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Abstract
Fireballs are luminous regions produced by double layers in front of positively biased
electrodes in plasmas. Although fireballs have been investigated previously there are a great
variety of unexplained nonlinear phenomena, some of which are addressed in this work. First,
it is shown that a fireball is not an isolated local phenomenon but an integral part of the entire
discharge plasma. Current closure and limits are discussed. Fireballs with currents from
milliamperes to tens of amperes are created depending on whether the electron source is
temperature limited, space-charge limited or limited by ion currents in afterglow plasmas.
Fireballs are created with highly transparent grids which allow electron transmission through
the electrodes and optimize the ionization efficiency. The physics of pulsating fireballs is
investigated. Fireballs disrupt when density outflow exceeds production, leading to density
collapse and current disruption when the electron drift exceeds the Buneman limit. The current
disruption causes a density decay in the entire discharge causing the electrode sheath to widen,
starting sheath ionization and the formation of a new fireball. Finally, novel fireball properties
have been observed in nonuniform magnetic fields of dipole, mirror and cusp topologies.
(Some figures may appear in colour only in the online journal)

limited by ion currents (afterglow plasmas), by temperature or
space-charge limited emission (hot cathodes) and by sputtering
which produces intense fireball pulses (70 A, 450 V).
The physics of unstable fireballs has been addressed next,
referring to repetitively pulsating fireballs which are created by
internal plasma processes and not by external circuit elements
and the nonlinear current–voltage characteristics. Growth and
collapse of a fireball pulse has been documented in space
and time. Collapse occurs when ions are expelled from the
electrode faster than created by ionization, leading to electron
drift velocities exceeding the thermal velocity. After the
fireball collapse the plasma density decays, the sheath expands
and sheath ionization triggers the growth of a new fireball.
Finally, novel fireball properties in mirror and cusp
magnetic fields are presented. Trapping of energetic electrons
by double layer potentials on field lines which do not intersect
the electrode leads to high ionization rates. Nearly selfsustaining dc fireball discharges with negligible small cathode
currents have been created.
The paper first describes the experimental setup and
diagnostics. Then the experimental results are presented in
different sections. A conclusion describes the new findings
and possible applications for fireball discharges.

1. Introduction
The research of discharge phenomena near positively biased
electrodes in plasmas has a long history [1]. Much attention
has been focused on so-called fireballs which are localized
regions of ionization bounded between the electrode and a
double layer. These potential structures are highly nonlinear,
involving the physics of sheaths, double layers, ionization,
beams and possibly external circuit interactions. Topics of
previous investigations were the stability of fireballs [2, 3],
the current–voltage characteristics [4–6], single and multiple
double layers [7], the relaxation oscillations in terms of chaos
theory [8, 9] and fireballs in uniform magnetic fields [10, 11].
In spite of this extensive effort many open topics still remain
such as instability mechanisms, current closure and limitations,
electromagnetic effects, electrode properties and fireballs in
nonuniform magnetic fields.
This work addresses some of these topics. It starts by
showing that anode ionization phenomena are no isolated local
phenomena but an integral part of the entire discharge, a topic
also considered earlier [12, 13]. Large fireballs act as anodes
and thereby determine the bulk plasma density. Vice versa, the
plasma source can limit the strength of the fireballs. Examples
of fireballs will be shown where the electron collection is
0963-0252/12/015012+11$33.00
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discharge voltage, as well as the electrode voltage, can be
pulsed with a switching transistor. Constant voltage sources
without series resistors are used. The coated cathode emits at
a temperature T  800 ◦ C, requires little heater power (3 V,
3 A), produces little heat and light, while the two W filaments
emit at T  1800 ◦ C, dissipate 7 V × 10 A = 70 W and
produce copious light which can interfere with the observation
of fireballs. The coated cathode requires careful activation
and is sensitive to contamination when exposed to air, but has
mostly been used in the present experiments.
Fireballs are usually created with solid electrodes such
as disks, cylinders or spheres. In the present experiments a
transparent grid (5 cm diameter) is used as an electrode. It
consists of a highly transparent mesh (0.25 mm line spacing,
0.02 mm wire thickness), shown in a microscope image in
figure 2(a). Since the wire spacing is of the order of the
Debye length a plane equipotential surface is formed at the
sheath edge as evident from the luminous sheath shown in
figure 2(b). The objective of this electrode was to produce
two large fireballs symmetrically on either side of the grid
with a minimum current drawn from the plasma. However, as
shown in figure 2(c), in contrast to the sheath, the fireball forms
usually only on one side of the grid, at least in the absence of
magnetic fields.
Fireballs have been investigated both in the absence and
presence of magnetic fields. Nonuniform field configurations
of dipoles, mirrors and cusps have been generated with
strong SmCo permanent magnets (6.5 cm diameter, 16 cm axial
spacing). The conducting magnets are grounded and the grid
can be moved radially through the midplane (z = 0) as well
as inclined with respect to the field. The measured field
strength and direction are shown in figure 3 versus radial (y)
and axial (z) directions. In the mirror field the electrons are
fully magnetized with Larmor radius rce < 0.5 mm for 2 eV
at 100 G while argon ions are only magnetized near the pole
faces (rci  2 cm for 0.1 eV at 1000 G). Particles inside the loss
cone are lost by surface recombination on the magnets which
all field lines intersect. Since plasma is produced outside the
mirror field it can only enter by cross-field diffusion, hence
the density on axis between the magnets has a minimum. In
helium fireballs could not be produced in the mirror even at
high electrode voltages (450 V). The cusp configuration has a
magnetic null point at the center. Electrons can enter radially
and fireballs can be readily produced with the gridded electrode
near the origin. The same holds for the single magnet.
The fireball light is inspected visually, recorded with a
digital camera and time resolved with a fast photodiode, all
through a large radial window. It should be stressed that
time-averaged pictures can be misleading. Unstable fireballs
may appear fuzzy and dim because the luminous boundary is
moving and the duty cycle may be low. Unstable fireballs may
also jump from one side of the electrode to the other which
gives the appearance of a symmetric fireball. Time-resolved
light measurements are important for resolving growth and
decay of time-varying fireballs and comparison of light with
currents and densities. The present photodiode has a time
resolution of tres  1 µs.
Plasma diagnostics consist of an axially movable
cylindrical Langmuir probe (0.25 mm diameter, 5 mm length).
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Figure 1. (a) Schematic of the experimental setup. (b)
Current–voltage characteristics Idis (Vdis ) of a coated cathode,
showing space-charge-limited emission (line I ∝ V 3/2 ), and a
Tungsten cathode with temperature-limited emission.

2. Experimental setup
The experiments were performed in the Innsbruck dc discharge
device [8], a cylindrical vacuum chamber (0.45 m diameter,
0.9 m length) with surface magnets for primary electron
confinement, schematically shown in figure 1(a). In the
chamber interior an unmagnetized discharge plasma (density
ne = 108 –109 cm−3 , electron temperature kTe  2 eV)
was produced in argon, helium and neon at pressures of
1–5 × 10−3 mbar.
Two types of cathodes were used, either the standard
incandescent tungsten wires (two filaments, each 0.5 mm
diameter, 5 cm long) or a barium oxide-coated nickel
wire (5 cm long).
These cathodes have very different
emission properties. Figure 1(b) shows the current–voltage
characteristics of the cathodes in plasma. The tungsten
cathode has a temperature-limited emission, i.e. at a given
temperature the emission current is nearly independent of the
discharge voltage. The coated cathode, however, has a spacecharge-limited emission where the current increases with
voltage. For both cathodes the emission increases with cathode
temperature. The coated cathode has emitted I > 30 A in
pulsed mode, but cannot support it in steady state since the
added dissipation would destroy the coating and filament. The
2
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Figure 2. (a) Expanded view of the electrode grid. (b) Luminous sheath on both sides of a positively biased grid in a plasma. (c) Fireball
forming only on one side of the electrode (B = 0, Vgrid = 50 V, Igrid = 0.1 A, ≈ 10−3 mbar Ar).

Figure 3. Magnetic field strength in contours and field direction in lines for a single permanent magnet (left), two magnets in mirror
configuration (center) and in cusp configuration (right).

when the pressures nmv 2 of the accelerated electrons and ions
balance, which implies an electron-to-ion current density ratio
Je /Ji = (mi /me )1/2 , where me , mi are the electron and ion
masses, respectively, [14]. Pressure balance can also explain
the spherical or elliptical shape of fireballs since its lack would
not lead to a stationary configuration. In many situations the
fireball grows but does not reach equilibrium due to unequal
ion production and losses, resulting in repetitively pulsating
fireballs. In order to explain such instabilities it is necessary
to consider the particle flows.
The common assumption that a fireball can only collect
as many electrons as emitted by the cathode is not correct
since secondary electrons in the discharge can also be collected
and balanced by ions flowing to the chamber wall. Thus
the current to the gridded electrode can exceed the cathode
current. This is entirely obvious in a pulsed discharge where
the cathode current can be turned off but a fireball can still
be produced in the afterglow plasma as demonstrated in
figure 4(a). The discharge current pulse (Idis  0.9 A at
Vdis = 60 V and tdis  0.3 ms) produces a plasma, as evident
from the rising electron saturation current to the Langmuir
probe, Iprobe , and the visible light signal. At t  100 µs into
the afterglow a voltage pulse is applied to the grid (Vgrid 
+50 V), producing a fireball, as indicated by a strong light

Other probes include a small emissive probe with a coated
Ni filament for injecting an electron beam into the fireball.
The data acquisition was performed with a digital oscilloscope
(4 channel, 1 GHz, 104 samples).

3. Experimental results
3.1. Fireball current closure
In most previous fireball experiments a dc discharge plasma
is created with a filamentary cathode biased negatively with
respect to a grounded chamber wall as the anode, and inserting
a small positively biased electrode to generate a fireball. Like
most probe theories fireball models often assume no significant
change of the discharge plasma. However, a large fireball has a
profound effect on the entire plasma production since it draws
currents comparable to or larger than the discharge current.
Thus, it is important to understand the current closure and
current limits for discharges with fireballs.
Recalling the fireball phenomenon, electrons are
accelerated in the sheath of a positively biased electrode,
excite and ionize neutrals, which leads to an expansion of the
sheath into a double layer of potential just above the ionization
potential (15.8 V for Ar). A stable double layer is formed
3
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milliampere range a fireball at 1 A, 50 V has been maintained
in steady state. The fireball current is essentially determined
by the ion current to the chamber wall.
In the presence of a strong electron source the fireball
current is not limited by the ion return current of the initial
plasma but by the electron source. For generating large fireball
currents the space-charge-limited emission of a coated cathode
is more suited than the temperature-limited emission from
a tungsten filament, because the fireball raises the plasma
potential hence discharge current. High-current fireballs
require pulsed voltages to avoid cathode destruction. As
shown in figure 4(b) a high-current fireball pulse has been
created in a weak dc discharge with an oxide-coated cathode
(Vdis = 40 V, Idis,dc = 0.5 A). As the pulsed grid voltage
is increased the grid current continues to rise progressively,
reaching Igrid  30 A for Vgrid = 300 V. The large current is
supplied for short times (t  120 µs) by a 300 µF capacitor
in parallel with the power supplies. The large fireball current
is both due to large emission from the cathode and due to
ionization by the primary electrons whose energy increases
to nearly 300 eV since the plasma potential rises almost to
the grid potential. Langmuir probe currents measured inside
and outside the fireball show nearly the same density increase
(Iprobe,max /Iprobe,dc  80) implying that ionization is not
localized to the fireball but occurs throughout the chamber
due to the nearly 300 eV primary electrons. The large current
collected by the fireball is not due to an enlarged surface area
for electron collection, which accounts only to a factor 2, but
to the fact that the fireball dramatically increased the cathode
emission and plasma density. After the end of the fireball
pulse the light and probe current decay with time constant τ 
145 µs. It is interesting to note that during the late grid voltage
pulse both light and current start to decay indicating that the
high-current fireball would collapse even though Vgrid = const.
Such fireball instabilities will be investigated below.
At still higher electrode voltages another phenomenon
arises which provides copious electrons. At grid voltages
above 400 V ion bombardment of the chamber wall causes
sputtering, which produces localized arc plasmas at the walls
[15]. All electrons are collected by the fireball leading to
observed peak currents of 70 A at 450 V, which was limited
only by the capacitor rating. In this case the cathode
temperature has been lowered so that only very small cathode
current in the mA range is emitted which is sufficient to
start sputtering fireballs yet avoids destruction of the cathode
coating. A possible disadvantage of this powerful electron
source is the fact that sputtering occurs at unpredictable times
and locations. Typical repetition times are 0.1–1 s. In order to
obtain useful data the oscilloscope was triggered off the fireball
light and average over similar events. Using such conditional
averaging techniques the space–time properties of unstable
fireballs have been investigated, described in the next section.
In order to visualize randomly occurring fireballs a continuous
movie has been taken and those frames inspected which capture
the fireball. Its shape is the same as at small currents. A
surprising difference, shown below, is the fact that ionization
occurs mainly in the fireball and not throughout the volume,
as was the case with the coated cathode. Thus, the electron

Figure 4. (a) Pulsed discharge plasma with pulsed fireball ignited in
the afterglow. Electron current collected by the fireball equals ion
current collected by the chamber wall. (b) High-current pulsed
fireball in a steady-state discharge with coated cathode.
Vdis = const  40 V, Idis,dc = 0.5 A, Vgrid = 300 V, Igrid,max = 33 A,
tfireball  120 µs. Light in arbitrary units, Langmuir probe current
Iprobe,max = 38 mA at Vprobe = +25 V. Probe current is measured at
two distances z from the grid, indicating a large density increase by
ionization both outside and inside the fireball.

pulse and a significant current to the grid (0.5 A). Since the
cathode current is completely turned off the grid collects only
secondary electrons from the plasma. The current is closed
and limited by the ion saturation current to the chamber wall.
Light production indicates a double layer potential drop of at
least 10 V. Typically the potential drop on the fireball double
layer is the ionization potential. Since the sheath potential drop
at the fireball anode is small the ambient plasma potential is
raised to about Vgrid − 15 V). At a fixed probe bias (+25 V) the
Langmuir probe collects an ion saturation current during the
fireball. After the grid voltage is turned off the probe collects
again electrons and the current continues to decay, showing no
significant density increase due to ionization by this relatively
weak fireball. If the grid voltage pulse is lengthened the fireball
decays together with the afterglow plasma. The light intensity
and electrode current have the same decay time, hence are
proportional to the density. The same proportionality holds
for the discharge plasma in the absence of fireballs.
If the cathode is not completely turned off a low-level
primary electron current can be sufficient to maintain a much
larger fireball current, provided the fireball leads to efficient
ionization. This has been observed for magnetized fireballs
as described in another section. With a cathode current in the
4
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proportional to the electron drift velocity (vd,e ∝ Igrid /n), is
also shown.
The density is obtained from the ion saturation current of a
Langmuir probe located at 1 cm in front of the grid center inside
the fireball. For a peak probe current Ii,sat  50 µA, probe area
A = 3.9 mm2 and sound speed (kTe /mi )−1/2  2×105 cm s−1
one finds a peak density n  4 × 1010 cm−3 .
During the growth of the fireball, the plasma density,
collected current and light rise approximately together. First,
the density begins to collapse, then the current and light
decrease. This sequence of events establishes clearly the
cause–effect relation. At the peak density and current
the electron drift velocity is vd,e = Igrid,max /(ne2π r 2 ) 
2.8 × 108 cm s−1 which is comparable to the electron thermal
velocity vt,e = 2.3 × 108 cm s−1 at kTe  15 eV. Note
that the fireball electrons have been energized at the double
layer. As the density decreases the drift speed has to exceed
the thermal speed which is impossible due to the Buneman
instability. Under such conditions the current is either limited
by anomalous resistivity or by the formation of a potential well,
a ‘virtual cathode’.
The space–time evolution of the density profile is
elaborated in figure 6 which shows a contour plot of Ii,sat (z, t).
First, the density rises in the sheath near the grid (0 < z <
2 cm, 10 < t < 60 µs). This is the sheath ionization
which rapidly grows into a fireball forming a peak density
at t  90 µs at 1 cm in front of the grid center. Then the
ions expand axially, indicated by the slope of the crest of the
density contours. Inside the fireball (z < 6 cm) the axial speed
is approximately the sound speed, vi  2 × 105 cm s−1 . At
the outer boundary (8 < z < 14 cm) the velocity increases
to vi  8.4 × 105 cm s−1 corresponding to an ion energy
of (1/2)mi vi2  14 eV. These are ions accelerated by the
double layer at the fireball boundary. The outflow of ions
from the electrode is not compensated by sufficient ionization,
leading to a density loss at the electrode and a decrease in
current at t > 100 µs. Once the current drops the double
layer collapses, the ionization rate decreases, the light decays,
the density decreases and the potentials change as follows: the
plasma potential decreases to near the wall potential since the
wall becomes again the anode. Since the grid voltage remains
unchanged, there is a large potential drop in a thin Debye
sheath around the grid. Electron energization in the sheath also
produces light and ionization as shown in figure 2(b) but is less
efficient than in a large fireball figure 2(c). The approximate
lifetime of the fireball is given by the ion transit time through
the length of fireball (t  5 cm/(2 × 105 cm s−1 )  33 µs).
This half width is also observed for low-current fireballs. In
neon a shorter pulse width (t  20 µs) was observed [16]
consistent with the lighter ions.
Since sputtering fireballs occur randomly it is difficult to
record an image. One approach is to record a continuous movie
and subsequently select frames containing a fireball. Such an
image is shown in the inset of figure 6. The fireball is formed
on one side of the grid and has the same hemispheric shape as
low-current fireballs.
We will next address what determines the repetition time
of pulsating fireballs.

Figure 5. Unstable high-current fireball. The time dependence of
the fireball current shows a half width of t  20 µs with
Igrid,max  70 A at a constant Vgrid = 450 V). The light emission
(arbitrary units) indicates electron energization by a double layer.
The ion saturation (Ii,sat  50 µA at Vprobe = −80 V) to a Langmuir
probe at z = 1 cm in front of the grid shows a strong increase during
the fireball, indicating heating and ionization. The ratio of collected
electron current (Igrid ) to ion saturation current (Iion ∝ density) is
proportional to the electron drift velocity. The current collapses
when the drift velocity exceeds the electron thermal velocity.

source plays an important role in the physics of fireballs. Since
all sputtering fireballs involve large time-dependent currents,
inductive voltages L dI /dt are not negligible. For example, at
a typical circuit inductance of 10 µH and a current rise time
of 70 A/10 µs the inductive voltage is 70 V. Thus, during the
current rise the grid voltage is lower than the dc voltage while
during the decay of the current the voltage is correspondingly
higher than the dc voltage. The time-varying voltage modifies
the growth and decay of the fireball self-consistently. This is
another source of nonlinearities.
It may be worth pointing out a useful application of these
high-current fireballs: after producing sputtering fireballs for
about 1 h the base pressure in the chamber decreased by an
order of magnitude to 3 × 10−7 bar. Thus sputtering fireballs
are very effective for discharge cleaning.
3.2. Fireball disruption mechanism
As observed by many investigators, fireballs can be highly
unstable. One form of instability is a repetition of fireball
pulses [5, 16]. The detailed mechanism of the instability has
not been fully explained but the general understanding is that
a steady state is only achieved when ionization in the fireball
exactly replaces the ions ejected. In the present section we
show for one case, a high-current fireball, its growth and
collapse, leading to the conclusion that plasma depletion in
front of the electrode leads to electron drifts exceeding the
thermal velocity which triggers the current disruption. The
pulse width is determined by the sound speed and fireball
dimension. Subsequently we will also address the repetition
time for repetitive fireballs.
Simultaneous measurements of the light emission, grid
current and density measurements are shown in figure 5. The
ratio of the grid current to the ion saturation current, which is
5
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Figure 6. Contour plot of the space–time dependence of the density for an unstable fireball, n ∝ Ii,sat (z, t). First the density grows in the
luminous sheath (z < 2 cm, t < 60 µs). Then rapid ionization occurs in the fireball, peaking at z = 1 cm, t  90 µs. The ions expand
axially. Inside the fireball (z  6 cm) the contour crest moves at the sound speed cs  2 × 105 cm s−1 (slope of dashed white line). Outside
the fireball the ions move at a larger speed corresponding to the double layer potential. Ion production does not balance the ion outflow,
leading to density loss in time and current collapse. The inset shows a fireball image from a single frame of a movie of a randomly occurring
sputtering fireballs.

3.3. Pulsating fireballs

80

A common form of unstable fireball consists of a sequence of
repetitive pulses such as shown in figure 7(a). Pulse width T
and repetition time Trep are of primary interest for explaining
this relaxation instability. The pulse repetition time depends on
many experimental parameters, in particular the grid voltage.
As shown in figure 7(b) the repetition time increases with
increasing Vgrid , while the pulse width remains constant. The
latter depends on the ion sound transit time through the fireball
which does not change with Vgrid .
In order to explain the repetition time we recall that
the formation of a fireball requires energetic electrons and
neutrals for ionization in the electrode sheath so that it can
expand into a double layer at the boundary of the fireball.
After the collapse of a fireball the plasma potential rapidly
decreases to near the ground potential. At this time the
electron energy in the sheath is essentially determined by the
constant grid voltage. The neutral density is constant. The
only parameter which slowly changes is the plasma density.
During a fireball the plasma density is enhanced, particularly
for low discharge voltages and space-charge-limited cathodes,
because the increased plasma potential increases the emission
of more energetic electrons with increasing probability of
ionization. Conversely, when the fireball collapses the plasma
potential decreases, emission and plasma production decreases
and resultant density decay leads to a sheath expansion. Ion
production is proportional to the sheath thickness. The fireball
ignites when the sheath reaches a sufficiently large thickness or
when the density decays to a minimum threshold. Increasing
the grid voltage should make it easier to ionize, hence increase
the frequency, but the observation shows the opposite. The
reason is that Vgrid increases the density, requiring a longer
delay time to reach a density threshold for ignition of the next
fireball.
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Figure 7. (a) Pulsating fireballs at three different grid voltages.
(b) Dependence of the pulse repetition time Trep and half width T
on grid voltage. (Coated cathode, Vdis = 50 V, Idis,max = 30 mA,
p  1.5 × 10−3 mbar Ar.)

The effect of raising Vgrid on the plasma density is
demonstrated in figure 8(a) which shows that light, probe ion
saturation current and cathode current increase linearly with
Vgrid in fireballs. All quantities are proportional to the electron
density. Thus, the stronger the fireball the longer it takes for
the density to decay, for the sheath to expand and for the next
6
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nonlinear conductor and external circuit components, a typical
example being the neon-lamp R–C oscillator. In the present
case the pulsating fireball instability takes place internally at a
constant electrode voltage. When a series resistor is inserted
between a constant voltage source and the electrode relaxation
oscillations can arise since the ignition of a fireball creates a
current jump [5, 12], which in turn lowers the electrode voltage
and can extinguish the fireball. In this case the time-averaged
current–voltage characteristics exhibit a negative differential
resistance [2]. For an unstable fireball one can consider either
the peak or the time-average current to define a resistance.
In the present case, with Igrid,peak ∝ Ilight , figure 8(a) shows
that the differential resistance dIpeak /dVgrid is positive. For the
time-averaged electrode current, one has to consider both peak
current and duty cycle, Idc ∝ Ipeak /Trep . Here Ipeak ∝ Vgrid
and Trep ∝ log(Vgrid ), hence even the averaged differential
resistance also remains positive. Thus, while fireballs do
not exhibit a true negative differential electrode resistance,
other physical mechanisms do, such as secondary electron
emission [17].

35

Figure 8. (a) Linear dependence of peak cathode current, probe
current and light on grid voltage for pulsating fireballs. They are all
proportional to the density the latter increases with Vgrid . (b) For an
exponential density decay with time constant τ  185 µs the critical
ion saturation current (or density) is calculated at which the fireballs
repeat due to sheath expansion (bottom trace). Vice versa, for this
critical value the repetition time is calculated and compared with the
measured values. The model gives an excellent prediction for Trep .

fireball to ignite. For an exponential density decay with time
constant τ  185 µs figure 8(b) shows that for all values of
Ii,sat the fireballs start at the same value Icrit  7.9 mA (lower
trace). Using this value the pulse repetition time has been
recalculated Trep,calc and compared with the observed values
Trep,meas (upper traces). The excellent agreement shows that
the model explains the observed pulse repetition rate correctly
and can predict it for any Ii,sat or Vgrid in the present parameter
range.
Now one can also explain the observation shown in figure 9
where a constant grid voltage is switched on at t = 0 producing
unstable fireballs with decreasing frequency. After Vgrid is
applied, the density rises (as seen from the increasing light
amplitude). Consequently the repetition time increases. Thus,
Vgrid itself does not determine the pulse rate but the resultant
density enhancement controls Trep .
The density can also be controlled by cathode current and
gas pressure. First the cathode temperature has been varied
via Vfil , leaving all other parameters constant. With increasing
cathode emission the plasma density increases and one
observes an increase in Trep . By increasing the gas pressure,
leaving all other parameters constant, the pulse repetition time
also increases slightly, even though the ionization rate in the
sheath should increase with neutral density.
The above described fireball instability should be
distinguished from relaxation oscillations produced by a

3.4. Effects of electrode on fireballs
In most previous fireball experiments solid electrodes were
used with either plane, cylindrical or spherical geometry. On
solid electrodes all incident electrons are lost. In the present
experiment we use a highly transparent grid (see figure 2(a))
which should pass most electrons through the electrode. This
should create fireballs on both sides of the grid. A spherical
fireball with a nearly transparent electrode would produce a
potential structure resembling a stationary BGK mode, albeit
in weakly collisional plasmas [18, 19]. If most of the electrons
pass through the fireball without being collected the ionization
efficiency should also be considerably enhanced.
However, observations show that the optical and electrical
transparencies are quite different. The optical transparency
considers the shadow of the wires compared with the light
passing through the squares, resulting in a ratio of open to
closed area, Topt  D 2 /(4dD) = D/4d, where D is the
mesh spacing and d  D the wire diameter. Although the
sheath edge may be a plane equipotential surface the fields
7
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between the wires are three-dimensional and allow electron
collection over the entire surface of the wire. The ratio of wire
surface area to mesh area is Tel  D 2 /(4πdD) = D/(4π d) 
0.25/(4π 0.02)  1. This consideration has been confirmed
by comparing the I –V characteristics of a gridded probe with
a solid probe of equal dimensions (1 cm × 1 cm), showing a
current ratio Isat,grid /Isat,solid  0.5.
Further interesting differences are that the solid probe
exhibits a tail of energetic primary electrons while the gridded
electrode does not. The interaction of electrons with the thin
grid wire is similar to Coulomb scattering: slow electrons
are scattered and collected while fast electrons are hardly
deflected and pass through the grid only subject to the optical
transparency. This has been confirmed by passing a thin
100 eV electron beam through the grid which shows little
loss in light intensity or beam density. Thus, the electron
transparency is energy dependent.
In spite of some transparency the fireballs rarely form
on both sides of the grid (see figure 2(c)). The reason
could be the following: sheath ionization avalanches into
a fireball because ionization becomes more efficient as the
sheath expands. Enhanced current collection raises the plasma
potential outside the fireball to Vgrid −Vdouble layer . On the other
side of the grid the sheath potential drop decreases from Vgrid to
Vdouble layer  15 V which is insufficient for sheath ionization
and the start of a second fireball. Even for spherical electrodes
the fireball starts at one location and usually does not spread
out over the entire surface. The location on the electrode where
the fireball starts is not easy to predict but is often seen on the
side away from the cathode where the density is lower, the
sheath is thicker and sheath ionization more efficient.
Figure 2(c) shows that the fireball light stops at the grid.
Electrons from the fireball which pass normal through the grid
lose their energy at the 15 V sheath potential drop on the side
opposite to the fireball. The same holds for electrons traversing
the fireball radially parallel to the grid. However, if electrons
inside the fireball strike the equipotential surface at an angle
they are reflected and trapped inside the fireball. Multiple
reflections inside the fireball are possible which increases their
probability for excitation and ionization. Typical mean free
paths of 17 eV electrons in argon are for excitation lexc  10 m,
ionization lioniz  160 m and elastic collisions lelas  20 cm
[20]. Elastic collisions may lead to the electron scattering and
trapping.

Figure 10. Pear-shaped fireball in a diverging magnetic field from a
strong permanent magnet. Energetic electrons pass through the grid
and reflect from the magnet due to mirror reflection and a potential
drop. Current collection is from the right side only (Vgrid = 60 V,
Igrid  0.7 A, Vdis = 50 V, Idis  0.35 A, 2 × 10−3 mbar Ar).

is not a current-carrying fireball but is produced by electrons
transmitted through the grid and reflected near the magnet.
There is a distinct change in color at the grid. From beam
injection experiments it is well known that 100 eV electrons
produce blue light while 15–20 eV electrons produce gray–
yellow–white light. Thus the transmitted electrons are much
more energetic than those in the fireball. They originate from
the cathode and are accelerated by both the discharge and grid
voltage which allows them to traverse the grid. The light gap
in front of the magnet indicates a significant potential drop
which decelerates 100 eV electrons. The mirror effect also
reflects electrons outside the loss cone.
Next a second magnet is placed to the right of the grid such
that opposite poles face each other and generate a symmetric
mirror magnetic field topology (see figure 3(b)). In most mirror
confinement devices the plasma source is inside the mirror
field. Here the plasma is produced outside the mirror field and
must diffuse across field lines which is difficult for strongly
magnetized electrons. Thus the density is low on axis and it
should be difficult to generate fireballs.
However, as figure 11 shows, fireballs are formed in neon
and argon gases. They are usually not symmetric since they
form on the outer edge of the grid where the field is weakest
and cross-field diffusion easiest. Surprisingly the edges of the
fireballs do not align with the magnetic field lines, implying
strong parallel electric fields. In the brightest regions the
magnetic field lines traverse the fireball without intersecting
the grid, implying that electrons are trapped on these field
lines by the double layer potential drop at the boundaries.
The enhanced mean free path increases the ionization rate and
produces high densities outside the flux tube of the grid.
Langmuir probe traces exhibit large density fluctuations
of magnetized fireballs, possibly due to cross-field drifts and
currents. Further work on instabilities needs to be done.
When the two magnets face with equal poles a cusp
magnetic field topology is generated (see figure 3(c)). The
grid is located near the magnetic null point in the center. The

3.5. Fireballs in nonuniform magnetic fields
Steady-state fireballs were created with gridded electrodes in
dc magnetic fields of strong permanent magnets with dipole,
mirror and cusp topologies.
In a dipolar magnetic field of a single permanent magnet
(see figure 3) the transmission of energetic electrons through
the gridded electrode was observed. Figure 10 shows a pearshaped fireball to the right of the grid and light between the
grid and the magnet. There is a floating electrode in front
of the magnet, no electron source at the magnet and the
magnetized electrons move along field lines as seen from the
light boundary. Thus, the luminous blue region to the left
8
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Figure 11. Fireballs in a mirror magnetic field produced by two
permanent magnets with opposing poles. (a) Asymmetric fireball in
argon forms near the rim of the grid where weak fields allow
electron cross-field diffusion. (b) Fireball in neon. The brightest
region lies outside the grid flux tube where electrons are trapped
inside the fireball and ionize efficiently before diffusing to the grid
for collection.

radial fan of field lines allows electron collection by the grid
such that fireballs are readily formed.
Figure 12(a) shows fireballs on each side of the grid
located near but not exactly at the null point which accounts
for a small asymmetry. The fireball boundary coincides with
magnetic field lines. Since there are no electron sources near
the magnets the current collection is not along the axial field
lines (spine) but along the radial lines (fan). Potential gradients
exist radially and produce E × B drifts. Where the light
boundary or equipotential surface is normal to the magnetic
field there is a strong parallel electric field. On both sides of
the grid the plasma potential is the same which allows fireball
formation on both sides of the grid.
When the grid is rotated around a radial axis the fireball
becomes asymmetric (figure 12(b)). An elongated tongue
forms radially in the plane of the grid surface normal n and the
cusp axis z. When n ⊥ z there is a fireball along n but only
on one side of the grid (figure 12(c)). Again, many electrons
follow field lines which do not intersect the grid, hence bounce
between reflecting double layer potentials and mirror points
until cross-field transport allows them to be collected. The
resulting long mean free path enhances their ionization rate.

Figure 12. Fireballs in cusp magnetic fields. (a) Grid normal along
the cusp axis produces axially symmetric fireballs on both sides of
the grid. (b) Inclined grid creates asymmetric fireballs with a tongue
along the radial fan. (c) Grid normal pointing in the radial direction
produces a fireball only on one side of the grid. It collects electrons
along the radial fan and reflects them along the axial spine.
(d) Axial view of fireball as in (c) (Vgrid = 100 V, Igrid  1 A).

The length of the radial fireball tongue increases with grid
voltage. Figure 12(d) shows a side view of the radial fireball
tongue. At large distances from the magnets it assumes the
spherical shape of an unmagnetized fireball. Near the grid it
flares out toward the magnets. Since the fireball potential is
9
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exceeds the electron thermal velocity the current collapses.
The pulse duration is approximately an ion sound travel time
through the fireball. After the collapse of the fireball the
density decays and the sheath expands. This increases the
ionization rate in the sheath which expands into a growing
fireball. The repetition time is determined by the initial density
and the decay rate. The dependence of repetition time with
fireball voltage has been explained quantitatively. The I –V
characteristics of an electrode with constant voltage source
exhibit no negative differential resistance.
Finally, fireballs in nonuniform magnetic fields have been
studied. When field lines connect the positive electrode to the
electron source fireballs can readily be generated. For nearly
closed configurations such as magnetic mirrors electron crossfield diffusion is required for fireball formation. Asymmetric
fireballs are common. Electrons can be trapped between
potential drops moving on field lines which do not intersect the
electrode. The ionization efficient is considerably enhanced.
Fireballs in cusp fields can also be highly asymmetric such as
forming an elongated tongue along the radial magnetic fan.
Such fireball discharges are nearly self-supporting and need
only a small auxiliary cathode current. The applied power is
mostly transferred into energizing the ions. These observations
may lead to interesting applications of fireball discharges.

highly positive with respect to the grounded magnets all fireball
electrons are eventually collected by the grid, which results in
a significant grid current.
A very interesting finding is that the radial fireball has
become a nearly self-sustaining discharge phenomenon. A
stable fireball with Igrid  0.8 A at Vgrid = 70 V has been
produced at a cathode current of only Icath  1 mA. This
implies efficient ionization by the fireball to produce an ion
current to the chamber wall essentially equal to the collected
electron current to the grid. Two important applications could
arise from these observations. (i) The applied energy is largely
converted into ion energy since the grid potential mainly drops
off at the chamber wall where ions are energized while only
≈15 V drop off at the double layer accelerating electrons. With
suitable modifications of the geometry an efficient ion beam
source could be developed. (ii) If the hot cathode can be
entirely eliminated a self-sustaining fireball discharge could be
developed as an alternative to rf discharges for use in reactive
gases.

4. Conclusions
Various new properties of fireballs have been investigated
experimentally. New findings include fireballs in afterglow
plasmas without cathode emissions where the electron
collection by the fireball is limited by the ion current to
the chamber wall. Ionization in an afterglow fireball is not
sufficient to maintain steady-state conditions. But, depending
on plasma density and volume, afterglow fireballs can draw
currents ranging from milliamperes to tens of amperes (see
figure 7 in [21]).
Three types of electron sources have been compared:
filamentary tungsten cathodes with temperature-limited
emission, coated cathodes with space-charge-limited emission,
and sputtering sources, capable of producing high-current
fireball pulses (50–100 A at 450 V). For coated cathodes
the emission current increases with rising plasma potential
or electrode voltage causing enhanced ionization in the
entire discharge.
For temperature-limited cathodes the
emission current does not change with fireball voltage but
the density may increase due to the energy dependence of
the ionization cross section. In general, fireballs modify the
discharge conditions, which is important in explaining fireball
instabilities.
In addition to different cathodes new fireball electrodes
have been investigated. A highly transparent grid maximizes
the fireball size while minimizing the electron collection,
which enhances the ionization efficiency via multiple electron
transits through a fireball with radius small compared with the
ionization mean free path. Fireballs usually form on one side
of plane electrodes which has been explained by the sheath
potential drop once a fireball grows.
Since pulsating fireballs are as common as stable ones the
mechanism of the instability has been investigated. The growth
and collapse of a fireball pulse has been explained from space–
time resolved density measurements and simultaneous current
and light measurements. The fireball collapse is preceded by a
density loss at the electrode. When the electron drift velocity
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