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The radius and speed of the cylindric ionization front that expands during the application of a 
high-voltage pulse upon a double-plate hollow-cathode, is measured by reflection of 8 mm-
microwaves. 

By comparing the number of transported electrons and their ionizing action, ionization by 
single electron collisions is shown to be impossible. 

In the "normal regime" below a certain voltage threshold, a pulse height variation has only an 
influence on the final plasma radius but not on the local speed of the cut-off surface during 
recombination. 

1. Introduction 

In the course of a program to search for p lasma-
satellites in different p lasma sources the pulsed 
hollow-cathode glow discharge showed p lasma 
oscillations with unexpected intensity ( l - 2 k V / c m ) 
and frequency ( 3 0 - 1 0 0 G H z ) [1], [2], These 
plasmons appear s imultaneously with the generat ion 
of the pulsed plasma (as def ined by the onset of the 
pulsed plasma light emission and the cut-off of 
35 GHz-microwaves) and are d a m p e d out on a 
100 ns t ime scale (presumably due to heat ing of the 
electrons or wavelength shortening). 

In contrast to expectat ion the intensity of the 
plasma-satellites increases and their spectral qual i ty 
improves when the appl ied pulse voltage is reduced. 

A lower voltage threshold is reached when the 
stationary glow discharge p lasma suddenly does not 
react any more on the appl ied pulse. Also the dis-
connection of one of the two ca thodes f rom its pulse 
generator leads to a total inefficacy of the pulse, 
even at highest voltage. 

This strange behav iour suggests that the two 
applied high-voltage pulses are only in cooperation 
able to start a threshold dependen t p lasma genera-
tion. 

Its step-function-like na ture must be d i f fe ren t 
f rom the slowly cont inuing ionization at h igher 
voltages, when the current develops a spiky be-
haviour [3]. Only in this spiking regime the action of 
electron beams can be observed on the he l ium ion 
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line at 469 nm, whereas below the spiking threshold 
there is practically no ion line emission. 

The presented investigations were in tended to 
clarify the extremely efficient and fast p lasma 
generation at low voltages, that seems to leave the 
dense initial plasmon gas (of the order of 100 plas-
mons ftcop per plasma electron) as a byproduct . T h e 
resulting efficiency of 10 -15% is ra ther high for a 
density increase f rom 10" to 10 l 3 cm~ 3 within a 
20 ns time scale, and indeed ionizat ion by single 
electron collisions will be proved to be imposs ible 
by comparison of the number of t ranspor ted elec-
trons and their ionizing action. 

By microwave reflection the location and radial 
speed of the cut-off surface is de te rmined , for the 
ionization as well as for the recombina t ion phases. 

A "normal" voltage regime is found , being below 
that threshold, when the plasma radius reaches a 
fixed limit of 75% of the ca thode radius. It is 
characterized by the fact that this speed dur ing 
recombination is independent of the pulse voltage. 

2. Experimental set-up 

Two types of hollow-cathodes have been used. 
For the microwave reflection measurements the one 
with large a cathode diameter of 40 m m and com-
mon anode was best suited (described in [3], Fig. 1), 
whereas the cut-off measurements were pe r fo rmed 
with a smaller design, characterized by separa ted 
anodes (described in [1]). 

Both cathodes were pulsed separately (400 ns 
pulse length), each by a 50 Q - square-pulse 
generator of its own [2], [3], The connecting 50 Q -
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cables were terminated at both ends in order to 
minimize cable reflections. 

The charging voltage UQ was kept below the 
threshold of 7.5 kV. above which a series of current 
spikes appeared [3], The actual appl ied pulse 
voltage (without plasma load) is smaller by a fac tor 
of ~ 4 , due to an internal voltage division in the 
generator. 

For microwave generation, tunable high power 
clystrons were used at 35 G H z ( though their 
cathodes needed refreshing by overheat ing their 
power was estimated to be of the order of 0.1 W). 
The clystron and the power supplies were put into a 
shielded measuring cabin, because the electro-
magnetic interference by the hol low-cathode puls ing 
caused the microwave oscillation to s top otherwise. 
Back-reaction via the waveguide was min imized by 
an isolator. 

When investigating the microwave reflect ion by 
the plasma the measur ing diode was decoupled 
from the direct clystron input by a magic T. T h e 
through-passing wave-guide was closed at one side 
by a movable short-circuit, while the o ther ended as 
an antenna that was glued into a hole of a 32 m m 
vacuum blind flange. Its f ront (sealed by a qua r t z 
window) had a distance of 34 m m f r o m the hollow-
cathode center. 

Microwave polarization was vertical (i.e. pe rpen-
dicular to the cathode surfaces). 

3. Results 

a) Microwave reflection measurements 

The best results dur ing the ionizat ion phase 
(Fig. 1), were obtained when the s tat ionary d iode 
signal was maximized by moving the short-circuit . 

On the other hand, for the recombina t ion phase 
(Fig. 4) a position with zero initial d iode voltage 
was chosen. 

The temporal sinusoidal modu la t ion of the d iode-
signal in Fig. 1 is due to the moving ionizat ion f ron t 
that expands between the ca thode plates in radial 
outward direction. It acts like a movab le microwave 
resonator-mirror, thereby tuning the th rough-
passing wave guide of the magic T ( that is closed at 
the other end by the fixed short-circuit plate) be-
tween min imum and m a x i m u m resonance. Accord-
ing to the reduction of the s tanding wave by one 
half-wavelength after the other, each full cycle 2 n of 
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(coupled via an antenna) and an adjustable short-circuit 
piston as the other. Clystron (OKA; 35 GHz) and mea-
suring diode were decoupled from each other by a 
magic T. The short-circuit was adjusted to obtain maxi-
mum stationary signal at the diode. Above a charging 
voltage U0 = 7.5 kV the discharge current becomes 
modulated by a train of short spikes. The broken line at 
Uq = 7.6 kV corresponds to this case. The length of the 
high-voltage pulse (400 ns) is indicated at the top. 

the signal modulat ion corresponds to an increase of 
the plasma radius by A/2 = 4.3 m m (vacuum wave-
length, because tuning takes place outs ide the wave 
guide). 

Raising the charging voltage UQ, the n u m b e r of 
cycles and thus the Final radius R{ at the end of the 
400 ns pulse increases. At UQ - 6.5 kV the expansion 
reaches an upper limit of R f = 15 m m (3.4 cycles), 
though the cathode radius of 20 m m should allow 
further ionization (Figure 2). Still h igher voltages 
increase only the extreme speed (in the 1 0 5 m / s 
range) of the ionization front in a l inear way 
(Fig. 2), but the sharp stop at R{= 15 m m becomes 
even more pronounced. 

Extrapolating the voltage towards zero radius and 
zero speed, an ignition threshold of UQ = 3 kV is 
obtained (corresponding to an actual pulse voltage 
of initially 0.7 kV at the cathodes). 

In Fig. 3 the traces of the pulse voltage and the 
diode signal are displayed simultaneously, showing 
the sudden stop of ionization at the end of the 
pulse. At Uq = 4 kV the pulse voltage has an 
approximately flat top, whereas at £ / 0 = 6 . 5 k V a 
reduction by 0.24 kV below the idling pulse voltage 



of 1.56 kV (in the middle of the pulse) indicates a 
plasma current of 10 A (as given by the parallel 
cable / terminat ion resistance of 25 Q). Thus the total 
dissipated electrical power is 26 k\V (for both 
cathodes), at a t ime when the plasma radius has 
reached 6.4 m m (1.5 cycles). 

The recombinat ion phase of the pulsed plasma is 
displayed in Fig. 4 b . where the peaks of the ioniza-
tion phase (Fig. 4 a ) appear in reversed order (the 
difference to Fig. 1 is due to the zeroing of the 
stationary diode signal by adjust ing the short-circuit 
piston). 

The lines connecting points of equal phase, i.e. 
equal position, are parallel in Figure 4b . Tha t 
means, the speed of the reflecting cut-off surface 
during recombinat ion is only dependent on its 
actual position, but not on the final radius (as 
given by UQ). One could be tempted to explain this 
by a plasma density independent of the height of 
the applied voltage; then, however, a strange 
recombination process taking place only at the 
cylindrical plasma edge would have to be supposed. 
Because generally recombinat ion occurs as the 
inverse process that is responsible for ionization, 
this would be consistent with the model of a thin 
radially expanding ionization front. 
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Fig. 2. Final plasma radius Rf, as present at the end of the 
high-voltage pulse (crosses), and speed of the reflecting 
ionization front t] (circles) versus U0. The values were 
derived from Fig. 1 (the speed corresponds to the interval 
\ n — 4 n of the sine curve). 
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Fig. 3. Original oscilloscope traces from Fig. 1 with the 
corresponding hieh-voltase pulse (600 V/div). (2 beam 
400 MHz oscilloscope Tektronix 7844. 50 ns/div). (a) t/„ = 
4 kV. (b) U0 = 6.5 kV. 

b) Microwave transmission measurements 

The double-anode design (as given in [1]) with its 
outer glass vacuum chamber enabled microwave 
transmission without guidance effect (as it was the 
case with the metal discharge chamber of Chapt . 3 a. 
where the increased sensitivity was advantageous) . 
Therefore the onset of microwave cut-off can be 
associated with a p lasma d iameter of the order of 
one wavelength (8.6 mm) . 

Figure 5 shows the threshold to achieve total cut-
off at U0 = 3.5 kV (pulse voltage 0.85 kV). The t ime 



(a) Ionization phase (200 ns/div), (b) recombination phase 
(5 ns/div). 

Fig. 5. Microwave cut-off at 35 GHz (full line) versus time 
(50 ns/div). The dotted line was taken without plasma but 
with operating pulser. Both polarizations showed cut-off. 
(b) Top part of the high-voltage pulse (120V/div). The 
broken line was taken without plasma. During the last 
150 ns it is lowered by 25 V due to a plasma current of 1 A. 

between the 90% and 10% points is 230 ns, but only 
during the last 150 ns an apprec iable p lasma current 
(1 A for each cathode) is flowing. Thus the total dis-
sipated electrical energy amounts to 0.26 mJ, suff i-
cient to ionize 6.4 • 1013 He-a toms out of the ground 
state. 

It is interesting to note that a l ready the stationary 
plasma (maintained by 10 mA) lowers the transmis-
sion by 7%, though its p lasma f requency should be 
much less than 35 GHz. This a t tenuat ion was found 
to be maximum when varying the pressure a round 
3.2 mbar (twice the necessary m i n i m u m opera t ing 
pressure to prevent the glow discharge f r o m being 
"blown out" by the pulses). 

4. Analysis of the ionization energy balance 

If ionization out of the He-ground-sta te is as-
sumed (metastables reach only typical densit ies of 
10" c m - 3 in comparable discharges [4], [5], and 
need not be considered here), an efficiency of 
10-15% of the electrical input can be derived: 

a) In Chapt. 3a, at U0 = 6.5 kV an electrical input 
power of 26 kW was found at a t ime when the 
plasma had already expanded to a radius of 
/? = 0.64cm (actual front speed n = 7 • 106 cm/s) . 
With the height of < i = 1 . 5 c m for the p lasma 
cylinder the volume increase results as 2 n R d v \ = 
4.2- 107 cm3 /s. 

From [6] (where a plasma frequency of 40 G H z 
was found at U0 = 7 kV) the density can be taken as 
2 • 10 I3cirT3 , so that 8.4 • 1020 ionizations take place 
per second. The power, as required for ionizat ion, 
thus amounts to 3.3 kW (with E\ - 24.6 eV), being 
13% of the electrical input. 

The integrated balance over the total p lasma 
generation t ime of 300 ns (ending with the full 
volume of 10 cm3) yields a similar result: the 
average currents of 10 A for each ca thode (cf. 
Chapt. 3a) transport a total of 3.8 • 1013 electrons in 
300 ns. Each of these electrons, which were accel-
erated by the cathode fall of 1.32 kV, must be 
responsible for 5 ionizations in order to guaran tee the 
final plasma electron n u m b e r of 2 - 1014. Spending 
5 times the ionization energy their kinetic would be 
reduced by 10%. 

b) The cut-off measurements near the ignition 
threshold with the hol low-cathode of Chapt . 3 b 
corroborate these results: the final p lasma volume of 
0.6 cm 3 ( d = l c m ) contains 0.9 • 1013 electrons 
(using the cut-off density of 1 . 5 - 1 0 1 3 c m ~ 3 at 
35 GHz). According to Chapt . 3 b only 6.4 • 1013 

ionizations are possible energetically, so that the 
efficiency would have to be 14%. 

5. Mean free path for ionizing electron collisions 

The cross section for ionizing electron collisions at 
1 keV is 10~17cm2 for hel ium, giving a mean free 
path of 4 cm at a neutral density of 2.6 • 10 , 6 c i rT 3 

(1 mbar). At the above velocity of 1.9 • 109 cm/ s each 
2 ns an ionization occurs. As each electron, that has 
been accelerated by the ca thode fall towards the 
opposite cathode, must generate five ionizat ions on 



an average (cf. Chapt . 4a ) , a total path of 22 cm 
(during a t ime of 11 ns) results for it. 

But for high energy electrons (1 keV) the elastic 
collision frequency with the neutrals is 1.8 G H z at 
1 mbar, so that the mean free path of 1 cm allows 
only few reflections at the opposi te ca thode falls 
(which act like mirrors of a resonator) , before 
scattering destroys the confinement . 

And also the t ime constant of 11 ns would round 
off the sharp edge ( < 5 ns) at the end of the last sine 
curves in Figure 1 *. That means definitely that 
ionization by single electron collisions is impossible. 

Of course one could introduce collective electron 
effects to get the required total ionization path of, 
say, 1 - 2 cm (given by the ca thode interdistance d 
and the scattering collisions). But then one would 
have to explain the start phase, when the plasma 
density is too low for collective effects, and the final 
cooperative saturat ion process on a macroscopic 
scale, that leaves a constant p lasma density along 
the r-direction [1], [6]. 

* The 20 ns time scale of Chapt. 1 refers to the current 
rise time as displayed in Fig. 3b (70ns after high voltage 
application). 
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It should be stressed that not only is the density 
constant along the negative glow, but also continues 
into the dark spaces. Tha t poses a special problem: 
in the start phase the low-density ion space charge 
( < 10" cm""3) must extend at least several m m in 
thickness to build up the ca thode potential of 2 kV. 
In this acceleration region a p lasma of a density 
substantially di f ferent f rom the one in the nega-
tive glow should be expected. 

6. Conclusion 

Only further measurements , e.g. C0 2 - l a se r inter-
ferometry of the dark spaces, or spatially resolved 
photography of the ionization front (using a pulsed 
channel plate), can perhaps clar ify the exotic 
plasma state of the stat ionary hol low-cathode glow 
discharge, which shows an unusual sensitivity to 
transient electric fields. 
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