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1. 

Abstract 
Experiments on the Beam Plasma Discharge (BPD) using an electron 

beam travelling along a magnetic field have been carried out in a large 

volume laboratory vacuum chamber. Two different types of BPD have been 

observed, and scaling laws for varying neutral gas pressure, axial 

magnetic field, interaction length and electron flux,deduced. The second 

type of BPD occurs when the beam current is increased veil above the 

threshold for the first type. The transition from the first type to the 

second, like the ignition of the first, is distinguished by abrupt changes 

of luminosity, discharge diameter, and wave emission signature. 
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Introduction 

Under certain conditions, the plasma density surrounding an electron 

beam passing through a low density gas can be much higher than that 

expected from ionization by primary beam electrons. When the enhanced 

density is due to an R.F. discharge driven by a beam-plasma instability, 

the phenomenon has been called the Beam Plasma Discharge (BPD) by Getty 

and Sraullin (1963). They found that the discharge was associated with a 

beam-plasma instability which occurred when the electron plasma frequency 
u 01 

-f— became somewhat greater than the electron gyro frequency -=— . 

Some puzzling observations on rocket flights carrying electron guns ((Galeev 

et al. (1976) and Kellogg et al. (1976)) stimulated experiments by Bernstein 

et al. (1978) and by Lyakhov et al. (1982), who showed that BPD is to be 

expected under rocket flight conditions. In this paper we present preliminary 

results which show that there are in fact two types of BPD, of which one 

seems more similar, in its wave signature, to the type observed by Getty 

and Sraullin and the other is associated with large amplitude bursts of 
waves at u and resembles more the Bernstein et al. results, pe 

Experiment 

The experiments were carried out in a new large plasma apparatus 

(WOMBAT) at the Plasma Research Laboratory of the Australian National 

University. In assence, WOMBAT comprises a non-magnetic stainless-steel 

vacuum vessel 200 cm long and 100 cm dianecer vithin which a coaxial 

160 cm long, 80 cm diameter solenoid provides a magnetic field B Q of 

up to 200 gauss, the central 100 cm of which Is uniform on axis to better 

than ±0.3Z. Two sets each of four radial probe ports are situated at 

either end of this uniform region. A base pressure of 2 x 10~ Torr is 
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achieved using a turbomolecular pump. 

An electron gun consisting of a directly heated VW shaped tungsten 

filament cathode and a mesh anode was located on axis supported by a 

1 cm diameter vertical tube through radial port A as shown in figure 1. 

The gun was screened from the plasma electrons, whose collection could 

cause errors in the beam current measurement, by a grounded brass cylinder 

4 cm long and 3 cm diameter. The beam electrons filled a cone of 30* 

half angle in velocity space. The gun could produce beam energies and 

currents between 100 to 300 volts and 1 to 15 mA. A 5 cm diameter three 

grid electrostatic analyzer situated on axis and separated from the gun 

by a distance L terminated the beam. The first grid of the analyzer was 

normally held at ±15 volts to prevent the loss of secondary electrons. 

Problems associated with surface charging of the Inside walls (stainless 

steel and aluminum) were eliminated by covering them with grounded bronze 

mesh. 

Various probes were used to'monitor the beam and plasma regions. 

These probes could be used either as R.F. probes or as Langmulr probes. 

Two which could move radially were mounted at port A and one which could 

traverse the beam on ?» arc of 30 cm radius had its axis at port B. A 

further .probe could move axially along the whole region of interaction. 

The probes consisted of coaxial cable (RC 58) inside 6 mm diameter stainless 

steel tubes with the end 3 mm of the central conductor exposed. 

Results 

The initial experiments were performed in hydrogen with B Q - 36 gauss, 
-') -k 

L • 100 cm and pressures between 10 and 2 x 10 Torr. For fixed beam energies 
E u between 100 and 300 volts the beam current I h was increased and the 
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fluctuation signal and saturated ion current just outside the beam 

monitored. As the beam current L increased, the plasma density 

increased due to ionizing collisions. At a very veil defined beam 

current, bursts of oscillations appeared at 20 MH with a duration of 

a few microseconds. We have estimated the plasma density in this phase 

by calculating the ionization rate and balancing it with the loss rate 

due to ions escaping at the ion acoustic velocity from the ends of the 

plasma, the area of which was determined experimentally. The plasma 

frequency so deduced was within 50Z of the frequency of the oscillations. 

Absolute density measurements with Langmuir probes were not reliable 

but an electron temperature T of 5 eV was consistently obtained. 

Measurements of the fluctuation wavelength using the axial probe showed 

they had a phase velocity equal to that of the beam, while their amplitude 

increased with distance from the gun. Consequently we deduce that the 

oscillations are due to convectively growing electrostatic waves at 

the ambient plasma frequency. 

The amplitude and frequency of the waves increased with increasing 

I. up to 40 MH , when their amplitude increased by about three orders 

of magnitude to several volts, both the saturated ion current and plasma 

radius more than doubled, and the overall luminosity of the plasma 

column Increased. This sudden change in the condition of the plasma has 

been designated BPDl. The frequency of the bursts continued to increase 

with increasing I, up to 70 MH where another sudden change occurs, the b z 
plasma density and radius again roughly doubling and the frequency 

spectrum of the oscillations changing to one exhibiting a fairly 

stationary, broad spectrum centered about 140 MH (i.e., about 1.4 a ) . 
* ce 

This second charge we designate BPD2. The density changes associated 
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with BPDl and BPD2 can be seen in figures 2 and 3. Examples of the 

variation of the critical beam current i required for precursor 

oscillations before BPDl, BPDl and BPD2 are given in figures 4 and 5. 

Figure 6 shows the dependence of i on B Q for BPDl and BPD2. The 

variation of i with interaction length L for BPDl is shown in figure 7; 

BPD2 could not be obtained for short interaction lengths as the beam 

current required exceeded that available from the electron gun, however, 

from the available data we find that i « L where c > 1. 
c — 

For BPDl we deduce a scaling of the form: 

c b C B DLP o 

where E, is the beam energy, a - 1.0-1.5, B the axial magnetic field, 

b * 0.5-1.0, L the interaction length and P the pressure, and for BPD2: 

o V i « 
? L CP 

where c >_ 1. 

As BPD2 is associated with an instability at 1.4 u and the 

critical current is proportional to B , and because of the wave emission 

signature, we believe this discharge to be the final state observed by 

Getty and Smullin. The scaling for BPDl is very sinilar to that deduced 

by Bernstein et al. in Chamber A at Johnson Space Center, particularly in 

the scaling with B, and also the absolute value of the critical current 

agrees reasonably with their values. However, there are a number of 

differences. For the conditions used here BPDl occurs for u> < u , 
pe ce 

while most commonly u /u " 5-10 (Walker et al., 1982) for Chamber A 
pe ce 
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conditions. Further, the wave emissions in BPDl in WOMBAT are principally 

concentrated in single band at what we believe is the plasma frequency, 

while for BPDl in Chamber A and in rocket experiaents (Kellogg and Monson, 

1981) the wave emissions fill the entire whistler mode range from a low 

frequency to u . We note that the ratio of beam speed to Alfven speed 

is quite small here, while it is of order unity in Chamber A and large in 

Getty and Smullin, which may explain the whistler mode differences. 

We would like to note that the most dramatic phenomenon associated 

with BPDl is the bursts of plasma waves with amplitude of several volts 

and lifetimes of a few microseconds. As this implies that -r=r > 0.4, 

strong nonlinear forces must be responsible for BPDl. 

We would like to thank Syd Hamberger, Allan Campbell, Robert Porteous 

and Ian Morey for help with this experiment. 
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Figure Captions 

Figure 1. Schematic of the experimental apparatus 'WOMBAT'. Probes can 
be inserted through ports at A and B. The pyrex bell jar and 
magnetic field coils on the left can be used as a separate plasma 
source. 

Figure 2. Ion current collected by a Langmuir probe biassed to -100 volts 
situated 3 cm from the beam as a function of beam current. 
E D - 300 V, p - 1.2 x 10""* torr, Bo » 36 gauss, L * 100 cm. The 
first sudden increase in probe current marks BPD1, the second BPD2. 
Dashed curve shows hysteresis associated with BPD2. 

Figure 3. Radial variation of collected ion current for:A: just before 
BFD1, B: just after BPD1, C: just after BPD2. All other parameters 
same as for Fig. 2. 

Figure 4. Variation of i c with beam energy:0: onset of precursor oscillation 
before BFD1.A :BPD1, .BPD2 B Q - 36 gauss, p - 2.0 x 10~* torr, 
L - 100 cm. The solid lines are drawn as a guide in all following 
figures. 

Figure 5. Variation of ±c with pressure: 0: onset of precursor oscillations 
before BPD1, A: BPD1, . BPD2. F^ « 200 volts, B Q » 36 gauss, L » 100 cm. 

Figure 6. Variation of i c with B Q: A : BPD1, . : BPD2, E. » 300 volts, 
B «1.3 x 10~4 torr, L » 100 cm. 

Figure 7. Variation of i c with interaction distance for BPD1, B 0 • 36 gauss, 
Efc - 300 volts, p » 1.2 x 10~ 4 torr. 
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