from a long-run simu-
lation containing more than a hundred burst events. The
positively skewed and flattened distributions indicate a
high probability of large positive fluctuations correspond-
ing to blobs of excess plasma. At all points the PDFs have
a similar structure with a pronounced exponential tail
towards large values. The skewness and flatness factors
take values up to 3 and 15, respectively. The conditionally
averaged temporal wave forms calculated from the same
signals, using the local trigger condition n� n > 4nrms

where n is the time-averaged density, are presented in
Fig. 6. An asymmetric wave form with a sharp rise and a
relatively slow decay is clearly seen [1–3]. The maximum
density excursions significantly exceed the background
level, and decay rapidly as the structures propagate
through the SOL. The number of realizations for the
conditional averaging decreases gradually from 125 at
the innermost probe to 2 at the outermost one. We thus
ignore the last probe in the statistical analysis. By follow-
ing the evolution of individual structures we find that
their radial propagation velocity is close to one-tenth of
the sound speed but with a large statistical variance,
again in agreement with experimental measurements.

Finally, in Fig. 7 we show the spatial structure of the
density, temperature, vorticity, and electrostatic potential
during a quiet period and during a burst. These corre-
spond to the same times as the instantaneous profiles
shown in Fig. 4. In the quiet period there are only weak
spatial fluctuations with the plasma and heat well con-
fined within the LCFS. In the turbulent phase bloblike
structures are clearly observed for the density and tem-
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perature fields. These structures have propagated far
into the SOL and are naturally associated with strong
vorticity [4,9].

In this Letter we have proposed a new model for
interchange turbulence and demonstrated that it has nu-
merical solutions in good agreement with measurements
reported from experimental investigations of SOL turbu-
lence and intermittent transport events [1–3]. The for-
mation and radial propagation of hot plasma blob
structures is, indeed, associated with local relaxations
of the plasma pressure profile, leading to skewed condi-
tional wave forms and probability distributions. As em-
phasis is put on the collective dynamics, the qualitative
aspects of these results are likely to be persistent with
respect to changes in model geometry and underlying
instability mechanisms. A more complete description of
plasma transport in SOL plasmas requires long-run and
well-resolved three-dimensional global simulations with
appropriate geometry and boundary conditions, as well as
allowing profile relaxations.
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