Blobby Cross-Field Plasma Transport In Tokamak Edge
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Abstract. Recent studies suggest rather fast radial plasma transport in tokamak scrape off layer (SOL).
Moreover, it seems that this transport has not diffusive but convective-like features. One of the plausible
mechanisms of this fast convective SOL plasma transport can be associated with plasma blobs . Such blobs

have been observed in many experiments. Here we present the results of our investigations of different aspects
of blobby non-diffusive transport in the SOL ranging from the simplified analytic theory of individual blob
propagation, to the 2D and 3D modeling of blobs with turbulence codes, and, finally, the macroscopic
modeling of edge plasma transport in DIII-D tokamak.

Introduction. Recent analysis of experimental data from various tokamaks suggests that
plasma coming into the SOL from the bulk region can recycle at the wall of the main
chamber [1-3], rather than flowing into the divertor and recycling there as the conventional
picture of edge plasma flows would suggest. This analysis implies rather fast radial plasma
transport in the SOL of main chamber. Moreover, in order to be compatible with
experimental observations, radial transport should be convective rather than diffusive [1].

One of the possible mechanisms of fast convective plasma transport in the SOL can
be associated with plasma blobs [4] observed in many experiments (e. g. [5-11]). These are
coherent structures extended along the magnetic field lines with density of the order of the
separatrix density which is much higher than the ambient plasma density in the far SOL.
The origin of these blobs in the SOL can be rather strong plasma turbulence in the separatrix
region causing plasma blobs to peel off from the bulk plasma.

In this report we present the results of our studies of different aspects of fast non-
diffusive plasma transport in the SOL: the simplified analytic theory of individual blob
propagation, the 2D and 3D modeling of the blobs with turbulence codes, and, finally, the
macroscopic transport modeling of the edge plasma transport in tokamaks.

Analytic Theory. The B drift of charged particles in a tokamak magnetic field results in
plasma polarization and, correspondingly, in the ExXB plasma flow. The ExB flow becomes
rather strong in the SOL due to the effective sheath resistivity [13] when the plasma
contacts the divertor target. For T; =0 and constant Ty, we have the simplest 2D equations

for the SOL plasma dynamics accounting for these effects (e. g. [14, 4])
P50 (ndd o @) + A(2Cs/ R)gyn = (2Cs/L)n@y (1a)
dyn = —2C4(n —njgn (X)) /L, (1b)



where n is the plasma density, @=ed/ T, ¢ is the electron charge, ¢ is the electrostatic
potential, the axis y (x) is perpendicular (parallel) to [IB and , Cg=/To/M, ps=Cgs/Wpg;,
M and wpg; are the ion mass and gyrofrequency, di(...)=0:(...) +Vexpg IX...),
Vexpg = Csps(b x 09), b=B/B, R is the tokamak effective major radius, L is the
connection length, and Nnjg,(X) describes the plasma ionization source. In the case where the

leakage of plasma to the divertor is small, we find blobby solutions of (1) in the form of a
traveling wave [4]

n(t,x,) = np(x =~ Vih,y) =ng7(x ~Vyt) xexp( {y/8p)?). 2a)
(Vexs), = —CS(L/ZR)pg(a2 |n(n)/ay2), (2b)

where ng()(x) is an arbitrary function, Jp is the blob poloidal size scale,
VExB = Vp =€4Vp, and Vyis the blob velocity which equals to

Vi = C(p /) (L/R). (3)

Deriving expressions (2), (3) we neglected the leakage of plasma blobs along the
magnetic field line to the targets, which implies that our estimates for the importance of
cross-field plasma motion should satisfy T ~L/Cg>Tp >dp/Vp (wWe assume that the

cross-field scale of blob ~ dy,). It results in the following restrictions for the blob s scale and
velocity
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In Eq. (4) we take L ~ TgR, where q is the safety factor.

Vb > Viin ~ Cs(ps/ R

Solution (2) assumes no background plasma density (Ny _ +o — 0). In practice,
background plasma density, Ng, superimposed on blob density (2a) results in the shear of
plasma velocity, Vgxg, see (2b). Therefore, for n, > ng, the blobby solution (2) still holds
for the case where the impact of the vorticity term in Eq. (1a), which can cause Kelvin-
Helmbholtz instability, can be neglected. It implies (pg/ 6b)2Vb /&, <Cg/L, and causes the
following restrictions for a blob parameters
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In Eq. (5) we take L ~TR. For C-Mod/DIII-D edge plasma parameters, we estimate the
possible ranges of blob velocity and size [15]:

Vinin ~150 m/s<Vp <Vpax ~5000 m/s,  Opin ~0.5cm < dp < §yax ~3cm. (6)

Vb <Vmax ~ Cs(ps/ R

We notice that the difference in estimates (6) for C-Mod and DIII-D conditions is rather
small even though the C-Mod and DIII-D parameters differ significantly.

Taking into account the leakage to the targets, blobs can propagate radially for the
distance Ap ~ VT ~VpL/Cs< VgL /Cs. As a result we find the maximum radial

distance, Ay, that the blobs can propagate before plasma leaks to the targets along the
magnetic field lines,



1/5
Dp <Dmax ~ {pgRs(m)4} ~30cm. (7)

Rather strong dependence of blob radial velocity on blob s radial J scale,

Vy O 662, implies that the average radial transport (averaged over an ensemble of blobs)
will be determined by the blob perpendicular scale distribution, f,,(dp). For example,

assuming a power law distribution, f,(8y,) [ 6Bp (where p is an adjustable parameter), we
find (see Fig. 1) that radial profiles of both averaged plasma density and radial flux are
sensitive to the blob size distribution [16]. For p =1, large blobs dominate the ensemble
average and the profiles decay rapidly along normalized radial coordinate Xp; for large p,
small blobs dominate so that the profiles flatten. For a fixed parallel transit time to the wall
T~ L /Cg, the small, fast blobs penetrate farther into the SOL than the large, slow blobs,
yielding a larger convective contribution to the transport in far SOL. We note that both the
flux and density profiles which follow from our model are in a reasonable agreement with
recent experimental data [7].
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Fig. 1. Averaged plasma density (dashed line) and radial flux (solid line) profiles as a functions of
the normalized radial coordinate Xy, for (a) p=1I and (b) p=4.

It is useful to estimate how many blobs are needed to establish a total plasma particle
flux to the wall ~10%1+10%? s™* as is seen in the tokamak experiments. We estimate the

number of particle in one blob, Ny, ~ nbLB%,

_ &2 3( 7 4\l/3
Np <Nmax =NpLOmax ~ NpR ((TQ) (ps/R) ) : 8)
For C-Mod/DIII-D edge plasma parameters we find N« ~10*. Therefore, to establish
total plasma particle flux ~ 1021 +10% s with Np ~ 10%6 < Nmax it is sufficient to have

blob formation rate R, = 10°°6 g1 (as seen in DIII-D). If the poloidal length along the
separatrix where blob transport occurs is, S~50cm, and blob scale dp ~1 cm, the rate R,
corresponds to the frequency of plasma turbulent oscillations producing blobs, wp,

estimated as Wy ~ R, X (&, /) and gives wy ~10%% s which is below the drift wave

frequency range. This shows that blob formation and peeling off from the main plasma are
rather rare events.

The overall physical picture of blobby transport in the SOL plasma presented here as
well as the estimates of blob typical spatial scale and radial velocity (6) seems to be
consistent with experimental observations on C-Mod, DIII-D, and NSTX [6-8, 12].

2D and 3D Numerical Modeling of Coherent Structures Dynamics in the SOL. The
main focus of this study was on the dynamics of individual coherent structures, blobs and
dips (hills and wvallies in plasma density), in the SOL plasma. The mechanisms of how
the blobs are peeled off from bulk plasma and penetrate into the SOL or how dips are



formed will be reported elsewhere. Here we just seed such structures in constant density
SOL plasma and then follow their evolution. In 2D modeling we use Eq. (1), with diffusion
added to the equation (1b), as a governing equations describing dynamics of coherent
structures. The diffusion coefficient we used was small and did not greatly affect the overall
picture of blob dynamics while it helped the stability of our numerical schemes. To be
relevant to current experiments, in our 2D modeling we take the following parameters:
R=175cm, L = 4x10%cm, T, ~50eV, and p=6x1072cm.

First we start with a study of the blob s dynamics. We take a constant plasma density
background, ng, with the magnitude much smaller than plasma density in the blob ny and
then vary the spatial scale of the blob. We find that in agreement with our analytic
consideration relatively large blobs (O > &) propagate radially to large distances (~ 10

cm) as a coherent structures. Somewhat similar behavior of large blobs were reported
recently in [17]. In Fig. 2 we show the evolution of density contours of a large blob with
initial spatial scales 1.2 cm. Radial velocity of the blob in Fig. 2 is about 7 km/s.
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Fig. 2. Evolution of density contours for a blob with initial spatial scale dp =1.2 cm.

Smaller blobs (dp < Omyin) quickly cease to exist as initially coherent structures.
Instead, mushroom-like and then even more complex structures with rich dynamics emerge.
We find, see Fig. 3, that jet-like streams with a spatial scale smaller than the initial blob are
ejected from these structures and propagate radially to relatively large distances before they
stop.

Comparing the dependence of blob velocity on spatial scale found from numerical
modeling with the scaling (3), we find that the velocities of large blobs follow expression
(3) pretty well, while smaller blobs ( &y < i) are much slower than expected from (3).
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Fig. 3. Evolution of density contours for a blob with initial spatial scale dp = 0.6 cm.



Next we study the evolution of the dips of plasma density in the SOL plasmas. While
the [B polarization of the blobs causes their ballistic motion to the wall, the [IB
polarization of the dips will cause dip to move toward the core. Such features of dip motion
are observed in our 2D modeling [18] and have been seen experimentally near the separatrix
[7, 19], where dip diagnostic is easier. Ballistic motion of dips can explain the penetration of
impurity from the wall to the core often seen in experiments. Indeed, neutral impurity
atoms/molecules, being sputtered from the wall, fly to the plasma and, finally, are ionized at
some distance from the wall. Neutral impurities that are ionized within the blobs will be
immediately carried away to the wall by the blob motion and will not contribute to core
plasma contamination. But impurities that are ionized within the dips can be convectively
carried towards the core.

1=Djs i= iTdps = S5, us

B & Ea B &f
= :-— ol
4 ] L
3 g 7
=z 4 & 8 10 iz Y% a3 & & 0 b=+ & & i 2

% | G K|} Bl Em)

Fig. 4. Evolution of density contours for a dip with Ng/ng = 0.5 and d4 =1.2 cm.

However, the dynamics of an individual dip can significantly differ from that of a blob. The
reason is the difference in the magnitudes between the blob and dip plasma density
excursions from the background. The magnitude of the blob density, np, is not restricted
and can be much larger than background plasma density ng. The magnitude of the dip
density, ng, is restricted, N =ng —ng >0, therefore nyg <ng. Then, recalling expression
(2b), we conclude that the impact of the velocity shear and, therefore, vorticity effects, on
dip dynamics may be rather strong. We studied the dynamics of dip plasma motion
numerically and found that indeed vorticity effects play a very important role in dip
dynamics. Vorticity slows down the inward dip propagation and even breaks the dips into
pieces. We also found jet-like streams that, similar to those found for the case of small-scale
blob evolution, propagate radially for relatively large distances (see Fig. 4). More work is
needed to assess the impact of dip dynamics on impurity transport in the SOL.

We also apply the 3D turbulence code BOUT [20] to study the evolution of seeded
blobs in the SOL of circular tokamak with toroidal limiter at the bottom of the first wall. We
take just slightly varying background plasma density and temperature ( T ~15€V) profiles
and the amplitude of plasma density in the blob about two times larger then background.

In Fig. 5a we show poloidal projection of plasma density averaged over toroidal
angle. Due to finite resistivity effects the large radius side of the blob propagates outward
while the small radius side stays almost at the same position. At the same time the outer side
of the blob moves poloidally due to radial electric field effects (radial electric field is due to
radial inhomogeneity of the temperature). As a result, plasma density along a fixed radial
chord at the outer side decreases with time (see Fig. 5b). Notice that the radial velocity of
the blob (~ 6 km/s) inferred from the BOUT 3D modeling is, in general, consistent with
both analytic estimates and 2D results.
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Fig. 5. 3D evolution of density blob in edge plasma found from BOUT modeling.

Macroscopic Modeling of the Edge Plasma Transport in Tokamaks. An important
question is then how these microscopic phenomena we discussed before are reflected in the
macroscopic plasma transport. To find it we implement into the 2D edge transport code
UEDGE [21] a plasma transport model which includes both diffusive and outward
convective terms for cross-field plasma particle flux, j,(r,9), [22]

jr(r,9) = _D?‘j—? +Veonv (1, 9)N, (8)

where r is minor radius and ¥ is the poloidal angle. In our model Vg, was always
positive. To mimic the ballooning feature of blobby transport the magnitude of Vg, (r,3)
at the outer side of the torus was made significantly larger then that at the inner side. To
describe the effects of blobby transport on the far SOL plasma parameters, we took
Veonv(r ) to be rather small close to separatrix and increasing with increasing r. We
benchmark this model against DIII-D discharges. The results of our modeling confirm the
crucial importance of convective transport for the edge plasma. We demonstrate that
convective transport has equally important effects on the averaged plasma characteristics in
both the main chamber and the divertor. Modeling of DIII-D discharges with mixed
anomalous diffusion/convection model for radial plasma transport [22, 23] allows us
successfully match experimental data which could not be matched otherwise.

As an example, in Fig. 6 we show Dy intensity along different viewing chords in L
mode discharge (#105500) on DIII-D tokamak [22]. Recall that for tokamak conditions D
represents the plasma ionization source and, therefore, indicates the return of lost plasma
particles. Inclusion of convection leads to strongly enhanced recycling of plasma on the wall
of main chamber and, therefore, Dy signal caused by plasma-neutral interactions. As a
result we are able to fit the outermost chords of D diagnostics which is not possible to do
without invoking convective plasma transport (see Fig. 6).

We model a series of DIII-D L-mode discharges having different averaged plasma
densities <ng> at the same NBI input [23]. We find that to fit experimental data the
magnitude of Vg, should increase with increasing <ng>. In Fig. 7 we show comparison of
experimental data with the results of our modeling for different <ng>. The observed
dependence of Vg, on <ng> is an indication of an overall increase of plasma transport



with increasing plasma density. In Fig. 7 one also sees a nonlinear increase of cross-field
transport to the wall. Nonlinearity is seen from a cubic fit to <ng> dependence of both Dy

signal and neutral gas pressure, Py, measured and simulated at mid plane. Notice that D
signal and Py are the measures of neutral influx into core plasma which balances the plasma
outflux. Fig. 7 also shows that the percentage of core fueling due to main chamber recycling
(Fmain/Ttota) increases with increasing <ng>. It shows that in agreement with earlier
observations [1], the cross-field transport becomes so fast at high densities that plasma flow
into divertor cannot compete with it. Our findings support the hypothesis that the tokamak
density limit (e. g. [24]) can be caused by cross-field plasma transport.
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Fig. 7. Results of modeling of L mode plasmas

Fig. 6. Red (blue) curves represent modeling ; . an.> R
results with (without) convection. Dots are having different > Red (black) dots

Thomson and Filterscope data.

represent our modeling (experiment).

What is also interesting is that both pure diffusive and diffusion/convection models
are able to fit rather well few main parameters such as SOL plasma density and temperature
profiles close to separatrix. However, the diffusive model fails to describe properly plasma
transport in the far SOL with physically meaningful magnitude of diffusion coefficients in L
mode and in between ELMs in H mode (see top panel in Fig. 6 and Fig. 8). The diffusive
model finds much lower plasma flux to the wall, much lower neutral flux to the core, and
much lower contribution of plasma convective energy loss to overall plasma energy balance
than the hybrid diffusion/convection model.

As we pointed out before, fast cross-field plasma transport in the SOL affects not
only mid plane plasma parameters, but also divertor ones. As an example, in Fig. 9 we show
the results of our modeling of power load on the outer divertor target. As one sees fast cross
field plasma transport in the SOL causes significant decrease of peak load in this radiative
divertor shot. It implies that divertor detachment process can be strongly altered by blobby
plasma transport in the SOL.

Conclusions. We demonstrate analytically that, due to [UB polarization and effective
sheath resistivity, plasma blobs in tokamak SOL can propagate radially with velocity ~
few km/s for distances ~10 cm and play a crucial role in edge cross field plasma transport.



Our 2D and 3D modeling support our analytic results and shows that blobs indeed are rather
stable coherent structures which are able to move radially for large distances. Modeling of
the dynamics of plasma dips indicates that they can be an important ingredient in impurity
transport in the SOL and be responsible for a fast penetration of impurity ions to the core.
To describe the effects of convective blobby transport on macroscopic edge plasma
parameters we apply the plasma transport model which includes both diffusive and outward
convective terms for cross-field plasma particle flux in the UEDGE code. We show that
convective terms are crucially important to reproduce experimental data not only in the main
chamber SOL region but in the divertor as well. Moreover, radial convection becomes the
dominant plasma transport mechanism in the SOL at high plasma density.
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Fig. 8. lon temperature in H mode edge plasma.
Red (blue) curve diffusion/convection (diffusive)
model. Dots are CHERS experimental points.

Fig. 9. Power loading on outer divertor plate.
Red (blue) curve diffusion/convection (diffusive)
model. Dots are IRTV experimental points
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