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ABSTRACT

CONSTRUCTION OF DOUBLE DISCHARGE PULSED
ELECTRON BEAM GENERATOR AND ITS APPLICATIONS

Göktaş, Hilal

Ph. D., Department of Physics

Supervisor: Assoc. Prof. Dr. Gülay Öke

December 2001, 88 pages

Generation of fast pulsed electron beam by superposing DC and pulsed

hollow cathode discharge is studied. The electrical characteristics and measurements

of the electron beam generator are done for dc glow discharge and for the pulsed one.

The electron beam current, its density and magnetic field effect, pinch effect, have

been studied. The dependence of the electron beam parameters with respect to

pressure and magnetic field have been studied.

The pulsing effect of the beam is reviewed. By using the generator, micron

holes drilling and carbon deposition was done at the laboratory. As a target source

for carbon deposition methane gas is used and for Hydrogen-free carbon deposition

was graphite.

Keywords: Electron beam, pseudospark, hollow cathode, carbon coating



öz

ÇİFT DEŞARJLI, DARBELİ ELEKTRON DEMETİ ÜRETECİ
YAPIMI VE UYGULAMALARI

Göktaş, Hilal

Doktora, Fizik Bölümü

Tez Yöneticisi: Doç. Dr. Gülay Öke

Aralık 2001. 88 sayfa

Aynı anda sürekli ve darbeli hollow katod deşarjında hızlı darbeli electron

demeti üreteci çalışıldı. Elektron demeti üretecinin sürekli glow ve darbeli gaz

deşarjının elektriksel özellikleri ve ölçümleri yapıldı. Elektron demetinin akımı,

yoğunluğu ve magnetic alan etkisi, pinch etkisi çalışıldı. Elektron demetinin basınca

ve magnetic alana göre değişim parametreleri incelendi.

Demetin, darbe etkisi çalışıldı. Elektron üreteci kullanarak micron delikler ve

karbon ekme işlemi laboratuvarda yapıldı. Karbon ekme işlemi için hedef kaynak

olarak metan gazı kullanıldı ve hidrojensiz karbon ekimi için de grafit kullanıldı.

Anahtar Kelimeler : Elektron demeti, pseudospark, hollow katod, carbon kaplama
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CHAPTER 1

LOW PRESSURE GAS DISCHARGES AND ELECTRON BEAM

GENERATION

1.1 Introduction

Electron beams have many special properties which make them particularly well

suited for use in materials handling. The First of these is the very high resolution and

long depth of field attainable because of the short wavelength of high energy

electrons. A second feature of electron beams is their extraordinary energy density.

Third, electron beams have the ability to catalyze many chemical reactions, thus

allowing them to be used to selectively destroy or create thin films. Finally, electron

beams are especially amenable to control. They can be positioned rapidly and

accurately in space and time, and are very suitable for use in completely automated

processes. Electron beam processing materials is recognized worldwide as being the

cleanest, most non-contaminating technique available on an industrial scale. Since

the beginning of 1950s, electron beam technology has been used 10 produce

materials ranging from refractory metal alloys to metallic coating on plastic. The

ability of electron beams to produce pure materials, or to impart unique properties to

existing products, has resulted in continual development of new applications for this

technology. The following are a few examples of the application of election beams:



• continuous annealing of sheet metal,

• surface treatment, e.g., rapid paint curing,

• melting and refining of refractory metals and alloys,

• metallization, i.e., the vacuum deposition of very thin metal layers,

• micromachining.

• microanalysis.

Most electron beams for such applications have been produced cither by

thermionic diodes, where beam quality can be kept reasonably high but current

density is usually limited to values below 20 A/cm2, or by field emission diodes

where current density can be orders of magnitude higher but high beam qua!ity is

difficult to achieve. Over the last decade, however, several experiments have been

reported in which plasma based, high-brightness electron beams have been produced

in different ways:

i) in glow discharge with planar electrodes by accelerating the emitted

electrons at the cathode surface by bombardment ions through the cathode fall

region [1, 2],

ii) in pseudospark devices operating in the voltage range 20 - 100 kV [3, 4J

Hi) by superposition of DC and pulsed discharge at low pressure in the

voltage range 10 - 70 kV [5 - 7].

The last two kinds of electron beam generated devices are hollow cathode type but

differs with respect to preionization mechanism and design of the devices.

Plasmas are generated by supplying energy to a neutral gas causing the

formation of charge carriers [8], Electrons and ions are produced in the gas phase

when electrons and photons with sufficient energy collide with the neutral atoms and



molecules in the feed gas. There are various ways to supply the necassary energy for

plasma generation to a netral gas; direct current (DC), radiofrequency (RF). and

microwaves. The technological applications of plasmas formed in these sources are

numerous, such as:

Surface modification

• etching; structuring ( microelectronics, micromechanics), cleaning

• functionalization; hydrophilization. hydrophobizatin. gra liability,

adhesability

• interstital modification; diffusion ( bonding ), implantation ( hardening )

• deposition; mechanical, chemical, electrical, optical

Volume-related transformation

• energy conversion; luminiscent lamps, high-pressure metal vapour lamps,

gas lasers, excimer radiation sources, nuclear energy (fusion of Deuterium -

Tritium)

• plasma chemistry (transforming into specific compounds); production of

precursors, production of excimer, clean-up of gases (odours, flue gases,

diesel exhaust)

Carrier functions

• electrical current; circuit breakers, spark gap switches

• heat; welding, plasma spray, thermoelectric drivers

Particle sources

• electron, ions, neutrals
3



The aim of this work consist the construction of the double discharge pulsed

electron beam generator (DDPEBG), to study the operation characteristics of such

device [9] and the ability to introduce this device in practical applications [10]. The

energy of the electron beams is deposited only within a small layer on the target

surface. We have used the pulsed electron beams for material treatment and drilling

in the micrometric domain. Also, application as hard coatings, thin film technology

was analyzed through this study.

1.2 Gas Discharge

Before proceeding with the hollow cathode discharge, it is appropriate to review

the production of the plasma medium used in most of these commonly produced by

gas discharges. The term gas discharge is used to describe the flow of electric

current through a gaseous medium. The requirements for such a passage of current

are that some of the gas particles should be ionized, by whatever means available,

and that there should exist an electric field to drive the charged particles so produced

to form a current. Gas discharges can take place over a wide range of gas pressure

and carry currents ranging from values micro amperes to I06 A and more. They

may be steady-state or transient of very short duration. The behavior of a gas

discharge is, in general, influenced by the properties of the electrical circuit that

drives the discharge [11-12].

In the steady state, gas discharges may be classified into three major types

according to the current, which they carry. These are:



The Townsend or dark discharge, which carries current up to 10" A.

The glow discharge, which carries currents from 10" to 10" A approximately

• The arc discharge, which carries current of about 10'1 A and up.

These regimes are illustrated in Figure 1.1. In this figure a typical voltage vs. current

characteristic for an unspecified discharge was plotted, the only major restriction

being that the electrodes must be exempt of sharp edges or points.
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Figure 1.1 Approximate voltages vs. current characteristics of electrical discharge

The Townsend (Dark) discharge is charecterized by having a very small currents



and invisible light because the density of excited atoms which emit visible light is

relatively small. It is not a self-sustaining discharge in that it does not entirely

provide its own ionization but requires external agencies to produce electrons either

in the gas itself or from negative electrode. These agencies may be ultra violate

light. X-rays or cosmic rays. The gas is not truly '"broken down".

I f the voltage across a discharge tube carrying a Townsend discharge is

increased, the current wil l increase sharply by several orders of magnitude. This is

the breakdown point, and occurs at voltages ranging from two or three hundred volts

upwards, depending on the pressure and nature of the gas and the separation of the

electrodes. It is described by the well-known Paschen curve (Fig. 1.2), which shows

the same behaviour for all kinds of gases; the breakdown voltage Vb between two

parallel plane electrodes is a function of the product of distance d between the

electrodes and gas pressure/?, Vb = f(pd) [13]. The breakdown voltage is given by:

(1.1,

where y is the number of secondary electrons per ion striking the cathode and A, B

are constants. It is an experimental fact, known as Paschen's law. discovered by

Paschen, that the sparking potential is a function of the product of pressure and gap

length only. Once breakdown occures, the discharge becomes self-sustaining and

takes the form of a glow or an arc discharge, depending on the gas and circuit

conditions. In either case the gas becomes luminous.
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Figure 1.2 Paschen curve; Vb vs. pd

The two main types of self-sustained discharge, glow and arc, differ in the

external appearance of the cathode region. The difference is closely linked with the

difference in the electron emission mechanism at the cathode. The glow discharge is

characterised by a widespread diffuse luminescence of the gas opposite a

considerable part of the cathode surface. The arc discharge is characterized by the

presence of one or more very small luminous spots on the cathode. In the glow

discharge the emission of the electrons from the cathode is due to particles arriving

from the discharge volume: positive ions, excited atoms and fast neutral atoms. In

contrast, the arc cathode emits electrons from very small, macroscopic regions, in

which a strong electric field acts or high temperature exists.

1.2.1 General characteristics of glow discharge

The direct current (DC) glow discharge at low pressure is one of the most

familiar gas discharges, largely because of the easy with which it can be produced



and maintained, and because of its distinctive appearance which, depending on the

pressure used, as can be shown in Figure 1.3. The length of the discharge is

composed of several regions to which are given the names indicated, and the voltage

along the discharge is found experimentally to vary as shown. From the voltage

distribution, the accompanying curves of axial field strength E and space charge p

can be obtained by successive differentiation according to

V . E = -p/e0 (1.2)

If, for a discharge of such appearance, the pressure is kept constant and the

length reduced, it is found that the reduction in length is taken up entirely by the

positive column, the rest of the structure remaining unchanged and (since the field in

the positive column is low) the voltage required falling only slightly. These

processes continue until the anode is in the negative glow region, at which point the

voltage required begins to rise.

At the cathode, the electrons required to maintain the discharge are emitted

mainly by positive-ion bombardment. Near the cathode surface, before they gain

appreciable velocity, the electrons form a negative space charge, but since they are

then accelerated by the electric field and since in any case the current is mostly due

to positive ions in these region, the space charge becomes positive a short distance

from the cathode and remains positive throughout the cathode dark space.
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Figure 1.3 Approximate characteristics of glow discharge.

The cathode glow which separates the latter from the thin Aston dark space is

reddish in colour and is due to the recombination of incoming positive ions with

slow electrons, for which the recombination coefficient is high [14]. The large net

positive space charge formed in the cathode dark space causes a large voltage

gradient, so that most of the tube voltage is taken up here and the electrons are

9



accelerated sufficiently to produce intense ionization and hence multiplication. By

the end of the cathode dark space, the current is nearly all carried by the electrons.

whose numbers are then so great, despite their high average velocity, that they

considerably reduce the net positive space charge.

The voltage across the cathode region of length dc , from the cathode to the

anode end of the dark space, is known as the cathode drop or cathode fall of

potential Vc . It is related to, although always less than, the minimum breakdown

voltage for the same gas and electrode material. If, prior to the breakdown of the

tube, the pd product (assuming uniform field) is to the right Paschen minimum then

after breakdown the positive space charge which forms in the cathode region makes

most of the applied voltage appear across its length, dc, which is shorter than the

tube length. That conditions in this region therefore produce an effective anode at a

distance dc from the cathode. This distance is such that its product with tube pressure

p corresponds roughly to the Paschen minimum. The discharge in this way assumes

an optimum configuration in which the necessary ionization to maintain the current

is produced, in the cathode region, in the most economical manner. It is evident why

the length dc is found to vary inversely with p: the product pdc is maintained at the

minimum value.

We may therefore conclude that a glow discharge in a tube for which pd >

(pd)min will have general form of Figure 1.2, and that a tube for which pd = (pd)mm is

of nearly optimum length and will therefore be entirely occupied by what we have

called the cathode region. Evidently if pd < (pd)inm there is economy of voltage

possible and the burning voltage cannot be expected to fall so much below the

breakdown value. This agrees with the observations, already mentioned, that when

the anode of a normal glow discharge penetrates the negative glow the tube voltage

10



begins to rise.

The constant current density found in the cathode region of a normal glow can

also be roughly explained in terms of an optimum condition for ionization by

electron collision. For a given pressure this condition requires a certain fixed

distribution of voltage gradient E in the cathode dark space, which is determined

only by the distribution of net space charge p. The current density is determined by

p and E together and has therefore, in the normal glow, a fixed value irrespective of

a total current. But if the current density is forced to increase as described above,

then so must p and E or both. Since the two are simply related by VE = -p/eo. both

increase. However, the most effective conditions in the cathode dark space must still

correspond to a point on the Paschen curve, and for increased E this point lies to the

left of the minimum. Hence dc decreases and Vc increases until the values of p and E

everywhere correspond to the imposed current density. The abnormal glow shows

just these effects; in it the cathode region is forced to assume the conditions which at

breakdown apply to the left of Paschen minimum.

As the pressure is varied, it is found that the current density varies as p". This

relation may be deduced theoratically, and it is also possible to estimate values of Vc

and dc in terms of the current density [12J. The distribution of the field in the

cathode dark space has been found by Aston to be a linear function of the distance

from the cathode and is expressed by

E = C(d c -x) (1.3)

where x is measured from the cathode. Then the potential distribution after

integration ofeq. (1.3) is



At x = dc the potential Vx is equal to the cathode drop Vc , so that C = 2Vc/dt'

Hence,

( I , ,

Differentiation of this relation and setting it equal to -p/eo, Poissons's equation is

Thus, the charge density p throughout the cathode dark space is constant and equal

to

The current density at the cathode of a glow discharge may be calculated if the

emission of the electrons is assumed to be entirely by positive ion bombardment at

the cathode (Je = yjp ). Then,

12



where jc
+ = (p vt/)

+ . I f y « I and using the drift velocity of ion, v/ oc (E / p)1/2

[ 13], and substituting in eq. (1.7),

At the anode end of the cathode dark space the density of electrons has increased

to the point at which there are sufficient electrons to carry the entire current and to

make the net space charge negative. Just before this, the voltage gradient becomes

slightly negative, reaching a negative maximum as the sign of the space charge

reverses. The result o f this is that there is no further acceleration of the fast electrons

emerging from the cathode dark space; their energy is absorbed mainly by intense

excitation and ionization, hence the brightness of the negative glow. As the electrons

are slowed down the negative space charge reaches a maximum, the energy

available for excitation ionization is exhausted and the Faraday dark space begins;

there is no sharp boundary. The electron density decreases by recombination and

diffusion in the dark space until the net space charge becomes zero again and E

attains a constant small value, at which point the positive column begins.

The effect of changing pressure is pronounced and follows a simple law: the

length of the cathode dark space is found to be inversely proportional to pressure.

The lengths of the other regions vary in roughly the same way, except for the

positive column, which continues to occupy as much of the tube length as is

available to it. At pressures so low that the cathode dark space fills the entire tube

the discharge is becoming more like an electron beam, and beyond this, with

pressures below I j.iHg or so, the supply of electrons by positive ion bombardment is

13



no longer sufficient to maintain the current unless the voltage is very high.

So the glow discharge can be used to generate energetic beams of electrons by

accelerating through the cathode fall the electron emitted at the cathode surface by

bombardment of ions. J. J. Rocca and his colleaques reported [1,15] the generation

of high-current-density ( 20 A/cm") pulsed electron beams from high voltage (50 -

100 kV) glow discharges at 0.1 - 0.8 torr pressure range as shown in Figure 1.4.

VACUUM

SAMPLE CATHODE

R2

Vo

Figure 1.4 Electron beam generation in glow discharge [15]

They observed two distinct groups of current pulses when measuring the

electron beam current in the region close to the axis of the discharge. One group of

pulses is distinguished by an anomalously high current. These pulses were

determined to be due to the presence of a small diameter (0.5 mm) high-current-

density (1000 A/cm2) beam of electrons. The position of this minibeam was

14
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Figure 1.5 Radial distribution of electron beam peak current density at glow

discharge [1].

observed to change slightly from shot to shot, but was always observed to appear

near the center of the discharge. Anomalously high currents pulses were measured in

the shots in which the position of this minibeam was coincident with slot. The solid

lines in Figure 1.5 show the radial distributions of the electron beam current

measured at 7 cm from the cathode corresponding to discharge currents of 100 and

400 A in the absence of the minibeam. The dashed lines relate to measurements in

which the position of the minibeam was coincident with the slot and were obtained

in several pulses. The data points, symbolized with open circle, include the current

contribution of the minibeam and appear to increase the current density of the



electron beam density in the axis of the discharge. The variation of the electron

beam current I (amperes) with pressure (lorr) and discharge voltage V (kilovolts)

described by the empirical expression:

l = CVkPm (1.10)

where C = (4.8 ±0 .1 ) 10"3, k = (3 ± 0.15 ) and m = (2.2 ± 0.2).

'A more detailed study is needed to determine the mechanism of formation of this

high-current-density very-small-area electron beam' [ l ] .

1.3 Hollow Cathode Discharge

If a cold-cathode device is constructed in which the cathode has a reentrant or

'hollow' part, different form of glow discharge can sometimes be obtained. The

phenomenon is known as the hollow-cathode discharge. When a planar cathode in a

glow discharge is replaced by a cathode with some hollow structure, in a specific

range of operating pressure, the negative glow which has the highest electron

density, moves inside the hollow structure, and the discharge takes places almost

entirely inside the cavity. This is known as the hollow cathode effect (HCE) [16-18].

Many different geometric configurations have been investigated, some examples are

shown in Figure 1.6. The effect can be obtained with a U-shaped cathode, two

parallel planar cathodes, a cylinder, or a spherical cavity.

Hollow cathode operation, in general, is restricted to a certain range of pd {0.0\

torr mm < pd < 10 torr mm, for rare gases), where p is the gas pressure and d the

diameter of the hollow cathode [19]. This range is shifted to smaller values of pd if

molecular gases are used.

16
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Figure 1.6 Some typical hollow cathode geometries: (a), (b). (c) cylindrical; (d)

spherical; (e), (f) parallel plate; (g) slit; (h) helical.

The mechanism is best understood when a plane double cathode (Figure 1.7(b))

replaces the cylinder. The simple facts emerge from Figure 1.8 where the dashed

curves shows observation of /| =J{p) with a single cathode at Vc in agreement with

theory, eq. (9): since for constant Vc, j\/p is constant, the current of the abnormal

discharge, fully covering the cathodes, is /| °c p2. With both cathodes, distance D

apart, the total current ij = J(p) is obtained, which shows a maximum at a certain

value of p, demonstrating the 'hollow cathode effect7. We note (Figure 1.9) that i2li\

= J(pD) can rise up to several hundred, depending on the gas and Vc. The effect

occurs in atomic as well as in molecular gases.
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Figure 1.7 (a) Cylindrical hollow cathode HC, (b) Plane hollow (double)

cathode 1, 2 with negative glow (NG) and positive column (COL).

Figure 1.8. Total current i\ =J[p) at constant Vc for large D (HCE absent) and

/(p) for low p and D when a large value of/Ş is obtainable [13J.
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The main cause of the large multiplication ;V/| seems to be that in the ordinary glow

discharge the fast electrons proceed through the glow to the anode, where as here,

after having traversed the glow, they enter the cathode dark space of the second and,

after retardation, are accelerated again and repelled into the negative zone of ihe first

cathode. This pendulum motion interrupted by scattering ceases when the energy

loss which the electrons suffer has reduced their velocity to a level at which the

anode field is strong enough to extract them from the gas.

Iff

in

0-: 10 To 11 cm

. ...*- Pr.

Figure 1.9. Current multiplication of/V'ı in an He and N2 plane hollow cathode

system dependent on pD.

There are several mechanisms contributing to the hollow cathode effect:

i) Elections emitted from the cathode surface inside the hollow structure
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which are accelerated in the cathode fall mainly contribute to ionization

in the negative glow. Those electrons which have crossed the negative

glow witouht significant energy loss will be reflected at the opposite

cathode surface (pendular electrons) and change the potential distribution

of the cathode fall. These electrons also contribute to a further enhanced

ionization rate in the negative glow .

ii) The cathode fall in a hollow cathode under high current density

conditions can be significantly thinner than for a plane cathode, reducing

the probability for charge transfer collisions. Therefore the avarage ion

velocity at the cathode surface is increased, causing an increased

secondary electron emission rate.

iii) Neutral, energetic particles (metastable and photons) generated in the

negative glow inside the hollow cathode have a much higher probability

of hitting the surface of the cathode due to hollow geometry, increasing

the electron emission rate of the cathode. Also the more positive ions are

lost in the negative glow of a planar electrode since the negative glow is

essentially field free and the ion transport is dominated by diffusion.

iv) The confined structure of the hollow cathode leads to a higher density of

sputtered atoms of the cathode material with lower ionization potential

and in rare gas discharges Penning ionization can occur.

1.3.1 Current Continuity

Electrons emitted from the cathode surface are accelerated in the thin cathode

fall region and act as an electron beam in the abnormal glow discharge. These beam

electrons generate a plasma, the negative glow, similar to an electron beam sustained
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plasma. Typically, approximately half the energy of the initial beam electron is

converted into ionization, generating positive ions and low energy thermal electrons,

while the other half of the energy is used for various excitation processes. The

negative glow is essentially field free which means that the transport of ions and

thermalised electrons is dominated by diffusion. Ions which reach the boundary to

the cathode fall are accelerated in the cathode fall and their energy at the cathode

surface is dominated by the cathode fall voltage and charge exchange collisions with

neutrals in the cathode fall region. These ions cause electron emission from the

cathode surface. Other mechanism contributing to electron emission are

photoemission caused by UV-radiation emitted from the negative glow and

collisions of metastables with the cathode surface.

Electrons emitted from the cathode surface are accelerated in the cathode fall

and loose their energy through exciting and ionising collision in the negative glow.

If some of these electrons reach the opposite cathode fall region without significant

energy Joss they will reduce the positive space charge at the boundary of the

negative glow, and a consequence reduce the cathode fall potential. The influence of

these electrons on the space charge and potential distribution is strongest inside the

cathode fall itself where these electrons are decelerated down to nearly zero velocity.

1.3.2 Hollow Cathode Geometry

Higher plasma densities are achieved with cylindrical hollow cathodes. This

property in combination with the cylindrical symmetry makes the optimum

geometry for many applications. Although the most important parameter of a

cylindrical hollow cathode is its diameter J, there are a number of additional

geometric parameters which influence the discharge characteristic such as the
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cathode length, both sides open or one side closed, the aperture, the shape and the

distance of the anode, and the shape of the insulating walls.

Experiments studying the boundary conditions and their effects on discharge

characteristics for which the hollow cathode effect is observed are described in [20,

21]. They noticed that the discharge characteristics depend strongly on the ratio

a = (area of output aperture) / (working surface of the cathode) ( I . I I)

When a is less than 0.2, the I - V characteristics of the discharge depend only

slightly on a. For a = 0.2, the discharge voltage Vb = 600 volts and the average

current density at the cathode \sj = 10 mA/cm\ As a increases, Vb increases rapidly

and at a = 1.6 reaches Vb = 1000 V, with mean current density y = 0.5 mA/cnr.

A systematic study and complete understanding of Hollow Cathode Discharges

does not exist at this time although a very large number of papers has appeared in

the open literature. One reason is that most experimental investigations have been

carried out over a narrow range of operating parameters. Another reason is that it is

difficult to compare the results obtained with different hollow cathode designs with

respect to geometry, dimensions, materials etc., operated with different gases and in

different pressure ranges.
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1.4 Electron beam generation by pseudospark discharge

The pseudospark is a transient hollow cathode discharge at low pressure gas

with geometries as shown in Figure 1.10. When a pair of plane-parallel electrodes

with circular holes is held in place by an insulator ring and a hollow cathode is used,

then it is called single-gap pseudospark system [2 - 4] .

u v o

\ JÎ ! <• ( . . : •" U f - r J A . . . \ f A , " i ! . \ l . \ . f c

c . . . : I c ,
• i Î3

r—^^-—-•*"•»'~-' '• - ] • • - - -—*-—j

v

Figure 1.10. Multi-gap pseudospark discharge for electron beam production.

Typically, an electron beam produced in the pseudospark has a peak current

of tens of ampers, a pulse duration o f - 50 ns with applied voltage up to 70 kV at

0,01 - 0,1 pressure range. A simple stack of several electrodes and insulator discs, a

so-called multigap pseudospark system, shows improved performance as an electron

beam source. When a negative high voltage is applied to the cathode, a low current

predischarge develops. Due to this predischarge, a space charge forms inside the

hollow cathode and increases by a rapid charge-carrier multiplication. Up to now.

the application of this processes is still merely qualitative. The main discharge is
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confined on the symmetry axis, is defined by the electrode holes, and lasts for about

5 to 20 ns. During and just before voltage breakdown, an energetic beam of runaway

electrons is formed. The beam propagates in a self-focused manner over a length of

several tens of centimeters in low pressure neutral gas. This propagation is explained

partly by an equilibrium between the focusing self-magnetic field of the beam and

space-charge neutralization due to ionized gas atoms

In a special geometry, however, a new type of discharge is found in the

region between the Paschen minimum ( p d = 10 torr • mm) and the vacuum

breakdown (p • d < 10"4 torr • mm). Because of the different discharge mechanisms

in respect to the high-pressure spark, this discharge at the left side of the Paschen

minimum is called the pseudospark. When operated on the left-hand side of the

corresponding Paschen curve, the breakdown occurs along the longest possible path.

The existence of a minimum Vb is readily explained qualitatively: for pd > (pd)mm,

the number of collisions made by an electron in crossing the gap is higher than at the

minimum but the energy gained between collisions, and hence the posibility of

ionization at a collision, is much lower unless the voltage is increased; for pd <

(pd)min the reverse holds [14].

1.5 Electron beam generation by double discharges

Another method of generating similar beams in the same range of operating

voltage and gas pressure was reported firstly in 1994 [5]. It uses the basic principle

of the superposition of two discharges; the main one being established by applying

high-voltage pulses between an open hollow cathode and an anode, and the auxiliary

one creating a preliminary plasma as shown in Figure 1.11. The experimental set-up

is mainly composed of quartz tube containing gas at pressure 0.1-lmbar. along
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which two discharges are produced. The first one, 'the main discharge', uses two

identical external cylindrical electrodes adjacent to and surrounding the tube (anode

A|, and cathode C|). The second one, the "auxiliary" discharge, is a DC negative-

glow-type discharge (a few milliamperes, a few hundred volts) created by internal

electrodes consisting of an axial disc-shaped cathode, C2, and a lateral grounded

anode, A2, which are decoupled from the pulsed discharge by means of two

inductances.

RSG

Figure 1.11 Experimental set-up: HV, high voltage source; RSG, rotary spark gap;

SC, oscilloscope; VP, voltage probe; A| and C|, main discharge electrode; A2 and

C2, auxiliary discharge electrodes.

25



At 5-20 kV high-voltage pulses generated by a rotary spark gap and tens of

milliamperes DC current, bright and narrow axial plasma channel with a constant

diameter over the whole length between Ci and Ai was reported.

In our laboratory, instead of an internal electrodes consisting of an axial disc-

shaped electrodes at the auxiliary discharge part, the main hollow cathode electrode

has been used as the cathode of the auxiliary discharge (Fig. 1.12). This type of

device was developed by using a common hollow cathode [6]. This leads to an

increase of the length of the filamentary discharge, an increase of the stability and an

extension of the pressure range.

.*.

i" -L

^ c İL.—,i /"û U M

Figure 1.12. DDPEB experimental set-up

We can consider the main discharge as a pulsed hollow cathode discharge,

similar to pseudo-spark discharges, which produce intense electron beams, the

propagation of which can be explained by the self-focusing action of both the

magnetic field of the beam and a space-charge neutralisation due to ionised gas
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atoms. We assume that a narrow electron propagation channel develops at the start

of the main discharge, due to compensation of the beam space charge by the auxilary

plasma. This initial main plasma has a decreasing density from cathode to anode,

matching the decrease in space-charge of the electron beam density because of the

increase of electron velocities. Once the channel has developed, the beam follows

the same path, even at higher current intensities, creating itself the supplementary

ionization necessary for its own space-charge neutralization. Furthermore, as pointed

out before, a strong self-focusing effect is established due to the magnetic field

produced by the fast and narrow electron beam itself that is called 'cylindrical pinch'

in which the magnetic field is azimuthal (i.e. Be only), while the plasma current is

axial (i.e.yz only), as shown in Figure 1.13 [22, 23].

The cylindrical pinch

r\

B,

Figure 1.13. Cylindrical pinch equilibrium in which azimuthal field is created by the

axial plasma current^.

For steady-state solution of the magnetohydrodynamic (MHD) equations and

isotropic pressure, the plasma and magnetic field must satisfy the three equations
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Vp = jxB, V . B =0 , V x B = m>j. (1.12)

If we substitute for j from Ampere's law into the force-balance equation, we obtain

Vp = [(VxB)x B]/no

[(B . V) B - V (B2/2)]/nu (1.13)

using the vector identity for (VxA) x B. This may be rewritten

: = (B. V)B/j.io (1.14)

which is known as the 'pressure-balance condition'. The terms on the left hand side

of eq. (1.14) indicate that the magnetic field may be considered to have a 'magnetic

pressure" given by B72m>- The term on the right hand side of eq. (1.14) comes from

bending and parallel compression of the field, producing perpendicular and parallel

forces, respectively. This may be seen by writing

(B. V)B = B(b. V)(Bb)

= B2 (b . V)b + b(b . V) B2/2

Here, the first term on the second line is perpendicular to the magnetic field (taking

the dot product with b gives zero), and represents the 'bending' force. The second

term on the second line is parallel to the magnetic field and represents a force due to

parallel 'compression'of the field lines. In our case, the magnetic field is curved, and

the pressure balance condition must include the term on the right hand side of eq.

(1.14), which in this case describes tension of the field lines holding the plasma in.

Using the vector identity for (B . V)B in cylindrical coordinates, we obtain



which may be integrated from zero to r to give

) (1 .16)
Mo

where po is the (peak) pressure assumed in this case to occur at r = 0. For

J- ( r) = J-.ti r < a

y,(r) = 0 r > a (1.17)

where a is radius of the plasma column and giving a total plasma current I = na2 jzo.

Since the current density within the plasma is uniform, then by Ampere's law the

magnetic field strength Be must proportional to the radius r. Thus we may write Bn =

Bua r/a. Carrying out integral over r in eq. (1.16). we find that the third term on the

right hand side makes a contribution equal to that of the second term on the right.

Thus within r < a, the pressure is given by

; Po - -^~T ( l • I 8 )

where Bea is the azimuthal field at the surface of the plasma, related to the total

current by Bea - l̂ o I / 27ia. We see that the pressure profile has a parabolic

dependence on radius r. Since the pressure must vanish at the edge of the plasma,

i.e., p(a) = 0, we have
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- ^ = 7Jr-r (1-19)

This is known as the 'pinch condition", describing a magnetically self-constricted

current-carrying plasma. For r < a, we have

(1.20)T p 0 p Q
//Oo- a"

If we assume that the average pressure on the plasma column is /;, we have

(1.21)

Therefore, the radius of the plasma column is

Consequently, for 1 = 30 A and p = 0.\ torr = 13.3 Pa

30 4/n-lO"7

n V 8*13.3
= 1 mm (1.23)

This value is much smaller than the tube radius, R = 10 mm, so that a filamentary

discharge can occur. The magnetic field intensity at r = a is,

= ^-5- = 6 mT = 60 Gauss (1.24)
2na

which seems to be an acceptable value. We can simply understand the confinement
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of such column of plasma in terms of the attractive magnetic force between parallel

current elements; obviously this attractive force tends to compress the plasma

together. The compression of a plasma by its own magnetic forces is known as the

pine effect. The energy loss of the electron beam is mainly determined by scattering,

ionization and excitation of the gas atoms and therefore limits the propagation length

of the electron beam in the neutral gas.
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CHAPTER 2

EXPERIMENTAL DEVICE (DDPEBG) DESCRIPTION AND

CHARACTERIZATION

2.1 Experimental setup

A new method [4 - 7, 24] of intense electron beam generation by superposing a

fast pulsed discharge (tenths of ampers current intensity, tenths of nanoseconds

pulse duration) over a continous glow discharge has been studied. The device was

further investigated and optimized [25] in our laboratory. A brief description of the

device we have built is given here.

Figure 2.1 Set-up of the experiment

The experimental device (see Fig. 2.1) consists of a 25 cm long quartz tube with 20

mm internal diameter containing three hollowed (cylindrical) electrodes positioned
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some distance from each other, two power supplies, gas tube, spark gap, and rotary

vacuum pump. One of the power supply (5 kV/ 50 mA) is used for the continuous

discharge; the other one (50 kV/5 m A) is used to charge the capacitors for pulsed

discharge. Low pressure argon, methane and air were used as gas discharge

medium.

In Figure 2.2 the geometry of the discharge is presented. One common cathode

and two separates anodes form the three electrodes of the DC and the pulsed

discharge. Between the electrodes, two gas filled quartz tubes provide the low

pressure discharge.

End piece 1

Common cathode
Anode A-,

End piece 2

Anode , A|

Figure 2.2 Schematic picture of the discharge geometry

The electrodes have the same shape that is given in Figure 2.3. The gas Hows

through the inner part of the electrodes and the quartz tubes. No sealing was

necessary. Proper O rings assure a vacuum till the capability of the rotary pump ( I0 3

Torr).
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Figure 2.3 An electrode with end pieces and vacuum proved tube connections;

(1) end piece, (2, 4) O rings, (3) electrode piece, (5) gas nozzle

The three electrodes were chosen to be aluminium made. Quartz glass tube is

used because a quite large temperature (hundreds degrees nC) is achieved during a

long time operation. As it is known, the quartz melting point is around 1300 °C.

The scheme of the device is given in Figure 2.4. The first electrode, C1.2- acts as

a cathode for both the steady glow discharge and the pulsed one. The anode A2

establish the glow discharge together with the common cathode. The anode A|

closes the loop the pulse discharge. The pulsed discharge is sustained by a set of

capacitors (0.5 - 1 nF in total). Different high voltage switching schemes were used.

The high voltage switching shown in Figure 2.4 is performed by means of a rotary

spark-gap. A typical value of the continuous current is in the range of 20-30 m A for

the glow discharge, and the typical current for the pulsed discharge is in the order of

I00A/ 50 ns. When the high voltage pulse is applied to the cathode while the glow
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discharge is present, for a specific value of the DC current and a specific pressure, 1

- 2 mm in diameter filamentary pulsed discharge is observed along the axis of the

tube. The gas flows slowly through the tube. A stable pressure during operation is

necessary in order to have a good reproducibility of the electron beam pulses. In

order to keep similar conditions for a long operation time a slow constant flow of

the gas is required.

.Gas in

25 kV

Figure 2.4 The scheme of the experimental set-up

2.2 Electron beam generation and its characteristics

2.2.1 Operation parameters of the DC glow discharge

The length of the hollow cathode electrode was chosen such that the value of the

a (given at section 1.3) is less than 0.2 allowing to work with low breakdown

voltage, Vb. The length of the cylindrical hollow cathode electrode with one end

open is 10 cm and its radius is 1 cm. Therefore, a = 0.1 and the voltage breakdown

is varied between 300 and 500 V with respect to varying the pressure. The glow

discharge current might be varied in the range of 10 - 30 m A. The value of this
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current was optimized in order to get, for a specific pressure, the minimal diameter

of the filamentary discharge when the high voltage pulse is applied. It was shown

that in the case of minimum cross section of the filamentary discharge the electron

beam intensity was the highest. This optimization has to reconsidered for every

value of the applied high voltage. The working gas was argon in most of the

experiments and the pressure range was 0,1 - 1 Torr.

The schematic drawing of the DC hollow discharge is given in Figure 2.5. The

electrodes C|,2 and A2 are decoupled from the pulsed discharge by means of two

inductances, L, in order to separate the DC power supply during the fast high

voltage pulse.

Figure 2.5 The electrical scheme of the DC glow discharge

The power supply characteristics for DC glow discharge are: 5 kV / 50 mA. The

voltage drop on the tube can be found easily, from the loop,

Ku = ( 2 - 1 )

The continuous DC glow discharge was analysed under varying the pressure of
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the gas and keeping the DC voltage constant. The applied voltage was Vdt = 2.7 kV

with Ri = 80 kQ, so the working current range was Icle = 2 0 - 3 0 m A. The obtained

result is given at Table 2.1 and Figure 2.6 where they have one to one

correspondence with the given equation above. The voltage drop on the electrodes

was measured by a high voltage probe and the current by means of the power supply

indicator. The impedance of the DC plasma was obtained from the division of the

discharge voltage and the DC current.

Table 2.1. The variation of the DC V & I with respect to pressure

Pressure

(Torr)

Discharge

voltage (V)

Idc (mA)

R of the

plasma(kQ)

1.0

293

30.0

9.76

0.9

297

29.5

10

0.8

337

29.0

11.6

0.7

347

28.5

12.1

0.6

351

28.5

12.3

0.5

361

28.5

12.6

0.4

382

28.0

13.6

0.3

409

28.0

14.6

0.2

450

27.5

16.3

0.1

505

27.0

18.7

The voltage drop on the tube for fixed applied 2.7 kV DC voltage was changed

between 293 and 505 volt and the current ranged between 30 and 27 mA with

varying the pressure from 1 to 0,1 Torr. As expected when the pressure decreases,

the density of the gas decreases as well, so the voltage of the breakdown increases.

Which means also, the mean free path of the electrons increases and the resistance of

the plasma as it is seen on Figure 2.6. We can consider that the DC hollow cathode
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6 V-l-R of the dc discharge
—•—V[x 100 V]
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Figure 2.6 Variation V, 1, and R of the DC discharge versus pressure.

glow discharge playing an important role as a launcher for the pulsed electron beam;

the high voltage pulse strongly accelerated the electrons.

2.2.2 Operation parameters for the fast pulsed discharge

The high voltage pulse is applied between the common cathode Ci 2 and the

anode Ai (see Fig. 2.4) while the hollow cathode DC glow discharge is working. A

ceramic bank o!" pulse capacitors Ci is charged through the resistor R3 and rapidly

discharged by means of a rotary spark gap, RSG, through the gas. The resistor R2

ground the potential of the corresponding electrode of the spark gap between the

high voltage pulses. The pulsed discharge circuit is shown in Figure 2.7.
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HV

c, rz
RSG

O
h

Figure 2.7 The pulsed circuit scheme.

The experiments were performed at 4-70 Hz repetition rates. The maximum

repetition rate (70 Hz) was limited by the performance characteristic of the rotary

spark gap. The RSG consists of a rotating insulating plate 30 cm in diameter on

which six equidistant tungsten pins that were placed at about 12 cm from the center.

The pins pass through the insulating plate. On each side at about 2 mm from the pin

end a spherical electrode is placed. When the pin passes in front of these electrodes a

spark is occurring and the circuit is switched on. Changing properly the distance

between the pin and the electrodes a wide range of high voltages can be switched. In

our experiments the range was 15-25 kV. The rate of repetition of the pulses can be

varied by varying the rotation speed of the motor.

Instead of the RSG, some experiments were performed by using a xenon filled

sealed-off spark-gap which was electronically triggered. This spark gap became

worse and worse (the triggering was not reproducible) with increasing the operation

time.

Most experiments were performed by using a home made atmospheric air filled
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spark gap. This was electronically triggered by means of properly designed high

voltage pulse generator. This device is the most reliable and reproducible. It is

schematically shown in Figure 2.8.

Figure 2.8 Atmospheric air filled electronically triggered spark gap

The storage capacitor is charged to a voltage lower than the spark gap

breakdown and above the breakdown voltage of the laser tube. As it is known, in the

case of gas discharges we can distinguish between a self-sustain regime (the applied

voltage is higher than the break-down voltage) and a non-self sustained regime (the

applied voltage is lower than the breakdown voltage). In our case, when the spark

gap is triggered, the tube is in an over-voltage condition and pulsed discharge

occurs. So, a self-sustained regime can be achieved.

The reproducibility of its pulses might be seen in Figure 2.9, that the repetition

rate for that experiment is 5 Hz.
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Figure 2.9 Repetition rate of the pulsed discharge

The capacitor charging behavior is shown in Figure 2.10. A fast high voltage probe

measures the voltage on the capacitor. A 50 MQ. charging resistor, R3, and 1.4 nF,

C], were used. The charging time of the capacitor is approximately x = 3R3C1 = 210

ms. This can be seen in Figure 2.10.

Tek nrrrra 500 İJ: Atqs

V-
I •
i

4. .

1

• r < •Jf K

(HOI 5.0OV M \09tni "Clil • U.iU V-

Figure 2.10 Charging - discharging the capacitors

The filamentary discharge length for different pressure and DC voltage are shown in

Table 2.2. The filamentary discharge appears at about 0.6 Torr argon pressure and

increases its length by decreasing the pressure till 0.1 Torr.
41



Table 2.2. Filamentary discharge dependence on pressure and DC voltage

Pressure

(Torr)

Launcher

(Volt)

Launcher Id(;

(mA)

Pulsed Vdc

(kV)

Filament

length (cm)

1.0

293

30.0

12.0

0

0.9

297

29,5

12.0

0

0,8

337

29.0

12.0

0

0.7

347

28,5

12.0

0

0,6

351

28,5

12.0

3

0,5

361

28,5

12.0

3,5

0,4

382

28.0

12.0

5,5

0,3

409

28.0

13,6

6,5

0.2

450

27,5

14,4

7.0

0.1

505

27.0

15,2

7.0

The voltage-current waveforms of the pulsed discharge are given in Figure 2.1 I

that the first curve represents the voltage and the second (the lower) one is the

current waveform. The high voltage was measured using a Tektronix fası high

voltage divider with each division of 1000:1. The waveforms were recorded by

means of a 500 MHz, two channel digitizing Tektronix 620A oscilloscope. The

voltage waveform depicted in Figure 2.10 describes the anode voltage evolution for

a bank of 0.68 nF capacitor. The leading edge represents the increase of the voltage

till the breakdown of the gas and the negative one represents the discharge through

the low-pressure gas tube. The maximum current appears approximately at the half

of the negative edge.
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Figure 2.11 Temporal behaviour of the voltage and current of the discharge

The current was measured by means of a homemade current shunt. The shunt

was calibrated with respect to a Kenwood fast function generator. Figure 2.12 shows

the calibration of the current shunt where R|Oad
= 47 D, RSh= 0.3 Q, VSjgliai = 4.8 V

V signal

syncronization and
reference signal

HP
Function
Generator ' '

R-load

Rsh

h

r

1 kQ

Tektronix
620 A OSC

I
Figure 2.12 Calibration of the current shunt
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The given VSjgnaı from the square wave function generator was 4.8 V; the measured

value from the circuit, current shunt, for that given wave was 28 mV. For the circuit

given,

/ = Vslgna, / (R,oad + Ren) = 4.8 (V) / 50.3 (Q) = 95 mA (2.2)

where Req = 3.3 Q. The voltage as can be seen from Figure 2.11 for total discharge

current is 12 V. Then, the total discharge current is:

I,ot = ! 2 (V) x 95.4 (mA) / 28 (mV) = 41 A (2.3)

The plasma impedance of the main discharge can be obtained by the measured

voltage and current of the pulsed one. The Figure 2.13 shows the evolution of the

plasma impedance with the measured total current, and voltage vv.r.t. time that each

division of the vertical axis (V, 1, R) value shown on the figure in a small box.

V-l-R characteristics of the pulsed discharge

—»—kV

-.-- 17.14A

-*— R=2.3xWI

2 2,5 3 3,5 <•

t(x.25O ns)

Figure 2.13 Evolution of the plasma impedance versus time.
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Figure 2.13 indicates that immediately after the breakdown voltage, the impedance

of the plasma has sharp decrease, about fifty times less than that of when there is no

gas discharge, shown also at Table 2.3.

Table 2.3 V, I, and R of the pulsed discharge

V

(kV)

(A)

R

6.0

3.4

1.7

5.80

6.8

0.85

4.40

13.6

0.32

2.00

40.8

0.04

1.00

17.0

0.14

0.01

0.03

0.30

0.40

-5.1

-0.07

0.30

3.4

0.08

0.40

13.6

0.02

0.30

3.4

0.08

0.05

0.68

0.07

2.3 Modeling of the pulsed discharge

We have already measured the voltage, current and impedance value of the

pulsed discharge experimentally and got the evolution of them with respect to time.

RSG R, L

HV f

R.
C IZ U,ube

Figure 2.14 Electrical scheme of the pulsed discharge
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To compare the experimental results with analytical solution of the pulsed circuit by

using the electrical scheme of the pulsed discharge (see Fig. 2.14) the voltage drop

on the tube, UtUbe;

U
di_

Tt C
1 \idtr J (2.4)

where C is 0.68 nF, L is the inductance of the circuit and R is the impedance of the

plasma in the tube. If we differentiate the equation,

lulK = R d i | L d i |

d 2= R | L |

di dı dt2 C

(2.5)

FordU t u b e /dt =

dli Rdi i
—- + + = 0
df L di LC

(2.6)

The equation has two distinct roots as

R

LC

1/2

- -a ±[a -co
,1/2

(2.7)

For these roots there are three different solutions:

a) i f a > co\ the circuit is over damped:
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/(/) = Ae''1 + Be*2' where A and B are constants,

b) i fa 2 = co2, the circuit is critically damped

/(/) = Ate'"' + Be where A and B are constants,

c) if a2 < co2 , the circuit is under damped where the oscillations takes place

i(t) - Ae'al co sav + Be'"1 sin û)ot where wo= (o>2- a2)172

Due to capacitance effect, our solution for the current is as it is given at part (c).

At t = 0, / = 0, then

sin coot (2.8)

B •
Be

Figure 2.15 Damped oscillation graph

To determine the values of B, R and L, with considering the experimental result

given at Figure 2.15, the damping factor is B.e"tR/2L)t, where B ~ 51.0.

To find L, from the given figure the oscillation period is approximately, T = 230 ns.

The frequency is equal to coo = 2nlT = 2,73 x I07 rad/s where
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R_

LC \2L

1/2

ftf (2.9)

The correction factor, R/2L, is too small since the impedance of the plasma is in

orders of tens ohm and the inductance is at f.iH. Therefore,

£s—!— = 2.0xl0"6// = 2.0//// (2.10)
-C

where C = 0.68 nF is used.

To find the impedance of the plasma, from the damping factor at t = I/a = T, Hi) is

equal to 1/e. Then

tf = — = J7fi (2.11)
r

which is consistent with the value of the experimental results (see Table 2.3).

2.4 Measurement of the electron beam current

Figure 2.16 shows the total electron beam current that was collected by means of

a Faraday cup. In order to eliminate the electromagnetic noise, a Faraday cage was

constructed and now it is in use. In Figure 2.16, we thought that the first peak

correspond to the electron current and the second lower peak correspond to ion

current which is obtained after the beam interact with the material and the ions

surrounded the beam due to space charge compansation effect. The third peak

corresponds to the secondary electrons produced by the ions.
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Figure 2.16 Electron beam current

Doing the same procedure which is done at section 2.2.2 with current shunt,

RSh = 50 Q, the electron beam is

Ibeam = 30/50 = 0.60 A (2.12)

At a voltage of typically 20 kV, approximately 1 to 10 percent of the total discharge

current appears as the electron beam current of about 20 ns in duration.

The radius of plasma column as given by eq. (1.22) with 0.6 A and 0.1 Torr is.

a = 0.02 mm (2.13)

49



The diameter of the beam was detected from the experiment by inserting a cupper

foil in front of the anode of the pulsed discharge to have the effect of one pulse on

the target. In Figure 2.16 the Scanning Electron Microscope (SEM) picture of a

single shot on cupper foil that we obtained at the laboratory can be seen. The

diameter of the beam, from the Fig. 2.17 is around 8 (.im.

isJİ-İL t

Figure 2.17 SEM picture of single shot on cupper foil.

The difference between experimental and expected value of the diameter of the

beam can be explained as follows; when the beam of electrons approaches to very

near to the anode, they attracted by it and so the beam squeezed as shown in Figure

2.17. There are some fundamental as well as practical limitations that prevent the

attainment of an infinitely small focal spot and thus infinitely large power density.

The most important effect is the mutual repulsion between the individual electrons.

The magnetic field created by the beam itself as given by eq. (1.24), for the

calculated plasma column radius, is 60 Gauss which is also reasonable value for our

device.
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Electron
beam

Target (anode)

Figure 2.18 Electron beam squeezes its diameter while interact with the anode

2.5 The energy spectrum of the electron beam

Electrons can be accelerated to very high speeds by the application of a

suitable electrical potential. For example, at the readily attainable potential ol"20 kV,

an electron can be accelerated over a very small distance to a velocity of about 9 x

107 m/s. Kinetic energy is therefore imparted to the electron; the higher accelerating

voltage the greater the energy. Also the larger the number of electrons in the beam,

i.e., the greater the beam current, the greater its energy. For a successful use of the

electron beam for material processing and other applications, it is necessary to know

the energy distribution function. The beam electrons are not mono-energetic. The

experimental set-up used to measure the energy spectrum of the beam electrons is

presented in Figure 2.19. [7].

51



LA

fi

n
1)2

01

J\:-i\

Figure 2.19 The set-up for energy spectrum measurement: A, anode; K, cathode; B|

and B2, soft iron pieces; D, drift tube; S, NE 102A scintillator covered with a thin Al

layer; EA, entrance aperture; ES, exit slit; and OF, optical fiber.

After they have passed through the 0.5 mm diameter anode aperture, the electrons

are deflected in a magnetic field produced between two soft iron pieces, B| and B2,

mounted in the metallic drift tube D with a 3 mm distance between them. The

deviation of the electron beam is visualized on a NE I02A scintillator (S) covered

with a thin alüminyum layer ( = 1000 Â). This layer prevents the light from the

discharge entering the scintillator and also stops the electron with energies less then

approximately 4 keV.

The time-integrated energy spectra for two different breakdown voltages (18 and

23 kV) are given in Figure 2.20 (a) and (b). For lower applied voltage the mean

energy in the spectrum is about 11 keV and the full width half maximum (FWHM)

is 4.5 keV. For the higher applied voltage, the spectrum mean energy moves towards

a higher value ( = 17.5 keV) and the FWHM is about 7 keV larger than that for the

lower applied voltage. The main energy of the energetic electron spectrum is 0.60 -

0.76 of the breakdown voltage ( 18 — 23 kV ). Our applied maximum voltage was I 3
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kV, then the mean energy spectrum would be around 7.8 - 9.8 keV.

i ' I
J "I

i

l * i

t • !
I - • t
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10 15 .10

Figure 2.20 Energy spectra for two different breakdown voltages: (a) 18 kV and (b)

23 kV.

The particle density of the beam can be evaluated from the current density of the

beam asy = neeve where ne is the electron density and ve is the electron velocity. And

j equal to

7 = • =4.8xlO 9A/m 2 (2.14)

where I = 0.6 A and r = 20 jam. The velocity of the electron can be evaluated from

(l/2)mve
2 = eV with making use of the main energy of the energetic electron
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spectrum is 0.60 - 0.76 of the breakdown voltage that is 5 keV. Therefore,

ve = 3 . 107 m/s. As a result the density of the electron beam,

02Om-3n e=y/ev e=16. 102Om-3 (2.15)

The average energy of the pulsed beam is

(2.16)

where Vo is the electron accelerating voltage (volts), Io is the peak pulse current

(amp), £, is the pulse length (sec), and fo is the pulse frequency (s"1). For the above

measurements E is

E = (5 kV). (0.6 amp). (100 ns) . (5 s'1) = 15 . 10"4 J.

The diameter of the electron beam (around 8 microns) was estimated from the

single shot target image taken by using Scanning Electron Microscope (SEM). The

corresponding cros section of the electron beam is 6.4 x 10"7cm2.

Taking into account this area the energy density of the electron is 2.3 x 103

J/cm2. Considering a 100 ns duration pulse, the power density is aproximately 2.3 x

1010 W/cm2. this power level is comparable, for example, with high power laser

pulses.
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2.6 The dependence of the electron beam parameters on pressure and magnetic

field

The filamentary discharge length is dependent both on the pressure inside the

gas tube and the continuous discharge current. The stability of the discharge

parameters is important for a reliable micro processing. Shot to shot reproducibility

was assured by stabilising the rotary spark-gap rotation, by using high quality

ceramic capacitors and by an optimisation of the discharge geometry. The length of

the filamentary discharge is a measure of the stability of the discharge. For a current

around 20 mA and different gas pressures the filamentary discharge length is plotted

in Figure 2.21. From this figure it is obvious that the pressure must be kept into a

very restrictive domain.
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Figure 2.21 Filamentary discharge length vs. pressure
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The filamentary discharge has to be deflected in order to irradiate the given

area. The deflection of the beam was put into evidence by using a magnet whose

position was varied with regards to the tube axis. The results are plotted in Figure

2.22.

Deflection due to magnetic field at
constant plasma parameters

1 2 3
Magnetic field intensity (arbitrary)

Figure 2.22 Deflection of the filamentary discharge

A quasi linear region was put into evidence for smaller values of the magnetic field.

This region might be used fora fine control of the position of the beam.
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CHAPTER 3

DOUBLE DISCHARGE PULSED ELECTRON BEAM

GENERATOR'S (DDPEBG) APPLICATIONS

3.1 General remarks

During the last decades the application of electron and laser beams is of

increasing interest to material processing. While continuous electron and laser

beams already have a wide field of applications like drilling, hardening, cutting and

welding, the advantage of pulsed high power systems become more important.

In contrast to the cw systems the main feature of the pulsed system is the high

power density of 10 - 101 W/cm2 at the target surface. This high power density is

deposited only in a very small sheet and causes an explosion like evaporation of the

target material at the target surface. One application of this pulsed high power

technology is in hardening and thin Film preparation. A problem of the pulsed laser

systems is the coupling of the laser beam energy into the target material. The

reflection factor is more than 90 % at the begin of the laser beam and the total

efficiency is about 1 to 20 % due to applied laser systems. Also, the expanding

target plasma is sometimes shielding the laser radiation against the target surface.

In contrast to conventional continuous electron beams, the pulsed beam is not

monoenergetic. Due to energy distribution and the depth of penetration of the

electrons, the energy is deposited only within a very small layer on the target surface
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and the electron beam device is therefore an excellent device tor material treatment.

A pulsed electron beam rather than a steady one is usually used for machining

because an increase in efficiency can be achieved, as shown in Figure 3.1, [26] T is

temperature and mo is the rate of vaporisation per unit area.

j

/no

8wm I Beam II

Figure 3.1 Beam I and Beam 11 are the steady and the pulsed one respectively.

Consider two beams impinging upon two identical surfaces, each with the same

average power. The thermal properties are assumed to be constant, that is, a linear

material. One of the beams is pulsed with very short pulses and the other beam is

steady. Thermally conductive materials will dissipate the heat outwards from the

irradiated area thus reducing the peak temperature at the centre of the beam.

However, heating can be more localized if the beam is pulsed, so that, for a short

period, before the heat dissipated by conduction, higher temperature can be
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achieved. Therefore, the effect of pulsing the electron beam at the same average

power input, pulsing results in a higher vaporization rate.

3.2 Drilling by DDPEBG

Most of the work on electron beam machining can be classified into one of

two general classes according to the type of process used. Either the beam is used to

heat material to the point where it is selectively vaporized, or the beam is used non-

thermally to cause a chemical reaction [27, 28]. In our studies the vaporization

method is referred to as the thermal process and the chemical methods non-thermal

process.

The power density, which is a function of the breakdown voltage, is

correlated with the specific application [29 - 3 1 ] . This depends on the fact that the

penetration depth of electrons in matter is a function of the electron kinetic energy.

The depth of electron penetration is approximately

2.76x\Q-2 AEl
0
61

- ^ (3.1)
pZ

where Eo = accelerating voltage (keV) and p = density of the material(g/cmJ).

Z = atomic number, A = atomic mass. At electron energies as employed here, an

increase of the breakdown voltage increases the penetration depth in a more than

linear way. So, for drilling holes higher voltages are preferable. Furthermore, the

energy loss in the target due to heat transfer is reduced by the short duration of the

beam.
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Figure 3.2 (a) shows schematically the thermal effect of a low power density

beam where no melting takes place. By increasing the power density, higher

temperatures are attained at the centre of the irradiated area until melting takes

place, Figure 3.2 (b).

1L "lempuraıure

Melting point \

Evaporation -

Liquid

, ; , Solid";

(a)

r/'///
,?'/,», Solid

(b) 'Si

Figure 3.2 Effect of power density on thermal effects of electron beam [26]

By further increasing the power density, evaporation may occur which leads to a

deepening of the molten pool or even the formation of a hole, as shown in Figure 3.2

(c). Very high temperatures can be attained in the small volume affected by the

beam, sufficient in fact to generate metal vapour in the hot zone at the centre of the

molten pool. The hole produced may disappear because of the contracting forces of

the surface tension of the molten ring of material around the vapour centre;

alternatively, if the vapour pressure is high, although, the hole will continue to exist

as long as adequate energy is fed into the material by the electron beam lo maintain

the pressure of the vapour.
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On the upper surface of the material there is sometimes a raised ridge formed

by the molten material pushed upward by the pressure of the evaporating material,

while on the surface of the material adjoining the hole there are sometimes refrozen

globules of material from the hole as shown schematically at Figure 3.3 (a) and (b)

is a single shut irradiation of 70 microns thickness copper foil pictures taken by

Scanning Electron Microscope (SEM) at our University.

Uqjld

(a)

(b)

. S

Figure 3.3 (a) schematic drawing of the raised ridge, cross section [ ], (b) SEM

picture of a single shot on copper foil, front view
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(a) (b)

Figure 3.4 Copper foil irradiated by electron beam (a) before and (b) after irradiation

High temperatures can be attained in the small volume affected by the beam

of DDPEBG, sufficient to generate metal vapour in the hot zone at the center of the

molten pool. Drilling micrometric holes by irradiation with different number of

shots as well as etching of the irradiated surface were achieved. Thin copper (boiling

point 2843 °K) and titanium (boiling point 3560 K) foils were irradiated. The foil

thickness was 70 j.im. The targets were placed in front of the anode A|. Special

holders sustain the foils or wires that are under irradiation. Figure 3.4 (a) shows the

cupper foil before irradiation, and (b) after irradiations. The sample was irradiated at

5 Hz repetition rate for 15 min. The images were taken by an optical microscope and

digital camera. The irradiated sample has 30 u.m diameter holes and approximately

300 jam in diameter an etched surface. The penetration depth of the electron at 5 keV

accelerating potential for cupper material, pcu = 8.96 gr/cm3, is about 0.2 urn

according to eq. (3.1).
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In Figure 3.5 the irradiated titanium foil, at 5 Hz repetition rate for 40 min,

with diameter around 1 mm hole was drilled and the etched surface can be seen

easily.

Figure 3.5 Irradiated titanium foil, after irradiation with two different view.

When we increased the magnification of the optical microscope, we noticed that

another 26 (am hole was drilled on the same target as shown in Figure 3.6. These

drilled two holes is due to the instability of the filamentary discharge.

Figure 3.6 Titanium foil with two holes.
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SEM picture of a 30 micron hole with a 70 micron thickness copper foil is

given in Figure 3.7 with some part of the hole and its egde. The etched surface and 5

u,m holes around the edge of the 30 micron hole, with black colour, is seen. As it is

Hole

Figure 3.7 SEM picture of copper foils

seen from the figure the hole isn't in cylindrical shape, it is a conical one. The

interaction zone of the energetic beam is the hottest place but also due to thermal

conductivity of the samples, there is enough temperature to evaporate the

surrounding area. The reason sometimes we get 5 micron holes on the target

material is due to the well confined beam itself by the discharge mechanisms.

Increasing the number of shots, the diameter of the hole is increased almost

linearly (see Fig. 3.8). As it is expected, due to the filamentary discharge diameter,

1-2 mm, at 1.5 mm there is saturation in diameter hole of the foils. Because of the

mutual repulsion effect of the beam, the electrons near to the surface of the

filamentary discharge have interaction with the gas molecules and loose some part

of its energy.
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Figure 3.8 Hole diameter versus number of pulses

Before hole drilled at titanium foil, we had tried to analyse the change occures

on the target sample. At Figure 3.9 on the same foil the irradiated and non-irradiated

part is seen at the same photograph of SEM. The target was irradiated at 5 Hz

repetition rate for 10 min.

Figure 3.9 The edge of the irradiated and non irradiated titanium foil.
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The center of the irradiated foil is given at Figure 3.10. This figure indicates that

the material has been partly melted to a thin layer and another feature of the plasma-

target interaction is the occurence of several cracks on the surface. These cracks

might be due to rapid melting within a short time. This is followed by a fast

resolidification process because of the heat conduction into the cold bulk material of

the foil.

(a)

(b)

Figure 3.10 a) Irradiation of a titanium foil; b) the magnification of the indicated

region I.
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3.3 Carbon deposition by DDPEBG

Plasma surface treatment is a dry process because it does not use wet chemicals

containing solvent or acids. The process poses no hazards to the environment or the

health of the operators. The surfaces of many materials exposed to the environment

are prone to the effects of abrasion, corrosion, radiation, electrical and other

conditions. These surfaces must have the ability to withstand these environmental

conditions and/or provide certain desirable properties such as reflectivity,

conductivity, high thermal conductivity, or erosion resistance. Material properties

effected by carbon coatings are; electrical (resistivity), optical (reflectivity),

mechanical (hardness, friction, adhesion), chemical (corrosion resistance) [32].

Carbon coating can be done either directly by irradiation of carbon samples, such as

graphite or by dissociation precursor, such as the most common one methane (Cl I4)

gas. Through our study we did the carbon coating in both of these methods [33].

At early work in our studies, tantalum, copper and titanium targets were exposed

to the beam. A carbon intrusion was put into evidence after irradiation these samples

by electron beam at argon gas. Two different targets were investigated by scanning

electron microscope before and after irradiation; tantalum wire and brass foil. The

results are plotted in Figure 3.11 and Figure 3.12, respectively. When our target

irradiated by the e-beam of SEM, X-ray emission takes place. From the energies of

the emitted rays, one can determine the types of the substances that are made of the

material, due to the specific x-rays emitted energy of each matter. The x-axis at both

figures indicates the X-ray emission energies in keV from 0.0 to 10.240 keV
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(a)

S»- »w • O

h İl
(b)

Fig.3.11 Elemental analysis of the tantalum target by SEM before (a) and after (b)

irradiation

. The X-ray emission spectrum of tantalum wire that is recorded under JSM-

6400 SEM is Mp (1.765 keV), My (1.964 keV), La, (8.146 keV), Lp, (9.343 keV),

Lp2 (9.651 keV) and the carbon emission is Ka ( -Ka 2 (0.277 keV).

Similarly at Figure 3.12 the emission spectrum of brass which consist of Cu and

Zn; for Cu is Lp, (0.949 keV), Kct2 (8.027 keV), Kp2 (8.976 keV), and for Zn Lp,

(0.949 keV), Ka 2 (8.615 keV), Kp2 (9.658 keV). It might be easily seen that the

carbon peak appears even in both cases.
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Figure 3. 12 Elemental analysis of the brass target by SEM before (a) and after (b)

irradiation

The carbon wasn't put externally with any means and although we have

evacuated the tube till 0,001 Torr, there was still remain carbon in the lube and or it
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is due to vacuum pump. It means that i f there is carbon inside the working area, it is

possible for carbon to be deposited to the target. Further experiments were

developed in order to clarify this fact and to study the possibilities for applications.

In two different ways we tried for analysing the deposition; using graphite and

methane gas as a carbon source.

3.3.1 Graphite irradiation by DDPEBG for hydrogen-free carbon deposition

The first experimental model for carbon deposition on a sample is to irradiate

graphite target directly by the electron beam. The resulting bombardment by the

energetic electrons causes the sputtering of carbon atoms. The sputtered carbon

atoms are energetic and move across the vacuum chamber to be deposited on a

substrate. Copper foils and polymeric material, transparencies were used as a sample

of deposited materials as shown in figure 3.13.

Quartz tube Copper tube collector

Graphite target

Figure 3.13 Graphite target irradiation

Graphite is one form of carbon. Carbon is allotropic (that is, it exists in more

than one form); the other forms are diamond, and amorphous carbon. Although

graphite is chemically the same as diamond, it differs greatly from that mineral in

most of its physical properties. Graphite is extremely soft and smudges anything
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with which it comes in contact. It crystallizes in the hexagonal system, not as well-

developed crystals but as scales or large irregular masses. A good conductor of

electricity, graphite is a poor conductor of heat.

The graphite was exposed 20 min by the beam at 5 Hz repetition rate with 12 kV

pulsed voltage. The deposited copper foils were analysed by SEM. One of the

picture of the deposited copper foil taken by SEM is shown in Figure 3.14. On the

figure, two layers can be seen where the lower one is carbon and the upper one is the

coated material, copper. These two layers can also be seen by naked eyes where the

carbon layer is in black colour.

The intersection zone of the two layers was magnified to one micron scale as it

given at Figure 3.15. The higher altitude with white colour, it is due to working

principle of SEM, is all carbon. The element analysis is given in the Figure 3.16.

Figure 3.14 General view of carbon deposited copper foil.
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Figure 3.15 Magnified the intersection zone of the two layers

•' h

Figure 3.16 Elemental analysis of deposited copper foil a) upper and b) lower layer.
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3.3.2 Methane gas discharge as a source of carbon deposition

Methane gas, CH4, was used as a plasma source for carbon deposition with 70

Hz repetition rates, 12 kV breakdown voltage and at pressure of 0.1 toir. The

electron impact reactions considered here are summarized in Table 3.1 and Figure

3.17, where the ionization reactions were responsible only for sustaining the plasma.

The sample used for carbon deposition from methane was polyvinyl acetate. The

acetate was rounded inside the quartz tube at main discharge part. The acetate was

chosen due to its flexibility, easily processing and its abundance.

Table 3.1 Main electron impact reactions in methane plasma [34]

Methane ionization (eV)

CH4+e^>CHA*+2e 12.7

CH4 + e -> CH; + H + 2e 12.6

CH4 + e -> CH2 +H2+2e 11.9

CH4 +e->CH* +H2+H + 2e 11.6

CH4 +e ->C + +2 / / 2 +2e 11.2

Methane dissociation

CH4+e^>CH,+H + e 14.0

CH4+e-^CH2+H2+e 13.3

H2+H + e 12.9
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Figure 3.17 Scheme of the kinetic processes in CH4 plasma

The polyvinyl acetate, PVA, is a polymeric material. Polymer is a substance

consisting of large molecules that are made of many small, repeating units called

monomers, or mors. The number of repeating units in one large molecule is called

the degree of polymerization (see Fig. 3.18 and 3.11)). Most of the organic

substances found in living "matter, such as protein, wood, chilin, rubber, and resins,

are polymers. Many synthetic materials, such as plastics, fibers (Nylon; Rayon),

adhesives. glass, and porcelain, are also to a large extent polymeric substances. PVA

is a vinyl polymer, it's made by free radical vinyl polymerization of the monomer

vinyl acetate [35].
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free radical
vinyl polymerization

CH2=CH *- - + C H 2 — '
I I

o o
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c=o c^o
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CH3 CH3

vinyl acetate poly (vinyl acetate)

Figure 3.18 Formation of polyvinyl acetate

Vinyl polymers are polymers made from vinyl monomers; that is, small molecules

containing carbon-carbon double bonds. They make up largest family of polymers.

Let's see how we get from a vinyl monomer to a vinyl polymer using for an example

the simplest vinyl polymer, polyethylene. Polyethylene is made from the monomer

ethylene, which is also called ethene. When polymerized, the ethylene molecules are

joined along the axes of their double bonds, to form a long chain of many thousands

of carbon atoms containing only single bonds between atoms.

H H H H H H H H H H

H H i i i i i i i i
H H H H H H H H

This can get tedious to draw, so
we often use shorthand like this.

(Note: A üne drawn between two atoms
represents a pair of elections shared by
those atoms, which constitutes a chemical

H H . i bond. Two lines represent two pairs of
*)£=(? *• —f-C— C-hi shared electrons, a double bond.)

H' "H ^ !İ

And when we're feeling reaUy lazy we just draw it like this:

Figure 3.19 Formation of vinyl polymers
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The PVA was at the main discharge, rounded filamentary part lor the deposition, ll

was deposited 20 minutes at 70 11/ rcpelilion rates. 12 kV applied voltage wiih ,.m

average 6.0 keV eleetron energies. SEM images before and after interaction are

given in Figures 3.20 and 3.21.

A ver)' regular image (see Fig.3.21) is put into evidence after the interaction

of the intense filamentary discharge (which includes the intense electron beam) with

the ambicntal methane gas. The intrinsic characteristics of this deposition as well as

other more detailed experiments are envisaged.

Figure 3.20 SEM picture of the substrate before interaction
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Figure 3.2 I. S HM picture o f the substrate after interaction

Hie SEM analysis is shortly presented in the fallowings. The clement

analysis was done before deposition o f the IJVA .samples as given in Figure 3.22 (a)

while spoiled area include not on l \ ( ' and () but also A l . Si. ('a. and My. They are

Cunlammaled from ihe environment. A l Figure 3.20 (bj ^ il is seen, mu.-u ol the

whole sample contains only C and O. I I doesn't appear due to the very low emitted

rgx from 11 atom that couldn't be detected by SFM detector.

Ihe element analysis o f the deposited PVA samples is given at Figure 3.23. As il is

seen l iom (he Figure etching effect also observed here where Si. A l . C'a. and Mg are

evaporated by the energetic electrons.
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(a)

(b)

Figure 3.22 Elemental analysis of PVA before deposition: (a) the white spotted and

(h) the e lean part.
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Figure 3.23 Elemental analysis of the deposited PVA sample.

The orderly structured PVA sample can he due to one of the three reasons:

Firstly, when the sample manufactured in a bulk mode by pressing with cylinder lo

have thinner sheets, the pressed area would have regular gap. During the process this

gab would be tilled with un-pressed material. During the discharge in the plasma

tube, those un-pressed area would be etched and we saw such an ordered structured.

Secondly, after irradiation of the sample at methane plasma the dissociated carbon

and hydrogen atoms would bombard the sample and form different type of

polymeric material. Finally, the ioni/ed carbon and hydrogen atoms would be re-

directed by the applied electric field and etches always in the same path of the

sample. In any case there are coated carbon on the sample as shown in Figure 3.23.

The capability of the DDEBG to produce such regular PVA structure in a very

simple manner will be exploited in further experiments.
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3.4 X-ray generation by DDEBG

As it is well known, whenever an energetic electron beam strikes a metallic

target, X-rays are generated. The DDEBG can be a suitable source for soft X-ray

generation with different applications, for example in medicine. The generated X-

rays was measured by Berthld LB - 1310 ion chamber detector. The working range

of the detector is between 8 keV and 1.3 MeV [36].

At 12 kV pulsed voltage discharge, point measurement was done. The result was

0.16 mRem per hour. To develop a lung Röntgen film one exposed to a radiation of

0.4 mRem [37], For ten hours work at the lab with DDPEBG, incase one close to it,

it seems to be developing four lung film. For 10 hours working each day and for Five

days each a week, in a year one exposed to a radiation about 416 mRem.
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CHAPTER 4

RESULTS AND SUGGESTIONS

A double discharge pulsed electron beam generator (DDPEBG) has been

constructed and studied in the Laser laboratory of the Department of Physics, Middle

East Technical University.

The construction of the DDPEBG, measurement of its parameters and some

applications were presented in the frame of this work.

Some main results can be summarized as followings:

1. A new type of electron beam generator (DDPEBG) has been constructed

and put in operation in the universitary laboratory;

2. The geommetry of the discharges and the electrode design were

optimized;

3. The electron beam generation was reliable and reproductible during

several hundreds of hours of operation;

4. Three different high voltage pulsing networks were constructed and tried:

rotary spark gap, electronically triggered xenon filled spark gap and

electronical! triggered atmospheric air spark gap;
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5. In order to reject the electromagnetic noise a special built Faraday cage

was used to perform the temporal measurements;

6. Fast (nanosecond range) and high voltage (tenths of kilovolts) signals

were measured by using high speed oscilloscope and home made probes;

7. Magnetic deflection of the electron beam was put into evidence;

8. Drilling holes less than 4 microns in special materials was performed by

using the DDPEBG;

9. Microprocessings as drill ling and eching were achieved;

10. New applications as carbon and PVA depositions were performed and

were studied;

11. Applications of DDPEBG in microprocessing, chemistry, and X-ray

generation were firstly stated and preliminary results were achieved;

The experiments have shown that further investigations are very promising.

The device has to be further improved. The use of appropriate materials and

manufucturing technologies wil l yield progresses in the life time, repetition rate,

peak current, power density, etc. Scientific research will expand the physical

knowledge about the phenomenon and lead to an additional improvement of the

electron beam parameters, which would possibly boost the applicatory range of the

device.

The electron bombardment method of heating is perhaps one of the most

economical means for obtaining the very significant amounts of heat required

particularly to evaporate refractory materials.
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Depending on the application with the same e-beam device, changes in power

by a factor of 100 or more can be achieved by simply changing the accelerating

voltage (pulsed voltage characteristics).

Table 4.1 Typical parameters of our DDPEBG

Maximum electron energy (keV), Vb

Mean electron energy (keV)

Beam energy (mJ)

Pulse duration FHWM (nsec)

Average beam diameter (jam)

Peak current (A)

Current density (A/cm2)

Power density CW/cm2)

20

0,5 - 0,7 x Vh

1 - 100

5 0 - 100

5 - 10

1-50

103

ı o l ü

Repetition rate (Hz) 1 - 70

In certain applications, the electron beam has proven to have the ability to be

a good instrument for material processing. One reason for this is the high power

density of the beam. The power density, which is a function of the breakdown

voltage, is correlated in a copmlex way with the specific application. This depends

on the fact that the penetration depth of electrons in matter is a function of the

electron kinetic energy. At electron energies as employed here, an increase of the

breakdown voltage increases the penetration depth in a more than linear way; hence,

for drilling holes higher voltages are preferrable. Furthermore, the energy loss in the

target due to heat transfer is reduced by the short duration of the beam.
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Unlike the pseuctosparks, our experiment doesn't require internal bore holes,

to collimate and stabilize the electron beam, but requires an additional appropriate

preionization source. The double discharge electron beam generator operates without

any contact with an insulator surface, but in a pseudospark devices, the discharge is

enhanced by the insulator surface. As a result, no long term operation is possible.

This might be a disadvantage for industrial applications
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