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Abstract. Extensive two-dimensional measurements of plasma potential in the DIII–D
tokamak divertor region are reported for standard (ion ∇ BT drift toward divertor XÐpoint) and
reversed BT directions; for low (L) and high (H) confinement modes; and for partially
detached divertor mode. The data are consistent with recent computational modeling
identifying E×BT circulation, due to potentials sustained by plasma gradients, as the main
cause of divertor plasma sensitivity to BT direction.

Introduction

The function of a magnetic divertor is to provide heat and particle exhaust and shield the
main plasma from impurity contamination. Heat and particles are transported from the plasma
core to the edge and SOL plasma, whence particles are convected and heat is both conducted
and convected to the divertor target. The SOL transport is mainly parallel to the magnetic
field B.

An outstanding question is the long-observed asymmetry in the power and particle fluxes
between the inner and outer divertor targets and its strong dependence on the direction of the
toroidal magnetic field BT [1]. Inner and outer target power fluxes differ by factors of five or
more with standard BT direction, yet the difference can nearly disappear with reversed BT. It
has been hypothesized that this asymmetry arises in some way from the B×∇ B /B2 and
E×B/B2 particle drifts. Recent numerical calculations with the UEDGE plasma and gas edge
simulation code, including all the classical particle drifts, reproduce the main features of the
inÐout asymmetry dependence on BT direction [2]. By enabling and disabling the various drift
terms in the code, the E×BT drift was identified as dominant, in agreement with an earlier
prediction [3]. We report two-dimensional measurements of divertor electric potentials that
confirm the magnitude of divertor E×BT flows.

Experimental Arrangement

The experiments were carried out in the DIIIÐD tokamak with plasma current IpÊ= 1.4ÊMA and
BT = ±2ÊT at R0 = 1.7Êm. The neutral beam heating power varied from 0.5 to 8.75ÊMW during
the discharge, producing LÐmode and HÐmode phases. The single-null divertor was in the
bottom of the vacuum vessel, which is instrumented for divertor studies [4].

The principal measurements were made by a fast reciprocating probe featuring five tips to
measure ion saturation current, Te, ne, floating potential Φf and the parallel plasma Mach
number in the divertor. The plasma potential Φp is calculated from Φf and Te. The probe scans
vertically from the target in approximately 250Êms along a path at major radius RÊ= 1.486Êm.
The divertor Thomson scattering system, also at R = 1.486Êm, provided independent Te and ne
measurements every 50Êms at 8 vertical locations separated by 15Ð30Êmm. The divertor
plasma was stepped radially by changing the external equilibrium magnetic field to obtain 2-
D measurements over much of the divertor region Fig.Ê1(a) inset. Data taken along several
vertical probe insertions are mapped on to magnetic surfaces calculated by the toroidal
equilibrium fitting code EFIT [5] to form a composite plot. Surfaces are labeled by their nor-
malized poloidal magnetic flux, ψn: the separatrix is at ψnÊ=Ê1; the SOL has ψn >Ê1 increasing
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away from the separatrix; and ψn <Ê1 is either private region or ÒcoreÓ plasma with ψn
decreasing away from the separatrix.

Results

Results  for the outer SOL region of attachedÐdivertor, ELMing HÐmode discharges for
standard BT direction are shown in Fig.1. The plotted data are composed from the outer four
probe trajectories in the Fig.Ê1 inset. The data overlay well, confirming that parallel gradients
are negligible over the selected region. The potential gradients yield the electric field normal
to the surfaces. The plasma potential Φp Fig.Ê1(a) rises by ~200ÊV in 40Ð50Êmm (5ÊkV/m)
across the separatrix, from the cold private region to the hot SOL, and decreases outward
through the SOL (~1ÊkV/m). The inner SOL potential distribution (not shown) is nearly the
same as the outer over the region that could be measured.

The potential ÒwellÓ just outside the separatrix in Fig. 1(a), a reproducible outer leg fea-
ture, is semiquantitatively consistent with the η ||J|| Ohmic potential drop of the measured elec-
tric current to the target, which is of thermoelectric and PfirschÐSchl�ter origin [6]. The well
introduces large opposing gradients (7ÊkV/m) and an unanticipated local velocity shear layer.

The potential distributions with reversed BT, Fig.Ê2, are similar to those with standard BT.
They have the same sign and magnitude, but all the reversed BT profiles are shifted somewhat
away from the separatrix, as predicted by the computation [2].

LÐmode attachedÐdivertor discharges not shown, had potential distributions similar to HÐ
mode, but the magnitude of the separatrix potential drop  was lower, ~125ÊV.

Potential and density profiles vs. height from the target in the outer leg during two
partially detached divertor (PDD) discharges are shown in Fig.Ê3. Note that the potential
gradients are much smaller than in attached discharges. However, because the plasma density
is ~20 times greater, the E×BT particle convection is still comparably large.

The measured divertor electric fields create E×BT convection as sketched in Fig.Ê4. We
call attention to the E×BT flow along the private side of the separatrix, ignored until recently
[2], that strongly couples the outer and inner divertors.
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FIG. 1.  Measured profiles of (a)Φp, (b) ne, (c) Te, and (d) floating potential, Φf, in the outer divertor leg as a
function of ψn for standard BT direction. Inset shows probe trajectories  schematically in these ELMing HÐmode
plasmas.
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FIG. 2.  Measured profiles of (a) Φp and (b) ne for reversed BT, attached, HÐmode plasmas.
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FIG. 3.  Measured profiles of (a)Φp and (b) ne vs. height above target during PDD conditions for standard BT.

Discussion

Particle transport by the E×BT drift is large in these discharges. The diamagnetic or
B×∇ p/B2 velocity, not a true drift, transports no ions or energy [3] and is not considered here.
The number of particles per second Ṅ  convected poloidally by the electric drift vE =
E×B/B2 = Ð∇ Φ×B/B2 Å Ð∇ Φ×BT/ BT

2   through any axisymmetric surface defined by rotation
of a curve l and bounded by potentials Φ1 andΦ2 is:
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If BT, R and n are all nearly constant across the potential gradient region, Eq.Ê(1) simplifies to

Ṅ Rn BT≈ −( )2 1 2π Φ Φ    , (2)

and Ṅ  depends on just the potential difference across the plasma flow.
For standard BT in HÐmode, the electron density across the private region potential

gradient region is fairly constant at ≈1×1019ÊmÐ3, Fig.Ê1(b), and use of Eq. (2) is justified. It
yields a calculated private poloidal ion flow from the outer to the inner target region of Ṅ  ≈
1×1022ÊsÐ1. For comparison, the ion flow to the outer target measured by target mounted
Langmuir probes, was ≈2×1022ÊsÐ1, and ion flow to the inner target was 0.7Ð2×1022ÊsÐ1.
Thus, the private poloidal E×BT flow is ~25%Ð40% of the total (inner plus outer) target ion
flow. Particle transport with reversed BT is the same magnitude (Fig. 2) but oppositely
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directed. In LÐmode, standard BT, the private
poloidal E×BT ion flow was Ṅ Ê~ 1×1022ÊsÐ1 while
the total target ion flow was ~2×1022ÊsÐ1. In the
PDD discharge Ṅ  ~ 0.5Ð2×1022 sÐ1 while the total
target ion flow was ³2×1023ÊsÐ1 in the SOL and
zero, within the diagnostics sensitivity, in the
private region (with sensitivity). In all cases except
the PDD, the E×BT flow is a substantial fraction of
the total flow to the target.

The private poloidal flow is supplied mainly by
the radial E×BT drift of plasma across the target
face by the usual sheath and presheath electric
field, as sketched in Fig.Ê4. In fact, such acrossÐ
target drift appears to be the main source of
private-region plasma, which is not explained by
conventional divertor modeling without drifts.

The divergence of the n n BT Tv E BE = × 2

Electric
Fields

ExB Flows

Standard BT

Reversed BTX

FIG. 4.  Schematic of E and E×B directions
in the divertor for standard and reversed BT.

flow is not zero, due to the RÐ1 dependence of BT and to local sources and sinks of n. The
non-zero divergence is partially accommodated by plasma flow parallel to B.

The vE particle fluxes convect a heat flux [7] q vE = ( ) + ( )[ ]+{ }n k T n n T ei e i eE I5 2 Φ ,
where ΦI is the ionization potential. This equation can be integrated across the potential
gradient like Eq. (1), and for approximately uniform Te = Ti and ne = ni, the convected heat
flow is QE Å Ṅ e (5 Te + ΦΙ) (W). For the attached, standard BT, HÐmode discharge, if we
approximate Te by 20ÊeV [Fig.Ê1(c)] and let ΦI = 13.6ÊeV (hydrogen), the poloidal private
heat flow is ~0.2ÊMW. Measurements of heat flux to the targets by an IR camera show a total
of 1.4ÊMW deposited onto the targets. Thus, the poloidal private flow is not important
globally. However, qE ≈ 0.48ÊMW/m2 is calculated just on the private side of the separatrix
and is comparable to IR camera measurements of peak heat fluxes to the inner and outer
targets of 0.5ÊMW/m2 and 1.4ÊMW/m2, respectively. Therefore, qE can be important locally.

The strength of the measured E×BT flow and the agreement between computational mod-
eling and experiment establish that E×BT/B2 poloidal circulation is a main cause of the long-
observed changes in divertor plasmas with the direction of BT. The UEDGE simulation [2]
shows private ion poloidal E×BT flow of 0.5×1022 sÐ1 for standard B T direction and
0.7×1022ÊsÐ1 for reversed BT, comparable to the experimental values. Standard 2-D divertor
modeling does not include crossÐB drifts. Our results emphasize the need to include electric
fields and drifts self-consistently in divertor modeling for interpretation of experiments, basic
understanding and prediction of future divertor performance. Since E is generated by plasma
gradients both perpendicular and parallel to B, this divertor E×BT drift is a universal
phenomena.
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