Steady-state ion pumping of a potential dip near an electron collecting anode

Cary Forest and Noah Hershkowitz

Nuclear Engineering Department, University of Wisconsin-Madison, Madison, Wisconsin 53706

(Received 8 January 1986; accepted for publication 21 April 1986)

A negative potential well is found in front of a positively biased electron collecting plate in a low
temperature laboratory plasma. The well parameters are governed by the Child-Langmuir
condition and a necessary condition for the existence of such potential wells is the presence of an
ion pumping mechanism which removes trapped ions from the wells. Here ion pumping was
provided by the presence of negative electrically floating ceramic on the back of the plate.

INTRODUCTION

Potential dips separating regions with two different
plasma potentials are a general feature of many different
plasmas. These include positively biased probes in plasmas,
multiple double layers in laboratory plasmas,”~* ion acoustic
double layers in space plasmas®’ and in computer simula-
tions,® and thermal barriers in tandem mirrors.>!° These
structures have the common feature that the potential wells
tend to fill up with ions, which either scatter into the poten-
tial well or are born by charge exchange or ionization within
the well, and so they should cease to exist. Nevertheless,
stationary structures have been produced or found in tandem
mirrors,'! near objects inserted into plasmas,’ near cath-
odes,'*"? and at magnetic constrictions in magnetized Q-
machine plasmas.'® All of these structures must provide
some form of “pumping”—the removal of ions which con-
tinuously trap within the wells. Of the variety of situations in
which stationary potential dips are known, thermal barriers
are the only one for which the necessity for pumping has
been recognized. Without pumping, stationary potential
dips are not self-consistent structures. Nonstationary struc-
tures with potential dips are also known but these can be self-
consistent,'®

Thermal barriers®'® are potential dips which provide
electron thermal insulation between central cell and end cel}
electrons in tandem mirrors. This allows end cell electrons to
be heated to higher temperatures and results in large ion
confining potentials. Barrier pumping has been successfully
accomplished in two tandem mirror experiments'®'' by us-
ing charge exchange on energetic neutral beams injected into
the end cells. An alternative technique, rf drift pumping,'®
has also been proposed for barrier pumping. Recently it has
been demonstrated that ICRF (rf near the ion cyclotron
frequency) can provide electron pumping'’ resulting in
steady-state potential peaks. Potential peaks have also been
achieved by increasing plasma density by adding ions to lo-
calized regions, e.g., neutral beam injection into the end cells
of a tandem mirror.’® Ion injection represents a process
which is the opposite of pumping.

Plasma potential modification by (ion or eiectron)
pumping has now been demonstrated in many different si-
tuations. However many systems have been found which ex-
hibit potential dips for which the pumping mechanism is not
yet known. It is likely that a large variety of pumping mecha-
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nisms exist and it may be that the dips near probes, at mag-
netic constrictions, etc., all have different mechanisms. In
this paper we investigate the process which provides ion
pumping from the potential dip near a positively biased plate
in a plasma.

EXPERIMENTAL CONSIDERATIONS

Data were taken in a 40-1 stainless-stee] soup pot with
full line cusps'® consisting of 14 rows of permanent magnets
on the grounded cylindrical walls and on one end. An argon
plasma was produced by primary ionizing electrons emitted
from tungsten filaments. The base pressure was 1x107°
Torr, and the data were taken with neutra! pressures
between 5 107 and 8 X 107" Torr. The density varied
from 8 107 to 2 X 10° cm 3, with electron temperatures 7,
ranging from 2 to 4 eV depending on the neutral pressure.
Electron Debye lengths varied from 0.02 to 0.1 cm.

Plasma potentials were measured with emissive probes
using the inflection point technique.?® Density and electron
temperature were measured using a 0.64-cm-diam Lang-
muir disk probe. Representative data are given in Fig. 1
which shows the plasma potential along the axis of a 7-cm-
diam brass plate (2 mm thick); one side (the back) is cov-
ered by ceramic. The plate was biased at + 20 V with respect
to ground, the back floats at ~ — 10 V. It is apparent that
the potential decreases from the uncoated surface of the
plate to a potential minimum, passes through an inflection
point, and then increases by ~T,/2e to the potential far
from the plate. T, is the electron temperature (equal to 3.5
eV for these data) and e is the electron charge.

We have investigated the dependence on plasma param-
eters of the potential step (A¢) between the background
plasma and the potential dip, and the position of the dip (d)
with respect to the plate. Results are summarized in Fig. 2.
The general features are that as the density increases the dip
moves closer to the plate and that 7, is proportional to Ag.
For fixed plasma density, the separation distance d does not
appear to be a function of neutral pressure.

The understanding of the dip can be divided into two
separate issues. One is the question of why the dip exists, i.e.,
the nature of the pumping, and the other is the physics asso-
ciated with the dip itself. First we consider the pumping.
Data which gave a hint to the nature of the pumping mecha-
nism are shown in Fig. 3. A careful investigation of the equi-
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FIG. 1. The plasma potential, measured on axis of a circular plate biased at
+ 20 V. The electron temperature was measured tobe T, = 3.5 ¢V,

potential contours near a particular plate (coated on the
back with ceramic) found a potential minimum (indicated
by + 4 V) attached to a particular position on the plate. The
position of the minimum was not affected by external fields
or plasma parameters. This dip was identified as being asso-
ciated with a fingerprint on the plate. Ions can drain to the
front of the plate because of the fingerprint’s potential mini-
mum.

The equipotential contours in the neighborhood of the
biased plate (with the fingerprint cleaned off) are given in
Fig. 4. Note that the potential dip in front of the plate is quite
one dimensional in nature, consistent with the Debye length
being much smaller than the plate radius. However, it is
apparent that cold ions are not electrostatically trapped by
the potential dip as ions can escape out of the edges of the
channel formed by the dip because the potential becomes
more negative there. These Jeaks provide the necessary
pumping.

For the configuration shown in Fig. 4 the potential can
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FIG. 2. (a) The potential difference between the plasma and the inflection
point of the dip, as a function of electron temperature. A straight line is
drawn through the data. (b) The penetration of the dip (d), as a function of
plasma density. A smooth curve is drawn through the data.
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FIG. 3. The equipotential contours near a circular brass plate (r = 3.5¢m, 2
mm thick). Note the contours near a grease fingerprint. The plate is in the
center of the multidipole soup pot device, 10 cm from one end.

become more negative in the dip because of the presence of
the floating insulator on the plate. We can demonstrate that
this is a necessary condition for the dips existence by remov-
ing the insulator from the back of the plate. The potentials
along the axis of the plate which correspond to this configu-
ration are given in Fig. 5. In this case the plasma potential far
from the plate becomes more positive than the potential on
the plate and no dip is found. The plasma potential decreases
monotonically to the plate. We varied the amount of ceramic
on the back and found that dip only formed when the ceram-
ic was within 1 cm or approximately 10 Debye lengths of the
edge. It is only then that the negative potential contours are
able to wrap around to the front of the plate giving a oss
mechanism to the ions which would otherwise be trapped.
Plasma ions which enter the dip need not be trapped. Ions
which are created in the dip, however, have no way of escap-
ing along the axis, and must therefore be lost radially to the
ceramic.

The geometry of the plate and the ceramic is important.
This was demonstrated by varying the location of the ceram-
ic with respect to the plate. A ceramic disk the area of the
plate ceramic was placed randomly in the volume of the plas-
ma ( ~ 10 cm from the uncoated plate). In this case the plas-
ma potential far from the plate and the insulator was found
to be the same positive value as was found when no insulator
was present.

FIG. 4. The equipotential contours near a clean plate. The back of the plate,
the edges of the plate, and the support are covered with ceramic.
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FIG. 5. The plasma potential measured on the axis of the plate with no
ceramic on the back.

DISCUSSION

First we consider the physics of dip. As we approach the
plate from the background plasma potential (see Fig. 1), a
presheath is apparent which provides initial acceleration to
ions. This structure is similar to the Bohm presheath?' asso-
ciated with an ordinary monotonic sheath in that it has nega-
tive curvature. It differs from the Bohm presheath in that
there is an inflection point (at the presheath edge) where the
ion and electron densities are equal. At smaller z the electron
density exceeds the ion density which indicates®' that the
presheath must accelerate ions to a velocity which is some-
what less than the ion acoustic velocity ¢, = (7,/m, )"
This corresponds to a presheath potential <7,/2e. If the
density of trapped particles is not too high and the deviation
from quasineutrality is small, the equality sign holds. Note
that the presheath potentials shown in Figs. 1 and 4 approxi-
mately satisfy Ag = T, /2e.

For potentials near the positively biased plate, that are
more positive than the background potential, only electrons
are present (except for a small population of ions produced
by ionization). We expect the potential to be space-charge
limited there and that d is determined by the Child-Lang-
muir condition.'” The electron current density which gets
over the Bohm presheath potential Ag is given by

J=enT./2mm, exp( — eAd/T,), (D
where n is the plasma density. Assuming that the dip forms
to give a Bohm velocity, we can write
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FIG. 6. A comparison between the predicted and the measured values of
d,
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Experimental values of d are compared to predictions from
Eq. (2) in Fig. 6. It is apparent that there is good agreement
between the data and the predictions of Eq. (2).

The plasma potential is determined by a balance of elec-
tron and ion creation and loss. By considering the losses to
the plate, the effect of plate bias on the plasma potential can
be found. The back of the plate is floating, and is therefore an
equal loss for both species. There is no ion current to the
front of the plate because of the large potential barrier. The
electron current is simply the current density which gets
over the T, /2e potential dip [ Eq. (1) ] X collecting area. No-
where does the value of the plasma potential play a role,
except in determining the effective collecting area of the
plate. Evidence for this is given in Fig. 7 which shows that
the plasma potential is unaffected by the plate voltage be-
yond 20 V. The plate size is large enough that when the
ceramic is not present the plate becomes the major electron
loss, as shown in Fig. 5.

Removal of 1 cm of insulator at the circumference on
the back of the plate also resulted in inadequate pumping.
We can estimate the conditions which must be satisfied in
order to provide adequate ion pumping as follows: trapped
ion production by charge exchange and ionization must be
less than ion leaks (i.e., pumping) out of the edges of the dip.
This gives
marWnylo.c, + (n,/n)ow,1<2mr(We,/2)n,, (3)

where W is the dip width, ¢, is the ion acoustic velocity,
n;, no, n,,and n, are the background untrapped ion, neutral,
trapped ion density, and ionizing electron density, respec-
tively, r is the plate radius, and o; and o, are the cross
sections for ionization®? and charge exchange,” respective-
ly. Equation (3) can be rewritten as a condition on the neu-
tral density:

¢ (n,/n;)

- ’ 4)

<

rio.c.+n,/(now,)]
We can estimate 7, /n, by balancing ion production with ion
losses in the multidipole device. This gives

n,Vo,nw, = in;cA, (3)

where Vis the plasma volume and 4 the ion loss area. Com-
bining Eqs. (4) and (5) gives

n.J/n;

ny< . (6)
rlo. +A4/(V2ny)]
At high neutral pressures Eq. (6) gives
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FIG. 7. The effect of the plate potential on the plasma potential.
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FIG. 8. The axial potential profiles of the disk shown in Fig. 3 at several
neutral pressures.

rno<(n,/n;)/0.; (7
at low neutral pressures where 4 /(V2n,>0.,),
r<(2n,/n;)V/A. (8)

Figure 8 gives the plasma potential axial profile for sev-
eral neutral pressures, [t is apparent that the plasma poten-
tial far from the plate increases and the dip decreases as the
neutral pressure is increased. Note that the position of the
dip remains approximately constant. The plasma potential is
determined by the balance of ion and electron production
and loss and at lower neutral pressures, secondary electrons
and primary ionizing electrons make an important contribu-
tion to determining the potential. From Eq. (5) it is appar-
ent that the primary density is inversely proportional to the
neutral pressure. Equation (7) shows that the potential dip
cannot be established if the neutral pressure is sufficiently
high since n,/n; must be < 1. Data for the plasma potential
far from the plate are given in Fig. 9. At low neutral pressure
the plasma potential is very negative with respect to the
plate. As the neutral pressure is increased the potential be-
comes more positive and approaches the plate potential
eliminating the potential dip.
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FIG. 9. Plasma potential far from the biased plate vs neutral pressure for
plate with ceramic back and plate with 2-cm insulating disk on the front
surface. The plate was biased at + 40 V.
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Figure 9 also shows the plasma potential versus neutral
pressure for a plate with a 2-cm insulating disk on the front
with no coating on the back. The relative size of the pumping
area in the two cases can be approximated by the ratios of the
radii of the insulator, i.e., 3.5:1. Note that the two curves are
displaced by approximately 3.

In summary, we have given evidence for dc pumping in
a cold laboratory plasma. Although this is a geometrical ef-
fect, it does show the importance of floating objects interact-
ing with positively biased anodes. This was clearly shown by
the fingerprint, and emphasizes the need for cleanliness.
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