Glow discharge plasma switch controlled by a small magnetic field
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A cold plasma switch scheme with opening and closing capabilities is reported. An externally
applied magnetic field causes a low pressure hollow cathode discharge to transition from a low
impedance mode sustained by oscillating beam electrons into a virtually collisionless high
impedance mode. The impedance of a 10 A discharge was demonstrated to increase by 20 with

the application of a field of 0.018 T.

Switches and modulators are fundamental components
in most pulse power applications. Compact high power
closing switches have been successfully developed based on
discharges which utilize hollow cathodes.!™ These devices
have been operated in a glow discharge mode at currents in
excess of 100 kA. It has been recognized that the ability to
interrupt a high current hollow cathode discharge (HCD)
would have a significant impact in pulse power technol-
ogy.**> Magnetic fields are known to affect the impedance
of HCDs.*® A plasma switch based on controlling the
plasma density in the axis of a HCD by means of an axial
magnetic field has been investigated by Schoenbach et al**
In those experiments the applied magnetic field confined
the energetic electrons, which normally oscillate radially
between the walls of a cylindrical HCD creating an axial
region of enhanced ionization, to the periphery of the dis-
charge. An applied magnetic field of 1.2 T was observed to
reduce the plasma density in the axis of the discharge,
increasing by a factor of six the impedance of a 10 A
discharge.’ In this letter we report a new cold cathode glow
discharge plasma switch configuration which requires a
significantly smaller magnetic field, of the order of 0.01 T,
to modulate the discharge current. In this scheme an ex-
ternally applied magnetic field causes a HCD to transition
from a low impedance regime, sustained by the ionizing
collisions of oscillating beam electrons, into a high imped-
ance mode which is virtually collisionless. This is achieved
by deflecting to the anode the entire flux of energetic beam
electrons. The resulting decrease in the ionization effi-
ciency, which at low pressure can reach two orders of mag-
nitude, quenches the discharge. To implement this scheme
a discharge geometry must be selected such that the tra-
jectory of the beam electrons intercepts the anode when a
small magnetic field is applied. The discharge geometry
shown in Fig. 1, which consists of a pair of parallel plate
cathodes placed perpendicular to a pair of parallel plate
anodes, is one of the several possible configurations that
meet this requirement.

The physical processes that determine the behavior of
the discharge are discussed below. It is well known that in
cold cathode HCDs the majority of the applied voltage
falls in a positive space charge region, the cathode sheath,
which develops in front of the cathode.!® The rest of the
space enclosed by the cathode structure is filled by the
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negative glow, which is practically electric field free and is
sustained by the ionization caused by energetic beam elec-
trons accelerated in the cathode sheath. At sufficiently low
pressure, the reaching distance of these beam electrons is
greater than the distance between the opposite cathode
walls, and consequently an oscillatory motion of these ion- -
izing electrons occurs, as schematically illustrated in Fig.
1(a). The enhanced ionization that results, known as the
hollow cathode effect, gives rise to a low impedance dis-
charge which is capable of conducting large currents in a
glow mode.

A necessary condition for this glow discharge to be
self-sustaining is an electron impact ionization rate suffi-
ciently large to compensate for the loss rate of ions due to
diffusion and recombination. Considering that in a low
pressure cold cathode HCD the dominant electron emis-
sion mechanism from the cathode walls is usually ion bom-
dardment, and that the secondary electron emission coef-
ficient at common HCD operating voltages is often less
than one,'’ it follows that for the discharge to be self-
sustained each beam electron is required to produce mul-
tiple electron-ion pairs. Under normal HCD operating con-~
ditions (no magnetic field applied) this is achieved by the
beam electrons which, oscillating between opposite cath-
ode walls, typically deposit 50% of their energy into ion-
izing collisions.'? In cases where photoelectron emission
from the cathode surface is important,13 the rate of ioniz-
ing collisions required to sustain the discharge is reduced,
but this decrease is offset by an increase in the required
number of electron impact excitation collisions. The
plasma switch scheme discussed herein is based on drasti-
cally reducing the electron ionization and excitation effi-
ciencies by applying a magnetic field such that the trajec-
tory of the beam electrons intercepts the anode, as
schematically illustrated in Fig. 1(b). Crucial to this
scheme is a low gas pressure such that the mean free path
for ionizing collisions is larger than the cathode-anode dis-
tance. In this case the beam electrons can be deflected to
the anode by the magnetic field in a virtually collisionless
trajectory, resulting in a decrease in the ionization effi-
ciency of the order of the ratio between the reaching dis-
tance of the beam electrons in the absence of the field to the
cathode—anode distance. For example, in a 1600 V helium
discharge at 1.5 Torr with an effective cathode-anode dis-
tance of 1 cm this ratio is calculated to be approximately
100, allowing for a drastic increase of the discharge imped-
ance. At higher voltages and low gas pressure the ioniza-
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FIG. 1. Cross-sectional view of the HCD schematically illustrating the
trajectory of the beam electrons: (a) without, and (b) with magnetic field
applied; (c) and (d) are end-on photographs of the glow discharge for
H=0 and H=0.018 T, respectively, The helium pressure was 1.2 Torr
and the voltage drop across the discharge with the field applied was 1.96
kV.

tion by heavy particles can affect the ionization bal-
ance, "> and should also be considered in designing the
device and in selecting the operating pressure.

To demonstrate the principle of the switch discussed
above, a HCD of rectangular cross section like that sche-
matically illustrated in Fig. I was constructed utilizing
brass electrodes and was placed inside an electromagnet.
The electrodes were 6 cm in length with a width of 0.7 and
1.4 cm for the cathode and anode, respectively. A small
gap was left between the electrodes and a surrounding glass
tube which served as vacuum container, to confine the dis-
charge to the space enclosed by the electrodes and avoid a
discharge from the outside wall of the electrodes. The
structure was evacuated utilizing a rotary pump and a nee-
dle valve was utilized to establish a controlled helium flow.
Direct current and pulse discharges were established by
connecting the pairs of electrodes to a dc voltage power
supply through a 10 k() ballast resistor, or directly to a
pulse generator (Velonex Model 360), respectively. To
avoid excessive heating of the discharge structure, which
was not refrigerated, the dc discharge experiments were
conducted at currents below 40 mA.

Figure 2 is an oscillograph of a magnetic field pulise
and the corresponding variation of the discharge current.
It illustrates the high degree of modulation of the HCD dc
discharge current achieved by turning a magnetic field of
0.018 T on and off. The dc discharge current, which is
initially 30 mA, is observed to decrease in response to the
increasing magnetic field strength. The current reduction is
approximately proportional to the magnetic field up to 0.01
T. A further increase in the magnetic field strength causes
a sudden reduction of the current to a value below 2 mA.
Subsequent to the removal of the magnetic field the dis-
charge current recovers to the initial value.

In these experiments the ‘“‘turn-on” and “turn-off”
times of the discharge were limited by the rate of change of
the magnetic field, which was slow due to the high induc-
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FIG. 2. Modulation of the dc current (upper trace) following the varia-
tion of an applied magnetic field (lower trace). The helium pressure was
1.5 Torr and the voltage was 1.5 kV.

tance of the solenoid. utilized to produce it. No efforts were
made to optimize the switching time. Considering that the
time necessary for the generation and penetration of the
magnetic field into the discharge structure can be mini-
mized utilizing present technology, the time response of
the plasma will be limited by the relaxation constant of the
plasma density in the negative glow. Potential for short
impedance recovery times, of the order of microseconds,
arises from the large plasma recombination rates that can
result from the very low temperature of the secondary elec-
trons in the negative glow. Although the ionization is pri-
marily produced by energetic elecirons, the secondary elec-
trons generated in the process are the most abundant group
in the non-Maxwellian electron energy distribution which
is characteristic of the negative glow. The low temperature,
typically of the order of 0.1 eV'®!7 results from the peak
value at zero energy of the differential cross section for the
production of secondary electrons in ionizing electron-
atom collisions,'® and from the field-free characteristics of
the negative glow region. Assuming an electron density of
5% 10" em™?, which is within the range for stable HCD
operation, the recombination time is calculated to be 1.9 us
using the helium ion recombination rate constant given in
Ref. 19.

The variation of the dc discharge current as a function
of the magnetic field strength is illustrated in Fig. 3(a) for
several initial values of the discharge current. In all cases
as the magnetic field sirength is increased an initially linear
decrease of the current is followed by a more abrupt drop
to a small residual value, in agreement with the oscillo-
graph of Fig. 2. The initial slope corresponds to continu-
ously decreasing values of the gyrotron radius of the beam
electrons, and to an increased fraction of the beam elec-
trons intercepting the anode. The more abrupt drop in
current occurs when the ionization balance can no longer
be maintained throughout the entire negative glow volume.
This situation corresponds to the photograph’in Fig. 1(d),
which shows a faint glow descriptive of the trajectory of
energetic electrons for H=0.018 T.

The effectiveness of the magnetic field in controlling
the discharge impedance of the HCD at larger currents
was studied utilizing a pulsed discharge. For this purpose a
pulse generator, with an output impedance of 12 Q was
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FIG. 3. Variation of the dc (a) and pulsed (b) discharge current as a
function of the applied magnetic field for several initial values of the
discharge current. The helium pressure was 1.3 and 2.4 Torr, respectively.

used to generate 5 us HCD pulses of current up to 10 A at
a repetition rate of approximately 200 Hz. Figure 3(b)
shows the variation of the discharge current as a function
of the applied cw magnetic field for several initial values of
the discharge current. The impedance of a 10 A discharge
was observed to increase by a factor of 20 when a magnetic
field of 0.018 T was applied. Comparison of the low current
dc discharge data of Fig. 3(a) with the higher pulsed cur-
rent data of Fig. 3(b) shows that the applied magnetic field
remains effective in quenching the discharge over a current
range spanning three orders of magnitude.

Scaling of this concept to larger currents should be
possible without a large increase in the required field. Glow
to arc transitions absent at the current level of the experi-
ments reported herein can, however, be expected to impose
a limitation at very high currents. Therefore a switch based
on the principle demonstrated herein is not an alternative
to single shot, high power, higher current opening switches
such as the Plasma Erosion Opening Switch (PEOS)
which can operate at mega-ampere currents.’>*! Instead,
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the concept could possibly be utilized in switches config-
ures to operate at moderate current (kiloamperes) and
higher repetition rates.

In conclusion, we have demonstrated a simple tech-
nique to switch the impedance of a HCD. An advantage of
this plasma switch scheme is the low magnetic field
strength required to alter the discharge current. A field of
0.018 T was shown to increase the impedance of a 10 A
HCD discharge by a factor of 20. Switching of the operat-
ing point of the discharge to the extreme left of Paschen’s
curve can be achieved in a wide variety of geometries
which allow for the entire flux of beam electrons to inter-
cept the anode following a variation of the applied field.
The rectangular configuration illustrated in Fig. 1 is but
one example of the plasma switch concept -described
herein.
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