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Threshold Criterion for a Space Simulation Beam-Plasma Discharge 

E. P. SZUSZCZEWICZ, 1 K. PAPADOPOULOS, 2 W. BERNSTEIN 3 C S LIN 4 
AND D. N. WALKER 1 

We have conducted an experimental and theoretical study of the threshold characteristics of a space 
simulation beam-plasma discharge with emphasis on density profiles and a density-dependent ignition 
criterion. The study included various beam-plasma conditions covering beam currents from 8 to 85 ma, 
beam energies from 0.8 to 2.0 keV, and magnetic fields at 0.9 and 1.5 G. The study included 
experimenta! determinations of radial profiles of electron density for each of the selected conditions 
extending from a low-density, pre-beam-plasma discharge state to a strong beam-plasma discharge 
condition. At beam-plasma discharge threshold it was determined that (%,/rOc) = 5.4 was the density- 
dependent ignition criterion. The experimental results are shown to agree with detailed model 
calculations, which consider the beam-plasma discharge to be produced by large-amplitude electron 
plasma waves resulting from the beam-plasma interaction. 

1. INTRODUCTION as 

A cold electron beam propagating through a weakly ion- 
ized plasma will, under proper conditions, produce a modi- 
fied beam-plasma state known as the beam-plasma discharge 
(BPD). This discharge state has received considerable atten- 
tion in recent years as a result of increased interest in 
mechanisms for vehicle neutralization during spaceborne 
accelerator experiments [Bernstein et al., 1980; Carnbou et 
al., 1978; Galeev et al., 1976], enhanced beam-plasma ion- 
ization processes [Bernstein et al., 1978], and, in general, 
single-particle or collective phenomena initiated by beams 
injected into neutral gas and charged-particle environments 
[Hess et al., 1971; Winckler et al., 1975; Hendrickson and 
Winckler, 1976; Carnbou et al., 1975; Monson and Kellogg, 
1978; Szuszczewicz et al., 1979; Jost et al., 1980; Winckler, 
1980]. 

The BPD appears at a critical energetic-electron-beam 
current IB c, with the transition from single-particle behavior 
(IB < I• c, pre-BPD) to collective processes (I• > I• •, solid 
BPD) described as follows for conditions in which the 
plasma is created by the beam itself. 

1. As an electron beam linearly interacts with a neutral 
gas, it collisionally produces a plasma with a density that 
varies directly with the magnitude of the beam current for a 
fixed beam energy. 

2. As the beam current is increased to a critical value I• •, 
a two-stream instability sets in and the electric fields of the 
excited waves heat the electrons to energies comparable to 
the ionization energy. The 'heated' electrons create an 
enhanced ionization process, which results in an avalanche 
breakdown, the BPD. 

Bernstein et al. [1979] have reported the dependence of 
this critical current IB • on various experimental parameters 
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VB 3/2 
I• • or Bø'7pL (1) 

where VB, B, P, and L are the beam energy (voltage), the 
superimposed magnetic field, the ambient neutral pressure, 
and the beam length (gun-to-collector distance), respective- 
ly. While the Ia c - Ia•(VB, B, P, L) relationship was 
established among the controlling system parameter s (with 
the IB • oc p-1 behavior applicable at P •< 10 -5 torr), a clear 
dependence on plasma density was expected. Early thoughts 
suggested that top > to• satisfied ignition threshold criteria 
[Bernstein et al., 1979; Getty and Smullin, 1963]. We have 
since had the opportunity to test this idea under various 
beam-plasma conditions. Our results include (1) time-delay 
data and associated analyses indicating that BPD ignition 
does indeed occur at a critical density, (2) direct measure- 
ments of plasma density near ignition threshold with deter- 
minations of •op/•o•, and (3) a theoretical analysis that pre- 
dicts the critical density criterion. 

In subsequent sections we present the experimental and 
theoretical details, which establish the density-dependent 
threshold conditions for BPD at 3.5 •< •op/•oc •< 6.9. 

EXPERIMENT CONFIGURATION AND RESULTS 

The experiment was conducted in a large vacuum chamber 
facility at the NASA Johnson Space Center with an experi- 
mental configuration similar to those employed in earlier 
investigations [Bernstein et al., 1979]. The configuration is 
illustrated in Figure 1 with specific emphasis on the pulsed 
plasma probe measurement and the associated prOCedUre for 
%,/•% determinations. Not shown are the previouSly'de - 
scribed diagnostics [Bernstein et al., 1979; Jost et al., 1980] 
including the 3914-• scanning photometer, the segmented 
current collector, the energetic electron electrostatic analyz- 
er, and the remote wave detection antenna and spectrum 
analyzer system. The beam was generated by a tungsten: 
cathode Pierce-type diode gun, mounted on a position- 
controlled cart. In all cases the beam was injected parallel to 
the magnetic field/• and terminated on a 3 x 3 m target 
suspended about 20 m above the gun aperture. A combina - 
tion of coil current and the earth's magnetic field established 
the B field at selected levels up to 1.5 G. 

In most cases the beam was injected into a neutral gas with 
no pre-beam plasma; however, the experimental investig a- 
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Fig. 1. Experiment configuration. 

tion included two cases in which the chamber was filled with 

a plasma created by a Kauffman-type argon ion thruster. In 
these cases the pre-beam plasma density was lower than the 
critical density at BPD ignition. 

The investigation was conducted in two stages. First, 
pulsed-gun experiments were carried out to test the concept 
of a density-dependent threshold condition against the origi- 
nal ideas of Getty and Srnullin [1963]. After the concepts 
check, a series of direct density measurements was conduct- 
ed to quantitatively establish the density criteria. We de- 
scribe the results in the order in which the experiments were 
conducted. 

TIME DELAY ARGUMENTS FOR Ne c 

In pulsed-beam experiments with lB >> IB c, Getty and 
Smullin [1963] identified three sequential phases in the 
temporal evolution into the BPD: (1) a quiescent stable 
period, (2) an intermediate period during which the gross 
features of the beam remained unchanged but waves with f= 
fee were present, and (3) BPD ignition. They suggested that 
phases 1 and 2 corresponded to the time required for buildup 
of the ambient density to a critical value... a value at which 
the B PD ignited. To test this concept in the space simulation 
beam-plasma efforts at the JSC facility a series of pulsed- 
beam measurements were performed to study the temporal 
evolution of the BPD in the configuration shown in Figure 1. 
All diagnostics sensitive to the transition to BPD demon- 
strated identical time delays between beam current initiation 
and BPD ignition. At low pressure (<4 (10 -6) torr) th e Getty 
and Smullin phase 2 (characterized by f • fee waves) was 
clearly evident. Figure 2 shows the measured delay times as 
a function of beam current with values ranging from 0.1 to 20 
ms. The results in Figure 2 can be understood in terms of a 
simple time dependent model. If it is assumed that the 
plasma loss rate is proportional to its density, then the 
temporal buildup of plasma by electron-neutral collisions is 
given by 

dNe 
-- T- t,'Ne (2) 

dt 

Equation (2) has the solution 

Ne(t) = 7__ (1 - e -vt) (3) 
v 

where •/= lB •rNo/eA is the electron-ion pair production rate, 
v is the loss rate, •r is the electron impact ionization cross 
section, No is the neutral density, and A is the beam cross 
section. At short times, the density will increase linearly 
with time (Ne = •/t), and at longer times the density will 
approach the time independent value Ne = •//v. If, indeed, 
there is a critical density Ne c required for BPD ignition and if 
we define its relationship to a critical beam current by Ne c = 
(•rNo/eA v)IB c, then the time delay td until Ne(t) = Ne c can be 
obtained from (3) and written as 

td = vln 1-•-ff] (4) 
For lB • IB c, relatively long delay times should be observed 
with a rapid decrease in t d as lB is increased. This is exactly 
the behavior demonstrated in Figure 2, where the solid curve 
has been normalized to the data by selecting IB c = 20 ma and 
v = 400 s-]. The good agreement between the simple model 
calculations and the experimental results supports the con- 
cept of a critical density threshold for BPD ignition, but the 
normalization procedure provides little measure for an abso- 
lute value of Ne c. Specific determinations of the critical 
density threshold criteria are detailed in the next two sec- 
tions. 

DIRECT MEASUREMENTS OF CRITICAL DENSITY 

To establish quantitatively the density dependent thresh- 
old criterion for the ignition of a space simulation BPD, 
emphasis was placed on the direct measurement of plasma 
density profiles over a range of beam-plasma conditions 
coveting beam currents from 8 to 85 ma, beam energies from 
0.8 to 2.0 keV, and magnetic fields at 0.9 and 1.5 G. The 

Legend= 0) Meosured Delays ß : 

C•iti••• = I• keV, • 1.56 g. uss -- 
P= 6(m•')t•r - 

•BP Thr•o•d Current - 
0 20 40 60 80 I00 120 140 160 180 

BEAM CURRENT [mcl] 
Fig. 2. Time delay in the ignition of the beam-plasma discharge 

with threshold current at 20 ma. Electron gun operation was in the 
pulsed mode with Ton/Toff = 80 ms/250 ms. 
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Fig. 3. Radial profile of relative electron density under pre-BPD conditions. Run 57 (le, Ve, B) = (7 ma, 1.3 keV, 
0.9 G). The figure shows two cuts through the beam-plasma profile; as time increases from left to right the plasma 
density probe moves into and through the beam center, then reverses and passes through the beam a second time. The 
symmetry verifies that beam-plasma conditions were stable during the execution of the radial traversal. 

procedure involved experimental determinations of radial 
profiles of electron density for each of the selected condi- 
tions extending from a low-density, pre-BPD state to a 
strong BPD condition. The experimental configuration, illus- 
trated in Figure 1, involved a pair of pulsed-plasma-probes 
(p3) mounted on a radial traversal mechanism positioned at 
approximately 8 m above the injection point of the beam. 

ed confidence that beam-plasma conditions were unchanged 
during the measurement. 

Absolute electron densities were determined by standard 
p3 analysis procedures summarized graphically in Figure 4. 
The technique provides a high-frequency (103 Hz in this 
experiment) determination of relative electron density 
through the direct measurement of baseline electron-satura- 

Each of the probes provided simultaneous measurements of tion currents. (The baseline currents provide the fundamen- 
electron density Ne, temperature Te, plasma potential Vo•, 
and density fluctuation power spectra •Ne('-> Pn(k)) with 
capabilities for the associated diagnostics in a dynamic 
plasma environment and under test conditions that could 
contaminate electrode surfaces [Holmes and Szuszczewicz, 
1975, 1981; Szuszczewicz and Holmes, 1975, 1976]. 

The plasma density measurements were made for seven 
different conditions, each identified by preselected values 
for Ve, B, P and the existence or nonexistence of a pre-beam 
plasma. For each condition a steady state value for le was 
set, the traversal mechanism was exercised, and an electron 
density profile was recorded. A sample profile collected 
under pre-BPD conditions is presented in Figure 3. The 
abscissa is time relative to the start of the radial traversal, 
and the ordinate is relative electron density as determined by 
base line electron-saturation currents collected by the E 
probe. (The second in the two-probe configuration was 
defined as the I probe because the associated base line 
currents were collected in the ion-saturation portion of the 
probe's current-voltage characteristic [Holmes and 
Szuszczewicz, 1975, 1981].) At the start of each traversal the 
probe was at its outermost position relative to the center of 
the chamber. As time increased, the probe was moved into 
and through the beam; at maximum penetration toward the 
chamber center, the traversal system was reversed, allowing 
a second measurement of the density profile as the probe 
moved back to its original outermost position. With this 
procedure the probe's maximum penetration toward the 
chamber center is identified by the symmetry point in the 
'double' profile. The symmetry in the double profile provid- 

tal data for the relative density profiles presented in Figures 
3, 5a, and 5b.) Simultaneously, the technique generates a 
'conventional' Langmuir probe characteristic. The relative 
density fluctuations (as indicated by the variations in the 
base line current) are then unfolded from the raw, uncorrect- 
ed probe characteristic (Figure 4a) yielding a smooth, cor- 
rected curve (Figure 4b) to which conventional Ne analysis 
procedures [Chen, 1965; Szuszczewicz and Holmes, 1977] 
are applied. This procedure, utilized for all beam-plasma 
conditions included in this investigation, provided a direct 
sc•tling of baseline current measurements to absolute elec- 
tron densities. 

Complete profile information and associated plasma wave 
signatures are presented for two independent conditions in 
Figures 5 and 6. (Note: Because of changes in plasma 
potential? the relative density profiles do not maintain the 
same scaling to absolute values from run to run.) For values 
of (Va, B) = (1.3 keV, 0.9 G) and (2.0 keV, 1.5 G) in Figures 
5 and 6, respectively, the beam current la was stepped 
through a Sequence allowing for complete coverage of condi- 
tions that encompassed pre-BPD, threshold-BDP, and solid- 
BPD. Because I• c = Ia(Ve, B, P, L) is known to exhibit 
hysteresis as la is varied about the critical value I• c, the 
following procedure was utilized in the step-wise selection of 
beam current levels. 

1. With Va fixed, la was steadily increased in a 'search' 
mode to determine an approximate value for I• c. 

2. Ia was reset to zero, then increased slowly to I• c with 
careful observation of the RF spectrum. Threshold was 
defined as that level at which the RF spectrum was in 
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ß : Fig. 4. (a) Sample of raw probe data showing the effects of 
density fluctuations (baseline electron-saturation currents) on the 
probe's current-voltage characteristic (sweep currents). (b) The 
'corrected' characteristic that results when density fluctuations 
hav e been unfolded. The electron saturation portion of the charac- 
teristic is then amenable to conventional analyses for determination 
of Ne (see text). 

transition from its pre-BPD signature (flat spectrum at high 
frequencies, f •> re) to its solid BPD characteristic (intense 
features at f • re). At this transition level (defined here as 
threshold) the beam-plasma system oscillated between its 
two states at a repetition frequency generally observed to be 
no greater than several hertz. If the RF spectrum locked up 
in a characteristically stable RF BPD signature, step 2 was 
restarted and the previous IB c level more carefully ap- 
Proached. (It is important to note that the time dependent 
photographs of the threshold RF spectrum, e.g., runs 57 and 
81,. erroneously indicate a solid BPD spectrum and do not 
reflect the oscillations between the two beam-plasma states.) 
The conditions at threshold and under BPD are summarized 
in Table I where the peak density Ne max, associated plasma 
frequency 27TtOp max, and plasma-to-cyclotron frequency ratio 
(opmaX/tOc are also listed. The results can be summarized by 
top/OOc ---- 5.4_1.9 +1'3 as the density dependent threshold 
condition for the BPD. As we will show in the next section, 
this result is consistent with a threshold model, which 

assumes that BPD is triggered by the onset of a beam plasma 
instability. 

It is proper t ø introduce one qualification regarding the 
experimentally determined values for %,/OOc. By virtue of the 
experimental procedure they could represent averages be- 
tween two beam-plasma states (pre-BPD and solid BPD). 
The consequence of this in the interpretation of the experi- 
mental values is merely one of definition. For example, if 
threshold were strictly defined as the maximum density 
under stable pre-BPD conditions (i.e., no oscillations into 
the solid BPD state), then (%/Wc) = 5.4 would represent an 
upper limit. Extrapolation of complementary sets of data 
suggests that the associated 'adjustment' in critical density 
for cases at 0.9 G is inconsequential, while corresponding 
adjustments at 1.5 G could be as large as a factor of 2-3.' The 
end results would be topltoc • 4.4 as compared with the 
experimentally defined average at 5.4. 

Before proceeding to the theoretical treatment, it is appro- 
priate to discuss several of the plasma density and wave- 
related features in the data presented in Figures 5 and 6. 

Run 56 (upper left panel Figures 5a and 5b) is very typical 
of a pre-BPD environment, in that the beam center (see, e.g., 
Figure 3) is well defined and of relatively narrow cross 
section, with an RF signature (uPper left panel Figure 5b) 
that is flat in character. At BPD threshold the beam-plasma 
system intermittently emits RF at and around the plasma 
frequency, and the plasma expands in cross section (lower 
left panel, Figure 5a) eliminating the narrow beam Profile 
characteristic of the pre-BPD state (Figures 3 and 5a upper 
left). We note that the RF signatures are highly time depen- 
dent, generally fluctuating in intensity and in frequency. 
Similarly, the local plasma densities are highly time depen- 
dent (see, e.g., IB fluctuations in Figure 4) with that depen- 
dency averaged out over 1-s intervals for the relative density 
profiles in Figure 5 and 6. 

As Ia is increased above the threshold level (runs 58 and 
59 in Figures 5a and 5b), the plasma density increases and 
the radial profiles take on variable configurations. In run 58, 
for example, the beam center is 'depleted' with an increased 
density level at its edges. This configuration has been 
observed in a number of cases and is thought to manifest 
electron heating in the beam core with generally higher 
diffusion rates and associated losses. The profile becomes 
more complex in run 59, possibly due to higher order 
diffusion modes. 

The results in Figure 6 have been selected to present 
information at a higher applied magnetic field and to illus- 
trate that the description of beam-plasma profiles offered in 
connection with Figure 5 is by no means considered univer- 
sally applicable to the various levels of the B?D. Our current 
level of understanding does not allow for a detailed cause- 
effect description of each and every profile, but at present 
we would point to Figure 5a as the simplest configuration 
that illustrates the transition from pre-BPD to the solid BPD 
state. 

THEORETICAL CONSIDERATIONS AND DISCUSSION 

OF RESULTS 

Before presenting the theoretical details of the BPD 
threshold criteria as applied to the present experiment, it is 
important to discuss some aspects of our model that play a 
key role in the interpretation of the experimental results. 
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For all experimental parameters the relevant mean free 
paths (i.e., thermalization, ionization, etc.) were much long- 
er than the system length L. This, as discussed in detail by 
Papadopoulos [1981] for a finite system, leads to a require- 
ment for axial confinement of both the ionizing and the 
ambient electrons. As shown in the above paper, the re- 
quired axial confinement can be achieved if the energy 
deposited by the beam electrons is absorbed by only a few 
ambient electrons (i.e., 1%), which are accelerated to ener- 
gies larger than the ionization potential. A fraction of these 
electrons quickly escapes the system, thereby building po- 
tential sheaths at the ends. The sheaths accelerate ambient 

ions to escape at the rate of the fast electrons, while trapping 
the cold part of the energetic electron population. A detailed 
description of the process can be found in the work of 
Papadopoulos [ 1981]. For the purposes of the present paper, 
we retain the requirement that the collisionless mechanism 
responsible for BPD should deposit most of its energy in 
suprathermal tails with energy much larger than the ioniza- 
tion energy while leaving the majority of the electrons cold. 
As discussed in many publications [Papadopoulos and Cof- 
fey, 1974a, b; Papadopouios and Rowland, 1978; Linson and 
Papadopoulos, 1980; Papadopoulos, 1982], this can be 
achieved if the frequency of the excited waves is near the 
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Fig. 5. (a) Sequence of relative plasma density profiles and (b) associated plasma wave signatures for increasing 
values of beam current IB at a fixed condition (VB, B) = (1.3 keV, 0.9 G) encompassing runs 56-59 (pre-BPD through 
solid BPD). 
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Fig. 6. (a) Sequence of relative plasma density profiles and (b) associated plasma wave signatures for increasing 
values of beam current le at a fixed condition (Ve, B) = (2.0 keV, 1.5 G) encompassing runs 79 through 83 (pre-BPD 
through solid BPD). 

electron plasma frequency %, and the wave energy W/(neTe) 
is greater than k2ho 2, where W is the field energy density, ne 
is the ambient electron density, Te is the electron tempera- 
ture, k is the wave number of the instability, and ha is the 
Debye length. In order for substantial W/(nTe) to be built in a 
finite length system, the instability should be almost abso- 
lute. The dispersion relation for a beam plasma system is 
[Linson and Papadopoulos, 1980; Rowland et al., 1981] 

kz 2 1 - •222) +kñ 2 1- w2_ Wc2 
OttOp 2 OttOp 2 

- kz2 (o• kzvt,) •' - k•-2 = 0 (5) - (•o- k•v•): - 

where kz 2 -= Fs•2/ro 2 with Fs• the roots of the Bessel function 
Jl(Fs0 = 0 and r0 the beam radius. In (5), a is the beam-to- 
plasma density ratio, %, and O•c are the plasma and electron 
cyclotron frequencies, v0 is the beam velocity, and kz is the 
parallel wave number. On the basis of (5), we can find 
[Rowland et al., 1981] that an almost absolute instability can 

be excited near o•p for 

k_L 2 
< 1 (6) 2 -- 

Coupling this inequality with kz • %,/vo and kz = 2.4/r0 gives 
our required threshold condition as 

(2.4)2vb 2 cos 20i 
>- (7) tOP 2 go 2 

The criterion (7), with Oi being the beam's angle of injection 
relative to the magnetic field, can be generalized to the case 
where the plasma radius R is different from the beam radius 
ro [Rowland et al., 1981]. In this case, (7) becomes 

Ub 2 COS 2 0 i 
top 2 • 2 (8) r02 In (R/to) 

The value of r0 is given by considering both the Larmor 
radius as well as the term including space charge beam 
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TABLE 1. Abbreviated Summary of Beam-Plasma Survey 

BEAM-PLASMA ELECTRON GUN CHAMBER CONDITION 
RUN # STATE NemaX fc f•,/fc 

I• [ma] Y,• [v] B [g] P [Torr] THRUSTER 

40 THRESHOLD 37 1.9 (103) 0.9 0.7--1.5 (.10 -5) ON 3.6 (106) 2.5 (106) 6.8 
41 BPD 47 1.9 (103) 0.9 0.7--1.5 (10 -5) ON 5.6 (106) 2.5 (106) 8.4 
48 THRESHOLD 34 1.9 (103) 0.9 0.7--1.5 (10 -5) OFF 3.3 (106) 2.5 (106) 6.5 
49 BPD 45 1.9 (103) 0.9 0.7--1.5 (10 -5) OFF 5.0 (106) 2.5 (106) 8.0 
57 THRESHOLD 18.5 1.3 (103) 0.9 0.7-1.5 (10 -5) OFF 1.5 (106) 2.5 (106) ' 4.4 
58 BPD 28 1.3 (103) 0.9 0.7-1.5 (10 -5) OFF 4.5 (106) 2.5 (106) 7.6 

, 

63 THRESHOLD 7.8 800 0.9 0.84-1.5 (10 -5) OFF 0.98 (106) 2.5 (106) 3.5 
64 BPD 9.9 800 0.9 0.84-1.5 (10 -5) OFF 2.6 (106) 2.5 (106) 5.7 
69 THRESHOLD 7.8 800 0.9 0.7 (10 -5) ON 3.8 (106) 2.5 (106) 6.9 
70 BPD 10 800 0.9 0.7 (10 -5) ON 3.6 (106) 2.5 (106) 6.8 
81 THRESHOLD 20 2.0 (103) 1.5 0.6-1.2 (10 -5) OFF 7.0 (106) 4.2 (106) 5.6 
82 BPD 30.5 2.0 (103) 1.5 0.6-1.2 (10 -•) OFF 1.8 (107) 4.2 (106) 9.1 
86 THRESHOLD 12 1.3 (103) 1.5 0.6-1.2 (10 -•) OFF 3.9 (106) 4.2 (106) 4.2 
87 BPD 18 1.3 (103) 1.5 0.6-1.2 (10 -•) OFF 1.1 (107) 4.2 (106) 7.1 
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TABLE 2. Comparison Between Theory and Experiment 

Run 
Number VB, keV IB, ma (Calculated) (Observed) 

40 1.9 37 4.2 6.8 
48 1.9 34 4.4 6.5 
57 1.3 18.5 4.5 4.4 
63 0.8 7.8 4.7 3.5 
69 0.8 6.2 5.37 6.9 
81 2 20 5.95 5.6 
86 1.3 12 5.55 4.2 

expansion [Linson and Papadopoulos, 1980]. This gives 

r0 = 2.1 BVB1/4 In -- + -- sin 2 0d rn Fg K 
(9) 

where K is gun perveance in micropervs, rg is the gun radius, 
IB and V• are the beam current in amps and energy in keV, 
the magnetic field B is in gauss, and 0d is the beam 
divergence angle. (We note that equation (8) does not 
include the: possibility of beam neutralization by ambient 
plasma. This could result in an overestimate of r0.) From (8) 
and (9) and by using rg • 2 mm and ro/R • « as observed, we 
find 

0.5 VB TM COS 0 i 
oo• > I• tOc -- (1 + (8.5/g)sin 2 0a) 1/2 (10) 

We can see that the top/tOc ratio at threshold (with • • 1 
microperv) is rather insensitive to the beam injection angle 
for 0i •< 60 ø. In Table 2 we present the values of top/tOc 
computed on the basis of equation (10) by taking cos Oi/(1 + 
(8.5/•) sin 2 0•) •/2 • 1 for near parallel injection. From Table 2 
we find the average computed value to be top/tOc - 4.95. This 
result, while subject to moderate uncertainties in ro/R, is 
taken to be in excellent agreement with the experimentally 
derived conditions (Table 1 and equation (4)) providing 
complementary arguments that confirm the original sugges- 
tion that the ignition of the BPD was coupled to a density- 
dependent threshold criterion. We should mention that the 
above theory is consistent with the observational facts that 
the temperature of the plasma electrons is much lower than 
the ionization potential [Szuszczewicz et al., 1979], and 
energetic tails are observed within the beam-plasma core 
[Szuszczewicz, 1982]. 
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