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A bstmct 
We have developed a 1-D model to study the im- 

portance of some of the basic physical processes in- 
volved in a low pressure discharge. Our results show 
that during the early stage of the discharge, the emit- 
ted electron current comes mainly from the secondary 
emission off the cathode. Meanwhile, a quasi-neutral 
plasma column is being formed in the gap via ion- 
ization. The growing plasma oscillations are excited 
by the fast electrons from the cathode as they pass 
through the plasma due to the two-stream instabil- 
ity. The oscillation heats the background electrons 
to energies above the ionization threshold and ulti- 
mately leads to a rapid increase in both the plasma 
density and electron current at the anode. To our 
knowledge previous pseudospark models have not in- 
cluded ionization of the ambient gas due to the heated 

10 nsec period [lo]. Such a flux is equivalent to 100 
A/cm2 if the applied voltage is 10 kV. Also, in or- 
der for the electric-field-enhanced thermionic emission 
to emit the measured current, the electric field at the 
cathode surface has to be above lo6 V/cm. The mech- 
anism which brings the discharge to reach the required 
high current flux and electric field is still unclear. 

The present study is aimed at determining the 
most important basic physical processes involved in 
the pseudospark discharge. While the hollow cathode 
has a 2-D structure, we believe that the basic physics 
involved should not be sensitive to the actual geom- 
etry. Thus a rather simple 1-D model is used. The 
description and the results of the study are given in 
the following two sections. 

II. NUMERICAL MODEL 

background charged particles within the dense quasi- 
neutral plasma region. Under this 1-D model, the dis- 

The numerical model is a 1-D particle-in-cell (PIC) 

charge approximately satisfies a Paschen’s Law in the 
model, which simulates an infinite parallel plate sys- 

low pressure regime. 
tern with a background helium gas maintained at pres- 
sure p. A constant negative voltage -Vo is applied on 

I. INTRODUCTION 
the cathode which is located at z = 0, and the an- 
ode located at z = d is grounded. An initial uniform 

There has been an increasing interest in pseudospark plasma of 108/cm3 is present between the plates. The 

devices [l-5]. 0 ne of the potential applications of this motion of the charged particles is non-relativistic and 

kind of a device is as a high current, high brightness is governed by the equation of motion 

electron beam source. At the University of Maryland 
a series of experiments were performed to determine 

d2z 

some of the properties of such a pseudospark discharge. 
- = ;E(i): 
dt2 (1) 

It was found that electron beams of current on the where t is the location of the particle, q and 712 are 

order of 1 kA/cm2 and brightness as high as 10 10 the charge and mass of the particle, respectively, E(z) 
A/m”rad2 can be produced from a low pressure dis- is the electric field at z. The electric field E(z) = 
charge in a hollow cathode geometry [4,5]. -dV/dz is obtained by solving the Poisson equation 

Besides experiments, progress has also been made 
in theoretical studies of pseudospark discharges [6-S], d2V(z) 

although no existing theory is comprehensive. A re- 
ygi-= -P(4l~o (‘4 

cent model, based on the experimental observation 
that a melted area was found on the cathode surface, 

with boundary conditions V(z = 0) = -VO, V(z = 
d) = 0, and where p is the Ret charge density. 

proposed that the high current originates from electric- Because pseudosparks usually operate at low gas 
field-enhanced thermionic emission from the cathode pressure and high voltage, we only take into account 
[9]. However, in order to melt the cathode surface! an ionizing collisions. The ionization cross-sections for 
ion flux of the order of 10’ W/cm2 is required over a electrons and ions in He are obtained from Ref. [ll]. 
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When an ionization occurs, the incident particle’s en- 
ergy is reduced. In addition, when ions hit the cath- 
ode, secondary electrons are emitted. The secondary 
emission coefficient is dependent on the ion energy and 
is obtained from Ref. [12], assuming that the cathode 
is made of MO. When a new particle is created, we 
assume that it has no initial kinetic energy. 

III. SIMULATION RESULTS 

The 1-D PIC code is used in a series of simula- 
tions of high voltage, low pressure discharges. Figure 
1 shows a typical plot of electron current collected at 
the anode versus time. The total current is composed 
of contributions resulting from ion-neutral ionizations, 
electron-neutral ionizations, and secondary emissions. 
In Fig. 1, a rapid increase in the total current occurs 
at about 108 nsec after the onset of the -20 kV volt- 
age. The simulation was stopped when the current 
reached N 1 kA/cm2 where the number of particles 
in the system becomes computationally prohibitively 
large. It is also observed that during the early stage 
of the discharge, the current mainly is a result of the 
secondary emission. But just before the sudden in- 
crease in the total current, the contribution from the 
electron-neutral ionizations becomes dominant. This 
new observation can be explained as follows. 

Figures 2(a) and 2(b) show the potential and the 
charged particle densities in the gap at t = 105.8 nsec. 
By this time, a quasi-neutral plasma column has formed 
in the gap. The plasma density in this case is of the 
order of 2 x 10r3/cm 3. When the high energy electrons 
emitted from the cathode pass through this plasma, it 
can excite a plasma oscillation due to the two-stream 
instability. The growing plasma oscillation is clearly 
shown in Fig. 3, where the electric field at z = 0.85 
cm from the cathode is plotted as a function of time. 
Note that the oscillation frequency f w 3.3 x 10” Hz 
matches well with the electron plasma frequency, tak- 
ing 78, = 2 x 1o13/ cm3. The plasma oscillation heats 
the background electrons. Figure 4 is a plot of the elec- 
tron energy distribution at t = lOFj.8 nsec. It shows 
that a,t this time! a large portion of the plasma elec- 
trons have been heated to above the threshold energy 
of 24.6 eV. The electron ionization cross-section in- 
creases rapidly when the electron energy is above the 
ionization threshold and reaches a maximum at about 
100 eV. When a significant amount of electrons are 
heated to above the threshold, ionizations due to these 
hot electrons will also rapidly increase and further in- 
crease the electric field associated with the plasma os- 

cillation. This in turn leads to a rapid increase in the 
electron current. 

In addition to the above typical case where “break- 
down” occurs, we have also performed parametric stud- 
ies of the pseudospark discharge with t,his 1-D model. 
We looked for a critical voltage where the typical break- 
down behavior is observed for a given gap length d and 
gas pressure p and plotted the results in Fig. 5. We see 
that our simple 1-D model obeys Paschen’s Law fairly 
well, namely that the critical voltage for breakdown 
is a function of the product of the gap length d and 
gas pressure p. More studies need to be done on this 
subject to quantify the dependence on d and p. 

* This work is supported by U.S.D.O.E. 

IV. REFERENCES 

1. Physics and Applications of Pseudosparks? 
edited by M.A. Gundersen and G. Schaefer 
(Plenum Press, New York and London, 1990). 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

W. Hartmann and M.A. Gundersen, Phys. Rev. 
Lett, 60, 2371 (1988). 

M.J. Rhee and B.N. Ding, Phys. Fluids B4, 764 
(1992). 

K.K. Jain, E. Boggasch, M. Reiser, and M.J. 
Rhee, Phys. Fluids B2, 2487 (1990). 

W.W. Destler, Z. Segalov, J. Rodgers, K. Ra- 
maswamy, and M. Reiser, Appl. Phys. Lett. 
62, 1739 (1993). 

H.R. Bauer, G. Kirkman, M.A. Gundersen, 
IEEE Trans. Plasma Sci. PS-18, 237 (1990). 

H. Pak and M.J. Kushner, J. Appl. Phys. 71, 
94 (1992). 

J-P Boeuf and L.C. Pitchford, IEEE 
Tmns. Plasma Sci. PS-19, 286 (1991). 

W. Hartmann, V. Dominic, G.F. Kirkman, and 
M.A. Gundersen, J. Appl. Phys. 65,4388 (1989). 

T.J. Sommerer, H. Pak, and M.J. Kushner, J. 
AppE. Phys. 72, 3374 (1992). 

R.K. Janev, W.D. Langer, K. Evans, .Jr., D.E. 
Post, Jr., Elementary Processes in Hydrogen- 
Helium Plasmas (Springer-Verlag, 1987). 

B. Chapman, Glow Discharge Processes (Wiley 
& Sons, 1980) p. 87. 

3076 
PAC 1993



60 , 0 0 --.--.. -----~ .-_ -__- i 
’ - Total Current density 

‘+ 8 0 F. -----c, - Electron ionization 
$ 

5 60 I 

- -; - Ion ionization 
--A - Secondary emission 

80 85 90 95 100 105 110 
t [nsec] 

Figure 1: Total electron current density at the an- 
ode and its components versus time. The system 
parameters are p = 2 torr! I$, = 20 kV, $ = 1 cm 

and an initial plasma density of 5x107/cm3. 
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Figure 2: Electric potential (a), and charged part,i- 
cle densities (b) versus position at t = 105.8 nsec. 
The f = 0 potential profile is shown for reference. 
Same system parameters as in Fig. 1. 
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Figure 3: The electric field at 2 = 0.85 cm versus 
time. Note the growing plasma oscillation. Same 
system parameters as in Fig. 1. 
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Figure 4: The electron energy distribution at t = 
105.8 nsec. Same system parameters as in Fig. 1. 
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Figure 5: Breakdown Voltage as a function of gas 
pressure times gap length for gap lengths from 1 
to 4 cm. 
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