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Drift-Alfvén vortex filaments associated with electromagnetic turbulence were recently identified in
reversed field pinch devices. Similar propagating filamentary structures were observed in the Earth
magnetosheath, magnetospheric cusp and Saturn’s magnetosheath by spacecrafts. The
characteristics of these structures closely resemble those of the so-called mesoscale coherent
structures, prevailing in fusion plasmas, known as “blobs” and “edge localized mode filaments” in
the boundary region, and propagating avalanchelike events in the core region. In this paper the
fundamental dynamics of drift-Alfvén vortex filaments in a nonuniformly and strongly magnetized
plasma are revisited. We systemize the Lagrangian-invariant-based method. Six Lagrangian
invariants are employed to describe structure motion and the resultant convective transport, namely,
magnetic flux, background magnetic energy, specific entropy, total energy, magnetic momentum,
and angular momentum. The perpendicular vortex motions and the kinetic shear Alfvén waves are
coupled through the parallel current and Ampere’s law, leading to field line bending. On the
timescale of interchange motion 7, a thermal expansion force in the direction of curvature radius
of the magnetic field overcomes the resultant force of magnetic tension and push plasma filament to
accelerate in the direction of curvature radius resulting from plasma inertial response, reacted to
satisfy quasineutrality. During this process the internal energy stored in the background pressure
gradient is converted into the kinetic energy of convective motion and the magnetic energy of field
line bending through reversible pressure-volume work as a result of the plasma compressibility in
an inhomogeneous magnetic field. On the timescale of parallel acoustic response 7> 7, part of the
filament’s energy is transferred into the kinetic energy of parallel flow. On the dissipation timescale
7,2 7, the kinetic energy and magnetic energy are eventually dissipated, which is accompanied by
entropy production, and in this process the structure loses its coherence, but it has already traveled
a distance in the radial direction. In this way the propagating filamentary structures induce
intermittent convective transports of particles, heat, and momentum across the magnetic field. It is
suggested that the phenomena of profile consistency, or resilience, and the underlying anomalous
pinch effects of particles, heat, and momentum in the fusion plasmas can be interpreted in terms of

the ballistic motion of these solitary electromagnetic filamentary structures.

[doi:10.1063/1.3302535]

. INTRODUCTION
A. Filamentary structures in fusion plasmas

Plasma turbulence and the resultant anomalous transport
occupied a critical role in the physics of magnetically con-
fined plasmas for thermonuclear fusion research from its
very infancy.1 Its nonlinearity and complexity are even more
prominent in the plasma edge region where the fluctuation
levels are typically of the order of unity.2 In the last decade
accumulating experimental evidences from tokamaks,”
stellarators,4 reversed field pinches (RFPS),5 spherical
tokamak,6 simple magnetized torus,7 and linear devices® re-
vealed the presence of solitary coherent structures’ in the
plasma turbulence, propagating in the radial direction as well
as in the azimuthal direction, commonly referred to as blobs
or magnetic-field-aligned ﬁlaments,10 which lead to intermit-
tent convective transport of particles, heat, momentum,
charge, and current across the magnetic field. Recent obser-

1070-664X/2010/17(2)/022501/22/$30.00

vations of strong filamentary structures in the plasma bound-
ary in association with edge localized mode (ELM) activity
in high confinement mode (H-mode)''™"® have many simi-
larities with the blob structures observed in low confinement
mode (L-mode), indicating that they might be governed by
the same physical mechanisms. By careful analysis of fast
camera and reciprocating Langmuir probe data, it was now
demonstrated that turbulent transport in the inter-ELM peri-
ods is also predominantly carried by filamentary structures,
although with much smaller fluctuation amplitudes.6

The generation of these structures is generally thought to
be the result of strong turbulence at the plasma edge.w*23
Their two-dimensional (2D) (in the drift plane, i.e., the plane
perpendicular to the magnetic field) electrostatic features
have been extensively investigated numerically.zo_25 Blob re-
lated polarization, vorticity, and sheath closure were consid-
ered in Refs. 19-23. The interchange dynamics for filament
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motion were highlighted in Refs. 24 and 25. Alfvén closures
for 2D blob models and some electromagnetic features were
introduced in Refs. 26-29. Transport momentum with blobs
was studied in Ref. 30, and kinetic simulation of blob was
presented in Ref. 31. The current state of the art in this field
was reviewed in Refs. 32 and 33. Now, strong interest is
arising around their three-dimensional (3D) characteristics,
with strong emphasis on the parallel dynamics3 * and electro-
magnetic features.” ' This interest is enhanced by some
analogies with the propagating avalanchelike events™ or
streamers™ previously observed in the plasma core region,
where the plasma B (the ratio of thermal to magnetic pres-
sure) is much higher. These events are generally thought to
be associated with some nonlinear electromagnetic structures
or fronts ballistically propagating in the radial direction.’
Partially motivated by this target, nonlinear kinetic simula-
tions with electromagnetic effects are rapidly evolving in the
recent years.m_42

The electromagnetic characters of ELM filaments were
studied in MAST spherical tokamak'*'” and ASDEX Up-
grade tokamak'>'° experiments, ruling out purely electro-
static dynamics. Hints of electromagnetic features of blobs
were obtained in linear devices,43 and more recently, the first
direct experimental measurement of the parallel current den-
sity associated with blob structures™* and the first experimen-
tal evidence showing the association of the propagating tur-
bulent structures with the drift-Alfvén vortices was obtained
in the RFP device.¥ Also, the first direct observation of cur-
rent in ELM filaments was made on ASDEX Upgrade
tokamak.*® These new experimental activities aimed at iden-
tifying the electromagnetic features of filamentary structures
in the fusion plasmas are partially motivated by recent ob-
servation of drift-Alfvén vortices in space plasmas.

B. Filamentary structures in space plasmas

It is well know that propagating filamentary structures
are frequently found at boundary layers in astrophysical,
geophysical, and solar atmospheric plasmas. In recent years,
dipolar drift-Alfvén vortices have been detected both in the
magnetospheric cusp47 and in the magnetosheath“g’50 by the
four-spacecraft Cluster mission, and its relation to the cross-
field transport was found.”" Similar Alfvén vortex filaments
were observed in Saturn’s magnetosheath by the Cassini
spacecraft,52 indicating the universality of such structures in
planetary space. In the year 2007, Alfvén waves were de-
tected in the solar corona,”® where the filamentary structures
associated with Alfvén waves were suggested to explain how
energy is transferred to the solar corona, which is millions of
degrees hotter than the solar surface, known as the photo-
sphere. The connection between the erupting filamentary
structures in the fusion laboratory plasma and the solar flares
was summarized in a recent review paper.54 The auroral
plasma is occasionally observed to evolve into highly coher-
ent electromagnetic vortex structures,” in which the per-
turbed electric and magnetic fields exhibit regular rotation
together with the particles trapped inside the structures. An-
other example is the phenomenon that takes place during
ionospheric irregularities where localized regions of plasma
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depletions, often referred to as bubbles, move radially out-
ward on the night side of the equatorial F layer ionosphere.56

C. Impacts of the filamentary transport
in fusion plasmas

The similarity of the electromagnetic filaments in fusion
plasmas and in space plasmas suggests that it could be a
universal phenomenon in plasma turbulence. As a conse-
quence, the study of plasma blobs or filaments and the re-
sultant intermittent convective transport is one of the most
active research areas within plasma physics.2’3’10’33 In the fu-
sion plasma boundary the propagating filaments are believed
to dominate the transport across the scrapeoff layer (SOL) of
fusion devices and possibly lead to serious wall erosion, im-
purity, and recycling problems for future fusion reactors.”
More seriously, the transient power loads associated with the
ELM filaments on plasma facing components (both divertor
and limit tiles) pose stringer design criteria and operational
limits on the material for future fusion reactor, most notably
the planned ITER experiment.57

An important consequence of the filamentary transport is
a strong ballooning nature of turbulence and a strong poloi-
dal asymmetry of radial fluxes in toroidal geometry. Turbu-
lence and flow measurements in the SOL indicate that trans-
port is concentrated on a narrow sector near the outboard
midplane,58 and the radial fluxes on the outboard midplane
are nearly two orders of magnitude larger than on the inboard
midplane.59 There is also increasingly evidence for the exis-
tence a B X VB-independent subsonic parallel flow compo-
nent which is driven by the strong ballooning in the radial
turbulent transport, and thus direct from the outboard mid-
plane region toward the divertor ta\rgets.éo’61 These 3D fea-
tures of turbulent transport have significant implications on
ITER, considering that currently ITER design is largely
based on predications from 1D transport modeling.57 As
such, understanding the elementary electromagnetic filamen-
tary structures which constitutes the plasma turbulence is
recognized as an issue of the highest priority with regard to
ITER.

D. Lagrangian-invariant-based method

In this contribution we intend to concentrate our discus-
sions on elementary electromagnetic structures and funda-
mental mechanism of turbulent transport in the plasma edge.
Specifically, the dynamics of drift-Alfvén vortex filaments in
a nonuniformly and strongly magnetized plasma are revis-
ited. The physical parameters and derived quantities for a
typical filamentary structure [using the Joint European Torus
(JET) tokamak parameters] in the pedestal region (in
H-mode) or periphery region (in L-mode), in the vicinity of
separatrix and in the SOL are summarized in Table I in the
Appendix. The Lagrangian-invariant-based method was sys-
temized and intensively used in this paper. Six Lagrangian
invariants are employed to describe the structure motion and
the resultant convective transport. They are magnetic flux,
background magnetic energy, specific entropy, total energy,
magnetic momentum, and angular momentum.
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The Lagrangian-invariant-based method was proposed
for predicting the quasisteady profiles in tokamak
plasmas.62772 The basic assumption is that turbulence mixing
causes uniformly distribution of the Lagrangian invariants
over the accessible phase space, a state denoted furbulence
equipartition (TEP).*> The mechanism behind the TEP pro-
cess is the Rayleigh-Bénard convection, carried by struc-
tures, known as the convective cells.”® The simplest case of
TEP is the adiabatic vertical temperature profile that results
from large scale convection in a fluid heated from below.
Note that this profile is not determined by the intensity of the
turbulence, but by the uniform distribution of specific en-
tropy, which is a Lagrangian invariant.

It is well known that TEP occurs in atmospherical con-
vection, for instance, in the troposphere, and also appears in
the convection zone of the sun, a natural nuclear fusion re-
actor with turbulent transport of energy to the surface, just
like in fusion devices. According to data for sun
seismology,74 the Lagrangian invariant 7n=%3 is constant to
within a factor of 1072 in the convection zone. Here T is the
temperature and n is the particle density. This is generally
attributed to the conservation of the specific entropy, leading
to the isentropic atmosphere model.” The same mechanism
is responsible for the decrease in temperature with height in
the Earth’s atmosphere. The success of the TEP approach to
turbulent transport in the sun makes it natural to apply the
same ideas to fusion devices.”””"?

Recently, the TEP theory was extensively used to study
the anomalous pinch effects of toroidal momentum.”®”” In
this paper the TEP theory is extended and systemized to
include the electromagnetic effects. It will be demonstrated
in this paper that the well-know phenomena of profile con-
sistency, or resilience,78 and the underlying anomalous pinch
(up-gradient transport) effects® of particles, heat, and mo-
mentum in fusion plasmas can be interpreted in terms of the
ballistic motion of electromagnetic filamentary structures.

E. Paper organization

This paper is organized as follows. In the following sec-
tion, we show the relation between the intermittent convec-
tive transport and the mesoscale structures using some ex-
perimental data from JET tokamak. In Sec. III the ordering
scheme for mesoscale structures in fusion plasmas and the
concept of drift-Alfvén vortex filaments are introduced. In
Sec. IV we highlight that the presence of compressibility in
an inhomogeneous magnetic field is responsible for the en-
ergy exchange between random thermal motion and collec-
tive motion. In Sec. V the generation mechanism of kinetic
energy of filament motion and magnetic energy of field line
bending is analyzed. The energy transfer is through the re-
versible pressure-volume work which can be interpreted in
terms of the fundamental thermodynamic relation and the
entropy equation. The dynamics for filament acceleration and
electromagnetic vorticity generation are presented in Sec. VI.
An equivalent circuit is used to illustrate the processes in a
drift-Alfvén vortex filament. The acceleration of plasma fila-
ment is induced by a force unbalance in the direction of
curvature radius resulting from plasma inertial response on
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the timescale of interchange motion, reacted to satisfy
quasineutrality. A discussion on the fundamental kinetic
mechanism underlying the cross-field turbulent transport as-
sociated with the filamentary process is given in Sec. VIL
The filamentary structures present a channel for local energy
exchange between particles and magnetic field perturbations,
leading to breaking of the periodic orbits of particles and the
toroidal symmetry of magnetic field and resulting in the vio-
lation of the adiabatic invariance associated with the poloidal
magnetic flux. In Sec. VIII six Lagrangian invariants are
summarized. The filament motion is largely controlled by
these Lagrangian invariants. The mode-independent part of
the curvature-driven turbulent convective pinch of particles,
heat, and toroidal momentum are briefly reviewed in Sec. IX.
We employ the quasilinear method to present a qualitative
estimation of the intermittent convective transport induced
by the radial propagation of the filamentary structures. Fi-
nally a discussion of the results is given in Sec. X, followed
by a summary. This contribution can be generally regarded
as a concept upgrade from electrostatic filamentary
structure'* 2 to electromagnetic filamentary
structure’® 2577 i response to the recent experimental
progress43_53 in the context of intermittent convective trans-
port mediated by propagating coherent structures. This is a
continuation of our previous work presented in Refs. 24, 25,
32, 34, 54, and 73.

Il. INTERMITTENT CONVECTIVE TRANSPORT
AND MESOSCALE STRUCTURES

In this section, we use some reciprocating Langmuir
probe data from the JET tokamak to show the relation be-
tween the intermittent convective transport and the mesos-
cale structures. The existence and importance of the mesos-
cale structures, known as blobs and holes, for cross-field
transport in tokamak edge have been demonstrated
experimentally,z"z’10 where blobs are observed as magnetic-
field-aligned filaments of enhanced density and temperature
as compared with the background plasma, while holes are
filaments of reduced density and temperature. Recently, the
first experimental evidence showing the formation of blobs
and holes in the edge velocity shear layer and the transport of
azimuthal momentum by blobs was obtained on JET
tokamak.”

The most direct indication of turbulence intermittency is
reflected by the bursts emerging in the raw signal of the ion
saturation current I,<n\T,+T;, as shown in Fig. 1. For de-
tails about this discharge please see Ref. 79. Intermittent
positive bursts are prevailing in the SOL, see Fig. 1(a), indi-
cating the presence of blobs. Similar behavior of I signal has
been observed in the SOL of almost all tokamaks, see refer-
ences in Refs. 2, 3, and 10. At the plasma edge there is a
shear layer of poloidal velocity Ar=r—ricps=—15~
-3 mm,” where r1crs 1S the minor radius of the last closed
flux surface (LCFS). Intermittent negative bursts are detected
slightly inside the shear layer, see Fig. 1(c), suggesting the
existence of holes. The first report of holes was on DIII-D
tokamak.” In the shear layer, positive and negative perturba-
tions are nearly balanced, see Fig. 1(b). It was suggested that
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FIG. 1. Turbulence intermittency shown on the raw signal of the ion satu-
ration current /,, (a) positive bursts are prevailing in the SOL Ar~28 mm,
(b) positive and negative perturbations are nearly balanced in the edge ve-
locity shear layer Ar~—-10 mm, and (c) negative bursts are prevailing just
inside the edge velocity shear layer Ar~—18 mm.

the shear layer is the generation region of blobs and holes.”

An important feature of turbulence intermittency is the
non-Gaussian probability distribution functions (PDFs) of
plasma density fluctuations.>>'” The PDFs of I, fluctuations
measured at four radial locations are plotted in Fig. 2. On the
horizontal axes, the fluctuation amplitudes have been nor-
malized to the root-mean-square (rms) fluctuation levels of
I,. In the SOL the PDFs are positively skewed with a heavy
tail because of the positive bursts. The skewness (S) and
kurtosis (K) of the PDFs, i.e., the deviation of the I, signals
from Gaussian statistics, increases from the near SOL to the
far SOL, see Figs. 2(a) and 2(b), which was speculated to be
due to the reduction in background pressure toward far
SOL.” The skewness and kurtosis, defined as the third- and
fourth-order moments of the PDF, give a measure of the
degree of “asymmetry” and “peakedness” of a distribution
with respect to its mean value, respectively. For a Gaussian
signal, S=0 and K=3, whereas for others the deviation from
0 and 3 indicates a higher degree of non-Gaussianity. In the
shear layer, the PDF is very close to a Gaussian distribution,
as shown in Fig. 2(c). Slightly inside the shear layer, a nega-
tive tail appears on the PDF and the skewness changes sign,
which can be seen in Fig. 2(d), suggesting the presence of
negative bursts.

When many propagating structures with different sizes
and velocities pass by probe tips, low-frequency high-
amplitude fluctuations, constituted by bursts, are detected.
Figure 3 shows the power spectra In S(ky,f) of floating po-
tential fluctuations, where k, is the poloidal wavenumber.
The black solid curves show the dispersion relations, which

is defined as Eg(f)zﬁkg[kaS(kg, NIZSkg.f)]. Inside the
shear layer the turbulence propagates in the electron diamag-
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FIG. 2. (Color online) Semilogarithmic plots of the PDFs of the ion satura-
tion current signals /; measured in the (a) far SOL Ar=30-50 mm, (b) near
SOL Ar=0-15 mm, (c) edge velocity shear layer Ar=—14 to —9 mm,
and (d) just inside the edge velocity shear layer Ar=-20 to —17 mm. On
the horizontal axes, the fluctuation amplitudes have been normalized to the
rms fluctuation levels of /. The solid red lines in plotS (c) and (d) are the
best Gaussian fit to the PDFs. The corresponding skewness (s) and kurtosis
(k) of the PDFs are also shown in the figure.

netic direction as shown in Fig. 3(a), where Ar=-2 cm.
Outside the shear layer the turbulence propagates in the ion
diamagnetic direction as shown in Fig. 3(b), where Ar
=1 cm. The reversion of propagating direction is mainly due

JET Pulse No: 45783
(a) A, =-2cm

20 40 60 80 100 120 140 160 180 200

JG09.288-3¢

20 40 60 80 100 120 140 160 180 200

f (kHz)
FIG. 3. (Color) Power spectra In S(ky,f) of floating potential fluctuations,
(a) 2 cm inside LCFS and (b) 1 cm outside the LCFS. The spectral intensity

is plotted in a logarithmic scale. The black solid curves show the dispersion
relations.
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FIG. 4. (Color) Time-frequency wavelet power spectra In S(f,7) of (a) ion
saturation current /; and (b) radial EXB convective velocity v,, in the
vicinity of LCFS. The complex Gaussian wavelet and continuous wavelet
transform are used to calculate the power spectra. The spectral intensity is
plotted in a logarithmic scale.

to the radial variation of the E. X B rotation Velocity.79 From
Fig. 3 one can see that most of the spectrum power distrib-
utes in the low-frequency low-wavenumber regions (|f]
<40 kHz and |ky <4 rad/cm), which has been demon-
strated to be in association with the mesoscale structures.”

The nature of turbulence intermittency can be further
characterized by the time behavior of the power spectra, for
which the complex Gaussian wavelet and continuous wavelet
transform are used. Figure 4 shows the time-resolved wave-
let power spectra In S(f,#) of (a) ion saturation current I, and
(b) radial EXB convective velocity v,, in the vicinity of
LCFS. Consistent with Fig. 3, the spectrum power concen-
trates in the low-frequency region. Some intermittent struc-
tures can be identified around 10 kHz, possibly with some
overlapping of adjacent structures. Comparing Figs. 4(a) and
4(b), one can find the structures in the I, signal and the v,
signal are strongly correlated, indicating that these structures
are propagating in the radial direction driven by the EXB
drift, suggesting the interchange drive as the underlying
mechanism governing structure motion, as depicted in Refs.
24 and 25. The correlation was further confirmed by the
conditional average analysis, as shown in Fig. 5 of Ref. 79,
indicating that the fluctuations of the /; and the v, tend to be
in phase, i.e., charge polarization is nearly at the center of the
structures, which maximizes the convective transport.

The cross-field convective transport is dominantly car-
ried by these propagating structures. Figure 5 shows the
wavenumber power spectra S(kgp,) of density fluctuation 7,

poloidal electric field fluctuation Eo, and radial convective
particle flux I'=(7E )/ By, measured in the vicinity of LCFS,
where p; is the ion sound gyroradius and at this location p;

Phys. Plasmas 17, 022501 (2010)
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FIG. 5. (Color online) Wavenumber power spectra S(kyp,) of density fluc-
tuation 7 (solid black line), poloidal electric field fluctuation EG (dashed red

line) and radial convective particle flux F=<EEH)/BO (dotted blue line), in
the vicinity of LCFS.

~(0.54 mm. From the figure one can see that the spectrum
power concentrates in the low-wavenumber region with
kgp, << 1, implying that the structure size is much bigger than
p,» Whereas, compared with the system size a, i.e., the minor
radius of plasma, these structures are still small, therefore
they are usually called mesoscale coherent structure (versus
smallscale turbulence).>>'** The radial convective particle
flux is dominated by these structures, as indicated in Fig. 5.
We use these data as a brief introduction so that one can have
a direct idea for what are mesoscale structures in fusion
plasma edge and why we want to study these structures.

lll. PHYSICS BEHIND THE MESOSCALE
STRUCTURES

From the theoretical point of view it has been shown that
the edge turbulence is electromagnetic even for low local
value of plasma ,8.80_82 Fully electromagnetic nonlinear gy-
rokinetic theory for edge turbulence has now come to be
mature.®** Efforts dedicated to the development of kinetic
simulation of edge turbulence are now undelrvvay.85 Concern-
ing the basic mechanism, in the recent years substantial
progress has been made in understanding the radial propaga-
tion of blobs in the plasma boundary.19733’86789 For toroidally
magnetized plasmas this was suggested to be due to the guid-
ing center drifts caused by an inhomogeneous magnetic field,
resulting in a vertical charge polarization90 and a resultant
EXB rl:;dzigl convection reacted to satisfy quasineutrality,
V.j=0.""

A. Quasineutrality

Employing the quasineutral condition implies c/v,
=w,;/ 0,;~ps/Ap>1, where ¢ is the speed of light, vy
= (By/ pommn)'"? is the Alfvén speed, w,;=(ne’/m;ey)"? is
the ion plasma frequency, w.=eB,/m; is the ion gyrofre-
quency, ¢, =[(T;+T,)/m;]">~ B%v, is the ion sound speed,
ps=c,/ w, is the ion sound gyroradius, \p= (g,T,/ne*)"?

Downloaded 24 Jun 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



022501-6 Xu et al.

~cy/w,; is the Debye length, B,= 2popeByt~ (cylvy)?
=(p,/ Lp[)2 is the ratio of electron pressure to magnetic pres-
sure, and L,;=c/w,; is the ion inertial skin length. The per-
mittivity in a quasineutral plasma is e= (pB{)2+ gg) = pB(_)2 and
the permeability in a low-B plasma is u=uy+ uo(B/ ueM
—1)~'= p,, where p=m;n is the mass density (note p; is the
ion gyroradius) and M=-B~'p | b is the magnetization. With
the permittivity and the permeability, the Alfvén speed is
formally defined as v, = (ue)~"2. Assuming singly charged
ions, as herein, n refers to both the electron or ion density. In
fusion plasmas, even in the SOL, the quasineutral condition
is well satisfied, please see Table 1.

B. Ordering scheme for mesoscale structures

The typical cross-field size L, of the filamentary struc-
tures was observed to be close to the ion poloidal gyroradius
and the ion inertial length L ~ p(,,»’VLpi>pS,2‘3 which does
not follow the standard gyrokinetic ordering of drift-wave
microturbulence k | p, ~ 1,448 thereby they are usually called
mesoscale coherent structures, where k| is the perpendicular
wavenumber, pgy=p;By/B, is the ion poloidal gyroradius,
Pi=Ui/ w,; is the ion gyroradius, and v,;,; = (2T;/m;)"? is the
ion thermal velocity.

The ion inertial length L, is typically of the same order
as the radial gradient lengths of background pressure {p) and
zonal potential (¢), L,;~L,~L, in the plasma edge of to-
kamaks, where usually steep pressure gradient and strong
radial electric field present, please see Table I, here L,
= (4, In{p))~', Ly,=(9, In{¢p))~!, and (---) denotes average
over a flux surface, i.e., the surface with constant poloidal
magnetic flux i,. These structures are strongly elongated
along the field lines,” manifested as magnetic-field-aligned
filaments. In tokamak geometry the typical parallel scale
length of a filament L; is of the same order of the parallel
geometry length mgR, where ¢ is the magnetic safety factor
and R is the major radius.

Following Refs. 54 and 91, we employ the drift ordering
for small parallel gradient. The magnetization parameter &
=p,/L, <1 is used as a measure of the smallness of the E
X B drift velocity ug/c,~ &, where uz=B"E X B. By this
ordering the vortex turnover time 7, =L, /ugz~ 'z,
~ 8727, is much longer than the ion gyroperiod TC,Ew:,il,
therefore only low-frequency dynamics are involved, where
7, =L, /c, is the perpendicular ion sound transit time.*® In
this paper 7, is referred to the timescale for the interchange
(or convective) motion. The ratio between poloidal and total
magnetic fields in a tokamak is O=By/By= € /q=p;/ pg;
~ 0, where € =r/R<1 is the local inverse aspect ratio.

The ion guiding center drift velocity is composed of u
=u +ug+ug+u,+up g, where wy=ub is the parallel flow
velocity, b=B/B is the unit magnetic field vector, ug;
=e”'BY(T;,bXV In B+T;V Xb) is the curvature and
grad-B drift velocities, llpEB_led,E | is the ion polariza-
tion drift velocity, the total time derivative is given by d,
=4d,+u-V, and uFLR=(l/4)prqu is due to the finite-
Larmor-radius (FLR) effect. By this ordering we have
ugil ug~ p i/ Rug~L, IR~ 8, u,/ug~7,/7 ~ &, and
Upr/ uE~pi2/ L2l~ &. Consequently, the EXB drift is the
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only lowest order cross-field guiding center drift, which is
moreover the same for both positively and negatively
charged particles. To lowest order, the ion guiding center
drift velocity is reduced to u=u+ug.

C. In the finite-B plasmas

We only consider the case of strongly magnetized
plasma, where the plasma B is low, B,~ (c,/v4)*=(p,/L,;)?
~ &. For the case of greatest current interest, 8,>m,/m,,
i.e., in a finite-f8 plasmat,42 the electromagnetic effects are
important. In this case the Alfvén speed v, is smaller than
the electron thermal velocity v,,, = (2T,/m,)"?, i.e., v4/ Ve
~ (m,/m;B3,)"">< 1. From Table I one can see this is gener-
ally the case inside the separatrix, i.e., in the closed field line
region. In the vicinity of the separatrix, we have m,/m;
~ ﬁe -~ 52 and hence pe/pi:Uthi/Uthe NLpe/LpiN (me/mi)]/z
~ 6, where L,,=c/ w,, is the electron inertial skin length and
w,.=(ne*/m,e,)"'? is the electron plasma frequency.

At fusion plasma edge, the vortex turnover time 7, is
comparable with the shear Alfvén time 7, =L;/v, (see Table
I), so that the electrostatic vortex motions and the kinetic
shear Alfvén waves (KSAWSs) are coupled, 7, ~ 74. The cou-
pling with the compressional Alfvén wave, i.e., the magneto-
sonic wave, is negligible, since 7, is much longer than the
compressional Alfvén time 7, =L, /v 4~ O7,~ &7, ~ T.;,
where c,/v A~,8;/2~ 0 has been used. By this ordering the
degree of the spatial anisotropy is L, /Lj~ug/ vA~5,8i/2
~ &. Using the quasineutral condition V-j=0, we have
jiljy~By/B,~A /A~L,/L~ &, where By is the parallel
magnetic perturbation, and A | is the perpendicular compo-
nent of the magnetic vector potential. B and A, are ne-
glected in this paper since they are associated with the com-
pressional Alfvén wave. The timescale for parallel acoustic
response is 7=L,/c,~ &7, indicating that the excitation
of the parallel ion sound wave is a slow process compared
with the perpendicular convective motion. This explains why
2D approximation is frequently applied to the ion motion and
electrostatic vortex dynamics.9

When the filaments and the KSAW are coupled, the par-
allel phase speed vy = w/kj=L;/7, is of the order of v,(1
+k% p;)"2. The relative wave impedance s=up/up=vy/Z
depends not only on the plasma B but also on the scale
k Lps’92,93 where uy is the perpendicular velocity of field
lines, Z=FE /B | =ugBy,/B, ~ ¢/A is the wave impedance,
here ¢ is the scalar potential, and A is the parallel compo-
nent of the magnetic vector potential. In a finite-8 plasma
(from Table T one can see this is generally the case inside the
separatrix), for mesoscale structures (k; p;<1), vy~ vy, the
wave impedance Z is of the same order of the Alfvén speed
v, and structures move perpendicularly with a velocity ug
~ Oc,, whereas the wave impedance Z of smallscale struc-
tures (k, p,~ 1) substantially exceed v,; they move with
small velocities uy << dc, and are strongly coupled with drift
waves. Note, for the smallscale structures, one should apply
the standard gyrokinetic ordering instead of the ordering
scheme for mesoscale structures.

In the ideal magnetohydrodynamic (MHD) limit, s=1,
the field lines are exactly frozen in fluid elements and mov-
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ing with them. In the electrostatic limit, s <<1. For mesoscale
structures, s is of order unity,gz’93 implying that the electro-
magnetic effects are more important for the mesoscale dy-
namics than the smallscale dynamics. This gives the ordering
of the perpendicular magnetic field fluctuations B /B,
=upl vy~ s6BL* ~ &, which is typically very small due to
the low S. But, the magnetic fluctuation levels increase with
plasma B, so that field line bending in high-8 plasmas is
generally stronger than in low-8 plasmas. Recent experi-
ments on blobs from a RFP device*** and ELM filaments
from ASDEX Upgrade tokamak™® suggested some MHD be-
haviors, s~ 1.

The parallel wavelength of the shear Alfvén wave L,
=v,7, is comparable with the typical parallel scale length
mqR in a tokamak, implying that the induced field line bend-
ing is global in the parallel direction,” but is localized in the
drift plane with the cross-field size L |, manifested in a toka-
mak by a finite toroidal mode number. The coupling with
KSAW allows a perpendicular displacement of the field lines
by an amount of r;, =L B, /By=ur7y~sL , which defines
the radius of an Alfvén vortex. Inside an Alfvén vortex the
perturbed electric and magnetic fields are coupled with each
other through Maxwell’s equations and exhibit regular rota-
tion together with the particles trapped inside the structures.’
In such a way the plasma could evolve into highly coherent
electromagnetic vortex structures.

The electrostatic fluctuation levels are of order unity at
the plasma edge, e¢p/T,~n/{n)~p,/{p,)~ 1, where n=n
—(ny, p.=p.—(p.), and = p—(¢b). Here, (¢b) is the zonally
averaged potential. The electrostatic fluctuation levels are
consistent with the ordering, e¢p/T,~ug/c,0~ 1.

D. Alfvén vortex filaments

The strong mobility of the electrons along the field lines
allows a parallel current j to arise as a response to the charge
polarization induced by curvature and grad-B drifts in the
drift pl::1ne.24’25 This current provides a channel to couple the
electrostatic vortex dynamics with the KSAW.*"? The cou-
pling is through Ampere’s law pyj=V X Biz—bViAH,
where the total magnetic field is B=By,+B |, B is the back-
ground (static equilibrium) magnetic field, Z=B,/B,, is the
unit vector along By, B, =V XA =-ZX VA, is the perpen-
dicular (to By) magnetic perturbation, with B2=Bj+B” and
V-B=V-B,=V-B, =0.

These more general vortices are denoted Alfvén vortex
filaments®* ™ and are characterized by both an electrostatic
vorticity =V X uE:bB‘IVid) and a magnetic vorticity
Q= ugyj;, where u;=BEXB ~B51z” X V¢ and the elec-
tric field is E=-V¢—-4,A,. The perpendicular electric field is
nearly electrostatic E | =—V | ¢, while the parallel electric
field involves magnetic perturbation through E=-d,¢—3A,
==V, where W= [(nj,—E))dl, is the parallel electro-
motive force (emf); here we defined /; as the distance along
the perturbed field line, ie., ¢=d/dl=b-V=0.+B;' VA,
XZ-V, 3, =9/ dt, and d,=%-V. The parallel derivatives carry
nonlinearity entering through A. Then, the parallel potential
gradient and the parallel electric field can be written as d,¢
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=d,¢+ug- VA, and E‘|=—&Z¢—;1,AH, where d,=d,+uy-V is
the transverse advective derivative.

When an Alfvén vortex arises in a plasma with strong
background pressure gradient, which is a typical case in fu-
sion plasmas, it will propagate in the azimuthal direction and
couple to the drift wave, so that it is usually called drift-
Alfvén vortex.”” The concept of drift-Alfvén vortex was re-
cently applied to the space plasma to interpret the Cluster
observations in the Earth’s magnetosphere.gz’93

E. Ordering in generalized Ohm’s law

In the vicinity of the separatrix, the inertial parameter
@=m,/m(gR/L,)*>1, the inductive parameter B
= Be(qR/Lp)2> I, and the resistive parameter C
=0.51%L,/c,7,;>1 are of the same order (see Table 1),
which implies strong nonadiabatic electron activity due to
the inertial, inductive, and resistive parallel electron re-
sponses. With gR/v,, L,/c, and 7, all comparable (see
Table I), the situation is referred to as transcollisional, where
T, Tg/ 27! is the electron-ion collisional time.

The parallel component of generalized Ohm’s law is
given by42

GA+ iy + e 2md (i)
=e"'n ' [Apo — (Po — o)) In B] - 6, (1)

where 7, is the parallel resistivity and it is about two times
smaller than the perpendicular resistivity 7, =1.967,
=m,/ (ne’r,;), p,=nT, is the electron parallel pressure and
p.. =nT,, is the electron perpendicular pressure. Equation
(1) is also known as the electron parallel force balance equa-
tion. With the parallel emf, it can be written as Jd,A;+
=d)(V - ). The first term on the left-hand side (LHS) and
the two terms on the right-hand side (RHS) of Eq. (1) are of
the same order. Using d¢ as a reference, we have the order-
ing of the first terms on the LHS ~7,/7, ~1 and the first
term on the RHS ~p,T,/p,e¢p~1. The second term (the
Joule dissipation term ~TAL§e/Te,-L2L~meTL/m,-Tei) and the
third term (the electron inertial term ~7'AL§€/ 7 L2 ~m,/m;)
on the LHS are small compared to the other terms by a factor
of m,/m;.

From Table I one can see that in the whole boundary
region 7, > 7, indicating that the Joule dissipation term
dominates over the electron inertial term. Only in the nearly
collisionless plasma core region where 7, <7,;, the electron
inertial term is more important. For simplifying the discus-
sion, the electron inertia and the electron viscosity are omit-
ted in this paper, since we are mainly interested in the plasma
edge region, otherwise the electron kinetic energy must be
taken into account in the energy conservation.

From the above ordering analysis we find the first term
on the LHS, i.e., the magnetic induction terms, is of the same
order of the terms on the RHS, indicating that the magnetic
induction effects are important for mesoscale dynamics. The
physics reflected by Eq. (1) is commonly interpreted as the
response of the parallel current j, to the net parallel gradient
force end (W —¢) on electrons.™ Any force imbalance repre-
sented by a nonvanishing RHS will excite a j; and the result-
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ant magnetic fluttering A;. When this force is zero, the two
gradients balance and the electrons are said to be “adiabatic.”
Here, the adiabatic means these electrons do not exchange
energy with the magnetic field. The “adiabatic electrons” are
expected to follow the Boltzmann distribution 7/(n)
=ed/(T,).”® When all the electrons are adiabatic electrons,
the drift waves are in the electrostatic limit. The parallel
phase velocity of a drift wave is expected to be in the range
Uhi < Uphl| << Ushe-

In the SOL the electron temperature is so low that usu-
ally vy >v,, and 7{>7,, where ﬁELﬁ/Xﬁ is the electron
parallel thermal conductive time and x| =3.27,T,/m, is the
electron parallel thermal conductivity (see Table I), implying
that the mobility of electrons along field lines is relatively
weak. The drift-wave phase velocity condition vy <vg, is
unsatisfied if vy ~v,, thereby for mesoscale structures the
coupling to drift wave could be weak and there could be a
significant number of “nonadiabatic electrons.” This explains
why the interchange turbulence is prevailing in the SOL
(Ref. 34) and the SOL turbulence is electromagnetic even for
low local value of plasma 3.37

Inside the separatrix, although v, <v,, is generally sat-
isfied and 7f<<7,, the electron temperature isotropization
time 77, becomes comparable with or even longer than 7,
(see Table I), so that the trapped electron effects become
important. The trapped electrons do not obey the Boltzmann
relation and they generally contribute to the so-called nona-
diabatic response. Therefore, it could be everywhere (from
the SOL to the plasma core) that a significant percentage of
nonadiabatic electrons exists and the turbulence is electro-
magnetic in nature.

When the RHS of Eq. (1) does not vanish, reflecting an
imbalance in the parallel force on electrons, the parallel cur-
rent j; and magnetic perturbations A, will arise as a result of
the magnetic induction, driven by the so-called nonadiabatic
part of the density fluctuations h=i—ed(n)/(T,).*® It is
called nonadiabatic, because during this process the energy
of particle system is not conserved. This nonadiabatic part of
density fluctuations provides a channel to exchange internal
energy of particles with the magnetic energy of field line
bending. The second term on the LHS of Eq. (1), i.e., the
Joule dissipation term, is responsible for the irreversible
magnetic energy dissipation, governing the magnetic diffu-
sion process. It is irreversible since it is accompanied by
entropy production.

F. Alfvén’s frozen-in law and magnetic diffusion

In the ideal MHD limit (s=1), Alfvén’s frozen-in law is
an accurate law: the field lines are exactly frozen in fluid
elements and moving with them, and the parallel emf ¥
vanishes. In the resistive MHD case (s<1), only collisional
resistivity can break Alfvén’s frozen-in law. When Kkinetic
effects, such as Landau damping and/or trapped particles,42
are taken into account (s<<1), Alfvén’s frozen-in law can
also be broken by the kinetic effects and generating the par-
allel emf W (note in this paper the definition of the parallel
emf excludes the contribution from the collisional resistiv-
ity). The kinetic effects are alternatives to resistive diffusion
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for decoupling the magnetic field and plasma. In collisionless
plasmas the former dominates over the latter. The presence
of the parallel emf and/or collisional resistivity allows
plasma to drift across the field lines.

With the help of generalized Ohm’s law (1), the electric
field can be expressed as

E=-V,¢-VV+ 7. (2)

Note 7,j,/mj,~L, /L~ &. Taking the curl of the electric
field expression, we obtain the induction equation, i.e., the
differential form of Alfvén’s frozen-in law,

&ZBL=V X (llE>< B)+V X VH\P"'DmV2BL_V77Xj’
3)

where D,, = ,ualnoc T§’2 is the magnetic diffusivity. The first
term on the RHS of Eq. (3) can be written as =V X V;¢. The
LHS and the first term (frozen term) and the second term
(drift term) on the RHS are of the same order. The third term
(magnetic diffusion term) and the last term (resistance gradi-
ent term) ~TLL,2,6/T”~L2L~ T,m,/ 7,;m;. Combining the first
two terms on the RHS, we have VXV (W-¢), where
Vi(¥-¢) is the net parallel gradient force on electrons,
thereby it is the net parallel gradient force that drives the
field line bending.

The electric field in Eq. (2) can be rewritten as®?

E:BXUF—V\P‘l‘?]j, (4)

where up=B"'b X V(¢—W)=v,B  / By=suy is the velocity
of field lines when the resistive magnetic diffusion is absent.
Its radial component is the velocity of the magnetic surfaces
(4)).

From Faraday’s law, we rewrite Alfvén’s frozen-in law
as

OB, =V X (uXB)+D,V’B, -V7yXj. (5)

The difference between the E X B drift velocity and the field
line velocity Au=ug—uz=B"'bX VWV is a function of the
parallel emf W. The parallel emf is generally related to some
kinetic effects.*?

It follows that magnetic flux &= [s\B-do=B% is con-
served in the zero electron mass limit,99 where Y, is the cross-
section area of a field-aligned fluid element. The integral
form of Alfvén’s frozen-in law is

(0, +up- V)P =0, (6)

showing that the magnetic flux @ is a Lagrangian invariant.
The E X B convection of a plasma filament is thus performed
in the form of interchange of flux tubes on the timescale
smaller than the magnetic diffusion time 7,=D;'L?
~ L% /LY~ 7,57

The last two terms on the RHS of Eq. (5) are small
compared to the other terms except in the far SOL where
collisionality is very high. From Table I one can see that the
plasma parameters vary significantly across the plasma
boundary in a tokamak, which typically involves one order
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of magnitude variations in density and two orders in tem-
perature. As a consequence the collisionality v*=L;/\,
changes by more than two orders of magnitude, where A,
=0T, 1s the electron mean free path. The SOL are usually
high-collisionality (¢#*>10) region, and the magnetic diffu-
sion time 7,, is comparable to or even shorter (in the far
SOL) than 7, so that the SOL generally belongs to the un-
frozen or dissipation region. In the SOL, filaments quickly
displace away from the frozen-in flux tubes and drift across
field lines due to the magnetic diffusion.

Inside the separatrix (v*<10), the magnetic diffusion
time 7, is much longer than 7, the magnetic diffusion
length L,, is much shorter than L |, the magnetic diffusivity
D, <1 m?/s, and the magnetic Reynolds number R,
=ugL,/D,,>1 (see Table I), indicating that the magnetic
diffusion, i.e., field lines diffuse across the width L of the
filamentary structure, is typically a slow process compared to
the transverse convective motion, so that on the timescale of
7, the magnetic diffusion effect is negligible. We can thus
refer to the edge as the frozen region. The field lines are
dragged away from the unperturbed magnetic field by the
plasma filaments at a speed of ug, where s=u/u;<l.

G. Parallel ion sound wave

When a plasma filament drifts across the field lines, it
may pass through a succession of many magnetic flux
tubes.” Such drifting motion creates transient, local distur-
bance of pressure within the encountered flux tubes, initiat-
ing transient parallel transport, i.e., by launching ion sound
waves and/or Alfvén waves, away from the position of dis-
turbance. On the timescale of 7 (7,> 7 ), the pressure per-
turbations associated with the filament motion drive parallel
acoustic response through the parallel motion equation,

pduy=-Vp,+(py=p,)V,In B-pyu,, (7)

where v is the kinematic viscosity of the parallel flow, p
=py+peq and p, =p; +p, . From Eq. (7), we have the time-
scale of the parallel acoustic response ~pu L,/ ﬁcf~ 7
~&'7,, where u;~c,. As a consequence, on the timescale
of 7, the parallel acoustic response is negligible.

IV. COMPRESSIBILITY IN AN INHOMOGENEOUS
MAGNETIC FIELD

Plasma is different from the incompressible neutral fluid
in that it is compressible in the directions both parallel and
perpendicular to the ambient magnetic field. The parallel
compressibility is due to the coupling with ion sound wave;”
the perpendicular compressibility is due to the inhomogene-
ity of the magnetic field,”" whereas the magnetic field is
incompressible in the case of low-p, i.e., neglecting the cou-
pling with compressional Alfvén wave. The equation of ion
continuity is d,Inn=-V-u, -V-u;=~2k-u, -B-V(y,B7),
where we defined the field line curvature k= (b-V)b=-b
X (VXb).
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A. Poynting’s theorem

In a quasineutral plasma, using uoj=V X B, we have
V- (B*up) = poi - Vb= 1o V - (). (8)

It can be rewritten as VX (¢B)=uydj—Bug. uopj and
B?u; are of the same order. We will show that relation (8) is
consistent with Poynting’s theorem,

aW=-V-S-j-E, )

where W= (1/2)ug'B>+(1/2)e0E>= (1/2) ug'B? is the elec-
tromagnetic energy density which is dominated by the mag-
netic energy density since the electrostatic energy density is
negligible in a quasineutral plasma, S= ,ualE XB= ,U«EIBZUE
is the Poynting vector and its divergence is V-S
=uy' V- (B*ug). The Joule dissipation term, i.e., the rate at
which the electromagnetic fields do work, is j-E=-j-V¢
—j-d,A,. Substituting &,W, V-8, and j-E into the Poynting’s
theorem (9), we obtain the energy conservation equation for
the electrostatic field (1/2)gyd,E*+ /.L61V (B*ugp)=j-Vo.
With the quasineutral condition, we finally get the same re-
lation as Eq. (8).

With the help of the electric field expression (4), we
have the equation of fluctuating magnetic energy,

W, =— 'V - (EXB)—jE
="'V - [(BXup+7) XB,]-7ni2,  (10)

where W, =(1/2)puy'B2. The first term on the RHS is the
divergence of the Poynting vector of the KSAW. The last
term is the Joule dissipation term. From wyjo=V X B, we
have

V- (Byug) = podo - Vo=V - (o i) (11)

The gradient length on the LHS of Eq. (11) is very long
~qR/ € ~ 8 'R, but the LHS does not vanish.

B. Compressibility and Lagrangian invariant

With the low-S3 approximation,%’77 i, B, /By~sdé and
V- (B*ug) <B>V -ug, regarding B>u; and ¢j as incompress-
ible, V-(VAVuE)=(1/2)joV¢20, we can thus write the com-
pression of electric drift as

V-u;=B'(bXVInB+VXb) V¢
=2R+uB Y- Vo
~ 2R, (12)

where R=-u;-VinBy=g-Vo, g=B;'ixV In B,,
d, In By~R', and VX b=Bg+u,B'j. The compressibility
is induced by magnetic field curvature and gradient.

In a low-B plasma the most unstable perturbations are
those inducing minimal magnetic energy variation, i.e., most
weakly bending of field lines. On the timescale of 7, al-

though the local magnetic energy density W varies with time
due to coupling with KSAW, the energy exchange between
particles and the equilibrium magnetic field B, is negligible
in a frame moving with the fluid element. This is essentially
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equivalent to say that there is nearly no coupling to compres-
sional Alfvén waves in a low-g8 plasma, hence W, is a La-
grangian invariant,

dWy=VV - (Weu) =0, (13)

where we defined the magnetic energy of the equilibrium
magnetic field as Wy= VWO, V=n"!is the volume, and WO
=(1/2) ,ualBg is the magnetic energy density of the equilib-
rium magnetic field, note 8,W0:0.

With Eq. (13) we regard nB;” as a Lagrangian invariant
and Bju as an incompressible flow,

V- (Bju)=Bj(V-u-2R+23)=0, (14)

where J=wu;-VIn B, denotes the parallel compression,
d, In BO~L[1. For simplicity here we only keep the leading
order perpendicular guiding-center velocity u, =~ug. Using
Eq. (14), the continuity equation is written as

dInn=-V-u=2(J-R). (15)

The induction equation (frozen-in equation) can be writ-
ten in another form, d,(n"'B)=(n"'B-V)u. Since the RHS
usually does not vanish, nB~! is generally not a Lagrangian
invariant. Only in 2D models, where magnetic field curva-
ture is neglected, nB~! can be regarded as a Lagrangian in-
variant and Bup can be regarded as an incompressible
quantity.7 172

C. Compressibility in toroidal geometry

Now, let us specify this question in the circumstance of
toroidal geometry. For simplicity we consider a axisymmet-
ric tokamak with the magnetic field, given by By=B.R,V ¢
+Vo X Vi,=(e,+9e)BRR™", where B, and R, are con-
stants, B, is the center magnetic field value, and ¢ and 6 are
the toroidal and poloidal angles of a torus, respectively, Vo
=R'e,, i, is the poloidal flux function, 9=B,/B,, is the
ratio between the poloidal and toroidal magnetic fields, and
the major radius is given by R=Ry+r cos 6. With such ge-
ometry, the time rate of the perpendicular compression is
vy, =|R|~ugR™", and the parallel gradient is given by 4,
=k.dy, where k.= (gR)™" and d,= 9/ 96. The time rate of the
parallel compression is ¥, =|J|~ SR sin 6. Note ug/u,
~U0~6.

On the outboard (low field side #~0) or inboard (high
field side 6~ ) midplanes, sin 6~ 0, the parallel compres-
sion v, and the parallel advection w;-Vn nearly vanish; the
perpendicular compression thus dominates over the parallel
compression 7y, > 7, and the continuity equation is reduced
to

d,Inn=-2%R. (16)

It means that, when a filament is displaced toward regions of
weaker background magnetic field, its volume expands at a
rate of vy, and as a result of expansion its density is reduced.

At the top 6~ /2 or bottom 6~ —1r/2 of the torus, the
parallel and perpendicular compressions are of the same or-
der y,~vy,. The perpendicular compression could be par-
tially canceled by the parallel compression, so that the in-
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duced density variations in a frame moving with the fluid
element could be much smaller than those on the outboard
midplane. The spatial dependence of y,~ 7y, in a torus is one
of the origins of ballooning in toroidal geometry, and as a
consequence interchange instabilities mainly arise in the un-
favorable curvature region and filaments in the toroidal ge-
ometry generally manifest themselves as ballooning struc-
tures.

By taking the scalar product with u, of the parallel mo-
mentum Eq. (7), we obtain the equation of parallel kinetic
energy evolution,

nd,Ky=—-w-Vp +(py—p,)J - 2ny K, (17)

where K= (1/2)mu is the kinetic energy of parallel flows.
The second term on the RHS depicts the parallel compres-
sion induced by mirror force. The first two terms on the RHS
drives ion sound waves along field lines.

On the outboard or inboard midplanes, the parallel com-
pression nearly vanishes, d,K;,— 0, indicating that the energy
transferred into the parallel flows is negligible. Therefore, the
dynamics on the outboard or inboard midplanes are nearly
2D. At the top or bottom of the torus, the parallel compres-
sion is important, but the mirror force usually counteracts the
pressure gradient.

D. Coupling with kinetic shear Alfvén waves

The shear Alfvén wave is a transverse wave with electric
field and magnetic field perturbations perpendicular to B,
When coupling with KSAW, the field lines are dragged away
from the unperturbed magnetic field by the plasma filaments
at a speed of up, where s=up/up<<l. In a tokamak, the
KSAW are launched from the unfavorable curvature region,
i.e., the wave source is located on the low field side, where
interchange modes are unstable, #-V{p)>0. The waves
propagate along field lines with a phase speed v, On the
high field side interchange modes are stable, «-V(p)<0. The
interchange motion perturbs the field lines in the perpendicu-
lar direction, inducing field line bending. A restoring force
associated with the resultant force of magnetic tension does
work, generating the magnetic energy of field line bending.

In the ideal MHD limit s=1, the parallel emf ¥ van-
ishes, the electric field and magnetic field perturbations in a
shear Alfvén wave divide equally the total energy of the
electromagnetic wave.'” When s< 1, we have the magnetic
energy of field line bending,

WJ_=§2KJ_, (18)

where K| =(1/2)mu’* =~ (1/2)mu;, is the perpendicular ki-
netic energy and W, = VW . For mesoscale structures, s is
of order unity (s< 1),92’93 and W, and K, are of the same
order.

Using Eq. (18), we obtain a relation between the parallel
current density and the electrostatic vorticity,

Ji~ st vy BoQ, (19)

showing that the parallel current carried by filaments is pro-
portional to the electrostatic vorticity. The amplitudes of
magnetic field perturbation and parallel current density mea-
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sured in recent experiments associated with blobs,44’45 ELM
filaments,*® and Alfvén vortex filaments**™* are generally
consistent with Egs. (18) and (19). The importance of the
magnetic components was stressed and the relation between
the magnetic and electrostatic fluctuation levels was verified
in a recent electromagnetic simulation of edge resistive bal-
looning turbulence.'®! With the help of Egs. (13) and (18),
we have the energy exchange between particles and the total
magnetic field B in a frame moving with the fluid element,

dW=dW, =¢*dK |, (20)

where W= VW= Wo+ W, is the total magnetic energy.

V. GENERATION OF KINETIC ENERGY
AND MAGNETIC ENERGY
THROUGH THERMAL EXPANSION

In this section, a general discussion is given of the gen-
eration mechanism of drift-Alfvén vortex structures in fusion
plasmas.

A. Fundamental thermodynamic relation

Free energy is stored in the background pressure gradi-
ent. The generation of structures requires an effective mecha-
nism to release the free energy and do work so that the ther-
mal energy of particles can be converted into kinetic energy
of structure motion and magnetic energy of field line bend-
ing. The most important energy transfer channel for a low-83
plasma is due to the presence of compressibility in an inho-
mogeneous magnetic field. This process can be interpreted in
terms of the fundamental thermodynamic relation

dU=Tds—pd\V, (21)

and the entropy equation102

pds=(m-V)-u-V.-q+j-E, (22)

where U=C,T=(1/2)T\+T, =(1/2)mw? is the plasma inter-
nal energy, T=T,+7T, is the plasma temperature, s is the
specific entropy, p=nT is the plasma pressure, 77 is the off-
diagonal tensor of the stress tensor P=—p I-(p,—p )bb
+, and q is the conductive heat flux. C,=(y—1)7! is the
specific heat at constant volume, C,=y(y-1)"" is the spe-
cific heat at constant pressure, and y=C,/C,>1 is the ratio
of specific heats. The particle motion velocity is composed of
collective motion velocity and thermal velocity, v=u+w.
The thermal velocity in a magnetic field is composed of w?
=wf+w2l. We defined the parallel temperature 7| Emwﬁ, the
perpendicular temperature 7, = (1/ Z)mwi, the parallel pres-
sure py=nT), and the perpendicular pressure p, =nT |,
where w? means average over velocity space.

The first term on the RHS of Eq. (22) describes the
viscous dissipation which is dominated by ion viscosity, the
second term describes the dissipation due to heat conduction,
and the last term describes the Joule dissipation. Note here
that the dissipation effect associated with the magnetic dif-
fusion has already been included in Eq. (22).
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B. Conservation of specific entropy

There are several dissipation processes, such as viscos-
ity, heat conduction, and Joule dissipation, which can lead to
entropy production, and there are also several different dis-
sipation mechanisms taking place in different situations. In
the nearly collisionless plasma core region the entropy pro-
duction is dominated by nonlinear wave-particle interactions
(linear and nonlinear Landau damping) and wave-wave
interactions.’ In the plasma boundary it could be dominated
by collisional dissipation (see Table I), or in the far SOL
dominated by sheath dissipation.lg’23

Whatever the detailed dissipation processes or mecha-
nisms are, we can use a dissipation timescale 7, to describe
the entropy production,

Tds=7,"(K, +W,), (23)

indicating that the effect of dissipation is to consume the
kinetic energy of convective motion and the magnetic energy
of field line bending and convert them back into the internal
energy. This process is irreversible since it is accompanied
by entropy production. In many situations of magnetized
plasma, the dissipation timescale is much longer than the
timescale for perpendicular dynamics, 7,5 7, . For instance
in a tokamak, except in the far SOL the magnetic diffusion
time 7, is much longer than 7, (see Table I).

Therefore, on the timescale of 7, the dissipation effects
are negligible, and the specific entropy is a Lagrangian in-
variant,

ds=0. (24)
Substituting Eq. (24) into Eq. (21), we have
dU=-pdV. (25)

It means that the internal energy stored in the background
pressure gradient can be tapped off through reversible
pressure-volume work. The presence of compressibility in an
inhomogeneous magnetic field renders the expansion or
compression available. Using Eq. (15), we can rewrite Eq.
(25) as

dU=23-RT. (26)

On the outboard midplane the parallel compression J van-
ishes, Eq. (26) is thus reduced to

d,U=—2RT, (27)

indicating that when a filament is displaced toward regions
of weaker background magnetic field and/or in the direction
of curvature radius, its internal energy decreases. The re-
duced internal energy will be converted into kinetic energy
and magnetic energy as a result of energy conservation.

C. Conservation of total energy

The total energy H (Hamiltonian) is composed of mag-
netic energy W, thermal energy U, kinetic energy K
=(1/2)mu*=K,+K,, and electrostatic energy W;g
=(1/2)gyE?V. In a low-B plasma generally speaking W
> U> K> Wg. In a quasineutral plasma, since p352> g, the
kinetic energy of E X B motion is much larger than the elec-
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trostatic energy K | > Wy, hence we will hereafter neglect the
electrostatic energy. On the timescale of 7, if 7,> 7, all
dissipation effects can be neglected.

Now, let us focus on the outboard midplane, where the
parallel compression nearly vanishes d,K;— 0, thus the con-
servation of total energy requires

dH=0, (28)

where H=W+U+K . Combining Egs. (27) and (28), we
have

d(K, +W,)=2RT. (29)

This formula depicts the generation of perpendicular kinetic
energy and magnetic energy through thermal expansion.
From Eq. (29), we get the filament acceleration in the direc-
tion of curvature radius g;,,~ cf/R, the interchange accelera-
tion time 7, ~c;'(RL,)"?, and the interchange velocity
Uine~ ¢5(L | /R)>~10%c,. The interchange velocity is the
upper limit of filament transverse motion velocity24’25 (see
Table I).

We can use a simple model to include the dissipation
effects,

d(K, +W,)=2RT-7,'(K, +W,). (30)

On the timescale of 7 the parallel kinetic energy K will
participate in the energy partition. In that case part of the
filament’s energy is transferred into the kinetic energy of
parallel flow through the parallel compression, depicted by
Eq. (17). With the help of Eq. (16), Eq. (27) can be rewritten
in the following forms:

dzlnP=—2)’fR7 (31)

d, In T=2(1 - y)R. (32)

With the help of Eq. (13), Eq. (25) can be rewritten in the
conservation forms

d(pn™") =d(Tn"") = d(pBy*") =d(TB}"™) = 0. (33)

We recognize that d,(pn~")=0 is just the adiabatic equation.

VI. FILAMENT ACCELERATION AND VORTICITY
GENERATION

In the last section, we explained how the free energy
stored in background pressure gradient is released and con-
verted into the kinetic energy of convective motion and the
magnetic energy of field line bending associated with the
drift-Alfvén vortices. In this section, we will review this pro-
cess in a dynamic perspective. The acceleration of plasma
filament is induced by a force unbalance in the direction of
curvature radius resulting from the plasma inertial response
on the timescale of 7, reacted to satisfy quasineutrality. A
restoring force associated with the resultant force of mag-
netic tension does work, generating the magnetic energy of
field line bending.

Phys. Plasmas 17, 022501 (2010)

A. Vorticity equation

The plasma current j=j;+j,+jj, is composed of the free
current j /> the polarization current j P and the magnetization
(bound) current j,, where the free current j,=j;+j; can be
further decomposed into the parallel current j, and the
magnetic-drift current jg. The polarization current j,=enu,
is dominated by the contribution from the ion polarization
drift. The magnetization current is defined as j,=VXM
=jd—jB,103 where j,=B~'b X Vp is the diamagnetic current
and jz=B 'p (bXVInB+VXb) is a component of the
magnetic-drift current. The magnetic-drift current is induced
by the oppositely directed guiding center drifts of ions and
electrons in an inhomogeneous magnetic field jo;=B"'(p /b
XV 1n B+p,V Xb)=jg+j, where j,=B ' (pj—p )V Xb is
induced by anisotropy. The total perpendicular current den-
sity can be approximately written in the form j, =j,+jg

S . .04
+.]p=.]d+.]a+.]p'

Noting V-j,=0, we have the quasineutral condition

Vej +V-jy=V-j,+V-js+Ba(jB ") =0, (34)
where the compression of magnetic-drift current is given by

Viic=g-Vip.+p)

+ 1B - [Vpy+(pL-py) V In B]
~g-Vip +p). (35)

With the Boussinesq approximationlo5 the compression of
polarization current can be written as

V-j,~ pd QB (36)
The compression of diamagnetic current is given by
V-ja=V-jg=2g-Vp, +uoB7j-Vp, ~2g-Vp,.
(37)

Inserting Egs. (35) and (36) into the quasineutral condition
(34), we arrive at the vorticity equation®*?

pd{(QB™") = Bo(jiB™") +g-V(p, +p). (38)

Another approach to get the vorticity equation is by tak-
ing curl of the motion equation,

pdu=jXB-V,p, =Vip,—(py=p. )=V, InB)
+V.m, (39)

and forming the scalar product with b.'% The field line cur-
vature is &=V, InB+uyB*jXB and bXk=(VXb),
=Bg+uyB~'j,. With the Boussinesq approximation,105 we
obtain the same vorticity equation as Eq. (38).%%

The last term in Eq. (38) is induced by the perpendicular
compressibility. This term is the same term as that on the
RHS of Eq. (29). This term releases the free energy stored in
background pressure gradient and converts them into the ki-
netic energy of convective motion resulting in vorticity gen-
eration, and into the magnetic energy of field line bending
through the parallel current. The parallel current is contained
in the first term on the RHS of Eq. (38). One can see that the
physics described by Eq. (29) is essentially the same as those
in the vorticity Eq. (38).
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FIG. 6. (Color) Illustration of the interchange mechanism leading to radial
motion of a filamentary structure in tokamak geometry. The vertical polar-
ization and vorticity due to magnetic guiding center drifts results in a radial
electric drift at the center of the filamentary structure and a net force due to
the vertical polarization current drives the filament to accelerate in the di-
rection of curvature radius, which is followed by the formation of dipolar
vorticity and field line bending.

If the plasma is incompressible, the RHS of Eq. (38) will
vanish, d,(QB~')=0. With the help of the magnetic flux in-
variant, d, =0, we have I=[sQ-do=Q0%=const. It is just
the integral form of Kelvin’s frozen-in law for incompress-
ible fluid.®® Its differential form is 3,2=V X (u X Q), imply-
ing that vortices are frozen in fluid elements and moving
with them. In a compressible fluid this law is violated.

The interchange mechanism leading to radial motion of a
filamentary structure is illustrated in Fig. 6. In tokamak ge-
ometry g is in the vertical direction, so that the charge po-
larization induced by the magnetic guiding center drifts is in
the vertical direction, leading to a radial electric drift at the
center of the filamentary structure,lgf25 and a net force due to
the vertical polarization current drives the filament to accel-
erate in the direction of curvature radius, which is followed
by the formation of dipolar vorticity24‘25 and field line
bending.”

B. Equivalent circuit

From the quasineutral condition (34), one can see that
the curvature and grad-B drifts function as a local current
source. The currents generated by this current source flow
along and across the field lines compete through their effec-
tive impedance and establish current loops,27‘107 as illustrated
in the following equivalent circuit diagram.

Plasma inertia plays the role of a capacitor. The current
flowing through the capacitor is the polarization current. This
current is responsible for filament acceleration and accumu-
lation of perpendicular kinetic energy. All dissipation pro-
cesses, such as the Joule dissipation, viscous damping, non-
linear wave-particle Landau interaction, or sheath
dissipation, can be represented by an equivalent resistor, as
shown in Fig. 7. The dissipation processes are irreversible
since they are accompanied by entropy production. Parallel
current provides a channel to couple the electrostatic vortex
dynamics with the KSAW. The coupling process is similar to
that occurring in an inductor, as illustrated in Fig. 7. Mag-
netic energy is accumulated in the inductor during this pro-
cess. The inductance of a filament is of the order of uL;.

In the electrostatic limit (s<<1), there is nearly no field
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FIG. 7. The equivalent circuit diagram for an Alfvén vortex filament.

line bending. This special case corresponds to a very small
equivalent inductance, in a tokamak it implies L;<<wgR and
L, <pgy, showing that the electrostatic limit is more appli-
cable to smallscale structures. For mesoscale structures, s
~1, Ly~mqR, and L, > p,, therefore the mesoscale struc-
tures are essentially electromagnetic, and compared with
small scale structures they are more close to the MHD limit.

In the ideal MHD limit (s=1), the parallel emf ¥ van-
ishes and the induction part of parallel electric field cancels
the electrostatic part, leading to vanishing parallel electric
field Ey=—d,¢—3,A;— 0. The parallel streaming of adiabatic
electrons is strongly impeded by the magnetic induction so
that the neutralization along the field lines is incomplete. For
detailed discussion about