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Steady-State Toroidal Plasma around a Spherical Anode in a Magnetic Field
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(Received 8 November 1989)

When a positive potential is applied to a spherical electrode in the presence of a low-pressure gas in a
uniform magnetic field, a stable toroidal plasma can form around the anode. This plasma is produced by
electrons which are trapped in the combined electric and magnetic fields. We present observations of
some of the basic properties of this plasma as measured using electrostatic probes and a low-light-level
camera. We interpret these measurements in terms of an extended treatment of electromagnetic "bot-
tles" which have been predicted to exist in this system.

PACS numbers: 52.80.Sm

%'hen a positive potential is applied to a spherical
anode in the presence of a weak magnetic field, a dis-
charge can form at pressures below the Paschen curve.
The plasma results from an ionization avalanche pro-
duced by trapped electrons. ' Alport et al. have shown
that these plasmas can take one of two forms, which
differ markedly from each other in their topology and
electrical characteristics. For a given magnetic field and
gas pressure, there is a characteristic anode potential
below which an equilibrium toroidal plasma forms
around the anode. The anode current in this case is rela-
tively small, and is limited by the properties of the plas-
ma rather than resistors in the external circuit. This
phenomenon is of interest both in laboratory plasmas,
where it relates to Langmuir-probe characteristics, and
in space where it has a bearing on high-voltage systems
being currently investigated. At high anode potentials
a higher-current spherical discharge is observed.

The toroidal plasma consists mainly of electrons mov-

ing in trapped orbits encircling the anode. The magnet-
ic field is too weak to affect appreciably the ion trajec-
tories. In our system where the presence of the neutral
gas cannot be neglected, trapping is important because it
can lead to ionization.

Electrons moving in a uniform magnetic field, Bllz,
around a spherical anode are dynamically confined
within electromagnetic "bottles" with boundaries given

by

space potential 4t(r, z) Fo. r the space potentials we mea-
sure, the boundaries take one of two forms, depending on
the value of E, as shown in Fig. 1: (i) For small values
of I E I (i.e., for electrons released far from the anode),
two coaxial surfaces exist, between which the electrons
are trapped. (ii) For larger values of I E I (i.e., for elec-
trons released by ionizing collisions), closed toroidal sur-
faces apply. These closed surfaces were not apparent in
previous treatments since ionization was neglected. The
bottles shown in Fig. 1 were computed subject to the
condition that their minimum radius be equal to the
anode radius. These bottles are of particular importance
because they represent the innermost bottles where trap-
ping can occur.

For z» r„the anode radius, both the inner and outer
surfaces converge on a cylinder of radius rpM, the
Parker-Murphy radius, given by

' l/2
rpM

1 + Seta
(2)

rg mco, r,

where 4i, is the anode potential. Note that this quantity
is independent of the form of ttt(r, z).

The experiment was performed in a cylindrical stain-
less-steel vessel 1.8 m in diameter and 4 m long. An axi-
al magnetic field (0 &B & 30 6, Bllz) is produced by
three magnetic field coils coaxial with the main axis of

20
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where to„=eB/m, 1=mto, ro, 4t(r, z) is the space poten-
tial, E is the electron energy, and ro is the radius of the
field line which the electron is on at z =~. If the boun-
daries do not intersect the anode, the electrons ideally
are permanently trapped. The trapped electrons follow
complicated orbits within the bottles, and can gain suf-
ficient energy to ionize neutral gas atoms with which

they collide. In this Letter we show how the toroidal
plasma we observe is related to these electromagnetic
bottles.

The shape of the bottles depends on the form of the
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FIG. 1. Solid lines: electromagnetic bottles for ro=rpM, .

dashed lines: contours of local intensity of light emission ob-
tained by Abel inversion of low-light-level video images. 8

15 G, p, =3 kV, p 1.0X10 Torr.
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the vessel. The plasma was produced by applying a po-

tential of typically 1-3 kV to a spherical anode 7.6 cm in

diameter, mounted on the axis of the device. Formation

of the toroidal plasma occurs only if the pressure, mag-

netic field, and anode potential are within certain critical

ranges. Typical parameters were 8-1-30 6, p, —1-5
kV, and p —(3-10)x 10 ~ Torr. The anode current I,
was typically 1-20 mA.

Light emission from the plasma is dominantly from a
toroidal volume encircling the anode, with its major axis

parallel to the magnetic field. This volume is separated

from the anode by a dark space [Fig. 2(a)]. The struc-

ture of the luminous region can be seen more clearly
when viewed radially, as shown in Figs. 2(b) and 2(c).
The luminous region is roughly circular in cross section

at low 8 field [Fig. 2(b)] but becomes elongated in the

magnetic field direction as 8 is increased. For suf-

(a)

ficiently high values of B, in addition to the toroidal
luminosity, a thin cylindrical shell extending the entire
length of the chamber becomes visible [Fig. 2(c)]. Un-

der these conditions, the plasma bears a strong resem-
blance to the bottles shown in Fig. 1.

Plasma properties were measured using collecting and

emitting Langmuir probes and a retarding-potential en-

ergy analyzer. The radius of the probes and the probe
stems were chosen so that the perturbation to the anode
current was minimized. Typical perturbations were only
a few percent. Radial potential profiles obtained using
an emissive probe are illustrated in Fig. 3 for 8 5 and
15 6, together with the vacuum potential. The presence
of the plasma considerably modifies the potential around
the anode. The two-dimensional space potential p(r, z)
was measured with an emissive probe which could be
moved both radially and axially. A typical potential
map is shown in Fig. 4(a). From such data, the net

charge density can be obtained using Poisson's equation,
& P -—p/eo. This is shown in Fig. 4(b) for the z 0 ra-
dial section from Fig. 4(a). This profile shows electron-
rich regions close to the anode surface, and at r-12 cm,
an ion-rich region. The sharply rising part of the curve
on the left is due to positive charge on the surface of the
sphere.

The ions are not magnetized but are accelerated al-
most radially outward from the ionization region to the
chamber wall. On striking the chamber wall they eject
secondary electrons, some of which contribute to the
anode current. The ion energy spectrum was measured
using a retarding-potential energy analyzer. Typical
spectra for p, —1 kV display a broad peak at -250 eV.
This shows that most ionization occurs at a radial dis-
tance where p(r)-250 V and this corresponds roughly
to the ion-rich region in Fig. 4(b).

Accurate measurements of the electron density using
Langmuir probes are problematic due to the presence of
energetic electrons which can cause secondary-electron
emission from the probe. However, order-of-magnitude
estimates of density can be obtained by measuring the
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FIG. 2. Negative image of the toroidal plasma p 6X 10
Torr. (a) Axial view and (b) radial view for p, 3 kV, B 10
G. (c) Radial view for p 5 kV, 8 30 G.

FIG. 3. Radial potential profile for p, 1 kV, p 5.4X10
Torr. (0) B 15 G; (&) B 5 G. Solid line: the vacuum po-
tential. r, is the cathode radius.
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FIG. 6. Radius of maximum light intensity in the cylindrical
section of the plasma. (O) B-20 G; (&) B 30 G. The solid

lines were obtained from Eq. (2).

The phenomenon described here represents a well-

defined plasma state existing in a sharply delineated re-

gion of the (p, B,&, ) parameter space. An interesting
feature of this plasma is the robust nature of the equilib-
rium. Such an equilibrium requires that there be an ex-
act balance between the transport of trapped electrons to
the anode and the introduction of electrons into the plas-
ma by ionizing collisions and secondaries from the
chamber wall. This balance is surprising in view of the
exponential nature of the ionization avalanches which

produce most of the electrons collected by the anode.
The system is further complicated by the fact that the
density is sufficiently high to perturb the space potential,
which in turn inlluences the particle dynamics. The
equilibrium must therefore also possess self-consistency
between the fields and the particles.

One mechanism which could help to establish this
equilibrium involves fluctuation-induced electron trans-
port to the anode. We speculate that this could untrap
electrons from the electromagnetic bottles and permit
them to be collected by the anode without making inelas-

tic collisions which would otherwise be necessary for
them to leave the plasma. This would have a quenching
eff'ect on the cascade by providing a negative feedback
mechanism.

Discharges of this type are of relevance to high-
voltage experiments in space such as the SPEAR (Space
Power Experiments Aboard Rockets) series of sounding
rocket payloads and the scheduled shuttle electro-
dynamic tether mission. The occurrence of such dis-

charges could also account for the anomalously low sa-
tellite potentials attained during electron-beam emission
in low Earth orbit.

We are grateful to D. Martin for expert technical as-
sistance. This research was supported by Strategic De-
fense Initiative Office of Innovative Science and Technol-

ogy through ONR on Contract No. N000 14-85-K-0746.
Note added. —Sasaki et al. reported enhanced

current collection by a spherical anode in a magnetoplas-
ma due to ionization by trapped electrons associated with
a luminosity encircling the anode.
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