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Abstract

Propagating filaments of enhanced plasma density, or blobs, observed in 3D numerical
simulations of a diverted, neutral-fueled tokamak are studied. Fluctuations of vorticity, electrical

potential ¢, temperature T, and current density J|| associated with the blobs have a dipole

structure perpendicular to the magnetic field and propagate radially with large ExB drift

velocities (> 1 km/s). The simulation results are consistent with a 3D blob dynamics model that

incorporates increased parallel plasma resistivity (from neutral cooling of the X-point region),

blob disconnection from the divertor sheath, X-point closure of the current loops, and collisional

physics to sustain the ¢, Te, J I dipoles.

PACS numbers: 52.25.Fi, 52.35.Ra, 52.55.Fa, 52.65.-y

In magnetized plasma, balancing the Lorentz force against a force F that is independent of charge gives
rise to a polarizing drift: electrons and ions drift in opposite directions, perpendicular to the force and to the
magnetic field B. By this mechanism isolated monopole concentrations of plasma density (referred to as
"blobs")!-2 become charge polarized and acquire an electric field E in the FxB direction. The resulting (charge
independent) “ExB” drift propels the density blob as a whole in the direction of F, giving rise to coherent objects
which are analogous to vortices in hydrodynamic flow.

In plasma experiments3 blobs have been observed as filaments along the field line but localized in the
two-dimensional (2D) plane 1 B. In tokamaks, the force F arises from the centripetal acceleration of the fluid
plasma as it streams along the curved magnetic field lines of the torus. The resulting ExB drift is radially outward
at the outboard midplane where curvature-driven instabilities thrive and the associated turbulence seeds blob
formation (as shown in the present paper). Krasheninnikov suggested this mechanism! to explain the highly

intermittent, convective density transport observed in the open-field-line "scrape-off-layer" (SOL) of many

plasma experiments. It has also been invoked in the context of pellet deposition.#



A requirement for significant blob radial transport is that parallel currents Jj do not drain away the
induced charges on the convective timescale. In the SOL, J I is hindered by "sheath resistivity" for 2D blobs which
are constant along B and therefore connect to the divertor sheaths. The sheath sets the blob voltage-current

relation!-2 J || = o with sheath conductivity parameter o ~ neZcy/T, where cg = (To/m;)!/2 is the sound speed.

The 2D model thus determines the potential ¢ and the radial blob velocity. Previous work> shows that the model
agrees with some aspects of experiments and simulations.

This theoretical work, and the extensive experimental data3 which motivated it, suggests that SOL
particle transport, and sometimes even energy transport, are dominated by blobs. Although blobs are born
intermittently under conditions of strong turbulence near the magnetic separatrix, radial blob motion across the
SOL is simple (ballistic) and is amenable to reduced modeling.

Here, we present the first study of blobs generated in 3D fluid turbulence simulations® for a diverted
tokamak. We will show that (i) blobs are produced near the separatrix by the background turbulence and convect
outwards; (ii) the blob's internal structure and radial velocity differs from the predictions of sheath-connected 2D
models; and (iii) the blob dynamics is qualitatively consistent with a generalized 3D model which includes the
effects of X-point geometry on the plasma current path.

The simulations were carried out using the BOUT turbulence code,” which employs Braginskii fluid
equations and realistic 3D tokamak magnetic field geometry (magnetic separatrix and X-points), and were fueled
by neutral particle injection concentrated about the X-point in a diverted DIII-D deuterium plasma. The neutral

density profile ny(x) decreases exponentially from the simulation boundary, x=3 cm, to the separatrix, x=0, on a

spatial scale that depends on the local plasma temperature and density.® [Here, (x, y, z) denote the radial,
poloidal, and parallel coordinates at the midplane.] Simulation results were analyzed using the gyrokinetic
visualization (GKV) tools.?

The plasma density increases with time and eventually saturates in a state of strong turbulence

characterized by order unity fluctuations. The blob emission rate increases dramatically after the average density

saturates (t > 800 us). Fig. 1 shows the strong correlation of density and vorticity o, «cV2¢ in the (y, t) plane for



x=3 cm at these later times. At fixed times in the (X,y) plane (not shown), blobs are seen to have tails stretching
back from the nose (leading edge) to the region of strong turbulent fluctuations where they are born, within about
1.5 cm of the separatrix.

In Fig. 2, we focus on the properties of the circled blob in Fig. 1. In the inset we zoom in on the blob: line
contours of ion density are superimposed on an intensity plot of charge density (vorticity) on the (y,t) plane. The
charge separation is apparent, and the  charges pile up on the perpendicular "boundaries" of the blob density
profile, y = +a, respectively, where a is the blob's perpendicular scale; a dipole charge density is consistently
associated with isolated density maxima in the SOL of the simulations.

In the main body of Fig. 2 we plot the local maximum (+) and minimum (—) vorticities associated with

the nose of the blob and the vorticity at the density maximum (0) versus radial position. Note that «,(0) has

decayed away for this blob before m,(+) arises, consistent with the mitigation of charge separation by blob spin.!0
Not all blobs examined demonstrate this simple decay; some central vorticities are much more erratic. Typically,
a blob can be identified only after the dipole vorticity has emerged. (These blob trajectory records are constructed
backwards in time: from x=3 cm where identification is easy, toward the separatrix, until the dipole is lost in
turbulence.)

The blob's velocity is well approximated by the ExB drift. The electric field implied by the charge dipole
has the proper orientation to propel the central region of the blob in the positive-x direction, i.e. radially toward
the wall. This picture is repeated for all blobs examined and is consistent with the basic model of blob dynamics
discussed above. Thus, near the nose and in a frame moving with the density maximum, the flow consists of two
counter-rotating patches that allow the blob to move smoothly through the ambient SOL plasma, like a swimmer
executing the breaststroke.

Some qualitative features in Fig. 2 are consistent with the simple 2D blob model:!-2 (i) the relatively fast
decay of central vorticity compared to the dipole vorticity; (ii) the emergence of the vorticity (charge) dipole at x
~ 1.5 cm coincident with the emission (radial propagation) of the blob; and (iii) the decrease in magnitude of the

dipole vorticity as the blob propagates into the SOL, consistent with decreasing blob density from parallel losses



and losses to the blob's tail. However, some quantitative discrepancies with the 2D model motivate the
development of a 3D theory.
One can calculate vy=dx/dt both by finite differencing trajectories and from the ExB drift velocity vgy at

the density maximum. For several blobs examined in detail, the two velocities agree to within a factor of two and

give values in the range vy = 1-6 km/s, where ¢, = 20-30 km/s in the SOL. However, application of the 2D sheath-
connected model predicts vy up to two orders of magnitude smaller for the present simulations.

To examine the observed velocity scaling with blob radius, vgy (a), in detail, we projected the vorticity
fluctuations at x=3 cm onto a set of wavelets of the form {w} = {sin[rn(y-y()/2a] if |y-y0 |< 24, 0 otherwise}, with
free parameters {yo, a}. The goodness of fit was defined as (w-f)/N(w-w f:f), with the dot product (integral in y)
restricted to the wavelet window, |y-yg| < 2a. A charge dipole oriented with the positive pole at greater y than the
negative pole, corresponding to a blob drift in the positive-x direction, will register with positive goodness. The
analysis was performed on a// vorticity fluctuations for t > 800us, i.e. not restricted to visually distinguishable
blobs. We found that points (yo, a) with goodness > 0.8 have the following properties: (a) Vgx(yo) > 0 with
statistically ignorable exceptions; (b) <vg>y0 = 1.0 £ 0.5 km/s, independent of a, to within error bars; and (c) the
distribution function P(a), is nearly independent of goodness and is dominated by small events (a ~ 0.5 cm, not

prominent visually) with a significant tail distribution peaking at ¢ ~ 1.5 cm, corresponding to the more visible

blobs (e.g. Fig. 1). Although the range of ¢ obtained in the simulation is remarkably limited, the observed scaling
Vy € a0, disagrees with the 1/a2 scaling that pertains in the sheath-connected limit. It is roughly consistent with
the 3D model which we will present.

The appearance of the blobs in the SOL coincides in time (t > 800 us) with the loss of correlations
between ¢ (or n) at the sheath and at the outboard midplane, as shown in Fig. 3. As we shall see, the

mathematical structure governing the nonlinear dynamics changes as well.

The magnitude and internal structure of the blob temperature T, provides additional evidence for blob

disconnection from the divertor sheath. We observe that the temperature fluctuations are as large as the mean



temperature in the SOL, are well correlated with potential fluctuations in the SOL (and in the edge) and form a

dipole that is in phase with the vorticity and potential dipoles associated with the blobs.

These observations can be explained by a 3D theory of disconnected blobs!! extended here to include
parallel electron heat flow, X-point cooling due to neutral fueling and ion polarization currents. In this picture,
the curvature drift drives charge polarization of the blob, as in 2D theory, resulting in a dipole distribution of

charge, potential and vorticity. However, J I is prevented from flowing to the sheaths by the large parallel plasma
resistivity alf in the divertor region due to strong cooling associated with neutral fueling. Instead, the + and —

charged regions are "short-circuited" by current flowing across the thin elliptical fanned regions at the X-points.

This effectively replaces the sheath boundary condition by an X-point boundary condition.!! Any of several

mechanisms (electron-ion collisions, ion viscosity, ion polarization drifts) can provide the J | that closes the blob
current loop and disconnects it from the sheaths.

In Braginskii collisional fluid theory, a thermoelectric force produces the temperature dipole (V”Te #0)

when V||¢ # 0, as illustrated by the parallel Ohm's Law, with Vin= 0:
Yy +VH¢:1.71 VHTe/e. (1)

Deep into the X-point region J I V||¢ and V|| Te must vanish for a disconnected solution by assumption, permitting
a linearized solution for the coupled vorticity, Ohm's law and parallel electron heat flow equations. In the eikonal
limit, one can obtain an explicit solution with an exponentially-decaying current, J||(Z) =] ||Xe_YZ, vy ~(o J_/GH)I/ 2
a1, which is disconnected from the sheath if yLj >> 1. Here, L is the field line length, o and o are the
conductivities parallel and perpendicular to B, and J X is the current density at the entrance to the X-point region.
This solution has the property that the total parallel heat flux vanishes, i.e. the heat conduction (—K”V”Te) and
convection (oc —J ||Te) terms balance. The resulting J I is in the directions of —V”d) and —V||Te so that J I has the

correct sign to (i) reduce the charge polarization, and (ii) carry electron heat flux up the parallel temperature

gradient, allowing the temperature dipole to persist. Thus, the T, J I and ¢ dipoles are all in phase at the midplane,

as observed in the simulations.



The eikonal, fully disconnected X-point boundary condition for blobs is of the form! !
L) =%k (o o) 20 = 2
|ELp =%k, lo 0/ “¢p=0a¢, (2)

where a is an "effective conductivity" parameter. This parallel current drains the charge imbalance driven by the
curvature drifts, and provides a blob "voltage-current" relation which determines ¢ and vgy.

To describe the simulations, we take o) to be the usual collisional result (o) =2ne?/m,v,) and compare
various mechanisms for o |. Estimates show that the (nonlinear) ion polarization current gives the largest
contribution in the X-point region with (4nv AZ/CZ)V- J1pol ® ~(c/B)bxV¢-V V2¢ ~ (¢/B)p%/a*. As a heuristic
procedure for order-of-magnitude estimates of this nonlinear term, we write J | pol = —61pol VL) ~ G 1pol ¢/a. It
follows that 6 pol = (c2Q/4va2) (ed/Te) (pg/a)? o d/a?, where v is the Alfvén velocity, Q; is the cyclotron
frequency and pg = c/Q;. Substituting o and G po] into Eq. (2), gives J | at the X-points in terms of ¢ and a.
Balancing this current loss term with the curvature source term in the midplane vorticity equation, Vg =-Vidk
and using V| -Ji = (2¢/B2) Bx x:Vp ~ necg (pg/aR) with x ~ —e/R (R = major radius), gives e¢/T. ~
(ve/Qe)l/ 3(aL||/psR)2/ 3 and VEx ~ Cs(e¢/Tc)(pg/a). For typical simulation parameters, e¢/T. ~ O(1), as observed,
and v, from this 3D disconnected blob model correctly estimates blob speeds. Furthermore, v, oc a~1/3, which
is consistent, within the error bars, with the simulation result vg,(a) ~ a0.

One can represent this physics by an equivalent circuit with a fixed current source Ji (curvature-drift) and
effective resistances for charge flow parallel (R”) and perpendicular (R]) to B and across the sheaths (Rgp).
Increasing R in the X-point and divertor (by neutral cooling) causes the current to flow across B, increasing the

total resistance of the circuit. A larger voltage (¢) is then required to maintain the steady-state current. Thus, the
conditions that a blob disconnects from the sheaths and moves faster radially (vgy oc ¢) are Rgy << R << Ry. The
details will be presented elsewhere.

In summary, the simulations and model show that: (1) blobs arise in the nonlinear stages of turbulence

and propagate outwards; (2) the curvature drift drives the charge dipole and the corresponding ExB drift vg,, as in



the 2D theory, but vg, is larger in the 3D theory because the blob voltage-current relation is modified and results

inep/Te~1;(3)J I disconnects from the sheaths because of the large n| (due to neutral-induced cooling) and large
o (due to the elliptical distortions of the flux tubes) in the X-point region; (4) the X-point "short-circuiting" of J I

establishes a temperature dipole in phase with the charge and vorticity dipoles; (5) blob disconnection by ion
polarization drifts is related to the physics of the resistive X-point (RX) mode turbulence!? which describes the
linear phase of the simulations.” Thus, the present work has interesting implications for edge and SOL transport:
in cool, highly-collisional divertor plasmas the blobs become disconnected from the sheaths and their radial
velocity (and associated transport) increases. This may provide a convective mechanism for the density limit, as
suggested by data from Alcator C-MOD. "

Nonlinear coherent structures have previously been observed in 2D simulations of tokamak edge
plasmas. 415 Here we have shown that similar structures also emerge from strong 3D plasma turbulence, with
significant differences. Parallel and perpendicular processes interact to determine the dynamics of these objects,
but their transport properties can be understood from relatively simple models. In some important regimes these

coherent objects can govern the cross-field transport of plasma in the tokamak edge region.
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Figure Captions

(1) Ion density contour lines superimposed on an intensity plot of charge density (red:
positive, blue: negative).

(2) Maximum (+) and minimum (-) vorticity and vorticity at density maximum (0) vs.
radial position of the blob circled in Figure 1, enlarged in the inset.

3) Electrostatic potential at a point in the outboard midplane (OM) and at the

corresponding point in the divertor sheath (D). Note the apparent disconnection for t > 800 ps.
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