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The £ x B drift due to an applied radial electric field in a tokamak
with poloidal divertor can speed the flow of plasma out of the scrape-off
region, and provides a means of externally controlling the flow rate and
thus the width of the density fall-off. An experiment in the Wisconsin
Levitated Toroidal Octupole, using E x B drifts alone, demonstrates divertor-
like behavior, including 70% reduction of plasma density near the wall and
40% reduction of plasma flux to the wall, with no adverse effects on confine-

ment of the main plasma.



In future generations of tokamaks it will become increasingly important
to reduce the potentially large losses due to bremsstrahlung and line radiation
by high-Z impurities. One method often proposed to isolate the plasma from the
first wall of the containment vessel is the poloidal field divertor, and we suggest
that externally applied'f x B drifts could be used to speed the flow of plasma
toward the divertor's pumping chamber.1 This would provide external control of
the flow velocity and thus of the width of the density fall-off (proportional to
the square root of the transit time to the pumping chamberz), and could also remove
some particles otherwise mirror-trapped in the divertor's ''scrape-off' region.
Somewhat similar ideas have been proposed by others.3 The present experiment4 is
a first demonstration of this idea, using E x B drifts alone to produce divertor-
like effects.

Figure 1 shows schematically the minor cross-section of a tokamak with a
double-null poloidal field divertor, such as that proposed for the conceptual
reactor UWMAK-III.5 We have added to the picture segmented walls which are biased
relative to the plasma, creating a radial electric field and thus an E x B drift
into the divertor chambers as shown. The plasma is expected to shield out the
electric field, causing it to be concentrated near the wall, just where it is
desired most for this scheme, and this has been obser?ed in other applied radial
electric field experiments6 as well as the present one. The existence of many
inductively driven multipoles and tokamaks gives evidence for the ability of properly
designed insulated gaps, such as the two "anti-divertor'" gaps in Figure 1, to
sustain a potential difference in the presence of plasma without disastrous arcing.
Large plasma flux to the wall in the vicinity of the gap due to inductive electric
fields on the falling half of the pulse, similar to the E x B drift out the divertor

gap in Figure 1, has been predicted7 and observed8 in inductively driven multipoles.



In order for the E x B drift to make a significant contribution, the poloidal
component of the E x B drift must be greater than that of the thermal flow along
field lines: approximately E > von since Bp << Bt' Here Bp and Bt denote the
poloidal and toroidal components respectively of the magnetic field, and v, the
flow velocity along field lines to the divertor (say, the ion acoustic speed, which
equals ion thermal speed if Ti 2-Te, as we will assume hereafter). Using Bp =5 kG
and considering 12C impurities at 100 eV this gives E > 140 V/cm, a not unreasonable
figure. The radial excursion of a single particle's guiding center from its un-
perturbed orbit due to the applied electric field, at the lower limit for E given
above, is approximately po/B, where p is the gyroradius. This is smaller than
a gyroradius and much smaller than a banana width, hence even if the electric field
penetrates past the divertor separatrix its effect on confined particles will be
negligible.

An experiment has been carried out in the Wisconsin Levitated Toroidal Octu-
pole9 to demonstrate the use of E x B drifts to remove the outer edge of the plasma.
Figure 2 is a minor cross-section of the octupole showing the poloidal field. A
typical field strength is 2 kG in the region between the outer rings and the wall.
The four current-carrying internal rings are inductively driven, and the field has
a crowbarred decay time of > 70 ms. The rings can be levitated by temporarily
withdrawing their supports during the field pulse, the supports remaining fully
withdrawn for 20 ms. The plasma used was a hydrogen ECRH afterglow plasma, with
peak density ~5 x 10'° cm™ 3, kT, 5 eV, kT; < 1 eV, and a decay time of about 15 ms.

A partial limiter, or fin, was installed on the upper lid, extending along a
major radius, as shown in Figure 2. Nbte that it lies parallel to the field lines,

unlike a conventional limiter. It can be biased relative to the wall, and can be



folded against the wall when not in use. Radial profiles of floating potential
and ion saturation current are measured with a floating double probe between an
outer ring and the wall. A probe mounted on a cart, movable toroidally and through
a vertical arc at constant toroidal angle, is used to map floating potential and
ion saturation current in Y (poloidal flux function) and ¢ (toroidal angle). Plasma
flux to the wall is measured with striped collectors.10

The upper outer ring is biased relative to the wall, in order to produce an
E X E rotation of the plasma in the toroidal direction. Most of the potential drop
appears near the wall in a layer about 2 cm ~ 25 AD thick (see Figure 4(a)) and
this is just where it is desired for this experiment. The fin is biased with the
same sign as the ring, creating an.Ex.E drift toward the wall on the side of the
fin upstream relative to the main toroidal drift, and away from the wall on the
other side. Thus a class of-E X'E drift surfaces are diverted toward the wall
in the vicinity of the fin.

As V is increased from O, the location of the separatrix between diverted

fin
and undiverted drift surfaces moves deeper into the plasma, as observed by its

2V_.

influence on radial density profiles downstream, and saturates when Vfin ring®

The flux of diverted plasma, measured by collectors on the fin and the wall near
-> ->
the fin, increases linearly with the E x B drift speed as Vring (and proportionately

Vfin) are increased, until saturating at V = 40 V. At this bias the toroidal

ring
rotation period of the outer layer is about 1 ms, much shorter than the plasma life-
time but comparable to the time required for a particle to cross this layer and
reach the wall. This corresponds to an E x B drift velocity of about 10° cm/s,

of the same order as the ion acoustic velocity and much greater than the VB and

curvature drifts.



Figure 3(a) shows experimentally measured drift surfaces for a particular
pair of bias values in the saturated range of both. .E x.ﬁ drift surfaces are
equivalent to surfaces of constant plasma potential, which are the same as sur-
faces of constant floating potential if VTe = 0, and the latter were measured
with the cart probe. The 36.2 volt contour is the drift surface separatrix:
drift surfaces outside this surface are diverted toward the wall, where one could
imagine a divertor throat, although in this case the diverted plasma simply strikes
the wall and is neutralized.

Ion saturation current (proportional to density if \7Te = 0) was measured
over the same range and is plotted in Figure 3(b) as the relative change from the
case where the fin is retracted. There is little change on the upstream side ex-
cept for a small increase as the denser plasma is diverted toward the wall, and
there is a decrease of up to 70% on the downstream side, filling in farther down-
stream to a steady but reduced profile near the wall.

The corresponding radial profiles of floating potential and ion saturation
current measured by the double probe at the outer wall, downstream by 15° or about
50 cm, are shown in Figure 4. The grounded fin as a mechanical obstacle has little
effect on the density (ion saturation current) profile, but when the additional-% X-E
drift toward the wall is present the density near the wall is greatly reduced and
the scale length is approximately halved. The profile near the density peak, in-
cluding the octupole separatrix where the majority of the particles are confined,
shows no change with the insertion of the biased fin. Full I-V characteristics for
the probe show that Te is unchanged by the presence of the biased fin, even on a
diverted drift surface, so the decrease in ion saturation current near the wall is
indeed due to a decrease in density. The floating potential profiles for the three

cases are indistinguishable.



Figure 4 also shows the same profiles for the case of an added weak toroidal
field ( v 400 G at the minor axis). Evidently parallel resistivity is large
enough to prevent the biased fin from charging entire flux surfaces, as the be-
havior is quite similar to the case with poloidal field only.

Although the divertor region is quite localized in ¢, its influence on wall
flux extends all the way around the machine. Figure 3(c) shows the wall flux meas-
ured by the striped collectors up to 360° downstream from the fin, plotted in terms
of the relative change from the case with the fin retracted. There is an increase
just upstream of the fin, a sharp decrease immediately downstream, and a general
reduction by 30 to 40% all around the toroid.

This experiment, using E x B drifts alone, shows behavior desired of a
divertor: a decrease in density near the wall with no deleterious effects on
confinement of the dense central plasma, and reduction of plasma flux to the wall
everywhere away from the divertor region. These effects were not seen when either
the fin was grounded or the ring was not biased; this shows that they were due to
the E x B drifts and not simply to the presence of the fin as a mechanical ob-
stacle.

In the future we plan to add a poloidal magnetic field divertor to the octu-
pole and use larger ratios of Bt/Bp’ in order to more closely simulate a tokamak.
This divertor will be capable of operating alone or with an E x B drift into the
divertor throat, for purposes of comparison.

We are grateful for the assistance of P. D. Nonn in the construction of the

retractable fin. The work was sponsored by U.S. E.R.D.A.
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FIGURE CAPTIONS

Minor cross-section of tokamak with double-poloidal-null divertor.
Radial electric field (arrows) applied by biased wall segments results

in E x ﬁf drift (double arrows) toward pumping chamber.

Minor cross-section (with poloidal flux lines) of Wisconsin Levitated
Octupole, showing locations of retractable fin and diagnostics (not all

at same toroidal position). Y is octupole separatrix, Y is last

sep
MDD stable field line (minimum of §d1/B).

crit

Experimentally measured quantities plotted vs. ¢ (toroidal angle).

V

ring = 40V, V

fin = 60 V, Bp only. (a) and (b) are contour plots in

y (poloidal flux function) and ¢. Distance from minor axis along mid-
cylinder is also shown. (a) Floating potential contours at 2-volt inter-
vals. Arrowheads show direction of resulting E x B drift. Dotted line
(36.2 volt contour) is drift separatrix. ‘(b) Contours of relative change

in density. (c) Relative change in wall flux. Vertical dotted lines

show range in ¢ of Figs. 3(a) and (b).

Radial profiles of (a) floating potential and (b) ion saturation current,

15° downstream from fin. Vfing = 40 V. Location of drift separatrix

is taken from Fig. 3(a).
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