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Electric field-induced plasma convection in tokamak divertors
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Measurements of the electric fieldsjn the DIII-D tokamak divertor regioflJ. C. Luxon and L. G.
Davis, Fusion Technology, Part 2A, 441(1985] are quantitatively consistent with recent
computational modeling establishing tfaX B circulation is the main cause of changes in divertor
plasmas with the direction of the toroidal magnetic fieB. Extensive two-dimensional
measurements of plasma potential in the DIII-D tokamak divertor region are reported for the first
time. The resultinge X By /B? drift particle flux is calculated for standafibn VB drift toward
divertor X-point) and reversed3 direction and for low(L) and high(H) confinement modes.
Perpendicular field strengths of upEo-5 kV/m are observed at the separatrix between the divertor
private region and the scrape-off lay&OL). The EX B drift, which reverses with reversal &,
creates a poloidal circulation pattern in the divertor that convects 25%—-40% of the total ion flow to
the divertor target. The circulation strongly couples the various regions of the divertor and SOL and
fuels theX-point region. An outward shift of the profiles is seen in reveBed © 2000 American
Institute of Physicg.S1070-664X00)01104-4

A magnetic divertor in a tokamak provides heat and parsurements of divertor electric fields, the corresponding cal-
ticle exhaust and shields the main plasma from impurity coneulated flows in the private region, and confirms
tamination. Heat and particles are transported from theomputational predictions. The drifts discussed here are a
plasma cordFig. 1) to the edge and scrape-off laye3OL) universal phenomenon, arising from electron temperature
plasma, where the particles are convected and the heat &nd density gradients, and are, therefore, a general feature of
conducted and convected to the divertor. The SOL transpoedge, SOL, and divertor plasmas.
is mainly parallel to the magnetic-fieB. The heat and par- The electric drift velocity for ions and electrons in a
ticle fluxes impinge on the divertor targets, where impuritiestokamak is
are released from plasma-facing components. Thus, it is im- _ P 2 2
portant to understand divertor physicparticularly plasma Ve=EXB/B = VO XB/B >~ VO XB,/Br, @
flows2~* that can affect divertor operation and design. where® is the scalar electric potential. The divergence-free

Of special interest is the unexplained observation thapart of the diamagnetic d8x Vp/B? velocity is not a true
asymmetries in the power and particle distributions betweedrift and transports no ions or energyyhile the guiding
the inner and outer divertor targets are sensitive to the direaenter drift component, a true drift, is of minor importarice.
tion of the toroidal magnetic-field8;.> Power fluxes be- Therefore, the diamagnetic drift is not considered here.
tween the inner and outer targets differ by factors of five or  The experiments were carried out in the DII-D
more with oneB direction, yet the difference can nearly tokamaR® with plasma current ;=1.4MA, By=2.1T at
disappear wheBy is reversed. It has been hypothesized thatR,= 1.7 m. The neutral beam heating power varied from 0.5
this asymmetry arises in some way from 8& VB/B? and  to 8.75 MW during the discharge, producing laiv) and
Ex B/B? particle drifts, whereE andB are the electric and high (H) mode phases. The single-null divertor is in the bot-
magnetic-field vectors EXB poloidal particle drifts are ob- tom of the vacuum vessel, which is instrumented for divertor
served in the SOL of many plasma devices, and twostudies: Standard and reversel; directions were com-
dimensional2D) measurements of these have been made ipared. Conditions were successfully chosen to eliminate the
the Continuous Current TokamalcCT),%” a nondiverted additional complications of divertor detachment and parallel
tokamak. Due to the dominance Bf in tokamaks, the drifts gradients, as we show later.
change direction withBy. Recent numerical calculations The principal measurements were made by a fast scan-
with the UEDGE plasma and gas simulation code, includingning probe array featuring five tips used to measure ion satu-
all the classical particle drifts, reproduce the main features ofation current, electron temperaturg, electron density,,
the in—out asymmetry dependence Bpdirection® By en-  floating potential®; and the parallel plasma Mach number
abling or disabling the various drift terms in the UEDGE in the divertor. The plasma potenti&l, was calculated from
code, theEXB drift was identified as dominant, in agree- ®; and T,. The probe scans vertically from the divertor
ment with theoretical predictionMost theoretical and ex- plate in~250 ms along the path indicated in Fig. 1 at major
perimental divertor research to date has concentrated amdiusR=1.48 m. The divertor Thomson scattering system,
plasma transport parallel to the magnetic field which, beingalso atR=1.48 m, provided independemnt andn, measure-
independent of the direction @y, cannot explain the ex- ments at eight locations separated by 2 to 3 cm every 50 ms.
perimental results. This letter reports first experimental meaThe divertor plasma was stepped in major radius by
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FIG. 1. Poloidal cut of a DIII-D diverted discharge showing major plasma
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though not important to our main argument, it is qualitatively
consistent with the measured current to the target and the
J,/o, term in Eq.(2) below. This well feature results in
larger gradient$7 kV/m) and a double velocity shear layer.
The plotted traces are composites from the probe trajectories
shown in inset of Fig. @). The fact that potential data taken
along different trajectorieévarious symbols in Fig.)2over-
lay well when plotted as a function of magnetic flux alone
means that the parallel potential gradients are within the data
scatter in these particular divertor plasmas. Therefore, the
potential gradients in Fig.(8) yield the normally directed
electric field. The measured variation &, is not due to
parallel pressure or temperature gradients in the plasma, but
to the sheath potential and its dependenc& gnThe mea-
sured potentials jump up by the sheath potential when the
scanning probe, which normally rests below the target sur-
face, first meets plasma.

The inner SOL potential variation with flux surfageig.
3(a)] is, out to the last measured flux surface, nearly the same
as the outer. We find that for revers&} the potential
change is agair-200 V[Fig. 3(c)], but the outer profiles are

changing the external equilibrium magnetic field to obtainslightly shifted outward$Figs. 3c) and 3d)]. This is due to

2D measurements over most of the divertor region. The medhe radial drift caused by the poloidal electric field, as pre-
surements taken along the various probe insertiBits 2(a)
insefl are mapped on to the magnetic surfaces calculated by The potential on magnetic lines intersecting an electri-
the toroidal equilibrium fitting code EFF to form a com-
posite plot. The magnetic surfaces are labeled by their normomentum equatiofor plasma parallel Ohm’s laywvalid in
malized poloidal magnetic fluxj,. The separatrix is ai,

=1; ¢,>1 is the SOL withy increasing away from the
separatrix; ands,<1 is either private region or core plasma

with ¢, decreasing away from the separatrix.

Results are shown in Fig. 2 for standagd ELMing
(edge-localized modeH-mode discharges for the outer SOL whereJ, is parallel electric current andl, is parallel electri-
region. The potentiglFig. 2(a)] rises by~200 V from the
cold private region to the hot separatrix over 4 to 5 (Gn
kV/m), followed by a decrease through the SQOL1 kV/m)
asT,. decreasefFig. 2(c)]. The potential “well” seen in Fig.
2(d) just outside the separatrix is a reproducible feature; algrazing magnetic fiefd gives ®~3 T, for hydrogen plas-
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cal conductivity. Starting fron®=0 at the target, the poten-
tial rises mainly by the large density change across the very
thin sheath in front of the targéfor constantT,) in accor-
dance withV,®~T.V,Inn,. The theory of sheaths with
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mas. In the present experiments neittler nor n, vary  whered,; and®, are the potentials at points 1 and 2B},
strongly along a given magnetic line once into the plasmaR andn are all nearly constant across the potential gradient
Thus, the potential gradient in the divertor plasma]®, is  region, Eq.(3) simplifies to

mainly normal to the magnetic surfaces.

Equation(1) then yields a plasma drift along the mag-
netic surfaces in the poloidal direction in the SOL and the
private region, shown in Fig. 4. The result is plasma circu- .
lation from one divertor leg and target to the other. We stresend N depends on just the potential difference across the
the EX By ion flow along the private flux side of the separa- plasma flow layer. For standar;, the electron density
trix, which has been ignored until rece_n?ly. across the private region potential gradient region is fairly

The number of particles per secohdconvected poloi- constant at~1x10m~3, Fig. 2b), and use of Eq(4) is
dally by the drift velocityvg through a surface defined by the justified. Then the calculated private poloidal ion flowNs
rotation of a curveC, connecting flux surfaces containing ~1x10?s™1. The ion flow to the outer target for these
points 1 and 2, about the major radius affgg. 1 inse} is discharges was measured by target mounted probes to be

. ) 2Rn ~2x10%?s™ ! and ion flow to the inner target was 0.7—2

Ngf 277Rn(ds><vE)-é¢~27rf ——(Vd)-ds X 1072s™ 1. Thus, the private poloidaExB ion flow is

1 1 By ~25%-40% of the totalinner plus outertarget ion flow,
o, R and is comparable to the inner target flow. The private po-
2 Rn . . . .
zzwf —dod ©) loidal flow for reversed is comparable in magnitude but
®; Br reversed in direction. The private poloidal ion flow is sup-
plied by radial diffusion. The SOL poloid& xB flow is of
strength (~6x 107Y) comparable to the private region poloi-
dal flow and directed as shown in Fig. 4.

© _swxdadB, The L-mode discharges, not shown, showed similar fea-
tures. The potential difference across the separatrix was
Electric lower, ~125 V. The private poloidaExB ion flow wasN
Fields ~1x10%s™ !, and the total target ion flow was-2
Y V¥ —>> X 10725,

A consequence of the existence of the poloidal flows is

@ ReversedB; | ExB Flows their effect on the(deuterium ion flux to the target. The
S poloidal velocity is of the order of 1 to:210° m/s, whereas
the parallel velocity at the separatrix is of the order of
0.5—1x 10* m/s far from the target and 3x 10* m/s at the
Vv v target* The poloidal velocity is large enough to affect the

magnitude and direction of the net flow, preventing it from
FIG. 4. Schematic electric field arIxB drift directions in the divertor ~following the magnetic-field lines. In the_se experl_ments,_ for
region for standard and reversBq . standardB;, the parallel flow at the inner strike point

N~27Rn(®,—®,)/B, (4
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reaches the target at0.5° steeper angle than the parallel a clear identification of the drift effects. Our results empha-
magnetic field (1.8 whereas at the outer strike point it is size the need to include electric fields and drifts self-

shallower. consistently in divertor modeling, both for interpretation of
The particle flux associated with the velociy, con-  experimental measurements and for prediction of future di-
vects a heat flux as power Bragingkij vertor performance.
5 This research was supported by the U.S. Department of
qe=mVee{z[ Ti+ (ne/m)Te]+ Py}, (5 Energy under Contract Nos. DE-AC03-99ER54463,

with the addition of®,, which is the ionization potential. W-7405-ENG-48, = DE-AC05-960R22464,  DE-ACO04-
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