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Divertor biasing may provide a method for density and impurity control by

enhancing the shielding efficiency of the scrape-off layer. The idea is to make the

scrape-off plasma denser and thicker by heating it with a bias-driven current, and by

inducing a radial E × B drift. If the bias is applied to flux surfaces at the outer edge
of the usual scrape-off layer, a new layer of plasma can be added which is sustained

by the bias-supplied power. A simple theoretical model will be presented which shows
that there is a threshold condition which must be satisfied in order for the bias-heated

plasma to be self-sustaining. The bias-sustained plasma must also be opaque enough

to neutrals in order for it to be fueled by a gas puff, which means that it will serve as

a shield to the core plasma against neutral impurities and hydrogen. Experiments
performed on DIII-D have demonstrated both a modification of the central nickel

impurity concentration and an increase in the ionization of hydrogen within the scrape-
off layer due to biasing.

1. INTRODUCTION

H-mode plasmas in the open divertor configuration of the DIII-D tokamak are

observed to have a period of uncontrolled density rise after the L/H transition. This

density rise can be explained by a combination of improved particle confinement and

increased neutral penetration past the separatrix due to a thinning of the scrape-off

layer [1]. It is desirable to reduce this density rise for current drive experiments. There

is also an influx of impurities during the density rise phase which can be partially

controlled by wall conditioning techniques.

In 1988 it was proposed that differential divertor biasing could modify the particle

transport in the scrape-off layer by inducing a poloidal electric field which gives rise to

a radial E × B particle drift [2]. It was conjectured that, if the radial transport were

enhanced sufficiently to make the scrape-off layer t.hicker, the neutral hydrogen flux

across the separatrix could be attenuated, helping to control the density rise during

H-mode plasmas. We have yet to realize this goal on the DIII-D tokamak, but we now

have clear evidence that the radial particle transport is affected by the divertor biasing
in a way which is consistent with the theory. In the first part of this paper we will

review the basic theory and present the evidence that the scrape-off layer thickness is

modified by differential divertor plate biasing. We will also show that the concentration

of impurities in the core plasma can be controlled by the biasing. The second part of

this paper deals with the effect which the power injected into the plasma by the bias

supply has on the scrape-off layer properties. A simple theoretical model is presented
which demonstrates that there is a threshold condition which must be met in order for

the bias-supplied power to sustain its own layer of plasma. If this threshold can be

satisfied, it would be possible to increase the width of the scrape-off layer and improve

its ability to screen the core from neutrals. Evidence from DIII-D experiments that
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additional plasma is being generated within the scrape-off layer during biasing will be
presented.

2. TRANSPORT INDUCED BY A POLOIDAL ELECTI_IC FIELD

The radial particle flux due to a poloidal electric field (Ee) in gaussian units is

Fr-- r_CBT Ee , (1)

where BT is the toroidal magnetic field component and n is the electron density. Using

Ohm's law for a pure hydrogen plasma [3] this can be written

r.= (0.70r. B (2)B 2 r Oe Be a.,,] "

In deriving Eq. (2) we have assumed that the electron temperature is independent of

the toroidal symmetry direction and have used cylindrical coordinates for the minor

radius (_') and poloidal angle (8). The parallel current density 3,, can be controlled by

the external bias, but the thermoelectric term is also important and the biasing can

impact the electron temperature gradient as well. The two terms have a tendency to

cancel each other, reducing the poloidal electric field to something less than would be

expected from the current alone [3]. The recycling of hydrogen in front of the target

plates is also important, making a calculation of the net effect of biasing on the particle

transport difficult, as discussed in R.ef. 3. The basic direction of the radial flux is easy

to understand however, as it just follows the right hand rule for/_ x/}. The change
in the classical flux (1), induced by the biasing, will be in the direction given by the

cross product of the poloidal electric field, which follows the poloidal magnetic flux

surfaces between the two target plates, with the toroidal magnetic field. In DIII-D

the outer l_g of the separatrix can be made to contact a toroidally-continuous biasing

ring electrode which is shown in Fig. 1. The inner leg of the separatrix intercepts the
grounded vacuum vessel. A positive bias potential will cause _n enhanced outflux of

pm-ticles normal to flux surfaces as indicated in Fig. 1 for the normal (clockwise as
viewed from top of the torus) toroidal magnetic field direction. This is the direction

for which we expect a thickening of the scrape-off layer and an enhanced screening of

impurities, such as nickels which originate from sputtering of the Inconel vacuum vessel

by fast charge exchange neutrals. Reversing the magnetic field direction or the polarity

of the bias yields an inward-directed E x B drift, which should shrink the scrape-off

layer and allow more nickel to penetrate to the core. The transport of low charge states

of nickel across the separatrix could also be affected by the E x B drift producing
similar changes to those we are attributing to scree_dng of the source.

In Fig. 2 are shown data from two discharges with the normal magnetic field

direction and opposite bias polarities applied to the ring electrode. During the negative
bias phase (inward E x B drift) of discharge 71006, the core nickel XXVI line is seen to

increase by a factor of two. This same nickel line reduces by a factor of two during the

positive bias phase (outward E × B drift) of discharge 71009. The magnitude of the
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FIG. 1. Schematic of tb__ toroidal ring electrode and magnetic flux
surfaces of the D_Ii-D tokamak.

nickel XXVI signal for discharge 71009 was multiplied by a factor of thre-, for plotting.

Other high charge state impurity lines also show a similar change in the core impurity
content.

Evidence that the reduction in core nickel concentration is due to a thicker scrape-

off layer is shown in Fig. 3. This data is for a different H-mode discharge using a new

high spatial resolution multipulse Thomson scattering system [4]. The increase in the

scrape-off layer density during biasing is clearly seen. This particular discharge had a

negative bias of -200 V and the opposite toroidal field direction to the discharges in

Fig. 2. The Thomson data for the discharges in Fig. 2 also shows thickening (thinning)

of the scrape-off density during positive (negative) biasing, but positioning of the plasma

did not take full advantage of the Thomson system in the edge region so it is not as clear

as in Fig. 2. We have tried all four combinations of biasing polarity and magnetic field

direction and the results on scrape-off layer density and core nickel emissions agree with

the expectations of the E x B drift effect. This rules out the chance that modification

of the radial electric field by the biasing could be responsible for the change in scrape-
off layer transport due to an effect on turbulence or ion mobility, since the toroidal

magnetic field direction would not be important in such a case. This distinguishes the

transport modification observed in these differential biasing experiments from those
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FIG. 2. Ring electrode voltage, line average density, and nickel XXVI

intensity measured by the SPITEDspectrometer for two similar DIII-D

discharges.

observed in previous unipolar divertor biasing experiments [5], where the radial electric
field was important.

We have argued that the nickel XXVI reduction in the core is evidence that

neutrals are prevented from crossing the scrape-off layer. However, the line-average

density in Fig. 2 has the opposite behavior from nickel XXVI, which suggests neutral
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FIG. 3. Electron density profiles measured by the multipulse Thom-

son scattering system. Data is taken along a vertical cord (z-axis) at
a major radius somewhat outside the magnetic axis position.

hydrogen is not being screened out of the core. The gas puff is turned off in these

discharges, so recycling at the target plates and neutral beam fueling are the particle

sources. The total ion flux to the target plates can be changed by the effect of the

divertor biasing on energy flux asymmetries between the target plates [3]. For the case

of a negative bias with the normal toroidal field direction (inward E x B drift), one-
dimensional modeling suggests that the total ion flux to the target plates will increase

due to an increased energy flux asymmetry [3]. This would qualitatively agree with the
drop in density for discharge 71006 in Fig. 2, but it is not the only explanation. This

same combination of polarity and field direction is also obsezved to greatly increase the

neutral gas pressure under the baffle section of the ring electrode of Fig. 1. Estimates of
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the increased neutral inventory under the bal_e can account for the ions lost from the

plasma [6]. The poloidally-directed E x B drift due to the rad/a/electric field is in the
right direction to produce an increased plasma flow into the bai_e aperture. The baffle

traps neutrals preventing them from fueling the core plasma. Redirecting more of the

plasma flow to the baffle by biasing reduces the source of neutrals to the core and hence

the core density. If there were bafltes on both sides of the divertor this effect would

be reduced. Estimates of the ionization length indicate that the increase in scrape-off

layer density shown in Fig. 3 is sufficient to attenuate nickel but not hydrogen, so a

more robust scrape-off layer will have to be produced if we are to achieve our aim of

density co: :rol.

One way in which a thicker scrape-off layer could be made is by increasing the

width of the biasing plate to drive a broader current channel. Given that the biasing

plate size is fixed on DIII-D, the next best thing is to increase the gap between the

separatrix and the ring electrode. Both of these methods require biasing the region of

low heat flow. In the next section we will show that it is possible to sustain a plasma

layer by the ohmic heating supplied by the bias current.

3. POWER BALANCE FOR A BI.AS-SUSTAINED PLASMA

In order to better understand the power balance requirements of a plasma sus-

tained by a current injected from a cold electrode, let us consider an oversimplified

model of the system.

The power balance equation for a flux tube contacting the ring with a bias voltage

V and a current J (out of the ring) at one end (the other end grounded) is

Q,,,t. . VJ - QR -F QG . Qr_ , (3)

where Q_._ is the external heating, Qr_ is the radiated power, and

QR=6sTro , QG=SGTro , (4)

are the power flows across the sheath onto the target plates at the ring electrode (R) and

the grounded end (G). For simplicity the temperature is assumed constant throughout

the flux tube. Equation (4) is just the sheath energy transmission equation, with

i FD the ion flux to each for and theplate [3] equal temperatures), 6R,G energy

- transmission factors, which depend on the current through

6.=60+2J- . ,

= - 2J- - j) . (5)_G

with

i = J/ero . (6)

The floating plate energy transmission factor 60 is 6.8 (for deuterium). Defining the
dimensionless quantities
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!
!



Staebler et al. BIAS-SUSTAINED SHIELD PLASMA

Qrad Qext
E=250+

T FD T FD

eV

u= -y- , (r)

we can rewrite Eq. (3) as

E- en(1- J_)
U= j (8)

The other equation which must be satisfied is Ohin's law (assumed isothermal) in the
scrape-off layer

r/,,J,, = -V,,¢ , (9)

where r/,, is the Spitzer resistivity of the plasma. Integrating Ohm's law from one sheath
to the other, and using the relation between the sheath potentials and the currents from
sheath theory gives a second relation between U and .]

u=,73+ e. \_---2-U] ' (_0)
where

e 2 I_at

=L,,7,,-y- , (11)
and

F,, = g , (12)

is the parallel ion flux through the sheath. The two equations (8) and (10) are plotted
for U versus j in Fig. 4. The intersection of these curves defines a steady-state solution
for the bias-sustained plasma. There is no intersection unless the parallel ion flux to
the target plate (F,,) exceeds a critical threshold given by

r/>tE-gn (4) , (13)

which can be derived by taking the limiting case of J _ 1.

The solution has the property that as r/is increased above the minimum value of
Eq. (13), the cun'ent becomes a smaller fraction of the ion saturation current to the

electrode !even though the curre=_ increases). As an example let us take an operating
point at J = 0.9. If there is no radiation or external heating or if the radiation and
external heating cancel, then E = 13.6. These two values uniquely determine U = 16.96

and 7/= 1.5.57. The temperature of the plasma is linearly dependent on the voltage for
fixed norm_li_ed current T = eV/U. The density of the plasma away from the sheath

(rr) can be found by substituting voltage for temperature in Eq. (11) and using Eq.
(12) to obtain (for L,, = 80 m typical for DIII-D)
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FIG. 4. Plot of Eq. (8) for E --- 13.6 (dotted) and Eq. (10) for three

valuesof ,7(mUd).

=(1.5× Cm- )v , (14)

for this operating point. Thus at 340 V we obtain a 20 eV plasma with a density of

1.7 x 1013 cm -s. Higher neutral gas fueling could obtain a higher density plasma at a

lower normalized current, but if the plasma density drops too low no amount of bias

voltage wil/sustain the discharge.

The electron impact ionization length for neutral deuterium atoms is >,,_

= V,/ne<av). Taking the neutral velocity to be that of a charge exchange neutral

from the local plasma V, = (3Ti/2mi) 1/2, we have A, = 10 cm for 2_ = 20 eV,

ne = 1.7x 101acre -a obtained from Eq. (14) at V = 340 V. Thus, the 8 cm wide

plasma in front of the DIII-D ring electrode would be about 50% transparent to neutral

deuterium at these parameters. If the ionization length becomes too long then the shield

plasm,', cannot be fueled by a gas puff or recycling and it will collapse. More radiation

than external heating makes the minimum density required higher by increasing E,

and an excess of external heating over radiation lowers the raiIllrnurn density. Both

radiation and external heating can also change the functional relation between n and

V from that of Eq. (14) due to their own dependences on temperature and density.

There is some evidence that plasma is being added to the scrape-off layer during
differential biasing experiments on DIII-D. If the ion saturation current at the cathode

end did not change during a voltage sweep, the current versus voltage characteristic ,_f

the ring-plasma circuit would look like a double Langmuir probe, with current limited

GENERAL ATOMICS REPORT GA-A21041 8
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by the cathode for both polarities. Instead, the experimental current continues to

rise in some cases_ showing no saturation even at -600 V for the ohmic discharge of

Fig. 5. The data in Fig. 5 is from voltage ramps for two different discharges because the

polarity of the biasing ring cannot be changed during r_ discharge. Duzing the positive

voltage ramp, the current appears to first saturate, but then it rises sharply at higher

voltage. This may be due to the threshold effect discussed above. Each flux tube in the

scrape-off layer has to satisfy the one-dimensional power balance threshold of Eq. (13).

The sharp rise in current could be due to a radial density fluctuation which pushed the

electron density of flux tubes farther out in the scrape-of[ layer above the threshold

_ needed to be self-sustaining at this voltage.

i

l,' o.5 ...........

[] Rising c_
O0

o Falling o
0

O0.at

JI,t ,_

= g
= 0.0 - []
= 0

jIIJ

0

t,U

-5.0 ,,, t .,
-0.8 0.0 0.8

Electrodeto VesselVoltage(kV)

t FIG. 5. Ring electrode current versus voltage characteristics for two

identical ohmic discharges.

In Fig. 6 are shown ion saturation current measurements taken by an array

of Langmuir probes mounted on the divertor floor tiles of DIII--D [6]. From these
measurements, on a single low-power discharge, it is clear that the total ion flux to the

inner divertor tiles increases with applied bias. There must have been an increase in
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0.0
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FIG. 6. Inner strike point floor tile Langmuir probe ion saturation
current measurements for grounded and biased discharSes.

ionization in the scrape-off layer in order to support thi_ rise in the ion loss to the floor
tiles.

An attempt was made to move the current-carrying layer of the scrape-off layer

farther away from the separatrix by moving the z-point to smaUer major radius during

the bias p}mse of a discharse. The current drawn from the ring was reduced as the

bias electrode was moved farther out into the scrape-off layer. The enerKy flux to the

divertor tiles measured by an int'azed camera [8] is shown in Fig. 7 for two time slices,

one before, and the second during a -300 V bias with reversed toroidal field (outward
E x B drift). One neutral beam source was injected and the plasma stayed in L-mode.

There is about a 4 cm gap between the bias electrode and the separatrix. Before biasing

mo6t of the heating power fell onto the floor rather than the electrode, as seen in the
right half of Fig. 7. After biuing to -300 V, about 4 kA of current was drawn from

the ring. The bias-supplied power shows up clearly in the infrared camera data at the

electrode position. The heating channel is increased i_ width by the full cross-section

of the electrode contact with the magnetic flux surfaces. Perhaps if we had a wider

electrode, or increased the gap between the separatrix and the ring further, we would

have screened the neutral deuterium sufficiently to reduce the core density.

GENERAL ATOMICS REPORT GA-A21041 10
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FIG. 7. Power flux density to the divertor floor of DIII-D measured
by infrared camera before and during a -300 V bias.

4. SUMMARY

Differential divertor biasing holds promise as a means of controlling the core
plasma fueling. If the scrape-off layer can be made dense and broad enough to be
opaque to neutral hydrogen, then the core plasma will be shielded from neutral gas
originating from the walls or gas-injector valves. This would be very beneficial for
tokamak performance since it would allow independent control of the divertor plasma
and the core plasma, which often have conflicting optimal requirements.

In this paper we have reported on experiments on DIII-D which have moved us
closer to this objective. Two physical processes have been identified which help increase
the shielding of the scrape-off layer. The first is the radial particle drift caused by the
poloidal electric field induced by biasing. When the E x B drift is outward (inward),
the scrape-off layer density profile becomes thicker (thinner) for all four combinations
of toroidal magnetic field direction and bias polarity. The change in scrape-off layer
density is sufficient to change the central nickel impurity concentration. The second
effect is the heating of the scrape-off layer by the bias-driven current. The additional
heating increases the plasma pressure in the scrape-off layer and increases the ionization
of neutrals. We have shown, by means of a simple power balance model, that the bias-
supplied power can sustain a layer of plasma without additional heating once a threshold
condition on the ion flux to the electrode has been exceeded. This suggests that the
width of the scrape-off layer can be increased by driving current in the region beyond
the usual edge of the heat conduction zone. Preliminary experiments on DIII-D have
shown an increase in the ion flux to the divertor target plates during biasing and an

GENERAL ATOMICS REPORT GA-A21041 11



Staebl*r eS al. BIAS-SUSTAINED SHIELD PLASMA

increase in the width of the heat deposition profile. The increase in plasma pressure due
to bias-injected power should enhance the screening effectiveness of the scrape-off layer
regardless of th"_bias polarity or toroidal magnetic field direction. Since the experiments
performed so far on DIII-D show that the central nickel concentration depends on the
E x B direction, the electric field is the dominant contribution to screening impurities
at these bias power levels.

Even if density control does not prove to be achievable by this technique, dif-
ferential divertor biasing is likely to be very effective at preventing impurities from

I

penetrating to the core plasma, as has already been seen with nickel. We look forward
to testing biasing for the management of impurities injected to reduce the peak heat
load in the upcoming DIII-D radiative divertor program.
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