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Convective transport by intermittent blob-filaments: Comparison of theory
and experiment

D. A. D’lppolito,"® J. R. Myra," and S. J. Zweben?
"Lodestar Research Corporation, 2400 Central Avenue, Boulder, Colorado 80301, USA
2Princeton Plasma Physics Laboratory, Princeton, New Jersey 08540, USA

(Received 29 December 2010; accepted 5 May 2011; published online 24 June 2011)

A blob-filament (or simply “blob”) is a magnetic-field-aligned plasma structure which is
considerably denser than the surrounding background plasma and highly localized in the directions
perpendicular to the equilibrium magnetic field B. In experiments and simulations, these
intermittent filaments are often formed near the boundary between open and closed field lines, and
seem to arise in theory from the saturation process for the dominant edge instabilities and
turbulence. Blobs become charge-polarized under the action of an external force which causes
unequal drifts on ions and electrons; the resulting polarization-induced E x B drift moves the blobs
radially outwards across the scrape-off-layer (SOL). Since confined plasmas generally are subject
to radial or outwards expansion forces (e.g., curvature and VB forces in toroidal plasmas), blob
transport is a general phenomenon occurring in nearly all plasmas. This paper reviews the
relationship between the experimental and theoretical results on blob formation, dynamics and
transport and assesses the degree to which blob theory and simulations can be compared and
validated against experiments. © 2011 American Institute of Physics. [doi:10.1063/1.3594609]
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I. INTRODUCTION

Our understanding of edge turbulence and transport in
magnetic fusion experiments has improved considerably in
the past two decades. A rapidly growing body of theoretical,
computational and experimental work has come together to
provide a new physical picture of the radial convection of
coherent plasma structures called “blob-filaments” or simply
“blobs.” These objects transport plasma across the open mag-
netic field line region known as the scrape-off-layer (SOL)
and enhance the plasma interaction with the surrounding ma-
terial boundaries. Several recent review articles have already
described measurements of edge plasma turbulence in toroidal
magnetic fusion devices,' theoretical progress in describing
turbulent edge and SOL transport,> ™ and the implications of
these and other empirical results for SOL and divertor physics
for ITER.” The purpose of the present review is to specifically
compare theory, simulation and experiment in the area of blob
transport, as a guide for future work. Our review will cover
both toroidal fusion and basic plasma devices.

Theory and simulations predict that blobs and Edge
Localized Mode (ELM)® filaments are born as a result of the
nonlinear saturation of underlying edge turbulence or coher-
ent magnetohydrodynamic (MHD) instabilities, respectively.
Experimental observations show that these coherent objects
are spatially localized in the two-dimensional (2D) plane
perpendicular to B, resembling “blobs” of enhanced density
against a lower-density background. They are spatially
extended along the direction of the magnetic field, appearing
as field-aligned ‘“filaments” in a three-dimensional (3D)
view of the SOL (see Fig. 1). They are also referred to as
“mesoscale structures” because their perpendicular scale
length is intermediate between the ion gyroradius and macro-
scopic machine dimensions. The blobs provide a mechanism
for the convective radial transport of particles, heat, momen-
tum, and parallel current in the SOL. A more precise defini-
tion of a blob will be provided in Sec. II.

The concept of blob transport has emerged from a com-
bination of experiments, computer simulations and analytic
theory. Early experiments showed that large-amplitude,
intermittent turbulence governs the edge of plasma devices.
Plasma density fluctuations in the SOL can be comparable to
the time-averaged plasma density (én/n ~ 1), and the fluc-
tuations are intermittent in both space and time. The exis-
tence of apparently coherent structures (blobs) in the
turbulent SOL was first observed many years ago using fast
cameras’ and 2D probe arrays.*'* Around the same time,
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FIG. 1. Sketch of a plasma blob showing the charge polarization mechanism
responsible for the radial transport.

flux-driven 2D turbulence simulations were carried out in
which the SOL density profile was free to vary in response to
turbulence driven by an imposed flux.!' As observed experi-
mentally, the SOL fluctuations were found to be intermittent,
and nonlinear saturation of the turbulence led to the forma-
tion of coherent structures and subsequent radial transport of
the plasma.'' Statistics of the turbulent transport were com-
pared for both a linear plasma device and a tokamak.'* Tt
was shown that the probability distribution function (PDF)
for the density fluctuations was skewed for positive fluctua-
tions, which is consistent with the idea of large density struc-
tures propagating radially outward across the SOL.
Moreover, the normalized PDF was very similar in the linear
and toroidal devices, perhaps implying a common origin of
the convective transport in both cases, despite the very dif-
ferent geometry and forces in the two devices.

The importance of this convective transport in tokamaks
was illustrated by the discovery of the “main chamber recy-
cling regime”'? in Alcator C-Mod."* In this regime, a parti-
cle balance analysis showed that plasma flow in the SOL
was dominated by transport to the main chamber walls rather
than by flow along field lines into the divertor. A few years
later Krasheninnikov proposed a simple analytic model to
explain the particle transport mechanism in a physical re-
gime relevant to SOL turbulence.'”” A second paper'®
extended the “blob model” to include the transport of heat
and vorticity and illustrated several possible connections
with the main chamber recycling regime (e.g., two-scale
density and particle flux profiles, synergy of blob transport
with neutral recycling, and a critical particle flux for ioniza-
tion-sustained equilibrium). This analytic work proposed a
simple, general and robust transport mechanism that is a
good candidate to explain the transport observed in the open
field line regions of both linear and toroidal machines.

Over the past ten years, both probe and optical diagnos-
tics have clarified the intermittent or bloblike structure of
edge turbulence in tokamaks and other plasma devices. For
example, a fundamental measurement using conditional sam-
pling of Langmuir probe fluctuations on DIII-D'” showed
that radially convecting “intermittent plasma objects” (blobs)
transported roughly 50% of the particle transport in the
SOL."®' Imaging diagnostics, such as the gas-puff-imaging
(GPI) systems®*?? on C-Mod and NSTX,* provided 2D
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data which was used to directly visualize the motion of the
blobs and study the statistics of the turbulence. A large body
of more recent experimental work will be discussed in the fol-
lowing sections and compared with blob theory and
simulations.

The interest in SOL convective transport has continued
to grow in recent years because of its effect on plasma inter-
actions with the first wall and divertor. By increasing the par-
ticle flux into the far SOL, blobs can increase unwanted
interactions with limiters, radio frequency (rf) antennas, and
the first wall.">'® Blobs and ELM filaments can also carry
heat across the SOL, possibly affecting the SOL width for
parallel heat flow (spreading the heat load) and increasing
the interaction with the far SOL.>** Increased convective
heat transport near the separatrix may also be correlated with
the density limit in some tokamaks.’*° Finally, blob mo-
mentum transport may influence the edge velocity shear
layer and thus the core plasma confinement, at least in
L-mode plasmas. Theory and simulations suggest that it pro-
vides a mechanism for spinning up the edge plasma without
deliberate external momentum input.**-

In the present paper, we will compare the results of
theory, simulations and experiment to assess the state of our
knowledge of SOL convective transport. To do this, we will
adopt a rather broad view of what constitutes a blob (see Sec.
II B). Obviously there is a large increase in complexity as one
proceeds from analytic theory to the coherent objects involved
in 2D or even 3D turbulence simulations, and finally to the
turbulent objects measured in experiment. The important
question is what all of these things have in common, and
whether the combination of theory, simulation and experiment
will eventually provide us with a theory of SOL transport that
is both quantitatively predictive and qualitatively intuitive.

In this paper we will use the terms “blob” and “filament”
interchangeably, as they denote the cross-field 2D and full
3D structure of the same object. These turbulent coherently
propagating objects have acquired a number of other names
in the literature, but in this paper we will refer to all such
objects as blobs (or filaments), whether they arise in theory,
simulations or experiment.

Finally, it should be noted that the relation of ELMs to
blobs is also briefly discussed in this review. While the
physics of ELM generation is beyond the scope of this paper,
it is important to point out that ELMs produce filaments of
plasma that propagate across the far SOL in a manner similar
to blobs!*?*3273¢ (see also Sec. V B 2). However, there
seem to be some important differences between ELM fila-
ments and turbulence-produced blobs, as pointed out in
recent experiments. An ELM filament is typically larger in
cross-sectional area and its plasma is denser and hotter than
in a typical blob, and it can carry substantial parallel cur-
rent.>*>® There is some evidence>” that, unlike blobs, one or
more of the ELM footpoints can remain connected to the
hot, dense edge plasma as the main body of the filament
begins moving outwards across the SOL. Eventually, the
ELM footpoints detach from the edge and the disconnected
ELM propagates outwards like a blob. Some electromagnetic
(EM) aspects of ELM-blob filaments are discussed in
Sec. VII C.

Phys. Plasmas 18, 060501 (2011)

The plan of our paper is as follows. We first give the
theoretical perspective, and some initial motivation from
experiments, in Sec. II. This section introduces the basic
concepts, and some important definitions, including a work-
ing definition of a blob. This theoretical introduction is fol-
lowed by a systematic discussion of experiments in Sec. III.
The purpose is to give an overview of blob experiments and
a discussion of the difficulties inherent in comparing experi-
ments and theory. The remainder of the paper discusses the
comparison of theory, simulations and experiments for a
number of topics: blob structure and intermittency (Sec. IV),
the scaling of blob particle transport in various regimes
(Sec. V), and blob generation by turbulence (Sec. VI). These
are the areas in which most work has been done to date. In
Sec. VII we consider briefly a number of other topics in
which some interesting theory-experimental comparisons
have been carried out. A discussion of our conclusions is
given in Sec. VIIL. A list of abbreviations and symbols can
be found in the Appendix.

Finally, we note that blob generation and transport are dis-
cussed separately. Blob generation occurs in the edge and near
SOL and is best studied statistically with edge turbulence sim-
ulation codes. Blob transport occurs in the far SOL and has
been extensively studied using analytical methods and seeded-
blob simulations. We discuss blob transport (Sec. V) before
blob generation (Sec. VI) because it is better developed, both
theoretically and experimentally, and came first historically.

Il. BASIC BLOB MODEL AND CHARACTERISTICS

This section contains a brief overview of blob theory and a
brief introduction to some areas of qualitative agreement
between theory and experiment. The reader is referred to a
recent review article® for an in-depth discussion of the theory.
Many researchers have contributed to developing the theory
and implementing it in computer simulations. Table I summa-
rizes representative theoretical papers in this area. More
detailed discussions of these theoretical points and their relation
to available experimental results can be found in Secs. [V-VIL

A. Blob charge polarization and transport mechanism

Evidence from numerical simulations suggests that blob
and ELM filaments are created by the nonlinear saturation of
turbulence or MHD instabilities in the edge plasma. Thus,
blob generation and transport is closely related to the under-
lying linear physics. In tokamaks, theory predicts that the
dominant instability in the SOL is usually a curvature-driven
sheath-interchange'®!'* or resistive X-point'''™'"* mode
localized on the low-B (“bad curvature”) side. Both simula-
tions and experiments show that the blobs are typically born
on the bad curvature side at the edge of the closed field line
region, where the gradients are large and the turbulence is
strong. The blobs convect outwards across the SOL, carrying
filaments of plasma to the wall and become the dominant
source of particle transport in the low-density region near the
wall (called the “far SOL”).

The blob model*'>'**® provides a radial transport mech-
anism which is simple, robust, and gives order of magnitude
estimates for the radial velocity that agree with experiments.
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TABLE I. Theory and simulation of blobs.

Topic References

Analytic theory
Blob dynamics 3,4,15,16,37-46
3,15, 16, 39,47-53

3,37,38,41,49, 50

Blob velocity scalings
Pulse shape

Holes 38,41, 53-56

PDF and skewness 3,11, 31,46, 53,55, 57-62
Statistical theories 63-66

Blob stability 37, 38, 41-43,67-70
Non-curvature forces 3,71-75

3,39, 40,48, 51, 53, 73-78
3,30, 31,37, 46, 50, 53, 55, 58, 61,
62, 69, 79-82
15, 50, 53, 65, 83, 84

X-point effects and divertor blobs
Blob generation, birth zone, and
effects of ExB velocity shear
Blob birth rate (waiting time,
packing fraction)

Blob transport of heat, momentum
and current

16,29, 31, 50, 56, 59, 62, 69, 81, 82,
85, 86
3, 39,45, 48, 56, 70, 87-92
73, 84, 86, 93-95

Electromagnetic effects
Parallel transport
Simulations

Seeded blob simulations 37,38,41,42,44,49, 50, 57, 67-70, 96

2D SOL turbulence simulations 11, 46, 49, 50, 52, 53, 55, 61, 79, 82,

86,93, 97-102
3D SOL turbulence simulations 20, 21, 40, 74, 77, 88, 103, 104
Kinetic simulations 103
Comparison of turbulence simula- 20, 21, 46, 61, 74, 82, 86, 88,93, 97,
tions with experimental data 100, 101, 102
Comparison of convective transport 54, 105-108
simulations with experimental data
Review papers 3,4, 38,47

It starts with the observation that a blob filament of enhanced
density becomes charge polarized under the action of a net
species-summed force'” F, as illustrated in Fig. 1. The elec-
trons and ions move in opposite directions due to the F x B
particle drift, and a blob charge polarization occurs if
b-V x F =0, where b = B/B is the unit vector along the
magnetic field. This charge polarization creates a poloidal
electric field inside the blob, and the resulting E x B drift
moves the density blob in the direction of the force. For
example, in a tokamak the curvature and VB forces result in
E x B blob motion that moves the plasma down the magnetic
field gradient toward larger major radius R, viz., outwards to-
ward the wall on the low-field side of the torus.

Other examples of forces which can produce blob con-
vection include the centrifugal force for a rapidly rotating lin-
ear plasma device, and the “neutral wind” frictional force.”"
Each of these forces can be represented by an effective gravity
g in carrying out the analysis.>*® i.e., F = nm; g. Experiments
have at least tentatively attributed blob motion to each of these
forces. The curvature force F ~ nm; cf, /R, is often the domi-
nant convective transport drive in tokamaks, stellarators,
spherical tori and simple torus devices without a rotational
transform. Theory predicts that the curvature-driven (resistive
ballooning) linear eigenmode will peak at the midplane on the
low-field side of the torus where the curvature is unfavorable.
Thus, one expects that the turbulence will be strongest, and

Phys. Plasmas 18, 060501 (2011)

the blob transport greatest, at the outer midplane. Such a bal-
looning structure (i.e., in-out asymmetry) has been observed
on several machines.”""'>*'®’ The neutral friction force was
invoked to explain the blob motion observed in the linear de-
vice LAPD,"** and the centrifugal force is probably the domi-
nant effect in the rotating PISCES experiment.**> More
general forces will be discussed in later sections.

The basic blob transport mechanism of charge polariza-
tion under the action of an effective gravity, followed by
E x B convection is a new application of an old idea. It is
similar to the Rosenbluth-Longmire picture of interchange
instability,"'* except that it is applied to an isolated density
filament convecting across the SOL, rather than to a small si-
nusoidal density perturbation oscillating around a fixed point.
This is the physical basis for an analogy between the linear
and nonlinear physics, and this correspondence has been
used in computing various regimes of the theory. (See the
discussion of the “blob correspondence principle” in Sec. V.)
Blob dynamics also have much in common with the motion
of plasma clouds formed after ablation of injected
pellets. 387115117

B. Blob definition

From the idealized theoretical picture of a blob described
in the previous section, we can extract a definition of a blob
which is general enough to encompass the objects that arise in
theory, simulations and experiments. A blob is a filament of
plasma which satisfies the following three properties:

(1) it has a monopole (single-peaked) density distribution
with a peak value much higher than the surrounding rms
fluctuations of the background plasma (typically >2-3
times higher);

(2) it is aligned parallel to the magnetic field B and its varia-
tion along B is much weaker than in the transverse direc-
tion, i.e., 6 /L) < 1;

(3) it has a dominant convective E x B velocity component
in the direction of a charge-polarizing force, and an asso-
ciated potential and vorticity with a dipole structure in
the direction transverse to its propagation.

In trying to relate simulations and experiments to theory,
a number of problems occur. Property (1) is often made
quantitative by averaging over many instances of turbulent
structures which satisfy a threshold in density or ion satura-
tion current (“conditional averaging™).'”!'"®11? As discussed
subsequently (Sec. III D), there are many ways to choose
this threshold, and experimental and simulation results are
sensitive to the choice of threshold. Property (2) is a conse-
quence of the tendency of plasmas to spread rapidly along
field lines, so that nonuniformities in the parallel direction
are removed at the ion sound speed. Regarding property (3),
it is easy to compute the radial component of the E xB veloc-
ity in simulations, but it is usually difficult to measure it in
experiments. A proxy is used (such as the GPI image veloc-
ity of the blob), which complicates the comparison.*® We
should note here that not all of these three theoretical proper-
ties are measured in every experiment. These issues and
other difficulties are discussed in Sec. III.
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C. Basic mathematical model

A simplified mathematical model of blob dynamics
requires two essential ingredients: the conservation of charge
and density. Charge conservation V -J =0 results in the
vorticity equation

2
v-% (’ﬁ%m@) =V +5b VxF, (D)
where the left-hand-side is the perpendicular (to B) current
carried by the ion polarization drift, J}| is the parallel (to B)
current, and F is the charge-polarizing force. In deriving
Eq. (1), one uses J, = (¢/B*)F x B +Jipot and V- J;
= (¢/B) b-V x F+ V| - Jip0 where the divergence of the
ion polarization drift current J, po gives rise to the left-hand
side of Eq. (1). Here n is the density, m; is the ion mass, and
@ is the electrostatic potential. Equation (1) describes the
generation of the polarization potential @ caused by the force
F while J|| mitigates the charge build-up through current
flow. The plasma density (i.e., the blob) ExB drifts due to
®, according to the lowest-order continuity equation

dn _ On

dt Ot
which also defines the convective derivative d/dt used here
and in Eq. (1). The ExB drift velocity is defined as vg
= (c/B)bxV®. Equation (2) can be generalized to include
parallel loss terms, ionization sources, etc.

The magnitude of the E field induced by the external
force is obtained by balancing the current source from the
F x B drift with the parallel and perpendicular loss currents
in the blob “electrical circuit.”*** Thus, a model for the par-
allel currents is needed. Different forces and parallel current
regimes lead to models with different parameters and differ-
ent scalings. In the tokamak SOL, the net radial E x B blob
velocity depends on the sheath and plasma resistivity, the
magnetic geometry (parallel connection length to the diver-
tor, presence or absence of X-points), and other parameters.
This will be discussed in more detail in Sec. V.

A number of parallel current “closure schemes” relevant
to reduced 2D blob models have been discussed in the litera-
ture and are summarized in Ref. 3. The simplest closure
scheme appropriate to the SOL is the ‘“sheath connected
regime,” which assumes that the blob parallel current is unim-
peded by Spitzer resistivity along the field line, flows into the
sheath, and is ultimately regulated by the sheath resistiv-
ity.">! To obtain an analytic solution for the blob velocity in
this regime, one assumes no background plasma and an iso-
lated object with constant temperature and a density profile of
the general form n(x,y) = n,(x) exp[—y?/(20%)], where n,(x)
is an arbitrary function of x. This permits a variety of solutions
encompassing both blobs and radial streamers.

To facilitate the discussion of plasma devices with
diverse geometries, we define here a local coordinate system
for the SOL region in which the blobs propagate. We let (x,
v, z) denote the local coordinates in the radial, binormal, and
parallel (to B) directions. For example, in the SOL of a toka-
mak, y is approximately the poloidal direction, whereas in a
linear machine it is the azimuthal direction. The x direction

+vg-Vn=0, @)
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FIG. 2. (Color online) Sketch of local SOL coordinates. The x coordinate is
in the direction of the outwards force (typically radial). The y coordinate is
in the binormal direction, é, = é. x &, and z is along the equilibrium mag-
netic field.

is in the direction of the outwards charge-polarizing force.
These coordinates are illustrated in Fig. 2.

For present purposes, it is sufficient to consider a cylin-
drical blob with a Gaussian density profile, n(r)
= ngexp[—r2/(26%)], where r*> = x*> 4+ y2. The charge con-
servation (vorticity) equation can then be solved analytically
for the case of the toroidal curvature and VB forces
F ~ nm,-cf /R.) using the linearized sheath-connected paral-
lel current closure, J)| = nezcsd)/Te. Then, the system of
Egs. (1) and (2) yields the solution'>!® that the Gaussian
density profile is stationary in a frame convecting with the
blob velocity

ve = ¢o(Ly /R)(p,/6)’. 3)

Here ¢, and p, are the sound speed and corresponding gyrora-
dius, R. and L, are the radius of curvature and sheath-to-
sheath parallel connection length, and ¢ is the blob radius.
(For elongated blobs or radial streamers, o is the poloidal
size.) The scaling of the blob velocity with ¢ varies from
vy ~ 6% in the sheath connected regime to v, ~ 5'2 in the
inertial regime discussed in later sections.

D. Generalizations

The theory of blob transport has evolved from the sim-
ple beginning that has just been described, to include a num-
ber of generalizations motivated both by theoretical and
experimental considerations. Some important generalizations
are as follows:

In addition to the many different charge-polarizing
forces there are also a variety of current closures (besides the
sheath-connected limit). These lead to a number of parame-
ter regimes discussed in the literature (see Ref. 3 and Sec.
V). Some of the other regimes describe highly collisional
plasmas (interchange — ballooning or resistive-X point
physics) and electromagnetic ELM filaments.

The background density must be retained to understand
the blob shape and velocity observed in experiments. (This
can be done in simulations of seeded blobs, see Refs. 37 and
67 and Secs. IVA and VB 1.)

The effect of spatially varying temperature can be impor-
tant for several reasons. For example, the blob velocity in the
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sheath-connected limit scales as v, ~ Tf/z, suggesting that
the blob velocity is smaller in the far SOL due to cooling.
The slowing of blobs as they propagate into cooler regions
has been observed in experiments. Also, if the sheath-con-
nected blob has an internal temperature profile, T,(r), there
will be an associated Bohm sheath potential ®p =~ 3T,(r),
where the electron temperature is evaluated at the sheath. The
resulting radial electric field will cause the blob to spin,
reducing the charge polarization and slowing the blob (see
Sec. V E 2). Finally, if T; # 0 the ion temperature contribu-
tion to the blob speed and dynamical evolution must also be
taken into account. Note that the radial profiles of ion and
electron temperature are often different in the SOL.

The radial transport of heat, momentum and parallel cur-
rents can all be important in various contexts. This review
will concentrate on the transport of particles because most
experimental work has been done in that area.

Also likely to be important is the effect of parallel varia-
tion along B. This has not yet been extensively studied but
we suspect that a lot of the scatter obtained in comparing ex-
perimental data with 2D models is due to 3D effects.

All of these topics will be discussed in later sections of
this review.

The physics described in Sec. IT A has been incorporated
at various levels into analytic theory and simulations. Before
delving into a comparison of theoretical predictions and ex-
perimental results, it is important to understand the limita-
tions of the various theoretical models that have been
employed in the literature.

In the simplest situation of a sheath-connected blob with
uniform interchange structure along B, Gaussian radial den-
sity profile and flat temperature profile, an exact solution of
the coupled nonlinear vorticity and density equations
exists,15 and the blob-filament convects without distortion
(i.e., it is constant in a moving frame). This case results in
the blob velocity given by Eq. (3).

Analytical scalings for the blob velocity have been
obtained in many other cases, as will be discussed in Sec. V,
but in all these other cases no exact analytic solutions are
known. Scalings can be obtained only by rough approxima-
tions, e.g., estimating V| ~ 1/6. Furthermore, numerical solu-
tions of the corresponding model equations indicate that the
blob distorts as it propagates, and in some cases eventually
breaks up completely. Often cold ion models neglecting 7; are
employed for simplicity, even though the ion temperature is not
negligible in the SOL. Thus in almost all cases, analytical esti-
mates of the blob velocity have at best factor-of-two accuracy.

To address this difficulty, much of the recent work in
blob theory has used simulation codes. Seeded blob simula-
tions have been used to compute the blob velocity in more
complicated situations.>”#!4921:6769-70 (A seeded blob is an
isolated density peak used to initialize a simulation run; its
evolution in time and space is calculated by the simulation
code.) Various fluid simulation models have been employed,
differing in details of the precise form of the vorticity equa-
tion used (e.g., Boussinesq approximation and particular par-
allel current closures), and whether temperature is evolved
as a dynamical variable or not. Most simulation work on
seeded blob properties has been done with 2D codes (in the

Phys. Plasmas 18, 060501 (2011)

x-y plane), although seeded blobs have also been studied
using 3D models.**!

In addition to seeded blob simulations, turbulence codes
have been used to study the nonlinear saturation processes
for the turbulence and to infer self-consistently the blob gen-
eration rate and statistics.**%3302748L88 The blasma pro-
files due to the turbulent (blob) convection have also been
compared with experiments,*6-%93:190:192° A prief discussion
of the comparison of turbulence simulations and experiments
is given in Sec. VII D.

Finally, it should be mentioned that kinetic effects on
blob dynamics are not necessarily negligible in most experi-
ments. Blob perpendicular scales are often only a few 10’s
of ion Larmor radii p; at the midplane, and can easily
approach p; in the highly sheared magnetic fields near an
X-point. Also, parallel mean free paths are often not small
enough to justify a Braginskii treatment of collisional trans-
port along the magnetic field. Kinetic effects on blobs are
largely unexplored theoretically, and will not be discussed
further here, but we note recent application of a PIC code'%?
to address this issue.

From the preceding discussion, it can be seen that both
analytical and simulation models currently employed to
study blob dynamics contain significant inherent inaccura-
cies which are rather difficult to estimate. These should be
kept in mind in future sections whenever a comparison of
theory and experiment is attempted.

E. Statistical evidence for blobs and holes

Before proceeding further, it is useful to cite some con-
crete evidence for blobs and holes from both experiments
and simulations, giving a number of examples from the liter-
ature. Some of the evidence considered here is statistical,
and motivates a discussion of non-Gaussian statistics and
some definitions which provide useful background for the
experimental overview in Sec. III.

Theory predicts that a blob with higher density than that
of the background SOL plasma will transport particles in the
direction of the charge-polarizing force; regions of reduced
density (density holes) would travel in the opposite direction.
Simulations of seeded hole transport have been carried out to
illustrate this effect.”* Measurements of blob outward trans-
port using conditional sampling are reported in many experi-
ments (e.g., Refs. 18, 19, 24, 125, 126, 144, and 169 while
evidence for holes moving inward can be found in Refs. 126,
129, 130, 144, 158, 159, 169, and 180). Holes can originate
near the last closed flux surface (LCFS) as a consequence of
the nonlinear saturation of the interchange instability: the
density maxima become blobs and density minima become
holes.*”* This theoretical picture is supported by the skew-
ness profiles observed on many tokamaks (defined in this
section and discussed in Sec. IV B). Examples include recent
measurements on JET'** and the simple magnetized torus
TORPEX: 32202204 gee the radial velocity plots in Fig. 5 of
Ref. 144 and the blob/hole trajectory histogram in Fig. 4 of
Ref. 202. Theory also suggests that holes created near the
wall provide a mechanism for the inward transport of
impurities.>*'2°
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In experiments, and in computer simulations of edge tur-
bulence, blob-filaments appear to be born near the edge of
the confined plasma due to the nonlinear saturation of turbu-
lence or MHD instabilities (Sec. VI). The turbulent objects
obtained in this way are much more complicated and irregu-
lar than the idealized objects treated analytically in the blob
model. Nevertheless, as noted above, blob formation and
subsequent radial transport is routinely seen in experi-
ments ' 8:19-21:125:130.134.135.202 4 i turbulence simulations
that allow full profile modification.**#*!-30-3-3962 The scaling
of the blob radial velocity with blob size and other parame-
ters depends on the current path through the blob (Sec. V)
but in most cases the predictions for the magnitude of the ra-
dial velocity are in order-of-magnitude agreement with
experiments, v, ~ 0.01 — 0.1 cs.3’129’130’138

SOL fluctuations provide an abundant source of experi-
mental data for statistical analysis. The data can be compared
qualitatively with some aspects of the blob model and quan-
titatively with turbulence simulations. An important result
from the statistical analysis of SOL fluctuations is their inter-
mittent and non-Gaussian character. This is usually
expressed in terms of the probability distribution function
(PDF), Px(x), which denotes the probability that a fluctuat-
ing quantity X lies between x and x+ dx. Propagation of
blob-filaments provides a mechanism for explaining the spa-
tial and temporal intermittency (e.g., large positive skew-
ness) and the non-Gaussian PDF of fluctuations observed in
the SOL of edge turbulence simulations and experiments.

Examples of intermittent fluctuations from both an
experiment and a simulation are shown in Figs. 3 and 4. The
time history of the ion saturation current signal is plotted in
Fig. 3 for three radial positions in the edge and SOL of the

140
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FIG. 3. Example of intermittent SOL fluctuations in the JET tokamak: time
history of the raw ion saturation current Iy at three radial positions
(Ar =r — rres): (a) positive bursts (relative to the mean) dominate in the
SOL (Ar = 28 mm); (b) positive and negative bursts are nearly equally bal-
anced in the edge velocity shear layer (Ar = —10 mm); and (c) negative
bursts are prevailing just inside the edge velocity shear layer
(Ar = —18 mm). Reprinted with premission from G. S. Xu, V. Naulin, W.
Fundamenski, J. Juul Rasmussen, A. H. Nielsen, and B. N. Wan, Phys. Plas-
mas 17, 022501 (2010). Copyright 2010, American Institute of Physics.

Phys. Plasmas 18, 060501 (2011)

JET tokamak.*’ Fluctuations which are positive (compared
with the mean) predominate in the far SOL [case (a)].
Roughly equal numbers of positive and negative fluctuations
about the mean occur in the edge velocity shear layer [case
(b)], and negative fluctuations predominate in the edge
plasma inside the velocity shear layer [case (c)]. The data in
Fig. 3 is qualitatively consistent with the physical picture
(Sec. VI) that the interchange instability grows and saturates
nonlinearly”'?! to produce blobs [the intermittent positive
bursts in Fig. 3(a)] and holes [the intermittent negative bursts
in Fig. 3(c)].>

The emergence of intermittency is ubiquitous in simula-
tion models using equations similar to Eqgs. (1) and (2). An
example with a sheath closure for J}; and curvature drive for
the force term’® is shown in Fig. 4. Other examples of simu-
lations containing blob turbulence are discussed in Sec. VII
D. These models all contain the physics of interchangelike
instabilities in the presence of nonlinear convection of den-
sity and vorticity. The qualitative similarity of the models to
the experimental edge fluctuation data is a clue that they con-
tain at least some of the essential physics to describe the sta-
tistics of blob-induced fluctuations in experimental SOL
plasmas.

In most experiments, the measured fluctuations in the
SOL are large (dn/n ~ 0.1 — 1), with significant correlation
between density and potential fluctuations. Since density is a
positive definite quantity, order unity density fluctuations
necessarily imply positive skewness and a departure from a
Gaussian PDF. Langmuir probe measurements of the fluctu-
ating ion saturation current (I; oc n,4/T, + T; ) give informa-
tion on the density fluctuations, and measurements of the
floating potential are used to estimate the plasma potential
fluctuations. This information allows detailed statistical anal-
ysis of the turbulent SOL transport. The intermittency can be
characterized [e.g., see Ref. 2] by constructing the PDF and
by computing the higher central moments of the fluctuating
quantities, i.e.,

Fy(X) = N"' 37 (% = XY/, )

where N is the number of data points in the time series of the
variable X, the summation is over all data points,

X =N"'3 X, is the mean and oy = \/N=' 3 (X; — X)* is

the standard deviation of X. The skewness § = F3 measures
the positive-negative asymmetry of the PDF, and the kurtosis
K = F4 — 3 measures the “flatness” of the PDF, i.e., whether
the distribution is more peaked or flatter than a normal distri-
bution. Large K implies a long tail in the distribution. Gaus-
sian turbulence has § =0=K, whereas S and K are positive
in the SOL when blobs are present. A more detailed discus-
sion of the statistical characterization of blobs is given in
Sec. IV.

lll. OVERVIEW OF EXPERIMENTAL RESULTS

A wide variety of measurements and experiments over
the past 10—15 years have clarified the intermittent or blob-
like structure of edge turbulence in both fusion and basic
plasma physics experiments. Tables II and III list ~100
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FIG. 4. (Color online) Example of intermittent fluctuations from a simula-
tion code: time history of the particle flux for a system of equations rather
similar to Egs. (1) and (2) with sheath closure and curvature drive for the
force term. Reprinted with permission from P. Ghendrih, Y. Sarazin, G.
Attuel, S. Benkadda, P. Beyer, G. Falchetto, C. Figarella, X. Garbet, V.
Grandgirard, and M. Ottaviani, Nucl. Fusion 43, 1013 (2003). Copyright
2003, International Atomic Energy Agency.

papers on ~ 40 devices on which explicit measurements of
blob-like structures have been made, along with a list of the
main topics studied and references. General reviews of ex-
perimental results on edge plasma turbulence, which
includes both blobs and background Gaussian turbulence,
can be found in Refs. 1, 10, and 122—124.

Phys. Plasmas 18, 060501 (2011)

The qualitative definition of a blob in this experimental
context is simply an unusually large positive density pertur-
bation passing through the measurement point (important
nuances are discussed in Sec. III C). Because the density is
positive definite, sufficiently large perturbations are neces-
sarily positive and their statistics are necessarily non-Gaus-
sian. The significance of these blob-like structures was
demonstrated by measurements which showed that radially
convecting blobs (or “intermittent plasma objects”) caused
an order unity fraction of the particle flux in the scrape-off-
layers, e.g., in DIII-D,'® TEXTOR,'?® HL-2A,'** MAST,"'*’
among other devices. This implies that the physics of blobs
is important for an understanding of the heat and particle
fluxes to the wall of magnetic fusion devices. The study of
blobs has also been motivated by their basic plasma physics,
and detailed measurements on devices such as TORPEX [see
Table II] have attempted to make quantitative comparisons
with the theory of blob creation and radial propagation.

Figures 5-11 show measurements of the 2D structure of
blobs in the plane perpendicular to B from several different
devices using different diagnostics and different analysis
techniques; namely: NSTX'?* and Alcator C-Mod*' using
GPI, DIII-D using beam emission spectroscopy (BES),'*
and LAPD,"”° VTE,"*! W7-AS,""? and TORPEX'*? using
Langmuir probes. The common feature of these measure-
ments is a localized region of unusually high density typi-
cally ~1-3 cm in size, which moves radially outward in this
plane, typically at ~0.5-2 km/s. This wide variety of struc-
tures and motions illustrates the commonality as well as the
complexity of these blob structures.

This section gives an overview of the experimental
measurements on blobs, while the comparison with blob
theory and simulations is discussed in Secs. [V-VIIL.

A. Tables of experimental devices and measurements

Table II summarizes experimental results on blobs in to-
roidal magnetic fusion devices, including tokamaks, stellara-
tors, and reversed field pinches. Most of these measurements
were made in the ‘scrape-off layer’ (SOL) of these devices,
which is the region of open magnetic field lines outside the
separatrix (in diverted machines) or outside the last closed
flux surface (in limited machines). The average plasma tem-
perature and density in the SOL of these machines ranges
over n~ 10" to 10> cm > and T,~1-100 eV. Most of these

FIG. 5. (Color online) Blob creation and propagation in NSTX as seen by the GPI diagnostic (see Ref. 128). The image frame rate is 7.5 us/frame and the field
of view is ~25 x 25 cm near the outer midplane separatrix (solid line). This bright blob forms near the separatrix and moves radially outward toward the lim-
iter shadow (dashed line) at ~ 1 km/s. Reprinted with permission from R. J. Maqueda, D. P. Stotler, S. J. Zweben, and The NSTX team, “Intermittency in the
scrape-off layer of the National Spherical Torus Experiment during H-mode confinement,” J. Nucl. Mater. (in press). Copyright, Elsevier.
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060501-9 Convective transport by intermittent blob-filaments

TABLE II. Blobs in toroidal magnetic fusion devices.

Phys. Plasmas 18, 060501 (2011)

machine Skewed PDF Radial speed Blob size Birth rate Scaling Flux References
Tokamak

DIII-D X X X X X X 18, 19,24, 129, 133
NSTX X X X 22, 134-136
C-Mod X X X X X 21, 137-141
JET X X X 142-144
TEXTOR X X X 125, 145-147
JT-60U X X 148-150
Tore-Supra X X X 151-155
TCV X X 52,93, 100, 156, 157
T-10 X X X X X 158-160
MAST X X X X 33,127, 161-163
CASTOR X X 164-167
ASDEX-U X X X 168, 169
ADITYA X 170-173
SINP X X X X 174, 175
HYBTOKII X X 176
HL-2A X X X X X 126
Caltech X X X 8

HT-7 X X 177
CT-6B X X 178
QUEST X X X 179
Stellarator

LHD X X X 180-182
W7-AS X X 119, 183
TIJ-K X X X X 60, 184
TI-II X X X X 185, 186

Reversed -Field Pinch
REX
T2R
TPE-RX X

X

X X 187-193
188, 189, 194, 195
196, 197

measurements were made using Langmuir probes or optical
imaging techniques such as Beam Emission Spectroscopy
(BES) or gas puff imaging (GPI). This table does not include
measurements of bloblike structures which occur during
strong MHD activity such as ELMs, which are discussed
briefly in Sec. VII C.

TABLE III. Blobs in basic plasma devices.

Table III summarizes experimental results on blobs in
basic plasma physics experiments, including linear devices
and simple toroidal devices in which there are no closed
magnetic field lines. Several of these measurements were
made using Langmuir probe arrays across the whole plasma
cross-section, which is possible due to the low average

machine Skewed PDF Radial speed Blob size Birth rate Scaling Flux References
Toroidal

TORPEX X X X X X X 132, 198-209
VTF X X X 131
Blamann X X 210-212
Helimak X X 102
Teddi X X X 213,214
Thorello X X X X 215
Linear

LAPD X X X X 130, 216, 217
Vineta X X X X 218,219, 220, 221
CSDX X X X 222
PISCES X X X 12,223
Mistral X X X 224-226
NAGDIS II X X X 227
LMD-U X 228

Riso Q X X X 118,229
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LCFS

projection of
outboard limiter

FIG. 6. (Color online) Blob creation just inside the separatrix in Alcator
C-Mod as seen by the GPI diagnostic (see Ref. 21). The image frame rate is
4 ps/frame and the field of view is ~6 cm x 6 cm near the outer midplane
separatrix (solid red line). The blob moves outward behind the toroidal pro-
jection of the outboard limiter (white dashed line) at ~1 km/s. Reprinted
with permission from J. L. Terry, S. J. Zweben, K. Hallatschek, B. LaBom-
bard, R. J. Maqueda, B. Bai, C. J. Boswell, M. Greenwald, D. Kopon, W. M.
Nevins, C. S. Pitcher, B. N. Rogers, D. P. Stotler, and X. Q. Xu, Phys. Plas-
mas 10, 1739 (2003). Copyright 2003, American Institute of Physics.
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FIG. 7. (Color online) Two frames of 2D density plots from the BES diag-
nostic of edge turbulence on DIII-D (see Ref. 129). There is a time differ-
ence of 6 us between frames. Red indicates high density and blue low
density. A structure, marked with a dashed circle and shown in both frames,
features poloidal and radial motion. Reprinted with permission from J. A.
Boedo, D. L. Rudakov, R. A. Moyer, G. R. McKee, R. J. Colchin, M. J.
Schaffer, P. G. Stangeby, W. P. West, S. L. Allen, T. E. Evans, R. J. Fonck,
E. M. Hollmann, S. Krasheninnikov, A. W. Leonard, W. Nevins, M. A.
Mahdavi, G. D. Porter, G. R. Tynan, D. G. Whyte, and X. Xu, Phys. Plasmas
10, 1670 (2003). Copyright 2003, American Institute of Physics.

Phys. Plasmas 18, 060501 (2011)

FIG. 8. (Color online) Blob and hole structures in the linear device LAPD
(see Ref. 130). In (a) and (b) are cross-conditional averages of /g, on the lin-
ear probe array for blob and hole events (respectively), showing apparent
propagation of blobs out of the plasma and holes back into the plasma. Also
shown are two-dimensional cross-conditional averages of blob (c) I, and
(e) V4, and hole (d) /g, and (e) V, over an 8 cm x 8 cm area perpendicular to
B. All 2D conditional averages are normalized to the maximum of the abso-
lute value of the average, and the color bar in (c) applies to all images.
Reprinted with permission from T. A. Carter, Phys. Plasmas 13, 10701
(2006). Copyright 2006, American Institute of Physics.

plasma density and temperature n~ 10'° to 10'? cm > and

T.~ 1-10 eV, so that the heat flux to the probes is tolerable.
The column headings of Tables II and III list various
properties of blobs which have been measured for each
device. The first column “skewed PDF” has a “x” for each
device for which a positively skewed, non-Gaussian proba-
bility distribution function was measured in the density,
which is a necessary condition for the detection of intermit-
tency or blobs (with the exception of VTF, Bldmann, and
LMD-U, in which intermittent structures were detected by
2D probe arrays). The second and third columns labeled
“radial speed” and “blob size” have a “x” for devices which
have measured these 2D properties. Although a PDF can be
obtained from a single-point measurement (such as the ion
saturation current in a Langmuir probe), at least a two-point
measurement is needed to determine the blob size and/or
speed, and a multi-point probe array or 2D optical imaging
technique is needed to track the blob trajectories in the plane
perpendicular to the local magnetic field. The column “birth
rate” refers to an estimate of the local blob birth rate, the col-
umn “‘scaling” refers to some variation in blob properties
measured under differing plasma conditions, and the column
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e (1010 3 (>1 mm and >1us). This is normally beyond the range of
Density (107" m™) Floating Potential (V) K y bey g

edge diagnostics in toroidal fusion devices, but can be
accomplished to a good extent on basic plasma devices such
as TORPEX (see Table III).

Most of the measurements of blobs in Tables II and III
have been made using Langmuir probes to measure ion satu-
ration current and floating potential with the desired space
and time resolution. The local radial blob speed is often
inferred from V, = cE| x B /B2, where E | is obtained from
the difference in floating potential between two nearby
probes. Alternatively, the blob speed and average trajectory
can be measured by the conditional sampling technique using
one fixed probe and one movable probe (see Sec. III D), or
by direct blob tracking using a 2D probe array. Two diagnos-
tic issues for probes are the quantitative interpretation of
their results (since the theory of probes in a magnetic field is
still incomplete), and the possible perturbing effects of the
probes on the plasma.*** There are relatively few papers in
which these issues are discussed in detail. Normally some
checks are made that the insertion of an additional probe
0.8 088 096 does not affect the results from existing probes, but it is often

R (m) not clear whether the structure and motion of blobs is unaf-

fected by these probes.

FIG. 9. (Color online) Radial propagation of intentionally created blobs in Optical diagnostics such as beam emission spectroscopy
the toroidal device VTF (see Ref 131). At the left is the poloidal cross sec- (BES) in DIII-D'* and TEXTOR?*' and gas puff imaging
tion over ~40 cm ><.4O cm, showing a t.ypical blob at three different t'ime?s (GPI) in Alcator C-Mod,21 RFX-m0d191 and NSTX136 have
(At =100 us), showing the characteristic mushroom shape. The density is K R L. L.
calculated from the ion saturation current; its decrease is consistent with the used atomic line emission from mJeCted neutral atoms to
expansion of the blob. The blob propagation is consistent with the vertical measure the 2D structure of blobs over an extended radial
electric field, which is reflected in the potential structure at right. The over- versus poloidal region with nearly ~1 mm and/or ~1 us

laid E x B velocity arrows show the velocity field of a vortex pair. Reprinted resolution. These diaenostics require a local neutral source
with permission from N. Katz, J. Egedal, W. Fox, A. Le, and M. Porkolab, : g 4 ’

Phys. Rev. Lett. 101, 015003 (2008). Copyright 2008, American Physical  Cither from a neutral beam or a neutral gas puff. Some
Society. checks have been made that the addition of such a source

does not affect the local plasma or turbulence, at least up to
the point when the radiation or fueling begins to affect the
local edge plasma parameters, but this has not been well
quantified. The global filamentary field-aligned structure of
blobs has also been observed using visible light emission
from electron excitation of background neutrals in
Ideally, experiments on blobs should measure the space MAST,**!'%* QUEST,'”® and Alcator C-Mod."*®
versus time evolution of the local density, temperature, elec- Some indication of the reliability of these diagnostics
trostatic potential, magnetic field, and plasma velocity in 3D can be obtained from direct comparisons of blob properties
over the scales characteristic of the blob size and lifetime measured in two different ways. In DIII-D the blob size and
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“flux” refers to measurements of the particle or heat flux
associated with blobs.

B. Diagnostics
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FIG. 11. (Color online) Blob generation observed in the ion saturation cur-
rent signals from a 20 cm x 20 cm probe array obtained from the conditional
sampling technique in TORPEX (see Ref 132). In (a) is a time history of 7i,,
including uncertainties, in the mode region (red, peaking at -100) at r=1
cm and z=35 cm, and in the source-free region (black, peaking at 30) at
r=13 cm and z=35 cm. Note that the latter is multiplied by two for clarity.
(b)—(e) 2D profiles of 7, at different times during blob ejection. The arrows
show the instantaneous Vgxp profile. Reprinted with permission from I.
Furno, B. Labit, M. Podesta, A. Fasoli, S. H. Miiller, F. M. Poli, P. Ricci, C.
Theiler, S. Brunner, A. Diallo, and J. Graves, Phys. Rev. Lett. 100, 055004
(2008). Copyright 2008, American Physical Society.

radial skewness profile measured with probes was similar to
that measured using BES.'®'** In Alcator C-Mod there was
a fairly high correlation coefficient between a movable probe
near the X-point and GPI diodes near the outer mid-
plane."*®!'*! Measurements in NSTX have shown a good cor-
relation between the midplane turbulence seen with GPI
(i.e., D, light) and passive measurements of divertor plate fil-
ament structures seen with Lil light."*® A good correlation
was observed between blobs measured by optical imaging
and Langmuir probes on MAST,'®* CSDX,**? and TPE-RX.""’
A close connection between the radial speed inferred from
E x B and blob tracking measurements was obtained in
VTE"*!' and QUEST."” The range of electron density and tem-
perature seen in Thomson scattering measurements of the SOL
in DII-D'® and NSTX'3* was also consistent with the presence
of large positive structures, i.e., blobs. Large-scale structures in
the edge of ASDEX Upgrade (ASDEX-U) have also been
directly observed inside the separatrix with 2D Thomson
scattering.”*?

Other types of turbulence diagnostics have seen limited
use for the study of blobs. Electromagnetic diagnostics such
as microwave reflectometry,' microwave scattering,'® phase
contrast imaging'®' generally do not have enough 2D spatial
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resolution to detect a localized blob. A heavy ion beam probe
diagnostic has been used to identify radially elongated
streamerlike structures in JIPP T-ITU tokamak.>*> An optical
line ratio technique has recently been used to measure simul-
taneously the local density and electron temperature in
blobs."”!

C. Variations in experimental blob definitions

The experimental definition of a blob has varied in the
literature depending on available diagnostic information, and
to some extent on the theoretical context for the measure-
ments. In general, the minimum requirement for the identifi-
cation of a blob is a single-point measurement of a positively
skewed, non-Gaussian probability distribution function in
the plasma density, and almost all of the measurements in
Tables II and III meet this requirement. A positively skewed
PDF corresponds qualitatively to the presence of a large pos-
itive density perturbation passing across the measurement
point. (See Sec. IV B for some important subtleties.) How-
ever, there is no quantitative skewness “threshold” needed to
meet this requirement, or any other universal experimental
definition of a blob.

The reason for this ambiguity in the definition of a blob is
the intrinsic variability and complexity of the blob structures
observed in these experiments, as illustrated in Figs. 5-11.
Simple blob properties such as their size and speed tend to
show an order-of-unity variation even for a single location
within a single device for a fixed set of external plasma pa-
rameters. Furthermore, the distinction between the non-Gaus-
sian bloblike structures and the Gaussian ‘“background”
turbulence is usually not sharp, since the non-Gaussian struc-
tures apparently evolve from the Gaussian background turbu-
lence. A similar complexity and ambiguity exists in the
definition of “coherent structures” in neutral fluid turbulence
and other fields.?**

Obviously the blob birth rate, size, lifetime, and speed
can be sensitive to the exact definition and analysis method
used to identify and track these structures. A plasma blob is
most commonly identified by some threshold in the local
plasma density signal or its proxy (e.g., the ion saturation
current); however, the exact criterion has varied from one
experiment to another. For example, a blob (or “intermittent
plasma object”) in DIII-D was defined to occur when the ion
saturation current in a probe was more than 2.5 times a
standard deviation (i.e., 2.50) above the time-averaged mean
for that probe.'®'?° The criterion used to define blobs varied
from 2.50-30 for probe measurements on T-10'"* and TEX-
TOR,'?* 3¢ for GPI measurements in Alcator C-Mod,'*® and
was varied up to 2.5¢ in JET'* and up to 4.7¢ in TOR-
PEX.?* In the Caltech tokamak® and NSTX"** a threshold
of about 0.7 times the maximum signal level was used as the
main defining criterion. In contrast, some work on TORPEX
applied an additional criterion which selected only structures
which moved radially and maintained a consistent struc-
ture.'”® In REX-mod'?'*** and several other devices?*'?*!>2
a wavelet decomposition technique allowed a continuous re-
solution of the blob structures in terms of their space versus
time scales.
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The ambiguity in the definition of a blob should be kept
in mind when trying to compare the experimental results
from different devices, or experimental results with theory.
Partly for this reason, the most reliable results for “scaling”
of blob properties come from variations within a single de-
vice, or when the same definition of a blob is used in com-
parisons between experiment and theory.

D. Analysis techniques

After the diagnostic data has been obtained and a defini-
tion of a blob has been formulated, the blobs properties can
be evaluated using appropriate data analysis, e.g., the blob
speed, size, radial speed, birth rate, and radial transport
effects (as listed in Tables II and III). However, there is no
universal analysis technique for any of these quantities, so
possible ambiguities in the analysis should also be kept in
mind when comparing the results from different devices.

For example, the radial blob speed in DIII-D'? and sev-
eral other devices (see Tables II and III) has been analyzed
using the local Ep, measured by a pair of floating probes
located within a correlation length of the probe used to iden-
tify a blob based on its ion saturation current level. The
resulting V, = cE o x B/B? speed is a good approximation
to the blob radial speed, but only if the effect of electron
temperature fluctuations on the floating potential is negligi-
ble, and if the probes do not have a significant perturbing
effect on the blob motion. The local radial particle transport
can also be derived from this analysis as T', = (nV,), where
the density fluctuations n are derived from the ion saturation
current. However, fundamental uncertainties in the theory
of Langmuir probes in a magnetic field imply that the density
and resulting flux cannot be evaluated this way to better than
about a factor-of-two. The local radial heat transport due
to blobs Q = (T,V,) can also be evaluated if the local T, in a
blob can be measured, which has only rarely been
attempted, 18125175205

Another technique used to evaluate the blob radial velocity
is “conditional sampling” or “conditional averaging,” which is
usually implemented by “triggering” on a blob as detected by a
fixed probe, and then recording the signal in another probe for
times close to the blob trigger in the first probe. For example,
using a multi-tip probe,'®'?* the electron temperature in blobs
in the SOL of DIII-D was estimated this way to be 7, = 150
eV, which was almost 3 times the background temperature. If
the second probe is movable, the 1D or 2D space versus time
motion of the blob can be mapped out from the time delay
between the blob trigger event and the time of the maximum
signal level at another location, e.g., Ref. 138. However, the
conditional sampling technique assumes that the blob trajectory
in space and time is reproducible over an ensemble of blob trig-
gers, so if the blob trajectories vary significantly from one trig-
ger event to another, this ensemble average may not be very
meaningful. Some discussion of limitations and variants of
this method, tests for its significance, and comparisons with
other analysis methods are in Refs. 118, 119, 150, 152, 164,
224, and 229.

Other types of analysis can be done if a full 2D set of
data is available, e.g., using a 2D probe array or an imaging
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technique such as BES or GPI. In this case the blob can be
defined by its density (or light intensity) perturbation and
also by its area or shape or motion, and the blob structure
and trajectory in 2D can be directly measured for each sepa-
rate event. In principle, this provides a better analysis of the
speed, size, and birth rate than the OD or 1D methods
described above. A detailed analysis of the 2D structure of
blobs in TORPEX showed, for example, that the radial speed
was mostly independent of the blob size,'”” and the theoreti-
cally predicted mushroom shape of blobs was observed in
2D in VTF."*! Under some assumptions the particle transport
', = (nV,) can be estimated from such 2D data.'?*-2%>23¢

More sophisticated statistical analysis techniques have
been implemented to characterize the structure and motion
of blobs. Wavelet analysis has been used to evaluate the blob
size, lifetime, local intermittency measure, packing fraction,
linear density of structures, and bicoherence in various
devices 22126:144.150,152,164.171,177.178,180.189.191.218 g o eocii o
analyses have searched for self-organized criticality or ‘ava-
lanche’-like behavior using techniques such as the waiting
time distribution, self-similarity, and Hurst expo-
nents,'2%-131-173:187.226.237 The fractal structure was investi-
gated in HYBTOK-II, T-10, LHD, and NAGDIS-IT, ' 8-238-239
and the singular value (or proper or biorthogonal) decompo-
sition technique was used to identify blob structures.””"'””-2%7
The time dependence of the blob density signal at a single
point has often been noted to be asymmetrical, with a sharp
rise and a more gradual fall,'2#86.100.118.129.130,150,158,152
(e.g., see Fig. 17 in Sec. IV A), and the shapes of the
density PDFs have been fit with various statistical
models06156:162.182.187.190.200201 (e Ty ).

The lifetime of blobs in CASTOR was shown to be lon-
ger than the “eddy turnover” time associated with the local
blob potential,'®® but in W7-AS these lifetimes were compa-
rable."" Thus it is not clear that blobs are always long-lived
“coherent structures” which retain their identity for times
long compared with the local autocorrelation time.

In all these analyses described above, there is usually
an implicit assumption that the blob structure is essentially
2D, so that the parallel flow along B is negligible, i.e.,
T < Ly/V), where Vi ~c¢s is the parallel ion flow veloc-
ity, 7 is a blob lifetime and L, is the parallel correlation
length. If this were not the case then the structures
observed at a given point along B could appear or disap-
pear due to parallel flow rather than perpendicular E x B
flow. However, this assumption is reasonable in most cases
if the parallel correlation length of a blob is comparable to
the size of the device, e.g., for Vi~ 10 km/s and Ly~ 100
cm, then 7 <100 psec. However, this should be checked
on a case-by-case basis, and for each case there will be
some characteristic blob lifetime above which this assump-
tion will be inappropriate.

E. Location and structure

In most fusion devices the skewness of the density PDF at
the outer midplane (i.e., on the low-B-field side) increases with
plasma radius into the SOL125:126:129.139.144,150.154,155,160,169
and a similar trend has been obtained to some extent in basic
plasma devices.??*?°**'> Thus positive density blobs are
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usually dominant near the outer wall of these devices, and
nearly absent inside the last closed flux surface where the skew-
ness is usually close to zero. In some cases the skewness
becomes negative farther toward the plasma center, e.g., in
DIII-D,"”” ASDEX-U,'” SINP,'* HL-2A,"*° T-10,'” and
LAPD,"* where negative skewness defines lower-than-average
density “holes” rather than blobs. In most cases these holes
were observed to move radially inward'?*'3%"° rather than
radially outward.

The absolute amplitude of the blobs in DIII-D decayed
rapidly with radius,'* along with their electron temperature
and radial velocity (see Fig. 13).* The background density
and temperature decrease more rapidly with radius (e.g., see
Fig. 9 of Ref. 129) leading to the characteristic increase of
skewness with radius.

These trends are not too surprising given the theoretical
picture of blob birth and outward propagation, as discussed
in Secs. II and VI. From this picture we would expect that
blobs are small and difficult to detect near where they are
born, and relatively large and dominant in regions into which
they convect, e.g., near the outer wall. If holes move inward,
as expected from simple blob theory, then negative skewness
should be dominant inside the blob birth zone. A more
detailed discussion of blob generation in the edge plasma is
given in Sec. VI A.

In toroidal devices there is a strong asymmetry due to
the magnetic curvature and resulting 1/R toroidal field.
When the PDF of edge turbulence was measured as a function
of poloidal angle in toroidal devices, the relative amplitude
and skewness of the turbulence was highest on the outer mid-
plane (i.e., low-field side), lower in the top/bottom and diver-
tor regions, and lowest on the inner midplane (i.e., high-field
side), e.g., in Alcator C-Mod,21 JT-6OU,149’150 MAST,161 and
T-10."" This has been attributed to the stabilizing effect of
magnetic curvature on the high-field (“good curvature”) side
(Sec. IT A). It is somewhat unclear whether blobs exist on the
high-field side, and if they do, whether they move inward or
outward; this may depend on their connection to the low-field
side blobs, as discussed in Sec. V A. It has been shown that
blobs on the low-field side maintain their outward motion
when the toroidal field direction is reversed,18 as expected
from the E x B drift model of blob theory.

There are relatively few experimental results describ-
ing the dependence of blobs on the shape of the edge mag-
netic geometry or on the presence of X-points in toroidal
devices. In Alcator C-Mod the blob structure in the radial
versus poloidal plane followed the flux surface shape as
mapped from the outer midplane, i.e., the blobs were radi-
ally extended near the X-point.'*® There have been meas-
urements of positive skewness in turbulence at the divertor
plates of tokamaks or stellarators by probes'>%'¢*182 and
optical imaging.'*® Thus there is evidence to suggest that
blobs extend many meters along B from the outer midplane
to the divertor plate. There is some evidence that the pres-
ence of a divertor plate or limiter affects the blob structure
or motion,lm’216 but so far an experiment in TORPEX has
found no effect on the blob velocity as the angle of inci-
dence of the magnetic field on the limiting structure is
varied.?”
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In linear devices the effect of magnetic curvature is
absent yet some characteristics of blobs seem to be at least
qualitatively similar to toroidal devices.'*'**?** In some
cases rotating plasma columns may provide centrifugal
forces that mimic magnetic curvature effects. Although blobs
are seen in poloidally symmetric linear devices, the introduc-
tion of a limiter into the plasma can also increase the inten-
sity of blobs in its shadow.'*° A spiral structure of bloblike
perturbations was observed in a rapidly rotating plasma in
the Mistral linear device,”**** and large-scale potential
structures in the 2D potential were observed in the Riso Q
machine.''®?%° Blobs were shown to originate near the maxi-
mum density gradient region of VINETA, where they
peeled-off from an m =1 drift wave and propagated radially
at ~0.1 65,219 and a similar result was obtained on CSDX.?%?
Evidence for a periodic modulation of blobs (or “avaloids”)
was observed in the SOL of PISCES,223 which may also be
related to a periodic drift, interchange or rotational instability
in the core plasma. Evidence for a radially extended stream-
erlike structure was observed in the Large Mirror Device
Upgrade.*®

Blobs in the toroidal device TORPEX originated from a
coherent drift-interchange mode in which an increase of the
local pressure gradient caused a radial elongation and subse-
quent breaking of the wave crests, in part due to E x B shear-
ing.132’202’204’206’207 After their formation, the blobs
propagated radially and were the dominant radial transport
mechanism on the low-B field side of the device.?*> A k-space
analysis of blob dynamics in TORPEX showed that their
energy is supplied by the local shear flow in some cases.””’
Blobs in the torsatron TJ-K were generated near the separatrix
between closed and open field lines, where drift-wave turbu-
lence in the closed region begins to be affected by the shear
flow generated by the presence of the limiter in the SOL.'®*
The effect of sheared flow on the blob birth zone is discussed
in Sec. VI A.

The blobs in almost all the experiments of Tables II and
IIT have been self-generated by the plasma without any direct
external drive or control. An exception is VTF, in which
blobs were created on the high-field side of a simple torus
using pulsed ECH heating.'*" This allowed the radial motion
and shape evolution of the blobs to be measured with rela-
tively good accuracy and reproducibility, as shown in Fig. 9.
Somewhat similar localized bloblike temperature filaments
have been created in the linear plasma device LAPD.?!
Such external control of blobs has not been possible in fusion
devices, mainly due to the large energy and particle flux al-
ready existing in normal conditions in these devices.

Relatively few measurements have been made of the
parallel structure of blobs along B; so, for example, it is not
yet clear whether blobs are initially created at the outer mid-
plane of toroidal devices, or simultaneously all along B. The
parallel correlation of edge turbulence as a whole was
recently measured in TJ-K,240 NSTX,136 Alcator C-Mod,141
and in several previous experiments,' and the correlation
lengths were typically many meters along the magnetic field
and only a few cm across B; however, these measurements
did not clearly distinguish the correlation of large-amplitude
blobs from that due to background (i.e., Gaussian PDF)
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turbulence, so the parallel correlation length of blobs
remains somewhat uncertain. Passive optical imaging of the
3D structure of blobs has been done in MAST,33’163 but it is
not clear that the observed structures are aligned exactly
along B.

F. Potential and magnetic field

Up to now this experimental overview has focused on
the density perturbation as the defining characteristic of
blobs, but there have also been many measurements of other
plasma properties of blobs. This section reviews those meas-
urements, some of which are important for comparing
experiment with theory in later sections.

The electrostatic potential perturbation and poloidal elec-
tric fields associated with blobs have been measured using the
floating potential of Langmuir probes in DIII-D,"® C-Mod,'*®
JET,'* TEXTOR,"” JT-60," CASTOR,'” RFX-
mod,lgg’mg’lgz’193 T2R'®® and TPE-RX.'”” Both positive and
negative blob potentials have been observed, corresponding to
positive and negative vortices, along with both monopolar and
dipolar potential structures. Two dimensional spatial maps of
the vortexlike potential structure of blobs have been made in
W7-AS,'""” ADITYA,'”” SINP,'”* TORPEX,"***** TJ-K,'®*
the Riso Q machine,226 and THORELLO.?" The relationship
between the observed monopole and/or dipole potential struc-
tures and the theory of blobs is discussed in Sec. IV A.

Magnetic field perturbations were correlated with the
blob size in the reversed-field pinch RFX-mod,191 and a
direct measurement of the magnetic field and parallel current
density associated with blobs was recently made in that de-
vice.'9%'%3 The pressure peak of the blob was associated
with a current filament aligned along B and moving with the
E x B flow. Somewhat similar results were obtained on the
MST field-reversed pinch.**!
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FIG. 12. (Color online) Outward radial blob speed v in km/s vs blob size o
in cm for tokamaks, as reported in the literature from Table II. No attempt
has been made to make the definitions and analysis of blobs the same for all
experiments. The blob data was taken from the following references: DIII-D
(see Ref. 18), NSTX (see Ref 135), Alcator C-Mod (see Ref. 138), JET (see
Ref. 144), T-10 (see Ref. 160), MAST (see Ref. 163), CASTOR (see Ref.
167), SINP (see Ref. 175), and HL-2A (see Ref. 126).
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G. Scalings

The comparisons between experiment and theory in
Sec. V focus on the scaling of various blob properties with
plasma parameters such as the collisionality or relative size
of the gyroradius to plasma size. Ideally these scalings would
be consistent across all devices, but such universal trends are
not yet clear from the existing experimental database.

Perhaps the most studied property of blobs is their radial
velocity, which is an important parameter in analytic theory
and blob-induced radial transport. Figure 12 shows published
data on blob size versus speed for nine tokamaks from
Table II. This plot gives an overview of the existing tokamak
data without any attempt to distinguish between different
definitions of a blob or different analysis procedures. It is
clear from Fig. 12 that there is a wide variation in blob size
versus radial speed and that there is no simple relationship
between these two quantities. Part of this variation is due to
differing definitions of a blob and different analysis techni-
ques; for example, the initial analysis of NSTX GPI data
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FIG. 13. (Color online) Radial profiles of the density, electron temperature
and radial velocity of blobs in the DIII-D SOL, inferred from a conditional
averaging analysis of reciprocating probe data. Four values of Greenwald
fraction and two values of the plasma current are compared. (/,=0.8 MA
for the red triangles and I,, = 1.0 MA for the other data.) Reprinted with per-
mission from D. L. Rudakov et al., Nucl. Fusion 45, 1589 (2005). Copyright
2005, International Atomic Energy Agency.
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showed individual blob velocities which were sometimes
inward,134 while a later analysis (with a more restrictive defi-
nition of a blob) showed only outward radial velocities.'*> A
discussion of the comparison of some of these results with
theory and simulation is given in Secs. IV and V.

The variation of blob parameters with plasma density
and current for DIII-D is shown in Fig. 13.24 Here, condi-
tional averaging of reciprocating probe data was used to
obtain the radial profiles of the blob peak density, tempera-
ture, and radial velocity in the SOL (the radial velocity was
determined from the poloidal electric field). Four values of
the Greenwald fraction fgw =7i/ng and two values of
plasma current /, are compared at constant B field. Here
nG = I,(MA)/[r a(m)’] denotes the Greenwald density
1imit*® in units of 102 m~3, and a(m) denotes the minor ra-
dius in meters. The peak blob density and temperature fall
monotonically with radius in the SOL for all cases, presum-
ably due to parallel transport of particles and heat to the
walls and divertor plates (the yellow region is the “limiter
SOL” and the blue region is the “outer wall shadow”). The
blob peak density increases with the discharge density, but
neither the blob temperature nor the radial velocity shows a
clear dependence on the discharge density.

The collisionality (or density) dependence of blobs has
been studied in TCV,93 where the skewness of the density
PDF in the SOL of TCV was independent of the local aver-
age density, although the magnitude of the turbulent trans-
port increased with collisionality.’®> The blob’s relative
contribution to the local density was constant as a function
of radius and plasma density in DIII-D."*® The fraction of
turbulent radial particle transport from blobs was found to be
~50% for all radii measured in the SOL of DIII-D,18 TEX-
TOR,125 HL-2A,126 MAST,127 among other devices. The
collisionality dependence of blob transport is discussed fur-
ther in Sec. V C.

An increase in blob transport with increasing edge safety
factor ¢(r = a) = aB/(RBy) was reported in TEXTOR,"*
and longer blob duration and larger skewness was observed
near the X-point divertor detachment in JT-60U.'* The
number of blobs increases above a density 0.3 ng in T—lO,158
while the radial blob speed peaked at about 0.4 ns and the
blob size increased with density up to 0.7 ng in MAST.'?’

Blobs in DIII-D were highly reduced in amplitude in
H-mode plasmas compared with L-mode plasmas, but still

TABLE IV. Comparative studies of blobs properties in different devices.
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contributed ~50% to the radial particle transport in both
cases.'"® Blobs in NSTX also appeared less frequently in
H-mode plasmas than L-mode plasmas, but they have a simi-
lar amplitude in L-mode and H-mode, and increase in fre-
quency with increased NBI power in H-mode.'*® The
statistical properties of edge turbulence including the density
PDF were similar in H-mode and L-mode in ASDEX-U."'®

An inverse scaling of blob speed with background gas
pressure was observed in VTF and was explained in terms of
the drag force due to ion-neutral collisions,131 and ion-neu-
tral collisions also became the dominant damping term for
blob velocity in some conditions in TORPEX.?*® Blobby
transport was observed to increase under detached plasma
conditions in the linear NAGDIS-II divertor simulator.**’
Variation of the ion mass in TORPEX allowed a study of the
scaling of blob size with radial speed,”® which is discussed
further in Sec. V B (see Fig. 26). The blob radial scale length
was related to the local electron pressure gradient scale
length in REX-mod,'®" suggesting the pressure gradient as a
potential source for the blob generation (also see Ref. 204).

There have been relatively few methods of external
control over the process of blob formation within edge turbu-
lence. A reduction of blob size and radial velocity within the
ergodic layer of the Dynamic Ergodic Divertor in
TEXTOR,''*7 and a rotating helical magnetic field had a
frequency-selective effect on blobs in HYBTOK-IL.'7® A
reduction in the number of blobs was observed during elec-
trode biasing in TJ-IT'* and CASTOR.**

H. Comparisons of different devices

Comparative studies of blobs in various fusion and basic
plasma devices have been attempted in the papers cited in
Table IV. This work includes the use of advanced analysis
techniques such as multifractals and biorthogonal decomposi-
tion (BD) and attempts to relate blob physics to the paradigm
of Self Organized Criticality (SOC). The normalized shapes
of the density PDF often appear to be similar in different devi-
ces,®®?* but this cannot be a ‘universal’ property of blobs
since the shapes of the PDF also vary systematically with ra-
dius. It would be more correct to say that the PDF of density
in the far SOL can be nearly invariant over a wide range of
parameters when suitably normalized (see Sec. IV C). An
interesting parabolic relationship between the skewness and

Devices compared Topic of comparison Reference
TEDDI, KIWI, W7-AS, MIRABELLE large scale structure 214
TORPEX and CSDX blob formation 207
Alcator C-Mod, MAST, PISCES, Tore-Supra PDF 66,243
T-10, HYBTOK-II, LHD, and NAGDIS-II multifractals 238,239
TJ-1,JET, TI-1U,W7-AS, ATF SOC 245
ADITYA and ASDEX BD analysis 97
CASTOR and Tore-Supra blob time bursts 242
RFX-mod, TPE_RX, NSTX, Alcator C-Mod GPI statistics 244
C-Mod, T-10, DIII-D, NSTX, MAST, PISCES, LAPD blob speed vs. size 5
NSTX, VINETA, CSDX, CASTOR, TEDDI, TORPEX coherent structures 246
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kurtosis of the PDFs was found in various devices,“’zoo’zm’244
which has been interpreted theoretically,®* as discussed in
Sec. IV D. Other attempts have been made to find more subtle
statistical regularities of blobs, e.g., their fractal dimensional-
ity.>* An attempt to compare the blob size and speed for vari-
ous devices produced a wide scatter,” similar to Fig. 12 here.
(We will see in Fig. 27 that this scatter persists, even when
physically meaningful dimensionless quantities are compared
across devices.)

In general, blobs are not quite the same in fusion devices
and basic plasma devices. Blobs usually have a relatively
large size-scale in basic plasma devices (>0.1 times the
plasma radius), while in fusion devices the blobs are always
an edge or SOL phenomenon with a size-scale <0.1 times the
plasma radius. The creation of blobs in basic fusion
devices is often linked to wavelike interchange or drift insta-
bilities,>'**!" whereas in fusion devices the blobs appear to
be created by turbulence. Radial transport is not dominated
by blobs in linear open-field line devices, as it is in toroidal
fusion devices, since the parallel losses are so large. Radial
blob transport is still a small fraction of the total transport at
the edge of simple helical devices, e.g., TORPEX.?*> The
fundamental polarization processes for blobs are clearly dif-
ferent in linear devices without curvature, helical devices
without closed field lines, and fusion devices with closed field
lines. (They can all be treated theoretically by introducing an
effective gravity g, as discussed in Sec. II, but the detailed
scaling of g is different in each case.) lon-neutral collisions

40

20

FIG. 14. (Color online) Seeded blob simulation results: contours of density
(solid) and potential (dashed) in the lab frame for an isolated blob propagat-
ing through a constant background density equal to half the peak blob den-
sity. The dashed lines are also the streamlines of the E x B flow, with the
direction indicated by the arrow. Note the characteristic pattern of monopole
density and dipole potential. The interaction with the background density
produces the sheared flow pattern, which in turn gives a characteristic pulse
shape in time. A probe located at the symmetry plane (y=0) sees a steep
leading edge and long trailing wake. Reprinted with permission from D. A.
D’ Ippolito, J. R. Myra, S. I. Krasheninnikov, G. Q. Yu, and A. Yu. Pigarov,
Contrib. Plasma Phys. 44, 205 (2004). Copyright 2004, Wiley-VCH.
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2 [cm]

FIG. 15. Experimental measurement of the monopole density structure and
dipole potential structure of a blob on C-Mod as a function of the vertical
probe position z (cm) in the SOL, based on the correlation between the probe
and the GPI diagnostic. The solid line shows the density correlation ampli-
tudes C(7,7) and the dashed line shows the potential correlation amplitude
C(a, (i)), averaged over the correlation time lag interval 7= [—25 us, 50 us].
Reprinted with permission from O. Grulke, J. L. Terry, B. LaBombard, and
S. J. Zweben, Phys. Plasmas 13, 012306 (2006). Copyright 2006, American
Institute of Physics.

can be a dominant factor in the blob dynamics in low temper-
ature basic plasma devices'>"**® but it is not known whether
this affects blobs in fusion devices. Therefore it is unlikely
that there is a single theoretical model (i.e., a single scaling
law) which can explain the blob properties in all the devices
of Tables II and III. The existence of multiple theoretical
scaling laws for blob velocity is discussed in Sec. V.

. Summary of experimental overview

Experiments in over 40 toroidal magnetic fusion and ba-
sic plasma devices have measured the presence of large,
intermittent positive density perturbations called ‘“blobs,”
most commonly in the edge regions of these plasmas. These
blobs generally move outward toward the wall of these devi-
ces and carry plasma particles and (presumably) heat with
them. In fusion devices this process contributes an order
unity fraction of the particle transport in the far scrape-off
layer, and so can be a significant factor in the design of a
magnetic fusion reactor.

In most of these devices there is a broad and continuous
distribution of blob sizes, shapes, and speeds, as seen in the
ubiquitous positively skewed, non-Gaussian tail of the PDF
of density measured at a single point. This broad distribution
has made a precise definition of a blob difficult, and so the
distinction between blobs and ‘background turbulence’ has
been somewhat arbitrary. Although each individual blob is
subject to the same forces and fields described in Sec. II, the
ensemble of blobs in a real device is best described statisti-
cally rather than deterministically, due to the complex non-
linear interactions between the blobs and the background
plasma and among the blobs themselves.

Given this experimental situation, comparisons of blob
experiments with theory are most easily done within a single
device, preferably using the same definitions and analysis
techniques for both experiment and theory. These comparisons
should be considered as qualitative unless the uncertainties in
both the experiments and the theories are examined explicitly.
It is clear from this experimental overview that the description

Downloaded 29 May 2012 to 198.125.228.208. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



060501-18 D’lppolito, Myra, and Zweben

t=17.6ps
0.8}

density

0.6¢
0.4;
0.2}

0 < X(cm)
0 3 6 9 12 15 18

FIG. 16. Simulation of blob pulse shape showing the steepening of the den-
sity profile in the direction of propagation (leading edge is to the right) for a
large blob, . = 0, = 1.8 cm ~ §,, where ¢, is the most stable blob size
defined in Eq. (8) and discussed in Sec. V E. The ratio of blob to background
density is 100 in this simulation. Reprinted with permission from G. Q. Yu
and S. I. Krasheninnikov, Phys. Plasmas 10, 4413 (2003). Copyright 2003,
American Institute of Physics.

of blob dynamics in existing devices is still incomplete, and a
quantitative and/or predictive understanding of blob structure,
motion, and transport is a challenging task.

IV. BLOB STRUCTURE AND INTERMITTENCY

Having surveyed the theoretical picture of blobs in Sec.
II, and the experimental picture of blobs in Sec. III, we turn
now to the comparison of the experimental data with theoret-
ical and simulation results. We begin with some fundamental
aspects of blobs: their internal structure and their statistical
description. Most of the experimental work on blobs has
been devoted to these topics.

A. Density and potential structure and pulse shape

Blob theory, and computer simulations of seeded blobs,
predict a characteristic blob structure in time and space. The
characteristic blob structure in the x-y plane (perpendicular

4 T 4 ;

((B=F) Ry | B =T 5 250, )

-50 -25 0 25 50

FIG. 17. (Color online) Experimental results on blob pulse shape: condition-
ally averaged particle density fluctuations at the wall radius in the TCV toka-
mak for scans in line-averaged core plasma density 77, at fixed magnetic
field and plasma current. The density 7, is given in units of 10" m~>. Note
that the leading edge is to the left. Reprinted with permission from O. E.
Garcia, J. Horacek, R. A. Pitts, A. H. Nielsen, W. Fundamenski, V. Naulin,
and J. J. Rasmussen, Nucl. Fusion 47, 667 (2007). Copyright 2007, Interna-
tional Atomic Energy Agency.
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to B), and the characteristic pulse shape in radius (or time,
for a stationary observer such as a probe), can be compared
with experimental data, as discussed in this section.

In order to understand this structure, we need to extend the
theory to include the effect of a background density. By
assumption, a blob has a monopole poloidal distribution of den-
sity, usually taken to be a Gaussian distribution dn(y), super-
imposed on a constant background density n,. The charge
polarization process results in a dipole distribution of charge,
vorticity and potential (see Fig. 1). In a toroidal device, the
driving term for the charge polarization in Eq. (1) has the
form b - V x F ~ —(x/n)V,P, where n is the density, P =nT
is the pressure, K ~ 1/R. is the curvature, and y is the binor-
mal coordinate (approximately poloidal in a tokamak). In ei-
ther the sheath-connected regime (where J|| = ne’c,®/T,) or
the inertial regime (where the left-hand-side of Eq. (1) domi-
nates J)|) the density dependence of the sheath or inertial terms
ensures that the potential @ is a function of (x/n)V,P. In the
constant temperature limit, this curvature drive term scales as
(kT /n) (dn/dy) ~ (kT /dp)(on/n) where n = nj, + on and 9,
is the poloidal blob size. Because the dependence on the den-
sity profile is of the form (ny+0n)~" d(Sn)/dy, the presence of
a constant background density n, reduces the drive for the
blob velocity and alters the structure dn(x, y) of the blob.

This interaction with the background density has been
studied in simulations of seeded blobs propagating across a
constant background density”’*'4?767 and the effect of a
background density gradient has also been considered.’*” As
shown in Fig. 14 for the case of constant background density,
the monopole density and dipole potential pattern predicted
by simple theory™'>!¢ is obtained in this simulation. The
interaction of the blob with the background density produces
a sheared flow pattern (weaker force, and thus weaker flow,
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FIG. 18. (Color online) Radial profiles of skewness (S) and kurtosis (K) of the
PDF of density fluctuations on the HL-2A tokamak. The error bars give the
standard deviation from the mean, averaged over ten discharges. The vertical
dotted line denotes the position of the LCFS with an error of =5 mm. Note that
the skewness changes sign in the shaded region. Reprinted with permission from
J. Cheng, L. W. Yan, W. Y. Hong, K. J. Zhao, T. Lan, J. Qian, A. D. Liu, H. L.
Zhao, Yi Liu, Q. W. Yang, J. Q. Dong, X. R. Duan, and Y. Liu, Plasma Phys.
Controlled Fusion 52, 055003 (2010). Copyright 2010, Institute of Physics.
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FIG. 19. (Color online) Radial profiles of mean density 7, skewness (S), par-
ticle flux I' = (nv,) and momentum flux (nv,v,) from a simulation of turbu-
lent blob transport with the 2D SOLT turbulence code. Reprinted with
permission from J. R. Myra, D. A. Russell, and D. A. D’Ippolito, Phys. Plas-
mas 15, 032304 (2008). Copyright 2008, American Institute of Physics.

at large |y|), which leads to the formation of a steep leading
edge and trailing wake. The sheared flow pattern shown in
Fig. 14 also affects the blob stability (Sec. V E).

Experimentally, the existence of coherent propagating
objects with a dipole potential structure has been verified
using probe arrays in a wide variety of plasma devices
including linear machines,130 stellarators,] 19 tokama.ks,]3 8,167
reversed-field pinches'”” and other small toroidal
machines."*' An example of another kind of measurement of
the blob density and potential structure on C-Mod'*® is
shown in Fig. 15. Here, two diagnostics are used to calculate
the correlation functions. The D, fluctuations of a GPI imag-
ing system provides a reference signal, assumed to be pro-
portional to 7, and the time-series of (7, Ci)) is obtained from
a reciprocating Langmuir probe moving through the same
flux tube viewed by the GPI system so that both diagnostics
sample the same field-aligned structure. The correlations
between diode and probe signals C(, 7i) and C(7i, ®) are
plotted in Fig. 15. Thus, the predictions of the blob model
are confirmed: the density has a single peak and the potential
has a dipole structure (positive and negative peaks displaced
poloidally around the density maximum).

Seeded blob simulations of blobs propagating on top of
a small background density predict a characteristic pulse
shape. An example of the typical radial blob pulse shape on
the symmetry plane (y = 0) at a fixed instant of time is shown
in Fig. 16. Note that the blob has a steep leading edge and
gentle trailing wake.

Blob pulse shapes qualitatively similar to those of the
simulation are obtained experimentally by “conditional
averaging”'*''®!"” of Langmuir probe data. In this analysis,
only peaks above some threshold are retained (typically
greater than 2.5 standard deviations above the average); the
peaks are aligned in time and averaged over all events. This
procedure averages out the turbulent fluctuations and aver-
ages over different impact parameters between the blobs and
the probe. The result is a plot of the average blob pulse shape
in time. An example is shown in Fig. 17 for a fixed radial
position in the far SOL in TCV. The figure shows that the
shape is similar for a wide range of line-averaged densities
on this tokamak.****Note the steep rise and slow decay of
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FIG. 20. (Color online) Rescaled probability distribution functions for density
fluctuations in the far SOL in the TCV tokamak for scans in (a) line-averaged
density and (b) plasma current. Shown in (c) is a superposition of the PDF of
the ion saturation current in four machines: Tore Supra, Alcator C-Mod,
MAST and PISCES. The ion saturation current was normalized to its standard
deviation, and the integral of each PDF was set equal to 1. Figures 20(a) and
20(b) are reprinted with permission from O. E. Garcia, Plasma Fusion Res. 4,
019 (2009). Copyright 2009, Japan Society of Plasma Science and Nuclear
Fusion Research (JSPF); Figure 20(c) is reprinted with permission from G. Y.
Antar, G. Counsell, Y. Yu, B. Labombard, and P. Devynck, Phys. Plasmas 10,
419 (2003). Copyright 2003, American Institute of Physics.
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the signal in time, which is qualitatively consistent with the
simulated blob shape shown in Fig. 16. The exact shape
depends on the ratio of the blob density to that of the back-
ground plasma. Also, note that Fig. 17 shows the result of
conditionally averaging the data from an ESEL 2D turbu-
lence simulation in the inertial regime (gray solid curve),
which corresponds to the high-density limit (red solid curve);
the pulse shapes obtained from the simulation and from the
experimental data show good agreement.

The pulse shape shown in Figs. 16 and 17 is an important
signature of blob transport and has been seen in a number of
experiments, including tokamaks,19’24’86’100’125’129’150’158 stel-
larators'®? and linear machines.''®'3°

In summary, the blob characteristics discussed in this
section (monopole-dipole structure, steep leading edge and
gentle trailing wake) are routinely observed in edge turbu-
lence simulations of blobs propagating through a low-density
background®”*%4!4*57 and have been observed in a variety
of experiments. This is an important area of agreement
between analytic theory, simulation and experiment.

B. Skewness and Kurtosis

Another important area for comparison between blob
simulations and experiments is their statistical description, a
topic introduced in Sec. II E. As shown in Fig. 3, blobs
(holes) contribute large positive (negative) bursts to the time
series of the particle density fluctuations about its mean
value, and this gives a positive (negative) contribution to the
skewness of the PDF. The radial skewness profile tends to be
negative in the edge plasma where holes dominate, zero in
the blob birth zone (where blobs and holes are formed in
equal numbers) and positive in the SOL where the blobs
dominate the statistics (typically S>1 in the far SOL). The
existence of large skewness for fluctuations in the far SOL is
observed in simulations,53’59’61’93’100 experiments on toka-
maks”?100:126:129:-144.169 504 experiments on a variety of
other machines, 182-197:201.202.229

An example of an experimental measurement of the ra-
dial skewness and kurtosis profiles is shown in Fig. 18. Here,

m— PDF

Gaussian fit mmm

O

Q o
® 4c

T YIIIHIl

Flux PDF

.
.
.
.
L
]
.
.
.
L]
L ]
L]
L]
.
[}

- [ [ I
0.0 0.2 0.4 0.6
magnitude of flux event

FIG. 21. (Color online) PDF of the particle flux for the same turbulence
simulation as in Fig. 4. Also shown is the deviation from Gaussian statistics.
Reprinted with permission from P. Ghendrih, Y. Sarazin, G. Attuel, S. Ben-
kadda, P. Beyer, G. Falchetto, C. Figarella, X. Garbet, V. Grandgirard, and
M. Ottaviani, Nucl. Fusion 43, 1013 (2003). Copyright 2003, International
Atomic Energy Agency.
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S(x) and K(x) are plotted for density fluctuation data on the
HL-2A tokamak. Note the qualitative agreement between
this small-tokamak data and the JET data in Fig. 3. In both
cases, the data supports the physical picture of holes (nega-
tive density fluctuations) inside a critical radius called the
“blob birth zone” and blobs (positive density fluctuations)
dominating the statistics outside that radius. Theoretical con-
siderations, confirmed by simulations, predict that the blob
birth zone is located near S =0 (see Sec. VI), which is sup-
ported by the data in Fig. 18. A similar plot of S(x) using
reciprocating probe data on NSTX was shown in Ref. 248.
This is an important point of qualitative agreement between
theory and experiment. Finally, note that the kurtosis is large
in the far SOL (K > 1) and increases with radius. The rela-
tion of K and S will be discussed further in Sec. IV D.

While the qualitative features of S(x) are intuitive from
the above arguments on blob and hole formation, the exact
spatial structure of S(x) is difficult to calculate analytically.
Simulations enable a more quantitative verification of the
processes. An example from Ref. 31 is shown in Fig. 19,
where again the simulation model is only slightly more com-
plicated than Egs. (1) and (2), but importantly defines particle
source and sink regions to maintain a localized birth zone near
the maximum of the logarithmic density (pressure) gradient.
Note also that the zero of S(x) is near the radial maximum of
the particle flux, further demarcating the blob birth zone. (The
role of the momentum flux will be considered in Sec. VII A.)
Other similar results may be found in the literature, and in
some cases comparisons of simulated S(x) with experimental
data have been made and show good agreement.”*'#?

C. Probability distribution function

Another way of characterizing the intermittency is to
plot the probability distribution function (PDF), as introduced
in Sec. IT E. Let Px(x) denote the probability that a fluctuat-
ing quantity X lies between x and x + dx. It is useful to plot a
version of the PDF in which the fluctuations are normalized
to the mean. One defines the normalized form Px(y) by

Px(y) = ox Px(x), )

where y = (x — X)/ox. As discussed in Ref. 2, the normalized
PDFs Px(y) for turbulence in the far SOL tend to be non-
Gaussian and independent of the specific plasma conditions in
a given machine.****’ However, the PDF does depend on
the radial location, varying from Gaussian near the LCFS to
highly skewed near the wall (e.g., see Fig. 3 of Ref. 142 and
Fig. 3 of Ref. 126). This variation of the PDF shape causes a
radially increasing skewness profile S(x), as shown in Fig. 18.
If a region exists in the far SOL where blob propagation
is purely ballistic, then the PDFs may be expected to be
roughly independent of position with properties that relate
back to their production. Figure 20 illustrates the behavior of
the PDF of fluctuations in the far SOL. It is remarkable (and
unexpected from the preceding discussion) that these PDFs
tend to show a “universal” character, independent not only
of position in the far SOL, but also apparently independent
of machine and parameters. The data in Figs. 20(a) and 20(b)
were taken on a field line in the far SOL that maps from the
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probe position to the wall at the midplane in TCV. The data
in Fig. 20(c) was taken at different radii on the four machines
but far enough into the SOL that the turbulence is bursty
(intermittent). The PDFs are rescaled as in Eq. (5), with the
signals normalized to their standard deviations, and in part
(c) the PDFs are normalized so that the integral under each
curve is equal to 1.

This figure illustrates the sense in which the blobby
turbulence is “invariant” across different parameters and
even different machines. Figures 20(a) and 20(b) show that
the normalized PDF of density fluctuations in the far SOL
of TCV is strikingly similar over a wide range of parame-
ters.* The PDF is independent of both the line-averaged
density [Fig. 20(a)] and the plasma current [Fig. 20(b)] on
TCV.* Similar independence of the normalized PDF from
parameters was observed in the computer simulations
reported in Ref. 53, where both the magnetic geometry and
the plasma resistivity were varied. Second, Fig. 20(c)
shows that similar PDFs of ion saturation current are
obtained in four very different plasma devices: two toka-
maks (Tore Supra, Alcator C-Mod), the spherical torus
MAST, and the linear device PISCES. However, it should
also be noted that despite this similarity, the underlying
physical forces driving the motion, and current closures
determining the blob speed, vary significantly in the differ-
ent plasma devices.

The characteristics of the PDF described in this section
are commonly observed in fluctuations of the ion saturation
current, density or particle flux in the far SOL when blobs
are dominant. Each PDF has a positive tail indicating the
contribution of propagating large-amplitude structures.
This behavior has been observed in many plasma
devices, 1222:93.100,102,125,130,135,146,156,182.201.223

Skewed PDFs of the type shown in Fig. 20 are just as
ubiquitous in edge and SOL simulations as they are in experi-
ments. An example is shown in Fig. 21, which is a companion
figure to Fig. 4. The structure of the PDF depends on the
quantity being characterized; thus, the flux PDF is not
directly comparable to the density PDF. Generally, when
comparing lower-order quantities with higher-order nonlinear
products (e.g., n versus nv,), one finds that the higher-order
products exhibit more pronounced PDF tails. In particular,
the flux PDF will generally be non-Gaussian, even if the den-
sity and velocity PDFs are Gaussian. Furthermore, because
the density and velocity fluctuations are typically correlated,
the resulting non-Gaussian PDF will be skewed.”® For this
reason, tails in the flux PDF are consistent with, but not a
proof of, blob activity. The characteristics of PDF tails in var-
ious edge turbulence models, and some of the subtleties in
their interpretation, are discussed further in Ref. 251.

Finally, note that the normalization of the PDF must be
“undone” to obtain the expected values of dimensional quan-
tities such as the density or the particle flux. Thus, even
when the normalized PDFs display similar statistics (as in
Fig. 20), the level of the saturated turbulence, and the time-
averaged values of the SOL density and radial particle flux,
change significantly with experimental control parameters
(density, plasma current, etc.), e.g., see Figs. 3 and 10 of
Ref. 93 and Fig. 4 of Ref. 53.

Phys. Plasmas 18, 060501 (2011)

D. Statistical theories

The subject of non-Gaussian statistics was introduced
in Sec. II E. In previous sections, we have presented sev-
eral examples from both simulation and experiment of
PDFs with non-Gaussian extended tails which exhibit sig-
nificant skewness. Indeed this feature is rather generic and
is an expected consequence of intermittent blob activity.
The key question is what physics (and characteristics of
the simulation models) gives rise to these features, and
what insights can be gained from them about the underly-
ing nonlinear dynamics.

A possible clue that has been explored in several papers
is the relationship between skewness S = (&) o3 and kurto-
sis K= (") /ot — 3 for a quantity ¢ with fluctuation level
o% = (&%). (Here (Q) = O denotes the average of Q over the
data set and the fluctuation about the mean is given by
Q = 0 — Q.) In Ref. 156 it was shown that a gamma distrib-
uted random variable characterized the PDF of density fluc-
tuations in the SOL for L-mode data on the TCV tokamak
under a wide variety of conditions. A calculation of the
higher moments yielded a parabolic relation between K and
S, viz., K = 1.5 §? + 3. In Refs. 200 and 201, TORPEX
probe data containing both drift-interchange turbulence and
blobs was shown to exhibit a similar unique parabolic rela-
tionship between K and S over many thousands of shots and
a wide variety of experimental conditions, viz., K~ 1.5
S?+2.8. It was noted that similar parabolic relations for S
and K hold for a wide variety of physical systems. It was
also pointed out in Ref. 200 that the gamma distribution used
in Ref. 156 does not allow negative values of skewness, but
can be generalized to a beta distribution which allows § < 0.
In either case, the parabolic K-S relation is obtained. Similar
experimental studies on other machines using GPI data were
reported in Ref. 244. Data was found to align along parabolic
curves, but different best-fit parameters were obtained,
depending on both the machine and operating conditions (in
particular, L and H mode in NSTX). A linear term is the K-S
parabolic relation was also needed in general.

The similarity between TORPEX data and studies of
sea-surface temperature fluctuations was noted in Ref. 64
where a Langevin-type model (originally developed for the
sea-surface work) was adapted to include linear finite fre-
quency modes. This model was able to yield an analytical
result K=a S+ b where a and b depend on the frequency
and forcing strength, with maximum values of S and K lim-
ited by the frequency parameter in the model. A somewhat
different approach was taken in Ref. 66. This model com-
bines a Gaussian random variable with its square (to model
quadratic nonlinearities) and results in an analytical descrip-
tion of S and K which depends on a single nonlinear coupling
parameter. The result K=1.5 S* emerges in the strongly
nonlinear limit. Furthermore, for quadratic nonlinearities, the
theory predicts maximum values Sy,x =2.83 and K,,x = 16,
similar to those observed in blob turbulence simulations and
experiments. The success of these rather simple (compared
to plasma turbulence) theoretical models helps to explain the
generic nature of the experimental observations. However,
as a result of this simplicity, it seem unlikely that
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information on blob-specific dynamics can be deduced from
S and K alone. A similar conclusion was reached in Ref. 252.

In addition to the K-S studies, a theoretical statistical
approach to intermittency in turbulence has been advanced
by examining the structure of the PDF tails using the instan-
ton method.®*> It was shown that the PDF tails scale as
P(&) ~exp(—CE&) where C is a constant, s = (n+ 1)/m, n is
the order of nonlinear interaction (n =2 for quadratic nonli-
nearities), and m is the order of the quantity ¢ (where m =1
for density n,, m=2 for Reynolds stress v,v,, etc). Present
theories only take into account the highest order nonlinear
term, which is the one that asymptotically dominates the
PDF tails. Qualitative similarities with simulations and
experiments were noted in these papers.

As this brief section is meant to indicate, statistical theo-
ries of intermittent turbulence are very difficult, and typically
have a rather loose connection to the details of the underly-
ing dynamical equations that lead to blob formation. Never-
theless, interesting correspondences with some aspects of
experimental data have been achieved.

Numerical simulations, which include both turbulence
and the blob structures generated by that turbulence, show
many of the characteristics discussed here, viz., non-Gaus-
sian statistics that produces bursty signals like that of Fig. 3
with skewed PDFs and radial variation of the skewness pro-
file S(x) consistent with the opposite propagation directions
of blobs and holes. Simulations will be discussed further in
Secs. VI and VII D.

V. SCALING OF BALLISTIC MOTION AND BLOB
PARTICLE TRANSPORT

Because blobs are radially convecting structures, they
will transport all plasma properties, including particles,'”
heat,“f”29 momentum>%*! and parallel current.>® Most of the
theoretical and experimental work has been devoted to blob
particle transport, because it is the easiest to calculate and
measure, and its effect extends farther into the SOL than
higher moments like the electron energy. (Note that the par-
allel loss time for particles is based on the sound speed, and

is much slower than the electron-dominated parallel losses of

plasma blob —

FIG. 22. Sketch of equivalent circuit with possible current paths for the
blob shown in Fig. 1. The charge polarization from the effective gravity acts
as a current source I and produces a parallel current with a dipole structure.
Possible closures of the current loop are discussed in the text, including clo-
sure at the sheath (controlled by the effective sheath resistivity 1eqp) and
closure by perpendicular ion polarization currents J |, when the plasma re-
sistivity #)| is high or the driving force is uniform along B. Reprinted with
permission from S. I. Krasheninnikov, D. A. D’Ippolito, and J. R. Myra, J.
Plasma Phys. 74, 679 (2008). Copyright 2008, Cambridge University Press.
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temperature and vorticity. Thus, the ratio of perpendicular
blob transport to classical parallel transport is larger for par-
ticles than for heat or vorticity.) Here, we will discuss blob
particle transport for the case where the external force F can
be expressed as an “effective gravity” term. An important
special case is that of the curvature and VB forces in toroidal
devices such as the tokamak.

A. Theory of blob transport

One of the useful results of blob theory is a prediction
for the radial velocity of the blob-filaments, which depends
on both the driving force and the parallel current closure.
Here, we give a short summary of the basic ideas; the reader
is referred to Ref. 3 for a more detailed discussion.

1. Blob equivalent circuit

A simple way to visualize the parallel current closure is
to consider the equivalent electrical circuit®*® formed by the
blob and the axial bounding surface (limiter or divertor
plates), as sketched in Fig. 22. The charge polarization (from
the effective gravity and resulting g x B drifts) acts as a con-
stant current source for the blob and results in a dipole struc-
ture of the parallel current. At fixed current, the effective
resistivity of the circuit determines the vertical potential dif-
ference @ across the blob and the resulting radial E x B ve-
locity, v, o< d®/dy.

The effective resistivity depends on the current loops
shown in Fig. 22. First, consider a simple tokamak with a
limiter, where the effective gravity current source varies
along the magnetic field and peaks at the outboard midplane.
Then, assuming low plasma resistivity 7, the current flows
unimpeded along the field lines from the midplane to the
sheath at the end plate, and the blob velocity is determined
by the sheath resistivity, as discussed in Refs. 15 and 16. If
1) is high enough, theory predicts that the path of least resist-
ance is perpendicular to the field lines and the circuit closes
in the divertor region,*>#%:12!

In diverted tokamaks, where the main plasma is
bounded by a separatrix, the X-point can disconnect both the
linear perturbations,”l’254 and the current flow for the non-
linear blobs,”"m"‘g’73 from the divertor region. The discon-
nection occurs because a blob (flux tube) that has a circular
cross-section at the midplane is stretched into a thin ellipse
(even approaching an ion gyroradius in thickness) near the
X-point by the magnetic field line mapping.*>*>* Conse-
quently, a perpendicular current can easily flow across the
thin dimension of the flux tube, dropping the effective resist-
ance of the blob circuit as depicted in Fig. 22. (The elliptical
distortion of the blob cross-section has been observed on C-
Mod by GPI imaging at the X-point.'*’) Theory predicts that
the blob current loop can be closed at the X-point by the per-
pendicular ion polarization current***® or by collisional elec-
tron currents.”* In other (non-tokamak) devices, the same
competition between current paths manifests itself in differ-
ent ways depending on the geometry and the distribution of
the drive (e.g., curvature) along the field line.

For each of these current paths, blob theory allows one
to estimate the radial blob velocity v,, and it has a different
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scaling with blob size (and other parameters) for each current
path in Fig. 22. To estimate the scalings, one can use the cur-
rent conservation equation, V -J = 0, or equivalently, the
vorticity equation, Eq. (1). Balancing the effective gravity
drive term with different current-closure terms in the vortic-
ity equation gives different expressions for the radial veloc-
ity.>*® For example, if J)) is proportional to ® by some
effective conductivity parameter, J|| o¢ g @, then the
resulting potential will scale as @ oc F/o where ¢ would
include both .y and a perpendicular conductivity due to
the ion polarization drift term.

2. Blob correspondence principle

Another way of obtaining the scalings is to solve for the
linear dispersion relation from a model drift-resistive bal-
looning equation and apply the “blob correspondence
principle.”*® This principle states that the blob velocity can
be obtained from the linear dispersion relation by means of
the following substitutions:

Vi 1 1

Xk —, L,— 8, k —. 6
5, L_>5b7 — 0p ||—>LH (6)

’y —
Here, y = Im[w] is the growth rate of the linear instability,
k, is the perpendicular wavenumber, L, is the density gradi-
ent scale length, J, is the poloidal dimension of the blob, and
Ly is the length of the blob along the magnetic field. That
nonlinear properties of turbulent transport can be inferred
from linear ones was noted in Ref. 9 for sheath-interchange
modes; Eq. (6) makes the correspondence explicit and gener-
alizes it to include the collisional regimes. Note that the rule
7 — v,/0p, obtained by balancing 0/0t with vgy.p -V, is
consistent with the notion of a coherently convecting object
for which d/dt = 0/0t + vexp -V ~ 0. Scalings obtained
from the correspondence principle show factor of 2 agree-
ment with the results of seeded blob simulations.

3. Analytic blob velocity scalings

The correspondence principle has been used to derive
analytic scalings for two physical models. In the first
model,*® the analysis uses a WKB approach to solve the
drift-resistive ballooning equation and includes electromag-
netic (EM) physics. This model implements the X-point BC
used in Refs. 39 and 76 to include X-point effects on the par-
allel current closure.

The second study®' uses a two-region (midplane-X-
point) model to study the physics of disconnection along the
field line in the electrostatic limit including X-point effects.
The model permits studying the effect of collisionality and
magnetic geometry on both turbulence and blob transport.
This “two-region model”>' employs a two-point approxima-
tion to the variation along B in a diverted tokamak. The
coupled vorticity and continuity equations for each region
(midplane or X-point) are solved in the radial-poloidal plane.
The effects of magnetic field fanning and the magnetic shear
near X-points are taken into account by means of a geomet-
ric mapping of the coordinates from one region to the other.
An invariant scaling analysis of the model equations shows
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FIG. 23. Regime diagram for the electrostatic two-region model in the space
of normalized collisionality A and scale size ©. The scaling of the normal-
ized blob velocity v = v, /v, with poloidal blob size 6= 0p/d. is shown in
the figure for each regime. The normalization is explained in the text.
Reprinted with permission from J. R. Myra, D. A. Russell, and D. A.
D’Ippolito, Phys. Plasmas 13, 112502 (2006). Copyright 2006, American
Institute of Physics.

that the physics in this model can be characterized by four
parameters:

(1) a collisionality parameter A = VezLH/( 05);
(2) a blob size parameter ® = 5%

(3) a magnetic field line fanning parameter &
(4) a scaled blob velocity V.

Here, v,; is the ion-electron collision frequency and L the
parallel scale length in the X-point re; 10n 5=, /0, is a dimen-
sionless blob size with 5, = p/ SL‘ /RS and ¥ = v, /v, is a
dimensionless blob velocity with v, = ¢,(0. /R)l/ *. The param-
eter A is proportional to the resistivity impeding parallel current
flow to the divertor region and is also a measure of the ratio of
the plasma volume resistivity to the effective sheath resistivity.
A is related to the SOL electron collisionality parameter v,
introduced by some authors as v, = Lj|/ L = A(m; /m(,)l/ 2
where /,; is the electron mean free path for collisions with ions.
The parameter ¢, is inversely proportional to the local field line
length and has a scaling with the elliptical fanning f of the flux
tubes near the X-point, defined such that & < 1 in typical
X-point geometry.

A number of transport regimes are identified by this
analysis,”' as shown in Fig. 23: (1) the connected ideal-inter-
change (C;) regime, which balances the curvature drive term
in the midplane region with fanning-enhanced inertia in the
X-point-divertor region;48 (2) the sheath-connected (Cy) re-
gime, balancing the curvature drive at the midplane with par-
allel current flow to the sheaths (limited by the sheath
re:sistivity);ls’16 (3) the resistive X-point (RX) regime, bal-
ancing the curvature drive at the midplane with parallel cur-
rents in the divertor region (limited by plasma resistivity nu
or A); and (4) the resistive ballooning (RB) or inertial'?
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FIG. 24. (Color online) Plot of normalized radial blob velocity as a function
of collisionality parameter A for blobs of two different sizes: @ =2
(5 = 1.3, small dots) and ® =316 (5 = 10, large dots). The dots were
obtained by measuring the blob velocities in the numerical simulation. The
solid curves are from the analytic blob dispersion relation. Reprinted with
permission from J. R. Myra, D. A. Russell, and D. A. D’Ippolito, Phys. Plas-
mas 13, 112502 (2006). Copyright 2006, American Institute of Physics.

regime, which balances curvature drive with inertia in the
midplane region. Thus, the model incorporates all of the cur-
rent loops sketched in Fig. 22 which are electrostatic in
origin.

In each parameter regime, the blob velocity has the scal-
ing with poloidal blob size indicated in Fig. 23, and these sol-
utions are continuous across the boundaries between regimes.
An important feature of this model is that it retains the
nonlinearity of the ion polarization drift convective term
[v- V(V?v)] and allows one to study the transition between
blobs which are electrically connected and disconnected to the
sheaths. (For example, see the discussion of the effect of colli-
sionality in Sec. V C.) Finally, note that the terminology has
been chosen to emphasize the close connection between the
blob physics and the underlying linear instability physics.

Some results from seeded blob simulations using the
two-region model equations are shown in Fig. 24. The meas-
ured blob velocities in the simulation (dots) agree reasonably
well with the analytic blob dispersion relation (solid curves)
obtained using the correspondence principle. (The analytic
and numerical results for v, agree to within a factor of 2.)
These results support the validity of the correspondence prin-
ciple and the velocity scalings obtained from it. In Fig. 24,
for a given blob size, the analytic curve for v, is approxi-
mately independent of A at both low and high collisionality
and is proportional to A for intermediate collisionality. Not-
ing that @ > 1 for both curves, this figure illustrates the tran-
sition between the C;, RX and RB regimes in Fig. 23 as A
increases. The observed increase in the convection velocity
with collisionality is due to electrical disconnection from the
sheaths.

Also, note the dependence on blob size in Fig. 24. For
large blobs, the parallel current to the sheaths dominates
over the inertial (vorticity) term and there is a large increase
in blob velocity with collisionality A. For small blobs, the in-
ertial term is dominant, and the path of least resistance uses
predominantly cross-field currents. There is a weak depend-
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ence of the small-blob case on the parallel current (and thus
collisionality) for the parameters used in this figure.

The sheath-connected (C;) and resistive ballooning (RB)
regimes provide theoretical bounds on the scaling of v, as a
function of blob scale size. Both the WKB analysis of Ref.
48 and the electrostatic two-region model analysis in Ref. 51
predict that for a diverted tokamak geometry

1 ~
5 < ¥ <82 (7)

where
V=V, Vs :cs(é*/R)l/z,
5=25,/0,, 0.= p;‘/SLﬁ/S/Rl/5 . (8)

It is important to emphasize that the inequality in Eq. (7)
results from varying the collisionality parameter A, with the
C, regime applying at low collisionality and the RB regime
at large collisionality. Another derivation of these two
regimes and a discussion of seeded blob simulations in both
regimes is given in Ref. 49.

A number of additional closures are possible by includ-
ing other physical effects in the vorticity equation. A com-
prehensive discussion of the closures is given in Ref. 3 and
some other examples are discussed in subsequent sections of
this review.

B. Experimental tests of theoretical scalings
with blob size

1. Blobs

The velocity bounds obtained from the blob regime
analysis are useful for comparison with experiment. In Refs.
30 and 135, gas puff imaging (GPI) data from an L-mode
shot on NSTX was used to construct a blob database. The
data was compared with the theoretical blob models, as
shown in Fig. 25. Here, the He I 587.6 nm emission S; was

2

1.5

0.5

FIG. 25. Observed radial blob velocities on NSTX (filled circles) in the
dimensionless parameter space of velocity and blob scale size. The data is
approximately bounded by a theoretically predicted minimum and maximum
(solid lines). Reprinted with permission from J. R. Myra, J. Boedo, B. Coppi,
D. A. D’Ippolito, S. I. Krasheninnikov, B. P. LeBlanc, M. Lontano, R.
Maqueda, D. A. Russell, D. P. Stotler, M. C. Varischetti, S. J. Zweben, and
the NSTX Team, in Fusion Energy 2006, Proc. 21st Int. Conf. Chengdu,
2006 (IAEA, Vienna). Copyright 2006, International Atomic Energy
Agency.
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analyzed using the coronal radiation model relationship
S; = noF(n.,T,) together with the convective ansatz that
T, = T.(n,), i.e., that the blob convects density and tempera-
ture together. The inferred density and temperature for each
blob were used to evaluate the scale factors (c;, p,, etc.) used
in the normalization. Finally, a restricted blob dataset was
constructed based on several subjective criteria: brightness,
image quality, symmetry, coherence, longevity and isolation
from the frame edges and other blobs.'?? Thus, structures
that most resembled the theoretical definition of a blob were
selected. Even with this selectivity, there was a large varia-
tion in the radial velocity among the blobs (e.g., see Fig. 4 in
Ref. 135), underscoring the difficulty of doing a detailed
comparison between experimental data and analytic theory.
However, in Fig. 25, the inferred blob velocities fall roughly
within the theoretical bounds in Eq. (7), shown as the solid
lines in the region 6 > 1. Note that the experimentally
observed blobs lie closer to the sheath connected regime
than to the inertial/RB regime, and in fact seem to bez
bounded by v < 1. An upper bound on v independent of o
may be an indication that electromagnetic physics is playing
a role.*® In the region d < 1, blobs are expected to be unsta-
ble to Kelvin-Helmholtz instabilities (see Sec. V E), which
preclude long-lived coherent objects, and in fact none are
found in the restricted dataset.

While this comparison between theory and experiment
shows some areas of agreement, there are also some prob-
lems. An attempt to verify the detailed scaling laws for the
sheath-connected and inertial regimes was not success-
ful.>*'3% While the overall bounds were satisfied, there was a
great deal of scatter. Some of the blob-to-blob variation was
systematic and some was random. For example, one source
of possible systematic error is the L;(x) dependence of the
blob-filament in X-point magnetic geometry, which was not
measured; instead the estimate L ~ R was used for all x. The
fact that the GPI blobs were turbulent objects introduces other
sources of random variation, such as the initial amount of in-
ternal spin (monopole vorticity) that the blob is created with;

FIG. 26. (Color online) Experimental evaluation of the distribution of Vyjop
vs @ in TORPEX. The sheath-connected scaling (dotted-dashed curve) and
inertial scaling (dashed curve) are shown for comparison. The symbols indi-
cate the peak of each distribution (H2, He, Ne, Ar). The other curves are
described in the text. Reprinted with permission from C. Theiler, I. Furno, P.
Ricci, A. Fasoli, B. Labit, S. H. Miiller, and G. Plyushchev, Phys. Rev. Lett.
103, 065001 (2009). Copyright 2009, American Physical Society.
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this vorticity slows down the blob’s radial motion by reduc-
ing the charge polarization*>®® (discussed in Sec. V E 2).
Also, L, itself may have statistical variations due to 3D turbu-
lence effects in the blob formation process. Thus, it is rather
difficult to make a detailed scaling comparison between ex-
perimental structures and theoretical blob models.

Another experimental study of blob velocity scaling?”®
was carried out on the simple magnetized torus TORPEX.'%®
This toroidal device has a simple open magnetic field line ge-
ometry with constant curvature along the field lines; the field
lines terminate on metal plates at both ends of the machine.
Cross-field blob sizes and velocities are obtained for a large
number of blobs from a 2D array of Langmuir probes using
pattern recognition. By varying the ion mass (H,, He, Ne,
Ar), the normalized vertical blob size @ was varied over the
range 0.15 < a < 1.75. A selected database of experimental
blobs was obtained by requiring that the blobs propagate radi-
ally and maintain their structure (no splitting or merging).
The velocity of an individual blob was defined to be the
mean velocity over its trajectory. The distribution of experi-
mentally inferred blobs having normalized velocity vy, and
size a is shown in Fig. 26 along with the theoretical curves
for the sheath-connected and inertial/RB regimes in Eq. (7).
In terms of the definitions in Eq. (8), @ = ¢ and Vyjop = V to
within factors of order unity. The figure shows that the blob
velocity lies below the inertial regime boundary for a < 1
and below the sheath-connected boundary when a > 1. We
will show that these results agree with theoretical expecta-
tions subsequently and contrast them with the tokamak case.

The other curves in Fig. 26 show the influence of two
other factors on the blob propagation speed: a constant back-
ground density®” and ion-neutral collisional damping.'*' The
dependence on the background density was shown to be im-
portant in earlier seeded blob simulations, e.g., Refs. 37 and
67, and was discussed in Sec. IV A. The dependence of the
blob velocity on the background density follows from the
curvature term, (x/n) (dn/dy) ~ (x/d,)(on/n). For large
blobs, the sheath-connected result for the dimensionless ve-
locity, taking into account the background density, is
v = (dn/n)/d°, whereas for small blobs the inertial scaling
becomes ¥ = (dn/n)'/?5'/%. [In Eq. (7) the factor én/n was
set to unity but it is retained subsequently in Eq. (9).] The
ion-neutral collisional damping dependence is also included
in Fig. 26. When ion-neutral damping balances the curvature
drive,'*"2% one finds that v o< ¢,/ (vinp, ).

The white curve in Fig. 26 shows the analytic result for
the blob velocity with no background density and no neutral
damping. The effect of an order unity background density is
shown in the thick black curve, and the effect of adding ion-
neutral damping is shown in the thin black curve. Figure 26
suggests that taking into account the background density
(and hence the radial position where the blob was detected)
is important in making this comparison, but that the neutral
damping is weak in this experiment. An experiment in which
the ion-neutral collisional damping was important is
described in Ref. 131. There it was shown that the blob ve-
locity in the Versatile Toroidal Facility (VTF) is inversely
proportional to the neutral pressure and is independent of the
blob size, as expected theoretically.
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Returning to the main theme of this sub-section, it is
necessary to explain an apparent contradiction in the previ-
ous two figures, viz. why do the data points lie between the
two theoretical curves in Fig. 25 but lie below both curves in
Fig. 267 This is a subtle point which requires some discus-
sion. An analysis shows that the difference lies in the two
factors: the existence of electrical disconnection parallel to
the magnetic field, and the role of electron-ion collisionality
A (or equivalently, resistivity), which can play an important
role in NSTX but is negligible in TORPEX for the parame-
ters used in Ref. 208.

In a toroidal device with X-points, increasing A causes
the blobs to disconnect the midplane region (where the cur-
vature drive is strongest) from the X-point and divertor
regions.?”! From the theory (Fig. 23) we see that finite col-
lisionality leads to the scaling v = A/ 6%, which lies between
the two limiting cases, v; = 1 /52 (sheath-connected) and
V) = 5 %(disconnected). Thus, finite collisionality of the
blobs in NSTX leads to data points between the two curves,
V1 < ¥ < ¥y, and represents the physics of resistive balloon-
ing, which localizes perturbations to the region of strongest
curvature drive. On the other hand, in TORPEX the colli-
sionality is low, the instability and blob velocity drive is uni-
form along the field line, and the physics involves a local
competition between the two current paths corresponding to
¥ and v,. This situation can be described analytically by
considering the vorticity equation in a single region model
(interchange limit), keeping the inertial, curvature and sheath
terms. It can be shown that the solution of the blob disper-
sion relation has the property that v < Min(v;, V) in agree-
ment with the TORPEX measurements in Fig. 26. An
approximate blob dispersion relation (valid in the two as-
ymptotic limiting cases of small and large J) is
1/v = 1/¥; + 1/9,, which gives

b (On/n) 87
ViV (Sn/n)? 4 5

©)

\;:

In Eq. (9) we have restored the background density depend-
ence for future use.

Thus, in comparing the NSTX and TORPEX blob data,
the differences in how the theoretical blob scalings bound
the data appear to be due to their respective geometries and
parameters, and in both cases the data are consistent with the
theoretical expectations.

2. ELM filaments

Recently, there has been a great deal of interest in study-
ing the formation and propagation of ELM filaments. A
detailed discussion of the ELM literature is outside the scope
of the present review, and the reader is referred to earlier
review articles®*>>~2%7 for general background. Although we
will not discuss the formation of ELMs, we point out that the
nonlinear saturation of electromagnetic ballooning and/or
peeling-ballooning modes near the pedestal can form ELM
filaments (see Fig. 8 of Ref. 256) just as the nonlinear satura-
tion of electrostatic edge turbulence near the separatrix forms
blob filaments. In each case, the initial density and tempera-
ture of the filaments is characteristic of their birth location,
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FIG. 27. (Color online) Inter-machine comparison in the dimensionless
blob parameter space defined in Eqs. (7) and (8): normalized blob velocity v
vs normalized blob size ¢. Theory predicts that the blobs will lie between
the two black lines, corresponding to the sheath-connected and inertial scal-
ings, which is in reasonable agreement with the experimental data. This fig-
ure uses the same blob database as Fig. 12 but scales the velocity and blob
size by v. and 9., respectively. The references for the blob data are listed in
the figure caption of Fig. 12.

so that ELM filaments (born at the top of the pedestal) have
higher density and temperature than blobs (born near the
separatrix).

It has been noted in many experiments that the radial
propagation of ELMs is similar to that of blobs.'?+373¢
Here, we would like to mention one example that is very rel-
evant to the present discussion of velocity scaling: an experi-
mental study of the scaling of the radial velocity of ELM
filaments with filament size and filament density was carried
out on ASDEX-U.?® The radial velocity was measured with
a filament probe consisting of four radially separated pins
located near the separatrix; the filament size was obtained by
time delay measurements, and the filament density was
inferred from the maximum ion saturation current for each
filament. The main conclusion was that large or dense fila-
ments move faster than smaller or lower density ones. The
database of filaments was analyzed to obtain the scaling
Vy X n;/ 25}(/ 2, where ny is the peak filament density and ¢, is
the radial filament size (not the poloidal scale length, which
enters the theory). If one assumes that d, o Jy, the experi-
mental scaling agrees with the RB/inertial scaling rather than
the sheath-connected one.?>® However, one must be careful
in comparing ELMs with electrostatic theory regimes. ELMs
are electromagnetic (EM) in nature, at least at times near
their creation, and should be compared with EM blob
regimes (see Sec. VII D). In the limit of strong ballooning,
an EM treatment*® yields the observed scaling v, o 82, but
there are also other relevant EM regimes.*”"*® Further analy-
sis is needed to determine if this experiment is consistent
with theory.

3. Inter-machine comparison

To summarize this section, in comparing analytic blob
models with experiments, it is important to realize that there
are several regimes with different blob velocity scalings.
While there is some experimental and simulation support for
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the analytic scalings of blob velocity versus blob size, the
comparison is made difficult by turbulent fluctuations in the
experimental blobs. Examples of unknown turbulent parame-
ters would be the parallel structure of the blob and the blob
azimuthal spin imparted by the turbulent birth process, which
are very hard to measure. In spite of these difficulties, we
can say that the blobs observed in most experiments lie
between the theoretically predicted bounds, as shown in
Fig. 27 for the same set of tokamak data shown previously in
Fig. 12.

Figure 27 carries with it the same caveats as Fig. 12: no
attempt has been made to make the definitions and analysis
of blobs the same for all experiments. The point here is that
in an order of magnitude sense, observed blob properties are
consistent with theoretical estimates. This is no small coinci-
dence, as there are huge differences in parameters between
machines, e.g., a factor of almost 20 in (outboard midplane)
magnetic field between C-Mod and NSTX.

C. Scaling of blob velocity with collisionality and
magnetic geometry

1. Theoretical predictions

The blob radial velocity scalings in Sec. V A predict that
in certain parameter regimes v, has a dependence on both
plasma collisionality and magnetic geometry (e.g., the parallel
connection length L; and the presence or absence of X-
points). In Sec. V B, this collisionality dependence was used
to understand the experimental blob velocity data in Fig. 25.
In the present section, we elaborate on the theory and discuss
whether other experimental trends support the theory.

In the resistive X-point (RX) regime, the two-region
model (see Figs. 23 and 24) predicts that the convective
transport in the SOL increases with collisionality (for fixed
magnetic geometry, see Fig. 24), and it decreases with X-
point fanning (at fixed collisionality). These trends can be
understood in terms of the circuit picture in Fig. 22. For defi-
niteness, we consider the case of diverted tokamak magnetic
geometry and note the following points.

(a) For fixed X-point geometry, increasing the collisionality
in the X-point region gives larger 1) and thus increases
the effective resistivity R for the blob circuit, which in
turn increases the blob velocity. The parallel currents are
hindered by the high collisionality, and the blobs become
electrically disconnected from the sheaths. (In the limit
of complete disconnection, the blob enters the resistive-
ballooning-inertial regime.)

(b) At fixed collisionality, proximity to an X-point has the
opposite effect on the blob velocity: increasing the ellip-
ticity of the fanned flux tube (blob) makes it easier for
cross-field currents to flow across the thin part of the fan
and thus decreases the effective resistivity of the current
loop and reduces v,. These cross-field currents cause the
current loops to close before reaching the sheath, thereby
also disconnecting them from the sheaths.

(c) Both effects (collisionality, X-point magnetic shear)
cause the blob to disconnect electrically from the
sheaths, but the disconnection happens in different ways
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and has opposite effects on the blob velocity.

The cross-field currents at the X-point can be either ion
polarization currents*®**1%3% or collisional currents.***”-"®
The mathematical description of the X-point fanning effect
is carried out by means of an X-point BC analogous to one
originally used in linear theory.''""''?%3* A generalized BC
that includes both types of cross-field currents has also been
discussed.”

These theoretically predicted trends (collisionality and
X-point effects) have been seen in seeded blob simulations”
and full turbulence simulations™ using the electrostatic two-
region model. But the trend of increased turbulent transport
with higher collisionality is far broader in scope than this
particular model. It stems from basic resistive ballooning
physics, and is qualitatively consistent with results from both
electrostatic 2D°*°*%* and electromagnetic 3D**%02%% tyr-
bulence codes. Reference 28 gives a detailed discussion of
the collisionality scaling of the cross-field particle and heat
convection in the SOL of Alcator C-Mod. Finally, 3D BOUT
code simulations show evidence of disconnection of the mid-
plane turbulence from the divertor region.**-"*

2. Experimental evidence for collisionality
dependence

We now turn to the experimental side. There are at least
two ways to test the theory: (1) investigate whether the blob
velocity (or average convective ve1001ty Verr = 1'/ne)
increases with collisionality A = (m,/m; ) )., and (2) look
for lack of correlation between midplane and divertor turbu-
lence, indicating blob disconnection from the sheaths. The
relevant collisionality for disconnection is usually that of the
SOL plasma in the X-point region. This type of experiment
would be an important test of the basic theory, especially of
the blob correspondence principle, which is based on the
analogy between linear theory and blob physics.

Until recently, there has not been much data on meas-
uring the collisionality dependence of the blob velocity.
Several experiments have shown evidence of density pro-
file flattening at high Greenwald fraction, f; = 7i/ng,
or low plasma current I,. These include C-Mod,?’%204
DIII-D***%* and TCV.** 5 In each case, the density pro-
file becomes increasingly flat, and the density at the wall
increases, as a function of f or 1/I,. This is suggestive of
a collisionality dependence because the collisionality
scales as A o< n.Ba®/(I,T?). However, increased density in
the far SOL is not necessarily caused by an increased
blob velocity. It can also be due to increased neutral recy-
cling at the wall, as in the C-Mod main chamber recycling
regime."*%° For example, in Ref. 27 the far SOL density
increase with f; was accompanied by a comparable
increase in the inferred ionization source.

There is some other experimental evidence to support a
collisionality dependence of SOL particle and heat transport
on Alcator C-Mod, but it is hard to translate into direct com-
parisons with analytic blob models. In Ref. 27 it was shown
that convective particle transport in the near SOL increased
strongly with collisionality on C-Mod. Also, the region of
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strong convective heat transport (Q1 > Q)) grew broader
with f;, spreading from the far SOL to the near SOL?’ and
crossing the separatrix into the edge plasma near the density
limit,137 e.g., see Fig. 6 in Sec. III of this review. Reference
28 also discusses the collisionality scaling of the cross-field
particle and heat convection just outside the separatrix of C-
Mod, showing that ve = I'/n, and the ratio of the heat
fluxes parallel and perpendicular to the magnetic field,
0./ Oy increase with collisionality. In this study, the PDF
of the turbulent D, light intensity fluctuations changed from
almost Gaussian near the separatrix to strongly non-Gaussian
with a significant skewness in the far SOL, indicating that
the turbulence near the wall is highly intermittent (due to
blobby transport). All of these features are qualitatively con-
sistent with the theoretical blob regime transition
Cy — RX — RB in the near SOL as the collisionality
increases (see Fig. 23). However, direct comparisons with
the theory are not yet available.

One attempt to carry out such a comparison is described in
Ref.29. InRefs. 26-28, it was reported that the L-mode density
limit on Alcator C-Mod occurs at the collisionality where
01 > 0Q),e.g., see Fig. 18 in Ref. 28. Here, the Q’s are power
fluxes (normalized to the total input power) on a field line just
outside the separatrix. These experimentally inferred quantities
were defined in Ref. 28 as follows: Q) is the power conducted
along field lines to the divertor based on TZ/ % integration across
the SOL, and Q| is the power convected across the separatrix
based on particle balance. It was found on C-Mod that O
increased with collisionality.?*~*® The limiting condition sug-
gests that the density limit, or perhaps the trigger for the density
limit, involves thermal collapse of the SOL due to the large tur-
bulence level and resulting cross-field (blobby) heat transport at
high collisionality. A model of this process was constructed,’
assuming thatthe blobs wereinthe RX regime.

In this model, cooling of the X-point region increases
the collisionality, which increases the blob heat transport,
leading to further cooling, so that it yields a thermal transport
catastrophe. If it is assumed that the collapse of the SOL
temperature would lead to modification of the temperature
and parallel current profiles inside the edge plasma (and thus
trigger MHD activity), one has a plausible mechanism for a
turbulent-transport-driven density limit. The analysis showed
that there was a loss of thermal equilibrium in the SOL just
beyond the critical collisionality where Q, > Q), which
agreed qualitatively with the accessible parameter space in
the experiment (compare Fig. 3 of Ref. 29 with Fig. 18 of
Ref. 28). However, the agreement must not be overstated.
The model used a number of assumptions that limit its gener-
ality. Moreover, the rapid increase in turbulent transport with
collisionality is fairly general: it occurs in the edge plasma in
a variety of 3D turbulence simulations and has been invoked
to explain the density limit without recourse to blob
physics.?°*2%3 Nevertheless, whether blobs cause the density
limit or result from it, they are important objects to under-
stand, if only as a diagnostic of the edge turbulence in these
high 7i/ng plasmas.

More generally, the conditions under which propagating
blob convection dominates cross-field heat transport in the
SOL are not well understood, and are also not universal. For
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example, a recent study® of the near-SOL heat flux width in
H-mode plasmas suggests that the dominant contribution in
that case comes from separatrix-spanning convective cells,
which can be thought of as shear-layer-trapped (as opposed
to emitted) blob structures.

Returning to the experimental results on collisionality
scaling, it is important to distinguish between behavior in the
near SOL and far SOL. Ref. 264 describes a series of dimen-
sionless scaling experiments on C-Mod and DIII-D showing
that the SOL transport is very similar in the two machines.
When profiles of veg(x) were plotted for collisionalities
spanning an order of magnitude on C-Mod, it was found that
vegr increased with collisionality near the separatrix, consist-
ent with earlier work,28’265 but was insensitive to collisional-
ity near the wall. The vy profile on DIII-D was insensitive
to collisionality everywhere, but the collisionality was not
varied over as wide a range.

A more direct comparison was carried out in Ref. 24 for
DIII-D data. Conditional averaging of reciprocating probe
data was used to obtain the radial profiles of the blob density,
temperature, and radial velocity in the SOL. Four values of
the Greenwald fraction fgy =7i/ng and two values of
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FIG. 28. (Color online) Radial profile of (a) the time-averaged particle den-
sity in the SOL, normalized to its value at the separatrix (p = 0), and (b)
veir = I'/n, for a density scan in TCV. (The vertical dotted line at p = 1
denotes the position of the flux surface that maps from the probe position to
the wall at the midplane in TCV.) The line-averaged core density 77, was
varied from 71, = 4.4 x 10"* cm™ (black triangle) to 1.1 x 10" cm™ (red
triangles), which is near the density limit on TCV. The gray dashed curve is
the result of the ESEL interchange turbulence code simulation. Note the log-
arithmic scale of the vertical axis. Reprinted with permission from O. E.
Garcia, J. Horacek, R. A. Pitts, A. H. Nielsen, W. Fundamenski, V. Naulin,
and J. J. Rasmussen, Nucl. Fusion 47, 667 (2007). Copyright 2007, Interna-
tional Atomic Energy Agency.
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plasma current were compared at constant B field, in an
effort to directly measure the collisionality dependence
of the blob velocity. This data was shown in Fig. 13 in
Sec. III G. The radial decay of blob density and electron tem-
perature is due to parallel losses, which are much faster for
electron temperature. For comparison with theory, the most
interesting result in this figure is that the blob velocity is in-
dependent of the line-averaged density (and corresponding
changes in the far-SOL density and temperature), but
increases with ;| oc 1/I,. This dependence on parallel con-
nection length is consistent with both the sheath-connected
(vy o< L)) and the resistive X-point collisional (v, o Lﬁ) blob
regimes. One cannot tell which regime describes the data
best without knowing the scaling of the poloidal blob size o
with L;;, which was not reported in this paper. The parame-
ters in the far SOL suggest A ~ 1 for this experiment, near
the boundary of sheath connection and disconnection.

Another issue that may be important on DIII-D and
other tokamaks is the effect of finite ion temperature
(T; > T,) on the scalings of the blob velocity in the far SOL.
This effect is briefly discussed in Sec. VII F.

Another recent series of papers®?>!'% reported evi-
dence that plasma fluctuations and radial transport increased
with plasma collisionality in TCV. A scan in the line-aver-
aged core density 72, was carried out at fixed plasma current
I, in Ref. 93, as well as a scan of plasma current /,, at fixed
1, in Ref. 52. The SOL turbulence properties for a high den-
sity case were compared with simulations using the ESEL
interchange turbulence code (which uses the highly colli-
sional inertial regime model). In these experiments, the colli-
sionality parameter v, = L||/2;  fi,/I, was varied over
the range 10 to 100. This corresponds to a range in the
parameter A = (m,/m;)"/*v,, defined in Sec. V A (Fig. 23)
of 0.2 to 2.3.

The time-averaged SOL particle density in TCV is plot-
ted in Fig. 28 for the runs which scanned 7,. The density pro-
file is nearly flat out to the wall at the highest core densities,
similar to the main chamber recycling regime on Alcator
C-Mod. The effective convective velocity veg(p) is also
shown. In contrast to the DIII-D result in Fig. 13, there
appears to be a density dependence in TCV, although there is
a lot of scatter in the data points. This is particularly true near
the separatrix at p = 0, where L gis the largest and disconnec-
tion is easiest. Also, in TCV®*? the time-averaged density
ii(p = 1) and radial particle flux density ['(p = 1) at the wall
increased proportional to 718 /I,, which may also indicate a
collisionality dependence of the SOL transport. The role of
neutrals and recycling was not addressed in these papers.

The results of a series of 2D turbulence simulations
using the ESEL code are compared with the TCV data in
these papers’>>'% as shown by Figs. 17, 20 and 28 in the
present review. The simulations were done in the discon-
nected (resistive ballooning or inertial) regime and thus
should be compared with the highest-density experimental
case. The radial profiles from the simulations agree reason-
ably well with the data (Fig. 28), as do the simulated turbu-
lence statistics at the wall such as the conditionally averaged
pulse shape (see Fig. 17), the PDF of density fluctuations
(see Fig. 20), the skewness, etc. (see also Sec. VII D).
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A tentative conclusion from this section is that there is
mixed experimental evidence for and against a collisionality de-
pendence of blob transport. More work would need to be done
to make possible a quantitative comparison with blob theory or
simulations. In particular, the possible collisionality dependen-
ces of the blob generation rate (i.e., packing fraction, see Sec.
VI B 1) and of the blob velocity would need to be disentangled.
Quantitative evaluation of the blob regimes for these experi-
ments is also needed. On the experimental side, this will require
measurement of both midplane and X-point/divertor plasma pa-
rameters. On the modeling side, the use of theoretical tools that
take into account realistic magnetic divertor geometry to assess
disconnection is needed. At present, the BOUT turbulence
code’®’ and the newly developed edge eigenvalue code
2DX*° are representative of two possible approaches. Some
progress along these lines is discussed in the next section.

3. Experimental evidence for blob disconnection

There has been some recent experimental work on look-
ing for more direct evidence of blob disconnection. In Ref.
140 gas puff imaging and fast framing cameras on Alcator
C-Mod were used to view both the region just outboard of
the X-point as well as the midplane. It was shown that a cir-
cular blob cross-section at the midplane maps to a highly
elongated ellipse or “finger” that points mostly in the radial
direction. A 3D BOUT turbulence simulation showed good
agreement with many of the spatial features observed in the
experiment. The observed elliptical distortion is a necessary
ingredient for applicability of the X-point BC**”° that leads
to blob disconnection in the theory. In more recent work,?®’
it was shown by a cross-correlation analysis that blobs
remain connected to the divertor at sufficiently large distan-
ces from the separatrix. But there is preliminary evidence to
support disconnection close to the separatrix. First, the level
of turbulence in the X-point region is reduced on those field
lines. Second, the turbulence statistics are different and have
different scalings with density in the two regions (midplane
and X-point). The degree of connection has also been studied
on NSTX for blob filaments.'*® In this experiment, using a
new visible light imaging system, plasma filaments are
observed on the lower divertor target plates, and both their
motion and statistics (skewness and kurtosis) are found to be
correlated with the filaments at the midplane, except in a
small region close to the outer divertor strike point. These
observations are consistent with the idea of blob disconnec-
tion by X-point magnetic shear near the separatrix.

To summarize Sec. V C, several experiments give evi-
dence of strong collisionality dependence of the turbulent ra-
dial transport in the SOL, but these results do not necessarily
imply a collisionality dependence of the blob velocity,
although this is a clear prediction of theory and turbulence sim-
ulations. Among other things, the role of neutrals and main
chamber recycling needs to be clarified. Recent experimental
progress has been made in observing blob disconnection from
the X-point region; this occurs on field lines sufficiently close
to the region of high magnetic shear. These observations agree
with predictions of the analytic blob models and simulations,
e.g., see Fig. 3 in Ref. 40 and Figs. 9-11 of Ref. 74.
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D. More general convective transport

So far in this paper, we have discussed the theory of
blobs (as defined in Sec. IT B) whose motion is driven by an
effective gravity term at the outer midplane. This model is
relevant for both toroidal and linear machines. (See Ref. 3
for more details.) In tokamaks, blob-filaments can extend
along field lines all the way to the sheaths (“sheath-con-
nected”) or be disconnected by X-point or collisional effects.
In this section, we briefly mention a number of other blob
theories which differ in the assumed forces, the shapes of the
density perturbation, or in the location of the transport.

1. Other forces

First, there are nonlinear, coherently propagating structures
whose radial motion is driven by forces which do not have the
form of an effective gravity. Two examples considered in Refs.
47 and 72 were radial convection driven by VT, and by parallel
shear of the E x B velocity. The corresponding linear instabil-
ities are described in Refs. 268—270 for the VT, instability and
in Ref. 271 for the E x B parallel shear instability. In Refs. 47
and 72, a self-similar solution to the nonlinear equations is
obtained for both instabilities, and the nonlinear structure has
the form of an enhanced density “wedge” with a radial velocity
in the range of 0.03 — 0.1 ¢, for typical parameters. In the non-
linear regime both modes are driven by strong nonlinear E x B
drifts and the propagating solutions have the property that the
E x B nonlinearity is balanced against dissipation (outgoing
Alfvén waves in the case of the E x B parallel shear modes
and by sheath dissipation in the case of the VT, modes).

In related work, the convection of large-amplitude
coherent structures in contact with divertor or limiter surfa-
ces and driven by negative sheath impedance was considered
in Refs. 43, 74, and 75. These blobs are the nonlinear limit
of the conducting-wall temperature-gradient modes
described in Refs. 269 and 270 and the physics is similar to
the VT, drive discussed in Refs. 47 and 72.

2. X-point effects, divertor leg blobs and plate tilt

Another novel approach to convective transport is the
work on X-point effects, divertor-localized blobs and the
enhancement of sheath effects by divertor plate tilt discussed
in a series of papers.”>”’%’® The latter two effects may be
useful for using blob convective transport to spread the heat
load across the divertor plates.

In the previous section, we noted that theory predicts
that X-point geometry can cause electrical disconnection of
the midplane and divertor leg regions, at least on flux surfa-
ces close enough to the separatrix. This disconnection causes
a decorrelation of the turbulence in the two regions, as
observed in turbulence simulations.***"*7” Midplane blobs
that are disconnected by X-point effects in the near SOL
may eventually transition to the sheath-connected state far-
ther out in the SOL. It was pointed out’* that this occurs by
sonic flow along the field lines as the blob moves radially;
the blob slows down to the sheath-connected velocity when
it re-establishes electrical contact with the divertor plate.
This paper also presents a “heuristic BC” for taking into
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account all of the X-point effects (ion polarization and colli-
sional currents, ion shear viscosity) on the moving blob.

If X-point effects are strong, there is also the possibility
of instabilities generating blobs that are confined to the di-
vertor legs.”*”7®"® These are bounded at one end by the X-
point and at the other end by the sheath at the divertor plate.
The divertor-leg blobs can be driven by the effects of local
curvature, sheath impedance or by the effect of divertor plate
tilt.”>”> The latter effect occurs when the normal to the plate
is not parallel to the poloidal magnetic field. The drive can
be put into the form of an effective gravity gq;y in the diver-
tor region of the form”*

1 tano
2
iv = -4+ — 10
8a s (R 2L|> (10)

where R is the radius of curvature of the field line, L is the
length of the field lines between the plates and the X-point,
and « is the angle between the normal to the plate (facing out-
wards toward the plasma) and the poloidal magnetic field. It
is important to note that the angle o can have either sign: posi-
tive (negative) when the normal is directed outwards
(inwards) from the poloidal field line. Thus, the plate tilt effect
can either increase or decrease the blob acceleration. Finally,
various geometric effects on the motion of midplane and di-
vertor blobs were treated analytically in Refs. 43 and 75.

The theoretical work makes two important predictions.
The first is that increased collisionality in the divertor region
should lead to increased convective radial transport in the
midplane. This prediction is indirectly supported by experi-
mental data (see Sec. V C). The second prediction is that
X-point geometry should cause the decorrelation of blobs
(and thus of turbulent convective transport) between the mid-
plane and the divertor region. There are practical reasons for
studying this point. Strong convection in the divertor region,
but not in the midplane, would be an ideal situation, spread-
ing the heat load on the divertor plate while not increasing
the particle and heat flux to the first wall. The idea of X-point
disconnection has been observed in turbulence simula-
tions**>*7*"7 and more recently in experiments,'***%7 as
discussed in Sec.V C.

E. Blob stability

The subject of blob motion would not be complete with-
out a discussion of the question of blob stability, which
determines the effective range of the convective radial trans-
port. In order to transport plasma across the SOL, blobs must
maintain their structural integrity during transit. However, the
blobs observed in fusion devices do not seem to retain their
size or structure as they propagate across the SOL [see Fig.
5]. To understand this, it is important to realize that blobs are
subject to a number of internal (secondary) instabilities which
affect their motion, their shape and their coherence. This is
another consequence of the charge-polarizing force driving
the blob motion. For example, in a tokamak the toroidal cur-
vature and VB forces play three roles: (1) the curvature
drives the linear (“primary”) instability that develops into
edge turbulence; (2) the curvature drives the blob motion
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FIG. 29. Plot showing the evolution of a radially propagating density blob
with 0 ~ 1 in the x-y plane. This case is the most stable (to a combination of
Kelvin-Helmholtz and interchange modes), and the blob propagates with a
minimum of distortion. Reprinted with permission from G. Q. Yu and S. L.
Krasheninnikov, Phys. Plasmas 10, 4413 (2003). Copyright 2003, American
Institute of Physics.

down the magnetic field gradient; and (3) the curvature drives
(“secondary”) instabilities in the blob itself which can tear it
apart. For the simplest case of isothermal blobs driven by an
effective-gravity force in the sheath-connected regime, simu-
lations have shown that there is a most stable blob size, and
this sets a characteristic poloidal scale. In fact, this character-
istic blob size J, turns out to be the same one that appeared
in Eq. (8), defining the dimensionless blob size, 5.

1. Most stable blob size

There have been a number of seeded blob simulations
which studied density blob stability as a function of the poloi-
dal blob size 9;,.>" #5767 The variation of blob stability
with blob size can also be formulated as a dependence on the
Rayleigh number Ra o 52.49 These simulations show that
some blobs are unstable, but others can propagate as coherent
structures over large distances, depending on the dimension-
less blob size ¢ defined in Eq. (8). The stability of small blobs
(0 < 1) is determined mainly by the Kelvin-Helmholtz (KH)
instability,”-'?' whereas the stability of larger blobs (6 > 1)
is determined primarily by curvature-driven instabilities.*”®”
[This is because the vorticity advection term arising from the
left-hand-side of Eq. (1) is dominant for small scales, while
the sheath conductivity (/))) and curvature terms are dominant
at large scales.] Blobs with 6 ~ 1 are the most stable and
propagate radially with the most coherence (see Fig. 29).%

Thus, seeded electrostatic simulations in 2D slab geome-
try for blobs driven by an effective-gravity force in the
sheath-connected regime predict that blobs of the optimal
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FIG. 30. (Color online) Evolution of a small blob subject to the Kelvin-
Helmholtz (KH) instability for Rayleigh number Ra = 104 and Prandtl num-
ber Pr=1 (see the original paper for definitions). The time history of the
density (vorticity) is shown in the left (right) column for =5 (first row) and
10 (second row). Here the spatial scale is normalized to the initial blob ra-
dius and the time is normalized to the ideal interchange time. Note the initial
monopole structure of the density and the dipole structure of the vorticity,
and the development of the characteristic “mushroom” shape of the velocity
shear-driven KH instability in each lobe, as seen experimentally e.g., in
Fig. 9. Reprinted with permission from O. E. Garcia, N. H. Bian, and W.
Fundamenski, Phys. Plasmas 13, 082309 (2006). Copyright 2006, American
Institute of Physics.

size &~ 1 can propagate across the SOL before being
destroyed by secondary instabilities. The existence of an
optimal blob size is a possible point of comparison with ex-
perimental data. If we assume that the very small and very
large blobs die out quickly, we would expect that the blobs
observed in an appropriate experiment would cluster around
the optimal size. Figures 25-27 are consistent with this
notion only to within an order of magnitude. A more careful
study is needed to take into account the different widths of
the SOL in various experiments, and the appropriate colli-
sionality and geometry regimes. Experiments with narrow
SOLs may allow a larger spread in the observable blob sizes.
Of course, the k-spectrum of the instabilities responsible for
blob formation will also play an important role. Further com-
plicating the issue of blob stability, is the role of blob spin,
discussed in the next subsection.

We conclude this section with a brief discussion of sev-
eral points for which there is theoretical work but not much
experimental data. Another potential point of comparison
with experiments is the shape of the blob deformation. This
shape is related to the secondary instability mechanism:
smaller blobs tend to deform into a mushroom shape charac-
teristic of the KH instability®”*'**>7 (see Fig. 30), whereas
large blobs breakup into Rayleigh-Taylor lobes or fin-
gers.37’41’57’67 The degree of deformation is proportional to
the growth rate of the secondary instabilities. According to
theory, examples of factors which slow down the growth rate
of secondary instabilities and enhance blob cohesiveness
include: higher background density,®” larger sheath resistiv-
ity,”’7%7 and lar%er viscosity.*"**** In Ref. 43 the condi-
tion 0 < (112R / c?) * was given for the size limit of a sheath-
connected blob stabilized by viscosity .
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2. Effects of internal spin and external sheared flow

So far in this section, we have discussed the theory of
“cold” blobs with no internal temperature profile. For exam-
ple, this applies to blobs in the far SOL which have equili-
brated in temperature with the surrounding plasma because
of rapid parallel heat loss. But “hot” blobs (or ELM fila-
ments, which carry substantial amounts of heat) can have an
internal temperature profile that decreases monotonically
from the center of the blob to its edge. (Recent measure-
ments'**7? suggest that the temperature profile can some-
times be more complicated, having a dip in the center, but
we restrict discussion here to the simplest case.) If these
blobs are electrically connected to sheaths at the end plates,
they will acquire an internal radial electric field from the
Bohm sheath potential, ®z(r) = 37(r), and thus will rotate
or spin azimuthally.**¢°

The blob spin is important because it tends to neutralize
the blob charge polarization by mixing positive and negative
charges (see Fig. 1), thereby increasing blob coherence and
slowing down the radial E x B motion.®” The blob tempera-
ture decays more rapidly than the density (this is predicted in
theory16 and observed experimentally129’175’273), but during
this initial phase the hot blob will spin and its radial velocity
will be reduced or suppressed.

If the blob spin is too rapid, it can cause another kind of
secondary instability, a rotational mode driven by the centrif-
ugal and Coriolis forces but stabilized by sheath conductiv-
ity.® The most unstable mode has an azimuthal mode
number m =2, which produces a characteristic “pinwheel”
shape that could possibly be observed in 2D imaging data.
However, so far there are no reported observations of this in
experimental data. The typical growth time for this second-
ary instability is short compared to the typical blob transport
time, and the rotational mode can be the fastest secondary
instability for larger blobs.

Another mechanism for generating blob spin is that tur-
bulence can create a blob with a nonzero injection of
(monopole) vorticity. This vorticity typically decays on a
faster time scale than the density,'® and the density blob is
then free to move radially. This was observed in a BOUT
turbulence simulation (see Fig. 2 of Ref. 40).

A third factor influencing blob stability is the effect of
an externally imposed sheared flow, v, (x), e.g., due to exter-
nal biasing of the potential.*”**”® For nonspinning blobs,
sheared flow was shown to inhibit radial transport,lf"37 but
for spinning blobs the effect depends on the direction of the
sheared flow relative to that of the blob spin.®” In theory,
sheared flow also affects the rate of blob formation by con-
trolling the strength of the edge turbulence (see Sec. VI A).

This section has summarized a number of blob proper-
ties related to the internal stability of the blob, which could
be tested experimentally. So far little experimental work has
been done in this area.

Vi. BLOB GENERATION BY TURBULENCE

In previous sections, we discussed the dynamics of blob
motion across the SOL, but now we turn to the subject of
blob generation in the edge plasma. So far it has not been
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possible to understand blob generation quantitatively by ana-
Iytical methods. Analysis of computer simulations and ex-
perimental data is required to make progress.

As discussed in previous sections, it was observed al-
ready in early experiments®®”''®?*and simulations,'" and
confirmed in a rapidly growing body of work comprising
hundreds of papers, that intermittent turbulence occurs near
the plasma boundary, characterized by large positive skew-
ness and propagating coherent structures (blobs and ELMs).
Recent theoretical work has supported the idea that blob and
ELM filaments are generated as part of the nonlinear satura-
tion process of edge instabilities. These include rotational**?
or drift-wave®’* instabilities of cylindrical plasmas, broad-
band turbulence arising from drift-resistive interchange
instabilities in tokamaks and other toroidal plasma experi-
ments," and peeling-ballooning instabilities driving ELMs in
the tokamak H-mode.?”> The nonlinear saturation processes
are not well understood and remain a subject of active
research. Thus, they are outside the scope of this review.
However, there is encouraging qualitative agreement
between experiments and simulations on several relevant
points. In this section, we illustrate some progress in under-
standing turbulent blob creation and the resulting intermit-
tency of particle transport in toroidal plasmas.

A. Blob birth zone: role of gradients and sheared
zonal flows

A consistent physical picture of blob formation is begin-
ning to emerge from edge turbulence simulations. The
details depend on whether mean sheared flows are present,
i.e., flows with dv,/dx # 0. Throughout this section, we will
use the phrase “sheared-flows” to denote sheared ExB flows
in the binormal (approximately poloidal) direction, either
mean (zero frequency) or finite frequency sheared zonal
flows. Weak sheared flows are often obtained in the tokamak
L-mode regime or in experiments with large damping (e.g.,
due to ion-neutral collisions). Sheared flows can arise from
momentum transport by Reynold’s stress and momentum
transport by blobs, even in the absence of external momen-
tum input,’' or by transport barrier formation, e.g., strong
sheared flows in the edge are characteristic of the tokamak
H-mode regime.

1. Sheared flow regimes

Theoretically, the role of sheared flows in edge turbu-
lence is similar to that in core turbulence: turbulence generates
zonal flows which act back on the turbulence and saturate the
turbulent radial transport. There are some differences in the
edge turbulence picture, viz., the dominant linear instabilities
are different than in the core, fluctuations relative to the back-
ground are much larger (order unity), and blobs contribute to
the radial transport of particles, heat and momentum, carrying
momentum across the separatrix where it is lost, thereby act-
ing back on the sheared flows. A number of simulations have
explored the physics of turbulence saturation and sheared
flow generation in edge physics''>!2361:6281.88.100.276 1, 5
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detailed discussion of these simulations is outside the scope of
this review.

The simplest way to describe the physics of blob forma-
tion is to contrast three regimes observed in simulations
(and to some extent in experiments): (1) no sheared flow;
(2) weak sheared flow (modeling L-mode); and (3) strong
sheared flow (modeling H-mode). In regime (1) the coherent
structures are radially extended (i.e., radial streamers rather
than isotropic blobs). Streamers have been observed experi-
mentally in both toroidal***?*? and linear*”” machines. In
regime (2), the sheared flow is strong enough to break up
the radial streamers into blobs, but not strong enough to sup-
press them. Finally, in regime (3) the sheared flow can
become so strong that it suppresses the turbulence locally by
reducing the linear growth rate and tearing apart the coher-
ent structures. In simulations the blobs are essentially con-
fined inside of the sheared flow layer; in experiments, the
number of blobs generated is greatly reduced (as discussed
subsequently).

An experimental example of the possible variation of
blob statistics with these regimes was described in Ref. 128
for NSTX. The number of blobs observed per unit time was
higher in L-mode than in H-mode, but also increased with
increasing power in H-mode, and decreased in low-powered
Ohmic plasmas; however, a direct correlation of blob fre-
quency with the measured shearing rate was not attempted.
In the L-mode regime, blobs are often emitted into the SOL
in bunches, and bursts of blobs are widely separated in time.

1
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FIG. 31. (Color online) Radial profiles from a 2D turbulence simulation
without sheared flows: (a) poloidally and temporally averaged density n(x);
(b) logarithmic pressure gradient 1/L, = —d(Inp)/dx; and (c) skewness of
density fluctuations S(x). The four simulations differ in magnetic geometry
and collisionality, as described in Ref. 53. Reprinted with permission from
D. A. Russell, J. R. Myra, and D. A. D’Ippolito, Phys. Plasmas 14, 102307
(2007). Copyright 2007, American Institute of Physics.
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“Quiet periods” before the L-H transition have also been
observed on NSTX.?’® It is an open question whether the
emission of blobs just before the L-H transition and during
the H-mode is due to a periodic instability of the sheared
flow layer or due to some external perturbation from the
core. This is a topic needing further study. The frequency of
the blob bursts observed in experimental GPI time sequences
decreases, and the waiting time between bursts increases, in
moving from regime (1) to (3).

We now turn to the physical picture of blob formation in
each regime as deduced from simulations.

2. No sheared flows: radial streamers

In the absence of sheared flows, the physical picture of
blob generation was described in Ref. 53 for the case of cur-
vature-driven interchange modes. The present discussion is
adapted from that reference. In the simulations, curvature-
driven blobs tend to arise near the maximum of the linear
growth rate, or equivalently, of the logarithmic pressure gra-
dient, 1/L, = —V,(Inp). This defines the “birth zone” of the
blobs in the absence of velocity shear. The small initial posi-
tive and negative density perturbations of the interchange
mode grow and eventually disconnect as part of the turbulent
saturation process, forming blobs and holes, respectively. At
this point the Rosenbluth-Longmuir charge-polarization
mechanism, which was driving the linear instability, causes
the coherent objects to move: the positive-density blobs
move outwards and the negative-density holes move inwards
(see Fig. 3). This preponderance of positive (negative) events
outside (inside) the birth zone is reflected in the radial varia-
tion of statistical moments such as the skewness S (see Figs.
18 and 31).

A statistical analysis of the turbulent fluctuations in the
simulations shown in Fig. 31 supports this picture. In each of
the four cases, we find that S(x) changes sign near the point
of maximum linear growth rate: S=0 in the birth zone
(reflecting the equal number of blobs and holes created by
the interchange nature of the underlying instability), S <0 in
the direction of hole propagation (up the magnetic field and
density gradients), and S > 0 in the direction of blob propa-
gation (down the magnetic field and density gradients). In
these simulations, the n,(x) and T,(x) profiles are fixed in the
core (acting as particle and heat sources for the simulation)
but are free to fully evolve in the SOL. Thus, in Fig. 31(a)
the density profile is flattened where the blob convective
transport is dominant, and the left boundary of this region is
the blob birth zone. We see that the blob birth zone is identi-
fied by S =0 and (in the absence of sheared flows) coincides
with the maximum logarithmic derivative of the density pro-
file and thus with the maximum growth rate. These features
of the birth zone and its relation to the pressure and skewness
profiles are general and apply to the case of streamers (no
sheared flow) as well as blobs (sheared flow). We will return
to this point subsequently.

Finally, an interesting aside: changes in the collisional-
ity and geometry leading to the different curves in Fig. 31
suggest a violation of the far-SOL universality discussed in
Secs. III H and IV C. However, in the case of the streamer-
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dominated simulations in Fig. 31, one cannot really define a
far-SOL region. In contrast to the ballistic propagation of
blobs, which are isolated from their birth region in the far
SOL, streamers, by definition, always connect back to the
birth zone.

Next, we consider the case with sheared flows in which
streamers are broken up into blobs.

3. Weak sheared flows: blobs (L-mode)

Based on 2D simulations, a condition for sheared flow
to break up streamers into blobs was given in Ref. 61. The
streamer break up condition is that the time 7, for shearing
the radial streamer must be shorter than the radial convection
time 1., where 1, = d,/Avy, 1, = /vy, Avy = (0v,/dx)
Oy = v; Oy, and dy,d, are the blob dimensions in x and y.
These results can be combined to give the following condi-
tion for streamer break-up:*>%!

v, 07 > v,dy. (11)

In the limit of isotropic blobs (é, ~ d, = J), the condition
for blobs to form is v, § > v,. The blob correspondence prin-
ciple®® discussed in Sec. V A gives the relation v, =7 9,
where 7y is the growth rate of the underlying linear instability
producing the turbulence. Combining these results, we obtain
the following condition for streamer breakup®'

v; > . (12)

A recent study of turbulence saturation using the SOLT 2D
turbulence code found that Eq. (12) is the condition for
sheared-flow turbulence saturation to win out over wave-
breaking (profile flattening).®" In other words, Eq. (12) is the
condition to move from regime (1) to (2).

Even in the weak-sheared flow regime, the pressure gra-
dient is important in determining the location of blob genera-
tion in experiments. In NSTX, the birth of blobs at the
location of the maximum 1/L, gradient was confirmed by
blob tracking (see Fig. 8 in Ref. 135) for a low-power
L-mode shot. An analysis of data for an Ohmic shot in the
HL-2A tokamak'?® also shows the role of the pressure pro-
file. The radial profile of —d(Inp)/dx has a maximum just
inside the separatrix, where the skewness is close to zero,
and conditional averaging reveals that the density holes and
blobs are born at this location (see Figs. 4, 6 and 7 of Ref.
126). Finally, a series of L-mode shots on Alcator C-Mod"?’
showed that the blob birth zone moved inwards as the nor-
malized density (n./ng) was increased, where ng is the
Greenwald density limit. For n,/ng > 0.6 the blob birth
zone moved inside the separatrix and both the gradients and
fluctuation levels inside the separatrix were observed to
increase. Visual evidence for blob birth inside the separatrix
was provided by gas-puff imaging (see Fig. 6, which is
Fig. 5 of Ref. 137). It was concluded that the blob birth zone
was associated with the gradients rather than with the transi-
tion from open to closed field lines. In these experiments the
sheared flows were evidently sufficiently weak that they did
not determine the location of blob generation (e.g., through
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FIG. 32. (Color online) Linear spatial density of (blob) structures (Ny) in
NSTX with characteristic time scale T = 25 ps at a radial position 1-2 cm
outside the separatrix. N, is plotted as a function of the poloidal velocity for
the L-mode (triangles) and H-mode (circles). Each point refers to a different
shot. Negative vy corresponds to the ion diamagnetic direction. Reprinted
with permission from M. Agostini, S. J. Zweben, R. Cavazzana, P. Scarin,
G. Serianni, R. J. Maqueda, and D. P. Stotler, Phys. Plasmas 14, 102305
(2007). Copyright 2007, American Institute of Physics.

shifting of the location of the maximum linear growth rate of
instabilities).

Similar conclusions were obtained by the analyses of
turbulence data from TORPEX.'#2292204296 Thjg experiment
has no limiter and no open-to-closed field line boundary, so
every helical field line terminates on metal plates at the two
ends. Despite the simplicity of the configuration, blob forma-
tion is observed; the blobs transport plasma from the source
region to the wall. It was shown in these papers that the blobs
originate from the crests of interchange waves and are corre-
lated with the maximum gradients (e.g., the steepening of
Vp precedes blob emission in the time history). It was also
suggested®®? that the turbulence saturates, and blobs form,
by wave-breaking, which is similar to recent simulation
results obtained in the limit of weak sheared flows.®' How-
ever, sheared flows may have played a role in this experi-
ment, as the velocity shearing time was comparable to the
blob transit time.'***** We will return to this point below.

4. Strong sheared flows: blobs (H-mode)

The effect of strong sheared-flow layers (produced by
biasing) was studied by theory, simulations and experiments
in several papers;>”%7%2!6 this work gives a qualitative pic-
ture of the effect of the self-generated flows in the H-mode.
These simulations show that the effect of sheared poloidal
flows is to strongly suppress the blob transport across the
shear layer. The blobs are either trapped inside the sheared-
flow layer or they are torn apart by the shear, depending on
parameters. Recently, 2D simulations of SOL turbulence
were carried out™ for some NSTX H-mode shots using the
SOLT code. These simulations show evidence of blob trap-
ping by the strong sheared-flow layer, and the same qualita-
tive behavior is seen in the experimental GPI time sequences.

There is some experimental evidence to support the role
of sheared flow in blob generation. In Ohmic plasma
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experiments on JET'** and ASDEX-U'® it was shown that
the blobs are born in the vicinity of the sheared flow layer. In
Ref. 22, NSTX data from a radial and poloidal GPI array of
photomultiplier tubes (PMT) was analyzed to compute the
linear spatial density of structures (blobs), Ny = AN,/
(vg Ar), as a function of the poloidal velocity vy for both L-
and H-modes (see Fig. 32). Here, AN is the average number
of events with characteristic time scale T = 25 us in the time
interval Az. This number density is normalized to the poloi-
dal velocity, because the number of structures that cross the
PMT chord is proportional to vy. Figure 32 shows that the
linear density of bursts in H-mode is smaller than that in
L-mode, even at the same poloidal velocity. This suggests
that the increased velocity shear in H-mode reduces the blob
production. Also, Ny decreases as |vy| increases (in either L-
or H-mode). If the poloidal velocity shear scales in the same
way as the velocity itself, this could be interpreted as evi-
dence of blob suppression or trapping by the velocity shear.

A recent study in TORPEX'*%?* also lends some experi-
mental support to the role of sheared flows in generating blobs.
It is shown that the blobs form during the nonlinear saturation
of an interchange mode, resulting in radially elongated struc-
tures. The elongated structure is convected by the E x B flow
and is eventually sheared off, forming a blob on the low field
side (e.g., see Fig. 5 in Ref. 204). Consistent with this picture,
the calculated velocity shearing time is of the same order as the
blob transit time, so that condition (12) is satisfied.

5. Blobs due to drift waves

We have seen that the strength of the sheared flows is an
important parameter controlling the blob generation. Another
important parameter is the nature of the linear instability driv-
ing the blob creation. So far we have discussed the case where
the dominant instability inside the LCFS and in the SOL is the
curvature-driven interchange mode (at low collisionality) or
the resistive ballooning mode (at high collisionality). In this
case the blobs are born near the location of the maximum lin-
ear growth rate, whether that is inside or outside of the
LCFS."*” The change of magnetic topology from closed to
open field lines can either play a role or not in determining the
maximum growth rate, depending on the regime. In the inter-
change regime, the mode extends far along the field line,
effectively performing a weighted average over the curvature
(of the flux surface, or of the SOL field line).112 In this case,
the topology change is important. Conversely, in the resistive
ballooning regime, where the mode is essentially confined to
the outboard midplane, the topology change is unimportant.

In some devices the dominant instability is the drift
wave, and radially propagating blobs are not observed.”** In
some intermediate cases, the dominant instability is the drift
wave inside the LCFS and the interchange mode outside the
LCFS. This is a direct result of the topology change: the
closed surfaces with rotational transform do not allow k=0
except on rational surfaces, and thus favor the finite k| drift-
Alfvén modes; the open field lines permit k) = 0 interchange
modes.?”® In this situation, the phase shift between density
and potential changes across the LCFS, and radially propa-
gating blobs are typically born just outside the LCFS where
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the interchange mode is dominant and the phase shift is /2
(e.g., see Figs. 3 and 4 of Ref. 144). Examples of experi-
ments in which blob formation involves drift waves include
the TJ-K stellarator'® and the linear experiments
VINETA®" and CSDX.**

6. Other nonlinear effects on blob formation

Another theory of blob generation in L-mode examines the
nonlinear effects of Reynolds stress and inverse cascade of drift
wave turbulence on the interchange- ballooning instability.*
The basic idea is that finite amplitude perturbations can seed
the ballooning instability even when it is subcritical, because
the meso-scale perturbations associated with the inverse cas-
cade of drift turbulence at the outboard side of the torus cause
locally steep density gradients, leading to blob formation. The
calculation yields a meso-scale structure size of order
A, ~ (pr)U ? and a critical plasma beta for ballooning instabil-
ity at this scale of f~ (l/qz)(ps/R)z/ 3. It is pointed out that
some aspects of this theory are consistent with experiments,
e.g., (1) the observation on TORPEX'**?* that a strong
increase of local plasma pressure gradient occurs just before
blob formation, and (2) the observation on Alcator C-Mod*®
that the strong increase in turbulent flux associated with the
density limit on that machine occurs for > const. / ¢°, similar
to the size and scaling of f;.

B. Blob generation rate

Experimental and simulation data on SOL turbulence show
that blobs are relatively rare events, even in cases like the toka-
mak L-mode where the turbulence is strong and the sheared
flow is weak. In this section, we estimate the blob generation
rate and discuss how to quantify this aspect of intermittency
using the concepts of “waiting time” and ““packing fraction.”

1. Estimates of blob birth rate and packing fraction

The blob generation rate was estimated for Alcator
C-Mod as follows."® For typical parameters, blobs having a
perpendicular scale d, ~ 1 cm can propagate radially a dis-
tance of 10 cm at a typical speed of v, ~ 10° cm s~!, where
a parallel connection length L ~ 5 x 10? cm was assumed.
For a blob density of 1, ~ 10" cm™3 (local density near the
separatrix, where the blob was born), the blob carries
approximately N, ~ (néi)L” ~ 10 particles. With this par-
ticle content, and assuming a typical particle flux across the
separatrix of @, ~ 1022 s~ !, the blob formation rate is
F, = ®,/N, ~ 10° s™!. Finally, if the blob formation is
spread over a poloidal distance of Ly ~ 50 cm, then the fre-
quency of plasma oscillations producing the blobs can be
estimated as wj, ~ Fy(3,/Lg) ~ 10* s™!, which is in the
range of typical edge instabilities.

This highly intermittent transport is characterized by
large skewness of the PDF (see Sec. IV B) and by a small
value of the “packing fraction,” 0 < f, < 1. The packing
fraction for the density is defined by?***1%

e 200 _ T

— 13
o Av 1, (13)
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where 71, is the time- and y-averaged electron density,
np = fi,(xp) is the average blob electron density at the birth
location x = x;,, and Ax = v,1,, is the spacing between con-
secutive density blobs. In the last form of Eq. (13), the pack-
ing fraction is expressed as the ratio of the waiting time t,,
between two consecutive blobs and the time 1, = 26, /vy
for a blob to pass by a given point. In the idealized model of
a train of equally spaced identical square-pulse blobs, one
can compute both the packing fraction and the skewness ana-
lytically.®? In the highly intermittent limit (f, < 1 and S > 1)
one finds that f, ~ 1/5%. Thus, large skewness implies small
packing fractions and long waiting times. A typical value for
the skewness of density fluctuations in the far SOL is S ~ 2,
but the skewness of other quantities (e.g., nonlinear products
like pressure or flux) is usually higher.

2. Experimental data

Experimental data on packing fractions, waiting times
and/or “quiet times”**" can be found for tokamaks and spher-
ical tori,>?166:242.280 stellarators,280 RFPs'® and a simple
magnetized torus.”*> Radial profiles of the packing fraction
are also reported.?>2*2%2

As already discussed, the GPI data on NSTX?*? shows
that the number of blobs entering the SOL drops as the
sheared flows increase (see Fig. 32). This suggests that the
packing fraction should decrease (skewness increase) in
moving from the weak to the strong sheared flow regimes.
For several different L-mode shots in this experiment, Fig. 6
in Ref. 22 shows that the skewness of the NSTX GPI inten-
sity is in the range S=4-10 in the far SOL, and Fig. 8 in
Ref. 22 shows that the packing fraction f, =) tN./At
< 0.2 throughout the SOL. t

VIl. ONGOING AND FUTURE WORK

In previous sections, we reviewed blob particle transport
with occasional comments about heat and momentum trans-
port. There are other topics which could be considered but
are not yet fully developed or are outside the scope of this
paper. These include blob transport of heat, momentum, par-
allel flows and parallel current; a fully electromagnetic
theory of blobs and ELMs; experimental modeling with 2D
and 3D turbulence codes; the inclusion of blob effects in 2D
SOL transport modeling; and inclusion of finite ion tempera-
ture effects. In this section, we give brief discussions of
some of these issues that may be important areas for future
work.

A. Blob-generated sheared flows

In Sec. VI, we discussed the theory of how the radial
electric field shear (or poloidal velocity shear) regulates the
turbulence and contributes to the formation of coherent, iso-
lated blob structures. There is theoretical and simulation evi-
dence that blobby turbulence also affect the flows, resulting
in a coupled self-regulating system, as is argued for other
turbulent systems.”®! The spontaneous self-consistent gener-
ation of binormal (y) or approximately poloidal, zonally
averaged flows in edge turbulence simulations is commonly
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seen together with the dynamics of blob formation and ejec-
tion,? 016281282 The radial structure of the flows Vy(X) typi-
cally gives rise to a flow shear layer near the blob “birth
zone” which also is located approximately where the loga-
rithmic pressure gradient maximizes (see Sec. VI A). These
zonally averaged flows typically exhibit both a steady time-
independent part, and a time-fluctuating part. The latter is
linked to relaxation oscillations associated with turbulent
bursts that release the blobs.®*®!

The underlying mechanism for flow generation is the
Reynolds stress (v,v,). In edge plasmas, it is often best to
treat flow generation from the momentum conservation
equation, using the total momentum flux (nv,v,) =~
(n) (vyvy) + (nvy) (vy). Noting that n and v, are in phase for a
blob structure, the last term will be recognized as a “passive”
flux corresponding to the fact that the blob carries (v,) with
it as it transports particles. This term cannot generate flows
and is usually responsible for edge flow dissipation by trans-
port of y-momentum into the SOL. The first term is the usual
Reynolds stress term weighted by the mean density. In the
absence of momentum sources and sinks, steady state mo-
mentum conservation requires d,(nv,v,) =0 so that the tur-
bulence only moves momentum from one location to
another, giving rise to bipolar flow layers in which v,(x)
changes sign. However, structures, such as blobs and con-
vective cells,®? that cross from closed (edge) to open (SOL)
field lines, carry momentum into the SOL where it is ulti-
mately dissipated in sheaths.*' In this case, net unidirectional
flows in the edge can be created. For a model drift-wave sys-
tem it was found that the flows are in the electron diamag-
netic direction in the edge region, and in the ion diamagnetic
direction in the SOL.>' The flows in this simulation were
driven by a net momentum flux, illustrated in Fig. 19. It has
been suggested that an analogous transport of foroidal mo-
mentum by blobs into the SOL is associated with the phe-
nomenon of “spontaneous” toroidal rotation.*> Finally, it
should be noted that ExB flows in the ion diamagnetic direc-
tion in the SOL are expected in any case due to the radial
variation of the sheath potential (®y, ~ 3T,).

Experimentally, the observation of strongly sheared
flows in edge plasmas is ubiquitous.' It is frequently found
(e.g., see Ref. 283) that flows reverse from the electron to
the ion direction across the separatrix. The relationship
between these flows and the edge turbulence (blobs) is still
not well understood. In the linear CSDX device,284 flows
were shown to be described by a residual stress term that
could have its origins in either blob emission or radial wave
propagation arising from symmetry breaking at the plasma
boundary. Earlier studies?®® also demonstrated some links
between bursts of outward going particle flux and momen-
tum flux associated with the dynamics of the shear layer. In
contrast to these results, in experiments on the simple mag-
netized torus, TORPEX,2O3 it was found that cross-field
flows transfer energy to the blobs, and blob transport of to-
roidal (approximately parallel) momentum from the plasma
region modifies the toroidal flows.”” Very few tokamak
experiments have attempted to diagnose the momentum and
energy transfer mechanisms associated with blob dynamics.
Exceptions are a set of experiments on JET'** and ASDEX-
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U.2% In Ref. 144 poloidal flows, momentum flux, and the
energy transfer rate between the meso-scale (i.e., blob) tur-
bulence and the flows was studied on JET. The blob forma-
tion and subsequent radial transport was associated with the
driving of azimuthal flow. In Ref. 286 the radial transport of
poloidal momentum in the SOL of ASDEX-U was investi-
gated using a reciprocating probe with a special probe head
that can measure the radial and poloidal electric fields. This
allows each of the momentum flux components to be inferred
separately. The time history of the integrated radial flux of
poloidal momentum at a point in the SOL was compared for
L- and H-modes, and the flux of poloidal momentum was
found to be almost two orders of magnitude larger in H-
mode than in L-mode. In these H-mode experiments there
was a large external momentum input due to neutral beam
injection, and this momentum was transported into the SOL
by the ELM filaments.”®® Interestingly, the mechanisms re-
sponsible for the momentum flux (e.g., Reynolds stress and
passive flux) differed in the L- and H-mode cases.

B. Ballooning and parallel transport in the SOL

It is well known that curvature-driven instabilities in
both high-beta (8 = 8np/B?) and resistive plasmas have
their largest amplitudes on the outboard low-field side of the
torus. This “ballooning” effect allows the modes to concen-
trate in the region of the field line where the pressure-gradi-
ent-weighted curvature is unfavorable for plasma stability. In
a fully nonlinear treatment, blobs are formed from the crests
of unstable ballooning perturbations. Therefore, the plasma
ejected by the newly formed blob-filament should have a
higher pressure near the outboard midplane than elsewhere
along the field line. In the SOL, parallel particle flow at the
sound speed is expected to occur in response to this pressure
imbalance. The time scale for achieving pressure balance
along the field line, 7/~ L;/c,, can be compared with a typi-
cal time scale for blob convection, t, ~L /v, where v, is
the blob velocity and L is a perpendicular scale of interest
(e.g., the blob radius, the near-SOL width, or the gap
between the LCFS and the wall). If 7] > 7.« then par-
ticles are lost to the wall (e.g., as in the C-Mod main cham-
ber recycling regime'?); however, more generally, parallel
sonic expansion will deliver some particles to the divertor
plates and limiters.

The interplay of parallel flows and perpendicular con-
vection can be very subtle. Perpendicular blob dynamics in
toroidal geometry leads to radial, poloidal and toroidal dis-
placements of the free end of the filament. As motion per-
pendicular to B occurs, theoretical calculations’”* show that
parallel flow (typically with velocity less than c¢) determines
whether the filament stays in contact with a fixed poloidal
location, e.g., the X-point region’* or the divertor plate; this
affects the parallel closure physics and hence the blob veloc-
ity. The dynamics of blob-filaments undergoing simultane-
ous perpendicular convection and parallel expansion remains
to be studied in detail in either 3D simulation or theory mod-
els, even at the fluid level. Moreover, it is likely that kinetic
effects play a role in describing the parallel propagation of
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plasma. Similar issues have been addressed (at the fluid
level) in the context of pellet fueling.”®’

Some of the underlying concepts have been modeled for
the SOL using 2D fluid turbulence codes. In Refs. 86 and
93-95 qualitative agreement with TCV and JET data was
obtained for the B x VB-independent part of the parallel
SOL flow. In this work it was assumed that as the blob drifts
across a given field line it perturbs the local pressure and
launches a sound wave toward both divertor plates. The par-
allel Mach number M| ~ v /c; was estimated from the frac-
tion of the time that intermittent blob events create a
significant pressure excess on a given flux tube (i.e., from the
packing fraction). The same model could be used to estimate
the parallel Reynolds stress, i.e., (v,v) oc (v,p) where
p=nT, is the pressure, and showed qualitative agreement
with experimental measurements. However, studies of these
effects in 3D turbulence models still remain for future work.
Other experimental investigations of the parallel Reynolds
stress®*%%%? suggest a rich and bidirectional link between the
parallel and perpendicular dynamics.

Experimentally, the ballooning nature of transport and
the existence of consistently directed (i.e. sourced at the
outboard midplane) parallel flows below the sound speed
have been documented.’%3193290-292 T4 our knowledge,
however, the expected sound time scale 7} for front propa-
gation has not been observed directly in the context of
blob-filaments. Some indirect evidence comes from the T-
10 tokamak, where the propagation of turbulent structures
from the outboard to the inboard side of the torus at the
sound velocity was proposed as a possible mechanism to
explain a radial shift of order v,t between inboard and
outboard profiles of blob fluctuation levels and their statis-
tical moments. '’

In other experiments, faster propagation times (on the
order of a few us), more likely associated with the electron
time scale, have been observed between midplane and diver-
tor plate blob diagnostics.'*®'*! These may represent parallel
propagation times for electron energy or electrostatic poten-
tial through the background plasma on which the denser
blob-filament sits, as its density expands along the field line
at the slower sub-sonic speeds. Also see the discussion of
blob parallel expansion in Ref. 74.

Perhaps the best direct evidence for parallel sonic
expansion of filaments comes from the case of ELM fila-
ments where the condition 7~ 7, is more easily met.
Data from both JET?>** and DIII-D*"*2%* is consistent
with the picture that ELM filaments are ejected mostly on
the low field side, thereby launching a sound wave or per-
haps a sonic front that propagates along the field lines.
However, at low densities, this picture is apparently not so
clear.”*

The implications of intermittent parallel flows and their
likely origins in the radial transport of initially nonuniform
(along B) ELM or blob filaments is a subject of active theo-
retical investigation,?®®2892932% In particular, the intermit-
tent nature of these processes raises difficult issues for
transport modeling. As is also the case for the intermittent
cross-field blob transport, statistical closures would be
needed to properly handle the averages of products (or
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nonlinear functions) of density, temperature, flow velocity,
etc. We return to this point later.

C. Electromagnetic effects on blob-filaments and
ELMs

Up until now, we have considered the dynamics of blob-
filaments in the electrostatic (ES) approximation. To the
extent that comparison of blob theory and simulations with
experiments has been possible, the electrostatic model
appears to describe most of the observed features. The theory
of electromagnetic (EM) effects on blob-filaments has been
reviewed in previous works>*> and will not be discussed in
any detail here. Rather, we focus on two electromagnetic
aspects that appear to be related, at least qualitatively, to ex-
perimental observations. These are (1) field line bending and
(2) current-carrying filaments.

When the plasma contained by a blob has a sufficiently
high value of 8 = 8np/B? the moving filament has the abil-
ity to carry “frozen in” magnetic field lines with it as it con-
vects radially. In a tokamak, where the filaments have a
ballooning structure on the outboard side of the torus, this
physics causes the midplane region of the filament to move
outward radially while the foot-points (near the top and bot-
tom of the torus) are relatively fixed. The amount of bending
of the field lines is estimated as®® A ~ Lz‘ B/R where L, is the
length of the filament and R the major radius of the torus.
Thus, the condition for the line bending to be important is
p>p.=RA, /Lﬁ, where A,, is the distance from the sepa-
ratrix to the first wall; when this condition is satisfied, the
field lines will touch the wall at the midplane without their
ends hitting the divertor plates. Physically, field line bending
is related to parallel Alfvén wave emission. This emission
provides dissipation which adds to sheath losses and com-
petes with inertia to establish the blob or ELM filament dy-
namics.” The same mechanism has also been shown to be
relevant for the expanding cloud of a high beta pellet
injected into the core plasma.''”*” In this regime, the
physics governing the midplane filament velocity is inde-
pendent of that at the foot-points, so the same dynamics also
holds for high-f SOL blobs (in the RX-EM regime) that
essentially terminate at the X-points.**

A second effect, in principle unrelated to the first, is the
fact the blobs can transport current (as well as particles,
energy and momentum). Parallel current transport, i.e., cur-
rent-carrying filaments,”® provides an additional mechanism
by which electromagnetic effects enter the blob picture. An
isolated filament carrying a unidirectional current propagates
at the characteristic (current-free) blob speed, but has greater
cohesion due to the attraction of mutual parallel currents
within the structure.>® In addition, because anti-parallel cur-
rents repel, filaments can interact with an image (e.g., current
hole, or conducting wall) causing acceleration or deceleration.

Experimental evidence for these effects is qualitative at
best. In reversed-field pinches (RFPs), which are inherently
high-f devices, current-carrying filaments generated by the
turbulence have been observed and studied by their mag-
netic signature:s.193’241’298 In tokamaks, evidence for field-
line bending and current transport by filaments comes
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almost exclusively from ELM observations. ELM filaments
are commonly observed in tokamak H-modes'??***¢ (also
see the review in Ref. 256) and in recent nonlinear MHD
simulations of ELMs.?*?73293% Ref. 90 explicitly dis-
cusses the observation in the simulations of ELM filaments
which carry current. Here we note a few cases in which
observations seem to support the theoretical points (1) and
(2) mentioned earlier.

SOL currents have been observed in DIII-D and have
been associated with ELMs.>*** Current-carrying ELM fila-
ments have been observed in MAST**2% and JET> by their
magnetic fluctuation signature. The current density in the fil-
aments was found to be of the same order as that of the
edge plasma where the filaments are believed to have been
born. Field-aligned holes left behind after filament ejection
have also been reported in experiments.>*®**” The repulsive
interaction of the current filaments with the holes left behind
is consistent with the acceleration of ELMs into the SOL
that has been observed in some experiments,”*® although
other experiments have reported radial deceleration of
ELMs. 28273 Moreover, initial radial acceleration is also
qualitatively consistent with explosive ballooning instability
theory®® such as seen in the initial phase of nonlinear ELM
formation in simulations.>’> Thus the role of current on the
filament dynamics is largely open.

Many experimental papers have measured the radial
propagation velocity of ELMs*~*%73 and some have car-
ried out scaling studies and/or made comparisons with sim-
ple (inertial and sheath-connected) blob propagation
models.?>%%%3 However, there have been no attempts to date
at quantitative identification of specifically EM regimes pre-
dicted by blob theory. There was an indication of a blob ve-
locity scaling independent of normalized blob radius® (see
Fig. 25 in Sec.V B) that is consistent with the high-f RX-
EM regime;48 however, the available data did not permit a
strong conclusion.

Qualitatively, there are indications that field-line bend-
ing may describe certain features of ELM observations in the
SOL. In spite of parallel losses, it was estimated®* that the
filament density in the far SOL is comparable to the pedestal
density. It has also been estimated® that the energy loss
from an ELM cannot be described by the energy content of a
completely detached filament. These observations are con-
sistent with the picture that ELM filaments bulge and propa-
gate out at the midplane and possibly interact with the
wall,310 but that, owing to high-f field bending, they retain
their connection to the closed surfaces for some significant
portion of the propagation time. This connection would keep
the flux tube filled with plasma density and energy as it
moves outwards, unlike a (detached) SOL flux tube which
loses particles and energy to the sheath.

Thus, the EM blob convection regimes discussed in
Refs. 39 and 48 may be responsible for the motion of the
ELM filaments observed in many experiments, but more
work is needed to confirm this point and to assess the effect
of parallel currents on the ELM motion. Many other factors
beyond the scope of this review must be understood before a
predictive model of ELM particle and heat transport is possi-
ble. A good review of present theories of ELM filament
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formation and dynamics is given in Sec. IV of Ref. 257 and
the experimental data is summarized in Ref. 256.

D. Comparison of turbulence simulations with
experiments

There has been a growing effort to simulate edge and
SOL turbulence in recent years because of the importance of
the edge for core confinement and the interaction of the SOL
plasmas with plasma facing components. In surveying the lit-
erature, the term “the edge” is used to describe both the
transport barrier region where the drift wave and ion temper-
ature gradient (ITG) instability (and/or their suppression) are
dominant considerations, and the closed field line region just
inside the separatrix or LCFS, where the drift-resistive-inter-
change and ballooning modes occur. A full discussion of
edge turbulence in either of these closed field line regions is
beyond the scope of this review, where we limit ourselves to
the physics of blob-filaments. The region just inside the sepa-
ratrix has been briefly discussed in the section on blob gener-
ation. In the present section, we focus the discussion on
turbulence in the SOL outside the LCFS.

Quantitative modeling of SOL turbulence and blobs in
experiments is not easy for a number of reasons. First, one
cannot experimentally measure all of the inputs to such
codes, and setting the remaining parameters requires good
judgment. This is particularly true when trying to model a
3D SOL plasma with a 2D code. Many runs and careful com-
parison of simulation trends with the experimental data are
required to take into account both input uncertainties and
model sensitivity. Second, it is important to process both the
simulation data and experimental data using exactly the
same algorithms and approximations. Finally, there is a
trade-off between the fidelity of the model and the ability to
obtain useful information: e.g., 3D codes are time-consum-
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ing and difficult to run for this sort of study (which involves
full profile evolution with large fluctuations in the SOL),
whereas 2D codes allow extensive parameter studies with
self-consistent SOL profiles, but are only approximations to
the full 3D physics (neglecting, or modeling in an over-sim-
plified way, most physics parallel to B).

With regard to this last point, the justification for using
2D turbulence codes to treat toroidal plasmas deserves
further discussion. If taken literally, the assumption of
interchange-like behavior along the magnetic field is hard to
justify in the edge region of a tokamak. By design, a field
line inside the LCFS is stable to an ideal interchange mode
because of the pressure-weighted good curvature in the high-
field region. However, ballooning modes which localize on
the outside of the torus can go unstable. In the same way,
blob generation by curvature requires resistive effects to iso-
late the bad curvature region. Either the plasma resistivity
localizes the mode structure to the outer midplane (resistive
ballooning) or, in diverted tokamaks, X-point shear, together
with even a small resistivity, localizes it between X-
pointsnl’112 (RX mode). Recent measurements with fast
visible imaging on Tore Supra®** showing filaments only on
the outside of the torus illustrate this point. The important
point is that 2D turbulence codes can approximate this dis-
connection from the good curvature region by an appropriate
choice of effective curvature 1/R. and parallel connection
length L.

Some simulations have focused on studying and charac-
terizing the statistics of intermittency and the formation of
coherent structures; this work has been discussed in earlier
sections of this review. The simulations typically use BCs
specifying the particle and heat flux at the LCFS, or other
equivalent particle and heat sources in the edge region, to
drive the turbulence. The turbulence then creates blobs as
part of the turbulent saturation process. (Here, “saturation”

TABLE V. Comparisons of SOL simulations and experimental data: (a) 2D simulations, (b) 3D simulations.

2D codes
Experiment

FDET
Aditya

ESEL
TCV

ESEL
JET NSTX

ESEL
ASDEX-Upgrade

SOLT ----
Helimak

Fluctuation levels X X
Turbulent spectra

Correlation times or lengths

Skewness, PDFs X
2D imaging

Radial profiles

Blob properties X
93,100

X X X X

References 61

3D Codes
Experiment

BOUT
DII-D

BOUT
C-Mod

86,94

X X

X
X

X
X X X

X X
46,82,101 102 272

BOUT
MAST

GEMR
C-Mod

BOUT
NSTX

NLET
C-Mod

Fluctuation levels X
Turbulent spectra

Correlation times or lengths X
Skewness, PDFs

2D imaging X

Radial profiles X
Blob properties X X
Parallel mode structure X

References 88 74, 88,140

88 20,21 91 311
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means that the time-dependent intensity of the turbulent fluc-
tuations settles down to a quasisteady state after an initial
transient.) By adjusting the parameters controlling the turbu-
lent intensity (e.g., the parameters for source rates, the curva-
ture-drive, dissipation, and sheared flow), one can control
the rates of turbulent transport and blob generation. Compar-
isons of simulation with experiment can be carried out for
the following quantities: radial profiles for n,, T, (or the GPI
intensity), statistical quantities characterizing the turbulence
(e.g., skewness S, kurtosis K, PDFs), statistical analysis of
the blob distribution (e.g., PDFs of blob velocities and blob
sizes), etc. The simulations also describe the competition in
the near SOL between “normal” (Gaussian) turbulent trans-
port and transport by blob-filaments.

A detailed discussion of this topic is outside the scope of
the present review, but we would like to point the interested
reader to a number of useful papers in this area, most of
which deal with particle transport only. In Table V we sum-
marize points of comparison between SOL turbulence simu-
lations and experimental data relevant to blobs, which can be
found in the published papers listed in the table. There are
separate tables for 2D and 3D turbulence codes. In each case
we have listed the name of the simulation code, the experi-
ment, the areas of comparison, and references to the corre-
sponding papers. A cross in the box means that the indicated
comparison was attempted, but does not necessarily imply
that good agreement was obtained. Both qualitative and
quantitative comparisons were included in the table.

In the present review, special attention is focused on
simulation studies that have made comparisons with experi-
ments that relate directly to blob properties. As shown in
Table V, such comparisons have been carried out for C-
Mod 207488140311 11 1y 88 NQTX 405288101 NfASTO! and
TCV.?31% 3D simulations have been used to make compari-
sons of blob size (or poloidal correlation length),”**® parallel
filament structure,”***!4% and blob velocity.”**! Typically,
the agreement was reasonable (factor of 2) for some quanti-
ties but poor for others. In some cases, it was impossible to
compare the same quantities in both simulation and experi-
ment; in other papers, the simulation parameters were not
varied over a large enough range to optimize the comparison.
3D simulations are time-consuming, and such optimization
is rarely possible. For this reason, 2D SOL turbulence simu-
lations remain very useful, because they can be run over a
wide parameter range to obtain optimal comparisons with
data and to identify physical trends. Two examples are the
comparison of the ESEL code simulations with TCV
data®'% and the comparison of SOLT code simulations
with NSTX data.**%>!*!

The ESEL code results were compared with the TCV
data in the form of radial profiles in the SOL of density, radial
particle flux, skewness, flatness and the Mach number for par-
allel flow.”>'° Also the “pulse shape” obtained by condi-
tional averaging (see Fig. 17 of this review) and PDFs of
density and radial particle flux (see Fig. 20) were compared
with the TCV data,loo as discussed in Sec. V C. Experimental
data was taken over a range of line-averaged densities’ and
it was found that the radial profiles varied with density or col-
lisionality; the code results were in reasonable (factor of 2)
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P(v)dv

FIG. 33. (Color online) The distribution of the maximum image radial ve-
locity (MIRV) for the SOLT simulation (solid, black) and for the NSTX
shot (dashed, red), and the distribution of the radial convection velocity, vg,,
measured at the intensity maximum of the brightest blob in each frame of
the SOLT simulation (dotted, black). Reprinted with permission from D. A.
Russell, J. R. Myra, D. A. D’Ippolito, T. L. Munsat, Y. Sechrest, R. J.
Maqueda, D. P. Stotler, S. J. Zweben, and B. P. LeBlanc, Phys. Plasmas 18,
022306 (2011). Copyright 2011, American Institute of Physics.

agreement with the highest density cases (~0.8-1.0 x 10"
cm™). This agrees with theoretical expectations because in
these simulations the ESEL code modeled the inertial or
resistive-ballooning (RB) regime (as defined in Fig. 23).

The SOLT 2D simulations of NSTX turbulence****'*!
added the new feature of a synthetic diagnostic for calculat-
ing the gas-puff-imaging (GPI) intensity /. This allowed a
comparison in which the data from the simulation code and
the experiment were analyzed by identical algorithms. Ra-
dial profiles of the mean and median intensity and the skew-
ness S; of the intensity fluctuations were compared for both
simulations and experiments. The sheath loss terms were
retained (sheath-connected regime) so that the parallel con-
nection length L entered as a parameter in the model. Some
effort was put into determining the optimal effective values
for the curvature drive, connection length, and dissipation
parameters in order to get the best agreement with the exper-
imental profiles. Another unique feature of these simulations
was an analysis of blob statistics, obtained by creating a blob
database and using a blob tracking algorithm to follow the
structures from frame to frame in the GPI time sequence.
This analysis*® yielded the number of intensity blobs per ra-
dius, the PDF of poloidal blob size, and the PDF of image
and ExB velocities.

One of the few examples of a quantitative comparison
of blob properties (as opposed to general turbulence statis-
tics) between simulation and experiment is shown in Fig. 33,
for the PDF of the radial blob velocity. Figure 33 employs a
sophisticated analysis procedure which serves to illustrate
the difficulties in these types of comparisons. Simulations
give access to all dynamical variables and one can extract
the local electric field and hence calculate the ExB velocity
of the blobs directly. This is not the case for the experimental
GPI data, where only the image velocity (i.e., the velocity at
which the visible intensity structures appear to move) is
available. This raises several validation issues.*® One issue is
whether blob images in the experiment really move with the
local ExB velocity, which can also include internal structure
(Fig. 14) as well as a spin component. For a structure that is
changing shape while traversing the SOL it is difficult to
determine where to measure the ExB velocity (center of
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mass, leading edge, at the point of maximum amplitude). A
related issue has to do with the method and reliability of
extracting a velocity from the moving (and constantly distort-
ing) images in the GPI data. In fact, the latter problem is
rather subtle, and has been addressed in work which employs
the method of hybrid optical flow and pattern matching veloc-
imetry (HOP-V).>'? HOP-V assigns a velocity field, and hence
a maximum image velocity (MIRV) to each GPI frame. Sub-
jecting both the simulated and experimental GPI data to
exactly the same analysis stream results in the curves labeled
“MIRV” in Fig. 33. The curve labeled “Vg SOLT” is obtained
by using a blob finder to create a database of blobs from the
simulation data; this curve uses the radial ExB velocity meas-
ured at the intensity maximum of the brightest blob in each
frame of the SOLT simulation. For the simulation data, this
analysis concluded that the MIRV (image) velocity is indeed
distributed similarly to the radial ExB velocity. Also, MIRV
results for SOLT and NSTX data can be compared directly,
and can be seen to show good agreement. Although tedious
and difficult, validation of blob theory and simulations models
will require more work of this type.

E. Modeling intermittent transport

It has been pointed out™**** that the intermittency associ-

ated with blob transport poses problems for transport codes
based on averaged plasma parameters. In fact, in the limit of
large skewness (small packing fraction), these parameters expe-
rience very strong fluctuations due to the passage of the blobs.
The intermittency problem can be expressed by the following
relation:® (f(p)) # f((p)), where fis a nonlinear function, p
is a plasma state variable (e.g., 1, or T,), and (...) is an average
over z (the toroidal coordinate) and time. It is not easy to obtain
a closure relation expressing (f(p)) in terms of the average var-
iables (p) evolved in transport codes. Examples of nonlinear
functions relevant to the SOL include blob convection, neutral
ionization and radiation, sputtering, recycling, etc.

The specific example of impurity avalanche due to inter-
mittent blobs was treated analytically in Ref. 83, and a more
general discussion of the intermittent plasma transport problem
was given in Ref. 84. In more recent work>"? the spatiotempo-
ral features of blobs and ELMs were modeled using the 2D
transport code UEDGE in a time-dependent mode. The model
is based on multi-fluid simulation of an ensemble of plasma
“macro-blobs” appropriately seeded in the edge plasma to
simulate the experimental statistics of blobs. The model proj-
ects inherently 3D filamentary structures associated with blobs
onto the 2D poloidal geometry. More work is needed to
benchmark this approach against experimental data. All of this
work is motivated by the need to take intermittency into
account in order to understand the nonlinear physics of the
SOL.

F. Finite T; effects

All of the analytical blob theory and most of the blob sim-
ulations reviewed so far in this paper invoke the cold ion
model, 7; = 0. This model is sufficient to describe the essential
physics of blob theory (ion polarization drifts, parallel electron
currents, sheaths and curvature drive, or most other charge-
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polarizing forces). While 7; << T, is realistic in most small
basic physics experiments, it is not realistic in the tokamak
SOL where T, < T; is typical. Finite ion temperature enters
blob physics in several ways. First, ion pressure contributes
to the interchange-curvature drive (Sec. II A) so that
F~ nm,—cf/RC o« (T, +T;)/R.. Second, in the Bohm sheath
condition, which enters through J)| in the vorticity equation Eq.
(1), the ion flux at the sheath entrance must be generalized314 to
include the T; dependence of ¢; ~ (T, + yST,-)l/ 2/ ml.l/ *. These
two effects are simple to include in the analytical scalings for
the blob velocity. For example, in the sheath-connected regime,
we find vics oc Ly T, (T, + T,—)l/z/(BzézR) and in the electro-
static RX regime vy o neLﬁ(Te +T,)/(T31?B*6°R) (where
the ratio of specific heats 7, is set to unity). Finite ion Larmor
radius and gyro-vicious physics is more difficult to include.
Terms describing these effects in the fluid approximation have
been treated in BOUT code simulations [see e.g., Ref. 88], and
are present kinetically in a PIC numerical study'® of blobs.
Additionally, analytical work has been carried out to obtain a
reduced blob model retaining some finite 7; effects.** Seeded
blob simulations were carried out with this model, which
showed T;-driven poloidal blob motion and modifications of the
density-potential blob structure, but stability properties and
blob speed were not qualitatively affected. More work is
needed to fully explore the role of finite 7; on blob formation
and dynamics, to understand how it limits the structure size on
the p; scale, and to address the impact of finite 7; and 7; gra-
dients in the SOL when modeling tokamak experiments. This
study has been inhibited both by the paucity of experimental
data on the SOL T; and by the complexity of modeling finite
Larmor radius effects.

VIll. SUMMARY AND DISCUSSION

This paper has reviewed the present state of research on
blob formation, dynamics and transport mechanisms with an em-
phasis on comparing theory and experiment. Separate overviews
of blob theory (Sec. II) and experiments (Sec. III) were given,
and the results of analytic theory, computer simulations and
experiments were compared for a number of topics related to
blob structure and motion (Secs. II, IV, and V) and the genera-
tion of blobs by turbulence (Sec. VI). The discussion emphasized
topics for which there exists experimental data. For example,
most of the discussion concerned the transport of particles by
blobs, which is the aspect that has received the most theoretical
and experimental attention; the corresponding transport of heat,
momentum, and current was only briefly discussed (Sec. VII).

This review shows that a combination of analytic blob
theory and numerical simulations have explained the basic
experimental observations:

* the existence of higher-than-background density filaments
(blobs) propagating outwards, and lower-than-background
density filaments (holes) propagating inwards (Sec. II E);

* the dipole charge polarization of blobs (compare Figs. 1,
14, and 15), which provides a robust mechanism for the
observed convective transport and enhanced wall recycling
in both toroidal and linear experiments;

* the characteristic pulse shape (steep rise and slow decay,
compare Figs. 16 and 17);
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* intermittent turbulence (compare Figs. 3 and 4) with order
unity skewness of fluctuations in the SOL (compare Figs.
18 and 19) and non-Gaussian probability distribution func-
tions (compare Figs. 20 and 21).

Edge turbulence simulations, which model the blob cre-
ation process in the near SOL, agree qualitatively with
experiments on the resulting statistical characterization of
the edge and SOL: the intermittent, non-Gaussian transport
which produces skewed probability distribution functions
and characteristic radial profiles of skewness and kurtosis
(Sec. IV B). Simulations and experiments also support the
theoretical picture that blobs are born by saturation of the
turbulence, with the blob birth zone located near the maxi-
mum logarithmic gradient of the pressure (i.e., near the max-
imum linear growth rate, see Fig. 31). This picture is
modified slightly by strong sheared flows, as discussed in
Sec. VI A.

Attempts to confirm the analytic scalings for the blob ve-
locity as a function of blob size, collisionality and magnetic ge-
ometry have had mixed success (Sec. V). Seeded blob
simulations support the analytic theory scaling (e.g., the blob
correspondence principle) but turbulence simulations and, even
more so, experimental tests show a lot of scatter. This scatter is
probably due to a number of factors. First, the underlying turbu-
lent nature of the blobs ensures that the assumptions of the ana-
lytical theory, such as a circular shape with uniform
temperature, are violated in practice, and the experimental blobs
show a variety of shapes (see Figs. 5-11). Also, there are a num-
ber of unknown factors which can vary randomly from blob to
blob in the simulation and experimental datasets, including ini-
tial vorticity, density “height” above background, structure par-
allel to B, the amount of sheared flow or background rotation
encountered, contact with wall or divertor plate, etc.

The limitations on comparison of theory and experiment
imposed by this scatter is one of the important conclusions
of this review. However, it is also significant that in at least
two experiments the measured velocities in a database of
blobs are bounded by the theoretical prediction in a reasona-
ble way (Sec. V B, Figs. 25 and 26), as is the multi-machine
database (Fig. 27). Also, it is encouraging that the collision-
ality dependence of the blob velocity in the high-collisional-
ity regime is consistent (at least qualitatively) with several
experiments (Sec. V C).

Looking to the future, there are a number of promising
areas for future work. One is the use of 2D and 3D simula-
tion codes to model experimental data on edge and SOL tur-
bulence and blob transport (see Secs. V C 2 and VII D). We
listed a number of papers on simulation-experimental com-
parisons in Table V. Existing work in this area, particularly
with regard to model validation in the presence of blobs and
strong turbulence, can be viewed as exploratory rather than
comprehensive. In the future, such comparisons should
include the radial profiles of density, temperature, fluxes and
statistical quantities, as well as PDFs of the blob properties
(size and velocity). For quantitative studies of tokamaks, STs
and stellarators, the codes should take into account the 3D
effects of magnetic geometry and X-points, although 2D
codes remain very useful for understanding and for parame-
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ter studies. Experimental diagnostics to measure the parallel
structure of the blobs along field lines should be developed.
Possibly important extensions of present fluid models
include modeling divertor plate sheath conditions, SOL ioni-
zation and radiation, wall recycling and kinetic effects.

To date, work on electromagnetic theory and simulation
of blob-filaments is in an early stage, and extension of this
work and its integration with edge MHD efforts to describe
ELM formation and propagation in the SOL is of great scien-
tific and practical importance.

Other topics that should receive additional attention in
future years, and would benefit from theoretical-experimen-
tal collaboration, include the following, discussed briefly in
earlier sections:

(1) the physics of blob generation by turbulence;

(2) turbulent and blob heat transport in edge and SOL and
its relation to the density limit;

(3) blob transport of momentum and interaction with
sheared flows, and especially simulations of these proc-
esses validated with high-resolution experimental data;

(4) parallel structure and dynamics of blobs and ELMs;

(5) blob and ELM transport of parallel current and other
electromagnetic effects;

(6) X-point effects and divertor leg blobs;

(7) trigger mechanism for blob generation and release, and
an understanding of the net blob generation rate (packing
fraction);

(8) intermittency effects in transport code simulations.

In summary, our understanding of edge and SOL turbu-
lence and the role of blob convective transport has improved
greatly in the past 10 years. There is enough agreement
between theory, simulations and experiments to encourage
future work in this area. However, quantitative agreement
has not yet been obtained in more than a few cases and will
likely require further development in both the models and
the experimental diagnostics.
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NOMENCLATURE

BC = Boundary Condition
BD = Biorthogonal Decomposition
BES = Beam Emission Spectroscopy diagnostic
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ELM = Edge Localized Mode
EM = Electromagnetic
ES = Electrostatic
GPI = Gas Puff Imaging diagnostic
LCFS = Last Closed Flux Surface
MHD = Magnetohydrodynamic
PDF = Probability Distribution Function
SOC = Self Organized Criticality
SOL = Scrape-off Layer
B = background magnetic field
b =B/B
F = charge-polarizing force
E = electric field induced by charge polarization
R = major radius (for toroidal devices)
R. = radius of curvature (R. ~ R)
g = effective gravity (force for interchange instability
and blob motion)
x = radial coordinate
y = binormal (approximately poloidal) coordinate
z = coordinate along b
n, n, = density
T, T, = electron temperature
K = curvature of field lines
J|| = parallel current
L) = blob parallel scale length, or correlation length
® = electrostatic potential
O = Bohm sheath potential (Og ~ 3 T,)
ve = ExB velocity
v, = blob radial velocity (theory)
V., = blob radial velocity (experiment)
Ve = (0 /R)'?, characteristic blob speed
¢y = sound speed
ps = sound Larmor radius
d, 0, = blob radius (or scale size in poloidal direction if
blob is not circular)

S, = p?/sLﬁ/S/Rl/s, characteristic blob scale size, most
. stable blob

5= 6,/0.
@=05"

Q, Q; = ion gyro-frequency
Q. = electron gyro-frequency
(...) = statistical average
o = standard deviation
S = skewness
K = kurtosis
Epo1 = poloidal (y) electric field
I' = particle flux
A =Dblob collisionality parameter,
= (me/mi)]/zl/*e
1| = parallel Spitzer resistivity = 1/0),
fc =i/ng =Greenwald parameter,
density
B = 8np/B?, normalized plasma pressure

= Veil /(Qeps)

normalized line
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