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ABSTRACT

Glow discharge electron guns are wused to generate continuous
electron beams at 0.5keV-3.0keV in the intermediate range of gas
preséures (0.1mb-10.0mb). Cathodes incorporating internal cavities
are used to generate distinct electron beam filaments in both Helium
and Argon. The formation of such beam filaments has been investigated
using a number of different cathode types, and criteria for the
production of stable electron beams are established.

The production of an electron beam in a glow discharge is largely
determined by the motion of electrons in the Cathode dark space sheath
region next to the cathode, and other discharge processes in this
region, = A theoretical model has been developed to simulate electron
motion in the sheath region, and in the Negative glow plasma region,
of a Helium discharge with a Cathode fall of between 150V and 1000V.
It is shown that the electron flux at the -sheath/Negative glow
boundary becomes increasingly monoenergetic as the Cathode fall rises
to 1000V. The results are also compared with experimental spatial
emission profiles of the glow in the Cathode dark space and Negative
glow regions of a helium discharge. In particular, properties of the
Cathode glow region in the sheath are discussed. Aspects of the
theoretical model and results from the experimental measurements are
also used to discuss discharge processes in the sheath region of
cathodes incorporating internal cavities, and mechanisms leading to
the formation of the electron beam filaments.

The production of fast electrons in a glow discharge has a number
of applications, including the excitation of gases leading to 1laser
action. Aspects relating to the excitation of high lying energy

states in gases, corresponding to known laser transitions, are



discussed. It is shown that the production of helium ions, which are
responsible for the excitation of metal atoms via asymmetric charge
transfer in metal ion lasers, is theoretically more efficient in an
electron beam discharge. The results are compared with the
theoreticai ion production rates in Hollow cathode discharges, and
high-voltage Hollow cathode devices. Several electrode geometries
using multiple arrays of electron gun cathodes have been developed.
Investigations of an electron beam excited argon plasma suggest
that Ar II excived states are pumped directly by single electron

3

impacts, even at very low current densities (~10~ A cm—z). From

previous calculations using the 'sudden perturbation' approximation,
those ion states known to have large cross-sections for direct

n

electron impact excitation (3p 4p2P) appear to be favourably pumped in

the elsctron beam plasma.
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"The phenomena in these exhausted tubes reveals to physical science a

new world, a world where matter may exist in a fourth state...®

W.Crookes (1879)
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Chapter 1

1 JIntroduction

1.1 _The Importance of Fast Electrons in Ion Gas lLasers

Energetic electrons can provide an important source of exeitation
in argon ion and Krypton ion rare gas lasers and also - in metal ion
vapour/rare gas lasers. Fast electrons can directly populate high
lying energy states corresponding to the laser transitions and this is
especially important in dion lasers since the upper laser levels may
lie many 10's of eV above the ground state. The precise role of fast
electrons in the metal vapour lasers is different to that found in the
argon and krypton types, and it is eonvenignt to discuss the metal

vapour lasers separately.

1.1.1 Metal Ton Vapour/Rare Gas Systems

Laser action in metal vapour/rare gas mixtures has been observed
with the radiation derived from both atomic transitions (M I) [1] and
ionieo transitions (M II) [2] as depicted in fig 1.1 and fig 1.2,
respectively. However, the diagnostics of the two systems are quite
different. In both types, the active medium consists of an ionised
rare gas plasma at 1-100 mb, usually of helium or neon, which is

seeded with the metal vapour at a relatively low partial pressure.




Lasing action between atomic levels (M I) in the neon/copper vapour
laser for example, has a high quantum efficiency since the upper laser
level 1is only a few eV above ground state. The 1lasing action in
copper is self-terminating due to a build-up of atoms in the lower
laser level which is metastable, and also energetically close to the
ground level. Therefore, these lasers can only operate in a pulsed
mode. Metal ion lasers (M IIL), however, can operate continuously
since the lower laser level is well above ground state and pumping by
direct eleétron impact is comparatively small. A population inversion
can be created by preferential pumping of the upper laser level via
collisions of the second kind (eg. charge transfer) in addition to
direct electron impact. Metal don lasers have a low quantum
efficienqy since the Jlaser levels are high 1lying ionic states.
Typical Ielectron energy distributions found in the rare gas plasmas
used with each type of laser are shown in fig 1.3. In the atomic
copper laser, electrons derived from the pulsed discharge distribution
shown in fig 1.3a with energies greater than ~4 eV are able to pump
the upper laser level, and a significant fraction of the electrons in
the distribution can be used [3]. In contrast, only electrons with
energies greater than 24.6eV, the first iOnisation_potential of
helium, can be used to excite certain high lying levels by charge
transfer in the helium/Zine ion laser [4] as shown in fig 1.3b.
Nevertheless, metal ion lasers are able to operate continuously and
many more metal vapour/rare gas combinations have shown lasing action
in the-visible reglion from ionic levels than from atomic levels. The
total number of distinet lines seen to date covers a wide range of
wavelengths from 25004 in the ultra-violet to 90004 in the near
infra-red [5]. Continuous output in the near Uv is particularly

useful in a number of applications including atomic spectroscopy for



punping laser dyes and in UV photo-lithography. Aspects relating the
overall efficiency of the metal ion lasers are of interest here, and
atomic metal lasers are not discussed further.

Metal ion lasers can be subdivided into to two classes depending
upon the electrode geometry used, which in turn determines the type of
plasma employed as the active medium. The lasers use either a
Positive column discharge (PC) as illustrated in fig 1.4a, or a
Negative glow discharge (NG). The latter type of plasma is usually
generated inside a tubular cathode as a Hollow cathode diascharge (HCD)
as shown in fig 1.4b. Here, advantage is taken of the 'Hollow cathode
effect' (HCE) to create a high electron density [1]. Typical electron
energy distributions for PC and NG plasmas are shown in £ig 1.5. The
electron energy distribution in the Positive column plasma is usually
characterised by a Druyvesteyn profile and has fewer high energy
electrons than the typical Maxwell-Boltzmann distribution. The NG
plasma has an energy distribution that contains a relatively large
number of low energy electrons, and also a 'tail' of high energy
electrons, as shown in fig 1.3b. These fast electrons bring about
more efficient pumping of high lying metal ion states in NG plasmas
through two main processes. Firstly, M II states (M+f) can be
populated via asymmetric charge transfer in collisions between ground

state rare gas ions (R") and ground state metal atoms (M)

* =
RW +M > R + M+ AE (1.1)

where e, is the primary electron (fast), e, is the secondary electron

1

(slow) and AE1 is the kinetic energy carried away by the products of




the collision. Secondly, direct electron impact between fast

#
electrons and ground state metal atoms produces M+‘ states via

+ e, + AE (1.2)

"
e + M » M + e 5 >

1 1

A third type of reaction is found to occur frequently in both NG and

PC plasmas. Ground state metal atoms are excited through impact with
#

rare gas metastables (R ) (Penning ionisation)

#*
e, + R » R + e

1 1

R? +M >» R + M+f + e, + AE3 (1.3)

The eharée transfer reaction is particularly effective as an efficient
pumping mechanism since it is a two body process, and is therefore
selective and resonant over a narrow range of positive energies (AE1)
of only a few tenths of an eV. The cross-sections are usually high
and are typically of order 10-150m2 [1]. Selective excitation of a
specific metal ion state is possible if the energy level can be
correctly matched with the rare gas ionisation potential (Io)
(fig 1.2). Helium ions (I°=24.6ev) and neon ions (Io=21.5eV) are
usually wused for charge transfer reactions in metal vapowr lasers
since the other rare gases have ionisation potentials generally too
low to excite the relevant metal ion states.

Owing to the presence of these energetic electrons in NG plasmas,
Hollow cathode discharges are able to produce ground state helium ions
more effectively than are Positive column devicgg. This is reflected
in the relative number of metastables (Rf) and ground state ions (R+)

in the two types of plasma. The ion density is typically an order of




magnitude larger than the metastable density in a Hollow cathpde
plasma as reported by Iijima and Takahashi [6]. In a Positive column
plasma, the ratio is reversed and there are approximately ten times as
many metastables as ions [7]. Further, Borodin and Kagan [8] observe
that in PC and HCD plasmas of the same physical dimensions operating
under identical discharge conditions, the electron densities are 2-5
times higher in the Hollow cathode. It is found that the charge
transfer reaction is the principal pumping mechanism for many metal
ion states which show laser action in HCD plasmas [9]. In most cases,
the same levels do not lase in PC plasmas. A few high 1l1lying states
also are pumped partly by direct electron impact in collisions with
fast electrons but this mechanism is almost always observed only in
HCD plasmas [10]. Finally, the production of fast electrons in NG
plasmas is not greatly affected by the presence of metal vapour which
has a low ionisation potential. Hollow cathode discharges can
tolerate higher metal vapour densities than Positive column discharges
before instabilities arise. The availability of a high density of
ground state metal atoms for pumping to M*f states. is clearly

desirable.

1.1.2 Rare Gas Ion Lasers

Laser action in the rare gases argon and krypton is generated
from transitions between excited ionic states (39” 4p-4s in' Ar II)
(fig 1.6) and 1like the metal ion lasers, the rare gas lasers have a
low quantum efficiency but can be run continuously. Direct electroh
impact of the upper laser level in Ar II does not, by itself,

generally produce a pooulation inversion between the Yp-4s states. At




the electron temperatures of 2-6eV observed in DC arc discharges [11],
only a small proportion of the electrons possess sufficient energy for
the single step process to occur. Cascading from higher energy states
accounts for a small percentage of the total pumping. The most
important process is stepwise excitation via the atomic and ionic
metastables and ground state ion levels. A population inversion is
achieved as a result of favourable transition probabilities of the
substates in the U4p and 4s levels. The argon plasma has to be run at
high current levels in order to ensure that sufficient numbers of
argon atoms are pumped to the upper laser level by stepwise
excitation. Typically, overall efficiencies of around 0.1% are
achieved.

In high voltage pulsed discharges in argon, the electron energy
distribution contains greater numbers of rast electrons and a number
of states within the }4p 1level, which have 1large individual
cross-sections for single-step electron-impact, give rise to laser
action [11]. Such states have very small populations in DC discharges
through the usuwal stepwise excitation routes. Hollow cathode
discharges also have been employed to geénerate laser action in Ar II,
and single step electron impact excitation of the upper laser levels
also is found to be one of the important pumping mechanisms [12].

Transitions between excited states in Ar III and Ar IV can be
used to generate laser action in the UV. When run continuously,
however, the plasma must be run at very high current levels

(~700A. am™2

) [13] to pgenerate a high electron density to promote
adequate stepwise excitation of the states involved. In the case of
Ar III, these are T0-75eV above the ground level. The overall
efficiency of such devices is predictably quite low (<0.01%). Single

step electron impact excitation may improve the overall efficiency of




generating laser action in the UV from such high lying levels.

1.2 Electron Beam Pumping of Gas Laseprs

1.2.1 Electron Energies

In summary, energetic electrons can be used to pump atoms to the
upper laser level directly (Ar*ﬁ states) or generate helium or neon
ions which subsequently take part in the charge transfer reaction
(producing Mﬁ* states). To improve the overall efficiency of the ion
lasers discussed in section (1.1), it is necessary to generate the
energetic electrons directly with energies well above the thresholds
for the relevant collision processes. The ionisation potential of
helium is 24.6eV, whereas the ionisation cross-section varies with
electron energy and peaks around 130eV as shown in tig 1.7 [141,[15].
To calculate the optimum energy for the fast electrons however, other
inelastic collisions, in addition to ionisation, must be taken into
account. The relative amount of excitation and ionisation in helium
produced by a single fast electron propagating through the gas has
been calculated by Miller [16]. The energy required to produce a
single - electron/ion pair, averaged over the entire path of the
electron can be defined as:

W(E) = E/N (1.4)

where Ni is the total number of electron/ion pairs created and E is




the initial energy of the electron. The form of W (E) is shown in
fig 1.8. At low energies (<100eV), a large fraction of the initial
electron energy is used in pumping atoms to execited states. It is
shown that electrons with energies over 1keV are the most sultable for
efficiently oreating electron/ion pairs in helium, and the average
energy then lost for each ionising collision is approximately twice
that of £he ionisation potential.

The Ar II 4p states lie approximately 35eV above the atomic
ground. spate, and the cross-sections for. single electron impact peak
around '60-70ev. A similar caloulation to that for heliwm to estimate
the optimum energy to excite these Ar II levels has not been carried
out by Miller, but it is again likely that the_electroné must have
energies several t¢imes that of the ilonisation potential. Electron
energies of perhaps a few hundred eV are required. To reduce the
proportion of collisions pumping atomic levels in favour of collisions
producing excited ionic states, it is likely that the optimum electron
energy ;s also in the keV range.

These fast electrons may be generated ideally in the form of a
monoensergetic beam directed into the gas volume containing the rare
gas or nmnmetal vapour/rare gas mixture, which then acts as the active

medium of the laser.




1.2.2 Technigues for Producing Electron Beams

There are a number of methods available for producing high energy
electron beans, and these have been applied to Carbon-dioxide or
Excimer laser systems to provide the entire pumnp power or
pre-ionisation prior to the main discharge pulse [17],[18]. For
pre-ionisation, fast electrons with energies of a few hundred keV can
provide uniform pumping of the gain volume. The electrons can be

generated via three main processes:

(1)  field emission from a thin razor edged cold cathode;
(ii) thermionic emission using a heated cathode;

(iii) secondary emission through ion impact on a cathode surface.

The first two methods can only be operated in a hard vacuum
environment (10-5~10“u mb), whereas a low pressure gas (0.001-1.0 mb)
is employed to provide the necessary flux of ions which collide with
the cathode to induce secondary emission. The electrons are then
accelerated to high energies (10keV-1MeV) by a large electric field
and finally pass through a thin metal foil which separates the
acceleration region from the laser medium. The laser gas is typically
held a@ 1-2 atmospheres pressure. Almost without exception, e-beam
devices are operated in a pulsed mode owing to the high voltages and
high power levels employed. Those guns relying on field emission (i)
or thermionic emission (ii) under hard vacuum are easily damaged by
vacuum failure. Low pressure glow discharge guns (iii) can, however,
produce collimated pulsed beams of electrons between 10keV and 200keV
[19] and have been thoroughly investigated in connection with electron

beam welding and the heat treatment of metals. They are generally the




most versatile and robust type of electron gun. Energetic ions,
metastables and neutrals which collide with the cathode face to induce
secondary emission also act to remove surface impurity layers through
the sputtering mechanism. Glow discharge e-guns are less susceptible
to ‘'poisoning' of the cathode surface caused by impurity gases than
e-guns relying on processes (i) or (ii). Continuous operation is
possible if the power levels employed are not prohibitively high, and
the cathode and foil elements are adequately cooled, The e-beam
current is often limited by the glow-are transition caused by
overheating of the cathode face. The use of electrons of intermediate
energies (5-100keV) derived from a continuous glow discharge gun and
used in conjunction with a thin foil window in a transversly pumped
laser system has been suggested [20], and a feasibility study of such
a scheme is reported in Appendix (I) of this thesis. From the results
of this' study, it becomes apparent that foil type systems have a
number of drawbacks and a significant fraction of the beam energy may
be 1lost in the foil element, or lost in collisions with the walls of
the contaimment vessel.

A longitudinal pumping scheme alsoc has been proposed where the
active medium and the electron gun regions are maintained at different
pressures by differential pumping of the two regions [21]. The single
electron gun is set at a small angle to the optic axis and the beam is
steered into the active region by a combination of magnets. However,
there are serious difficulties in coupling the e-beam through an
aperture, which by necessity must have a small diameter for
differential pumping, and into the active medium.

- Jmproved coupling efficienay of the e~beam energy to the active
medium may be achieved by operating the electron gun at the same

pressure as the laser gas enabling the beam to bé passed directly into




1"

the active medium. Therefore, glow discharge guns which have the
capability of producing continuous beams of electrons in helium in the
relatively high pressure range 0.1-10.0 mb are of interest.

The characteristics of a typical high voltage continuous glow
discharge in this pressure range have been discussed previously [22].
At somewhat lower helium pressure ( 0.01-0.1 mb), whioh is the
pressure region normally associated with e-beam production, the beam
collimation i1s good, the gun impedance high and the electrons suffer
relatively few collisions in the gas. Nearly monoenergetic electrons
with energies close to the applied potential (10-100keV) are
generated. The e~beam current is maintained by secondary emission as
ions, generated in a plasma region (NG) in front of the cathode,
collide with the cathode face (fig 1.9). Between the NG and the
cathode, a sheath region is observed which carries across it most of
the applied cathode/anode potential. The purpose of the sheath region
is twofold; firstly, it draws ions out of the plasma region to
maintain secondary emission at the cathode face, and secondly, it
accelerates electrons generated at the cathode face to form the
e-beam. As the pressure is increased, more elastic and inelastic
collisions occur in the NG plasma region which lead to an increase in
the gas conductivity and a drop in the discharge impedance. In
addition, a greater spread of electron energies is observed in the
energy distribution of beam electrons in the plasma. As the pressure
is raiged further, a larger proportion of electrons possess energies
that are only a fraction of the applied potential. The energetic
electrons also steadily lose energy through multiple collisions as
they propagate away from the cathode. Each one has a characteristic
range which is dependent on the initial energy, on the background gas

pressure, and on the number of collisions that take place. Above a




pressure of about 1 mb in helium, few electrons have energies close_to
the applied potential and at pressures more than a few mb, it becomes
difficult to identify a collimated electron beam. Thus, there is a
trade-of f between operating pressure and beam quality. Electron guns
which operate in 0.1-2.5 mb helium producing continuous e~beams up to
6bkeV have been reported [23],[24] and in this pressure range, it is
observed that the beam contains significant numbers of fast electrons

as shown in rig 1.10.

1.3 Pumping Geometries for Glow Discharge Guns

It is important to ensure that there is efficient coupling of the
beam energy to the active medium of the laser, and. this is achieved by
matching ' the penetration depths of +the fast electrons with the
dimensions of the gas volume. The electron ranges must be chosen to

be compatible with the pumping geometry employed.

1.3.1 Longitudinal Pumping

To pump the active medium longitudinally, the electron gun must
be placed clear of the optic axis and the beam steered into the active
medium by additional magnets. Alternatively, the electrons can be
generated by an annular shaped glow discharge gun to allow a clear
path along the main optic axis (fig 1.11). The fast electrons are
guided into the main tube by a magnetic field whose Hz axis is coaxial
with the axis of the tube. .They are drawn together after leaving the

electron gun by spiralling around the converging magnetic field lines
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and after the beam enters the main tube, the magnetic field confines
it to a small region around the main axis. Beam divergence is caused
principally by scattering in collisions with gas atoms and, to a
lesser extent, by space charge repulsion. The confining action of the
magnetic field also helps to increase the ranges of the electrons in
the gas. The energy required to penetrate the full length of the tube
depends on the gas type, the gas density, the magnetic field strength
and on the total tube length. Dual gun systems, ‘which use a gun
placed at each end of the magnet can improve the uniformity of the
pumping [25]. Energies of a few keV are typically required to
penetrate helium at a few mb to a depth of about 1 metre using a
magnetic field of 0.3-0.4T. Longitudinal pumping allows the functions
of the electron gun and those of the main active medium containing the
rare gas?metal vapour mixture to be separated, fthus, simplifying the
construction and operation. The main tube contains no internal
electrodes and the inclusion of additional heaters or a cooling jacket
around it allows the temperature to be controlled independently of the
e~-beam current, an important factor in metal vapour systenms.

Laser action has been observed in a number of helium/metal vapour
systems py Rocca et-al [26]. A separate oven in a side-arm is used to
generate the metal vapour. A total beam power of 1.2 CW has been
reported from the combined lines at 49128 and 49244 wusing a
helium/Zine mixture in a dual gun system [25]. This power is over an
order of magnitude higher than that obtained previously from a
helium/Zinc Hollow cathode device [2]. The overall efficiency of the
laser, without including the power used in the large magnet, is about

0.034% for an active medium of length 100cm.
In another longitudinal scheme, laser action has been observed in

low pressure argon using a low energy electron beam (up to 300eV)
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which is generated by a multi-stage glow discharge gun [27]. The
optimum pressure is 0.07mb (53mtorr) and an output of 30mW is reported
(an efficiency of 0.0025%) on the 4880A line from an 80cm long active

medium using a 0.06T magnetic field.

1.3.2 Trangverse and Coaxial Pumping

The electron energies required to penetrate rare gas volumes
transversly are significantly lower than those discussed for the
longitudinal scheme because the requisite electron ranges are a few
cm, corresponding to the width of the active medium. Low energy
electrons of about 100-200eV are needed to penetrate helium at 1 mb by
a few cm, but these potentials are too low to maintain a glow
dischargg in helium at the current levels required. The same
penetration depths can be realised by operating at higher electron
energies with higher gas pressures. Indeed, Hollow cathode discharges
begin to operate at a few mb in Helium, and it as probable that the
ranges of the fast electrons present in the glow are integrally
related to the onset (and ultimately the cessation at higher pressure)
of the Hollow cathode effect. The oylindrical Hollow cathode
discharge thus may be loosely described as a coaxially pumped e-beam
discharge, whilst the slotted Hollow cathode types with parallel
cathodes [28] can be described as transversly pumped discharges.
However, the helium pressures employed in Hollow cathode discharges
are typically 5-20 mb and in this range, there is a considerable
spread .of the energies in the electron energy distribution of the NG
plasma. It is perhaps more correct in this context to view the NG

plasma as containing only a relatively small proportion of energetic
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beam electrons, particularly since the applied potential is almost
always in the region of only a few hundred volts. The electron energy
distribution in Hollow cathode aischarges is more usually described as
having a ‘'beam component' of fast electrons at the applied Cathode
fall potential and a high energy 'tail' of rast electrons [1],[4#]. 1In
an effort to increase the proportion of nigh energy 'tail' electrons
in Hollow cathode discharges and in particular the number of 'beam!
electrons, recent studies have centred on HCD's operating at voltages
around 1~2kV to generate beam electrons with energies around 1{-2keV
[29]1,[30]. These high voltage HCD's appear to show improved pumping

of the upper laser levels in both metal ions and in rare gas ions.
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Fig 1.1. Energy level diagram showing the laser transitions and
excitation routes in the atomic copper vapour laser [1].
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Fig 1.3a. Calculated electron energy distribution in an atomiec
copper/neon laser for a pulsed discharge (density ratio
[Cul/[Ne]l] = 0.01). (The data points are taken from [3] and the
curve is fitted here as an approximation.) The shaded area
refers to electrons which have sufficient energy to excite the
upper laser levels.
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Fig 1.3b. A measured electron energy distribution in the NG of a
helium discharge at 13mb with a Cathode fall of ~200V [4]. The
shaded area refers to electrons which are above threshold for
single step ionisation of helium.
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Chapter 2

2 Glow Discharge Flectron Guns

As discussed in chapter 1, most types of glow discharge electron
guns operate at ambient pressures of around 0.001-1.0 mb. In this
chapter, the properties of glow discharge guns operating at pressures
in the region of a few mb, which are needed for direct e~beam pumping

of a gas laser, are discussed.

2.1 eyi () i eor

An ordinary self-sustaining glow discharge in helium at low
current and low pressure (a few mb) is depicted in fig 2.1(i) and the
principal glow regions observed are shown shaded [1]. The roles of
the different glow regions in maintaining the discharge current are
reflected in the voltage (ii) and electric field (iii) distributions
between the electrodes. The voltage aoes not vary linearly across the
tube due to the presence of positive and negative space charges, and a
significant proportion of the tube voltage may be dropped across a
narroy sheath region immediately in front of the cathode. This
voltage drop (Ve) is known as the Cathode fall. The properties of the
various glow regions depend to some extent on the discharge current
and therefore, it is necessary to distinguish between two operating
regimes. At low current, only part of the cathode appears to pe
covered by glow. As the current is raised, the Cathode fall stays

more or less constant, at a value around 150V in helium, and the glow
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spreads over the cathode face to keep the current density (j) at the
cathode constant. This is the ‘normal' glow regime. Once the cathode
face is completely covered by glow, further increases of the current
are accompanied by a rise in the Cathode fall. This is known as the
'abnormal' regime and the relative lengths of the glow regions then
change as the current is raised. Glow discharge electron guns usually
operate with a Cathode rall of several kV, well intc the abnormal

regime.

2.1.1 The Abnormal Glow Discharge

The morphology of abnormal glow discharges has been investigated
and reviewed extensively in recent years [2]-[5]. Certain aspects of
abnormal discharges in the rare gases however, are not fully
underatood. Conditions at the cathode are especially difficult +to
investigate experimentally due to the large space charge densities
found in this region. Furthermore, relatively few studies have been
carrieq out with highly abnormal discharges where the Cathode fall may
be several kV. In this section and in (2.1.2), the principal teatures
of abnormal discharges in helium, with a Cathode fall of several
hundred volts, are presented. The discussion is also applicable to

discharges of neon or argon.
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2.1.1.1 The Cathode Region and Negative Glow

The region of positive space charge near the cathods
(fig 2.1(iv)) is caused by a build up of slow ions drifting toward the
cathode from the Negative glow region (NG). A region of high electric
field is produced by the build-up of positive space charge and this
coincides with the sheath region of the Cathode dark space (CDS). The
electric field across the CDS region decreases approximately linearly
with distance from the cathode face, from a typical value of a few
thousand volts per centimetre at the cathode face to almost 3zero at
the CDS/NG boundary. The ions which drift into the CDS from the NG
are accelerated by the field and when they collide with the cathode
face, electrons with energies of a few eV are released by secondary
emission. Metastable atoms and UV photons from the NG also produce
electrons via secondary emission. The overall efficiency of electron
production is aenoted by the total secondary emission coefficient
(D), a'quantity dependent on the cathode material, the gas type and
the kinetic energy of the particles hitting the cathode. In the
abnormal glow regime, the voltage rise required for any current
increase is ultimately related to the efficiency of the secondary
emission processes, A rise in the tube voltage produces an increase
in the Cathode fall and particles may collide with the cathode with
greater energy, releasing more electrons per collision. In a highly
abnormal discharge, where the Cathode fall is large and sputtering of
the cathode surface occurs. a thin surface glow immediately in front
of the cathode may be .observed. and the light emission from this glow
may contain lines characteristic of the cathode metal.

The slow electrons produced from secondary emission are gquickly

accelerated away rrom the cathode and pass through the Aston dark
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space (ADS), a narrow region next to the cathode where they have
insufficient energy for excitation of the gas. On reaching energies
around 40-50eV, which correspond to the peaks of the excitation
cross-gsections in helium, a few electrons collide with He atoms to
produce the thin Cathode glow layer. This is a narrow region because
the high electric field produces rapid acceleration and the electrons
quickly gain enough momentum to reach energies well past the maxima of
the excitation eross—sectiong. A small proportion of the electrons,
on reaoﬁing energies in the region of 100~-150eV lose energy through
ionising collisions (fig 1.7) and the secondary electrons produced are
themselves accelerated and join the main flux of electrons. They may,
in turn, suffer inelastic collisions and give rise to further
excitation and ionisation. The amount of ionisation in the CDS is,
however, insufficient to maintain the discharge.

At the boundary of the CDS and NG regions where the electric
f'ield approaches zero, the electrons reach a terminal velocity and the
overall electron energy distribution in this region has a large number
of high energy electrons. A few electrons from the cathode reach this
boundary without suffering collisions in the CDS and have energies
comparable to the Cathode fall (evc). The electron energy
distribution at the CDS/NG boundary has been measured experimentally
by Gill and Webb [6] using a differentially pumped retarding field
analyser which sampled electrons through a hole in _the anode. Ar}
energy distribution taken at a helium pressure of 20mb with a Cathode
fall of 270V is reproduced in fig 2.2a. Yu et-al have used an
electro-static electron energy analyser to sample fast beam-like
electrons from the cathode at a position some way into the NG [7].
Two distributions are shown in figs 2.2b,c. The electron energy

distribution at the CDS/NG boundary in a highly abnormal discharge
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using several different gases has been investigated by Chaudhri and
Chaudhri [8]. They observe a sharp peak of electrons with energies
corresponding to the Cathode fall, which is typically several
kilovolts (fig 2.2d).

These observations indicate that the proportion of fast electrons
in the energy distribution at the CDS/NG boundary increases as the
pressure is reduced, and as the Cathode fall is raised. As the
electrons pass through the 'head' of the NG and into the relatively
field-free region beyond which constitutes the main body of the NG,
they are effectively in free flight and their energy gradually
diminishes due to multiple inelastic collisions. The secondary
electrons produced are no longer accelerated and therefore do not
possess an average drift velocity in any preferred direction as in the
PC, and instead move by diffusion. As the beam-like electrons
propagate through the gas in the NG, the overall energy distribution
changes, with the proportion of lower energy electrons, generated via
ionising collisions, increasing with distance into the glow. The NG
is almost always the most luminous part of the discharge, and the
ionisation produced by the fast electrons is a critical factor in
maintaining the discharge. The slow moving ions generated in ionising
collisions are eventually lost by diffusion to the walls of the
discharge vessel, by volume recombination with the group of low energy
electrons in the NG, and by collisions with the cathode face where
they may produce further electrons. When metal vapour is added to the
discharge, ions are also lost in asymmetric charge transfer
reactions. The discharge current is carried mainly by the fast
electrons in the NG whereas in the CDS close to the cathode, the
current is carried by fast ions (fig 2.1(v)). The length of the NG is

determined by the penetrating power of the electrons, a factor
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dependent on their initial energy at the CDS/NG boundary, and the gas

density in the NG.

2.1.1.2 The Anode Region and Positive Column

As the energy of the electrons is attenuated by the gas in the
NG, they eventually slow to energies below the threshold for
excitation, and drift towards the anode experiencing only elastic
collisions. This region is the Faraday dark space (FDS). The
boundary region between the NG and the FDS is diffuse in appearance
and it 1s often difficult to estimate the actual length of the NG.
The diffuse boundary results from both the spread in energy of the
electrons at the CDS/NG boundary and the statistical nature of
multiple‘collisions in the NG. The electric field in the FDS is often
found tﬁ be slightly reversed, decelerating the electrons further.
However, the numerous slow electrons form a density gradient of
sufficient magnitude that they maintain the flow of electrons, via
diffusion, towards the anode. A point along the tube is reached,
however, when a small longitudinal field must be applied to accelerate
the electrons and make up for charge losses through recombination and
diffusion to the walls. This occurs at the start of the Positive
column (PC) which nas a constant low electric field throughout its
length to compensate for charge loss through ambipolar diffusion. The
net space charge is zero throughout the PC and the positive and
negative charge densities are identical. At the anode, a charge
sheath is built~up to repel positive ions and attract the slow
electrons, thus completing the circuit. The electrons usually produce

a narrow band of glow next to the anode, not shown in fig 2.1(i),
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which is known as the anode glow. The potential drop across this
sheath, the Anode fall, is about the same as the ionisation potential

of the gas used.

2.1.1.3 Negative Glow Discharges

It is clear that the properties of the NG and PC reglons are
quite different. Whilst the PC behaves 1like a homogenous plasma
throughout its length, the NG is highly anisotropic with markedly
dissimilar electron energy distributions at the CDS/NG boundary and
the NG/FDS boundary. The principal function of the PC is to form a
conducting bridge between the FDS and the anode to maintain current
flow between the electrodes. This can be demonstrated by reducing the
electrode spacing (fig 2.1(vi)) whilst keeping the discharge current
constant. Both the CDS and the NG regions are unaffected by the
change, the PC is shortened, whilst the tube voltage drops to a value
(V'). Ultimately, the anode may be pushed into the FDS without
affecting the CDS or NG. The stability of the discharge is only
affected when the anode is pushed into the NG so that a substantial
proportion of the glow is missing. A glow discharge in helium, or
indeed any of the rare gases, thus can be maintained with only the CDS
and NG regions present. Under such circumstances, the tube voltage is
equal to the Cathode fall (Vc)’ possibly with a small correction for
the Anode rall. The anode can therefore be placed in the FDS and its
position within the FDS, with respect to the NG, is not critical. It
does not aff'ect the properties of the CDS or NG provided it is placed
well clear of the CDS and away from the main body of the NG.

Modelling the CDS and NG regions of an abnormal glow discharge on
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a theoretical basis has received much attention in the past because of
the key role the two regions play in the maintenance of the discharge
[91,L10]. Considerable difficulties are encountered, however,
resulting from the non-uniform, high electric field in the CDS. The
electrons derived from the cathode are rapidly accelerated in the CDS
and within this region, the electron energy distribution is nighly
non-Maxwellian because the electrons are not in equilibrium with the
electric field. The whole energy distribution therefore must be
considered in calculations, and the macroscopic quantities such as the
Townsend first ionisation coefficient ((Xt/p) and the average electron
temperature (Te) measured under conditions of equilibrium (in the PC
for example) are not applicable. Models based on the concept of
electron avalanches using these average quantities can provide some
insight into the general properties of the CDS, but are unable to
explain the presence of groups of fast electrons identified
experimentally by Gill and Webb [6] amongst others. The availability
of fast éomputers in the past ten years or so has made it possible for
the first time to déal directly with microscopic quantities in the
discharge, namely, collisions between individual particles. The
trajectories of individual electrons in the CDS have been tracked
through successive collisions using random number, 'Monte-Carlo' type
simulations and only the relevant elastic and inelastic impact
cross-sections are required initially. By repeating the calculations
to chart the case histories of a few thousand electrons, averaged
quantities can be obtained which can be used to re-define the
macroscopic quantities. Excellent agreement is observed petween the
Monte~Carlo calculations of Tran-Noc [11] and Boeuf et-al [12] in
helium glow discharges and the experimental observations of Gill and

Webb [6], with Cathode falls of a few hundred volts.
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2.1.2 Electron Beam Production from Glow Discharges

2.1.2.1 c e Sh dC

To Summarise, a plane cathode operating in the abnormal regime
with a Cathode fall of several hundred volts can produce a significant
proportion of fast electrons and their energy is imparted to the gas
in the field~-free region which is the NG (fig 2.3). Experimentally,
it appears that the proportion of fast electrons at the head of the NG
may be increased by reducing the pressure to around imb, and raising
the Cathode fall to several kV. At helium pressures of about 1-2mb,
the ranges of such electrons can produce a NG region which may be
‘several 10's of cm in length. Broadly speaking, the electrons may be
considered to constitute a beam, although the beam diameter is large
(approximately equal to the cathode diameter). The beam becomes also
progressively less well defined further from the cathode as the
cunulative effects of elastic and inelastic collisions  become
important. 1In addition, the initial trajectories of the electrons are
determined by the shape of fthe CDS and the associated electric
equipotentials. An electron released from the cathode is accelerated
in a direction perpendicular to the local equipotentials. These
equipotentials follow the profile of the cathode face and unless the
diameter of the cathode (D) is much larger than the thickness of the
CDS (dc)' edge effects give rise to slightly outwardly curving
equipotentials which produces a diverging beam. Beam spread can
therefore be reduced by adopting a concave geometry as shown in

fig 2.4 with the radius of curvature chosen to be comparable to the
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length of the NG. The electron gun proposed by Rocea et-al [13] for
punping gas lasers longitudinally is constructed along these lines and
this is shown schematically in fig 2.5. The focusing action of the
curved profile nélps to keep the electron beam collimated before it
reaches the confining magnet (fig 1.9). The gun is made annular by
drilling out the centre part of the cathode and inserting a ceramic
shield. With water cooling of the cathode body, electron beams are
reported to be generated to give beam currents of up to 1 amp using a

Cathode fall between 1-6kV, helium pressures in the range 0.1-3mb.

2.1.2.2 Discharges using Perforated Cathodes

The electron gun shown in 1ig 2.3 produces a beam with a diameter
which is determined essentially by the cathode diameter. A nmore
distinet electron beam may be generated, however, from a cathode that
contains. an internal cavity. This has been been suggested by van
Paassen et-al [14]. Using such a cathode, a low impedance discharge
relying on the well known 'Hollow cathode effect' may be maintained
between the internal surfaces of the cathode cavity and an external
anode, as shown in fig 2.6. The NG regions of the discharge,
resulting from excitation of the gas by electrons from opposing sides
of the cavity, coalesce in the centre to form a region of intense
glow. When attempting to run the HCD in the lower pressure ranges
however, van Paassen et-al identified a second stable mode of
operation with high impedance in which a well defined electron beam is
produced coaxially with the axis of the hole aperture. This is shown
in fig 2.7. In this e~beam mode, the CDS and NG regions are located

across the front face of the cathode as observed in the case of a
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discharge using a simple plane cathode (fig 2.3). The operational
pressure range of this second, e-beam mode is observed to increase
with decreasing size of the hole aperture, and ihe e~beam current may
be increased by raising either the gas pressure or bl:;e Cathode fall.
When increasing the beam current however, a transition point may be
reached when the current rises rapidly (on a timescale less than
~0.1sec), and the discharge switches to the low impedance HCD mode.
The e-beam mode may be re-established by extinguishing the HCD and
then restarting the discharge at low current. It has been
demonstrated by van-Paassen that e-beam discharges can be produced
from a range of cathode sizes using argon at pressures between
0.001-1.0 mb.

In addition to the e-gun shown in fig 2.7 (to be referred to here
as type I), an e-~beam discharge may be established using a cathode in
which a simple hole is drilled (to be referred to as type II) as shown
in fig 2.8. The hole diameter is chosen to be comparable to the
aperture size of the type I e-gun. When either type of e-gun is
operated at low pressure (0.01-0.1 mb in helium for example), the CDS
region in front of the cathode may have a width comparable to the
dimensions of the e-gun and containment vessel, and the filament of
the e-beam discharge is observed as shown in fig 2.9.

The operation of perforated cathodes in the high impedance e-beam
mode may have been unintentionally employed in early studies of glow
discharges to generate 'cathode rays' and ‘'canal rays' [151,[16].
Cathode rays (electrons) and canal rays (ions, metastables and
neutrals) have been observed simultaneously by Goldstein in the
discharge tube reproduced in fig 2.10. The hole in the cathode (or
'canal') is included to observe the paths of the canal rays, which are

otherwise incident on the cathode face, as they pass through the hole




29

and excite the gas in the lower part of the vessel. Fast electrons
derived from the cathode face and in the e~beam filament excite the
gas in the upper chamber. In another experiment, Goldstein describes
the deflection of an e-beam, produced by a hollow metal cylindrical
cathode, by a separate wire cathode (fig 2.11). More recently, Boring
and Stauffer [17] have investigated e-beaﬁ production in argon at
0.002-0.013mb, and in helium at 0.07~0.13 mb with energies up to
100keV using a type (I) e-gun. The beam is generated using a hole
aperture of about 6mm diameter and an internal cavity of about 25mm
diameter, The beam 4is sufficiently collimated to carry out heat
treatment and welding of metals at a target area about 100mm away from
the eathode face. Popa et-al have investigated the electrical
characteristics of a type (II) e~-gun using low pressure hydrogen
(0.03-0.1mb) [18]. The gun design allows the overall depth of the
hole to be adjusted. They observe a correspondence between the hole
depth and the beam current, with deeper holes producing more intense
e~beams. Beam-like plasma generated by an HCD operating in a high
voltage mode, using low pressure neon, argon or hydrogen, has been
reported aiso [19]1,[20].

Recently, a type (II) e-gun with a hole diameter of 4.7mm has
been used by Rocca et-al [21] to generate an e-beam at the relatively
high pressures of 0.4-2.0mb in helium, and 0.1-0.5mb in argon. The
body of the gun is water cooled allowing continuous operation with a
Cathode fall of 1-10kV at currents up to 100mA. The hole in the
cathode is open-ended and allows a clear optical path through the
cathode body. This type of e-gun is therefore especially well suited
for longitudinal pumping of gas lasers since the e-beam can be
produced collinearly with the optic axis, and with the axis of the

gain medium, In contrast, the e-gun shown in fig 2.5 generates
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electrons essentially off-axis. Those electrons produced by the outer
regions of the gun face may travel some distance longitudinally before
intersecting the gain volume, a oylindrical volume, whose outer
diameter is equal to the diameter of the shielded hole. A proportion
of the beam energy is undoubtedly wasted in exciéing the outer regions
of the gas which cannot contribute to lasing action. - '

The discharge mechanisms which govern the production of an e-beam
from a perforated cathode have been the subject of relatively few
investigations. Information concerning the particle densities and ion
and electron energies in different regions of the beam discharge is
lacking. A knowledge of these would enable a rough assessment of the
importance of space charge effects. More importantly, only a few
measurements of the electric field distribution around the e-beam
filament and inside the cathode cavity have been reported. Boring and
Stauffer, however, have identified an internal plasma in the hole
cavity and, with the aid of a sampling probe of tungsten wire,
established that the plasma has a positive potential with respect to
the cathode. This is observed to be a few hundred volts in argon when
the tube voltage is around 10kV. This internal plasma is thought to
act as a source of slow electrons for the e-beam. Control of the
e-beam éurrent has been achieved by incorporating a third grid
electrode close to the walls inside the cavity, which can be
separately biased with a low DC potential. Beam cut-off is observed
when the grid is negatively biased by about 10 volts. Therefore, it
is suggested that the electrons are probably derived from the cavity
walls initially, and released by secondary emission following
bombardment by energetic ions and UV photons. Mention is also made of
the importance of the electric fields in the region of the hole

aperture in determining the quality of the e-beam, although the actual
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form of the electric field distribution around the hole aperture and
inside the cavity is not reported.

The transition of the e~beam discharge to the HCD mode, which
limits the beam current obtainable from this typé_of electron gun, has
been investigated by van Paassen et-al. They ahggest that thé
transition is brought about by the build-up of a conducting bridge
caused by the high current e-beam originating at the hole aperture,
and the flux of ions travelling along the central axis in the opposite
direction to pass into the cavity. They demonstrate that the
operational range of the electron gun may be extended by altering the
shape of the electric field distribution around the hole aperture by
using a concave shaped cathode. This acts to defocus the ion flux
incident on the cathode aperture.

In conclusion, electron beams aerived from perforated cathodes -
using open-~ended holes can be used as a novel and efficient method of
pumping rare gas lasers using energetic electrons. The e~beam can be
generated along the central axis of the electron gun, which can be

used also as the optic axis of the laser.

2.1.2.3 Electrostatic and Magnetic Focussing

An essential feature of the glow discharge e-guns discussed in
the previous sections is that the anode is placed in the FDS region,
well clear of the CDS and NG. Its position within the FDS does not
affect the properties of the CDS and NG since the electron
trajectories from a cathode running at several kV are highly
directional. The electrons move according to the shape of the

electric field within the CDS which is determined by the profile of
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the cathode. Furthermore, since the electric field decreases linearly
across the CDS, most of the electron acceleration takes place over the
first part of the CDS, close to the cathode race.

If the anode is placed very close to the cathode with a
separation Jless than the thickness of the CDS, however, a discharge
cannot be established across the narrow gap because the electrons
cannot cascade to initiate breakdown of the gas before hitting the
anode. Breakdown can only occur if the Paschen criterion for electron
avalanche is satisfied [5]. If a gap is left in the anode of width G
which is large compared to the CDS thickness do (G>>d0), an e-beam
discharge can be established with a beam diameter comparable to G as
suggested by Dugdale [22] and shown in fig 2.12. If a narrower gap of
width g is left in the anode (where g<d°) however, the edge effects
can be used to radically alter the profiles of the equipotential
surfaces as shown in fig 2.13. The resulting electric field around
the aperture draws the ion flux incident on the cathode toward the
centre of the cathode face where most of the secondary electrons are
then generated. The electrons appear to originate from the centre
part of the cathode and form a thin, slightly diverging beam. By
including a second anode or grid element between the anode and
cathode, with a diameter the same as that of the original anode, the
equipotentials can be shaped further by applying a suitable bias
potential to the grid as shown in fig 2.14 [23]1. The electric field
between the grid and cathode acts as an electron lens to produce a
converging effect on the beam when the spacings (d) between the
elements are equal. The grid is biased at a potential approximately
midway between the anode/cathode potential.

Magnetic focussing of an e-beam generated by a perforated e-gun

has been employed by Rocca et~al [21] as illustrated in fig 1.11 and
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fig 2.15. The e-gun itself is placed at one end of the magnet with
electrons being drawn into a thin column by the ‘'funnel' of the
magnetic field. Magnetic confinement of the electrons is thus used to

maintain beam collimation throughout the length of the NG.
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Fig 2.2a. An electron energy distribution in the NG near the
CDS/NG boundary of a helium discharge at 20mb, with a cathode
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W
=
1.1mb Eéi 0.8mb

[<1}

=

-t

c 4

w

.

.

P |

U B

(=

d

(1}

sl

V]
00 06 098 00 05 10 15
ELECTRON ENERGY (keV) ELECTRON ENERGY (keV)

Fig 2.2b,c. Electron energy distributions in the NG of a 1low
pressure helium discharge L7].

electron flux

192, 22t 256 288 32
ELECTRON ENERGY (keV)

Fig 2.2d. Electron energy distributions at the CDS/NG boundary
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Fig 2.3. Production of fast electrons in the cathode region of
an abnormal glow discharge in helium at 1-2mb; the Cathode glow
region is not shown. The anode is located in the FDS which is

adjacent to the NG.
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Fig 2.4. Focussing action of a curved cathode in an abnormal
glow discharge with a focal length comparable with the radius of
curvature of the cathode surface.
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Fig 2.7. Production of an electron beam from a cathode with an
internal cavity operating in the high impedance, electron beam
mode (type I).
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Fig 2.8. Production of an electron beam from a drilled cathode
operating in the high impedance mode (type II). When the hole
is open-ended and the gun is set coaxially with the optic axis
of a laser, the width of the active medium is limited by the
hole diameter.
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Fig 2.9. Production of an electron beam in helium at low
pressure (<0.1mb).
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Fig 2.10. Discharge tube used to investigate 'cathode rays' and
'canal rays' in various gases [15].

Fig 2.11. An investigation into the behaviour of an electron
beam produced by a hollow metal cylinder (a) [16].
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Fig 2.12a. Production of fast electrons by a plane cathode
surrounded by a closely spaced anode [20].
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Fig 2.12b. Production of a converging beam of fast electrons
using a closely spaced anode/cathode [20].
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Fig 2.14. ' Electrostatic focussing of a thin electron beam by a
twin anode electron gun. The beam is made to converge or
diverge by adjusting the anode potential V, [21].
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Chapter 3

3 Experimental Investigation of Glow Discharge Electron Guns

3.1 Preliminary Studies of e-guns in Helaum and Deuteriuvm

An electron gun of similar design to that used by Boring and
Stauffer.has been constructed to investigate the characteristics of an
e~beam discharge operating in helium in the pressure regime of 1-10 mb
[1]. The circular stainless steel cathode, which is shown in
fig 3.1a, is machined to achieve a close fit inside a quartz jacket of
diameter 2cm. This confines the discharge to the front face of the
cathode. The electron beam is produced from a hole of diameter Z2mm
drilled in the centre of the cathode face. The cathode also
incorporates an dinternal cavity to act as a source of electrons for
the beam. Electron emission from the front face of the cathode is
prevented. however, by the inclusion of a quartz shield placed close
to the cathode face with a gap of about 0.5mm. A 2mm hole at the
centre of this shield allows the e-beam discharge to be established so
that the discharge current can be attributed specifically to the flow
of charged particles at the cathode aperture. A_number of small holes
of diameter 1mm are also drilled in the side wall of .the cathode to
observe the internal plasma in the cathode cavity. A tungsten pin
anode is located in a side 1limb in the vacuum vessel about 20cm away
from the cathode face. The electrodes are connected to a DC power

supply in series with a ballast resistor of 20k S\ to prevent arcing
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(fig 3.1b).

The system is pumped down to around ‘IO"'ll mb using an oil
diffusion pump and U.H.P. grade helium (99.995%) is then backfilled
into the system, via a needle valve, to provide gas pressures between
1-10 mb. The interior surfaces of the discharge tube are cleaned by
running a discharge for a period of several hours with several new
fills of gas. Reproducibility of the V-I characteristics of the
discharge. which are shown in fig 3.2a, is achieved by recording each
curve quickly (“1sec) to overcome heating and sputtering effects.
Each curve 1s also recorded after a fresh fill of helium, and after
running the discharge for a period of several minutes at low current
(<0.5mA). At high helium pressures, or at low tube voltages, the NG
does not extend to the anode and a length of PC fills the remaining
space bétween the end of the NG and the anode (fig 3.1¢). The small
voltage drop across the PC has been calculated from values of E(p

LR given by von-Engel [2], in order to calculate the

(Voom™
Cathode fall from the overall tube voltage. A further =small
correction is made to allow for the Anode trall potential which is
approximately 25V.

The positive V-I characteristics of the discharge demonstrate
that e-beam production is only possible for a limited range of
discharge parameters. The transition points on the individual V-I
curves mark points at which the discharge current rises rapidly on a
timescale less than "0.1sec, and the discharge is observed to switch
from a high impedance e-beam mode to an HCD mode. Several sets of
transition points have been recorded on subsequent runs, and are
illustrated collectively in fig 3.2b. The discharge can thus operate

in an e-beam mode over the pressure range 1.0~10.5 mb with the

discharge ocurrent reaching a maximm of 14 mA at 7.5 mb. These
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transition points are observed to occur at lower values of discharge
current during the 'running in' period, and this suggests that
impurities in the gas may act to reduce the range of operation of the
discharge in the e-beam mode.

When the discharge operates in the e-beam mode, an internal
plasma is observed inside the cavity which is considerably less
intense than either the NG or PC, in contrast to the observations of
Boring and Stauffer. It has a colour similar to that of the PC and
Anode glow, and may therefore represent a weak plasma region. It is
noted also that the electron beam flux from the hole aperture is not
well collimated compared with the observations of Boring and Stauffer,
and this may be due to operating the discharge in the high pressure
regime. At high pressure, increased scattering of the beam electrons
is to be expected. It is possible, however, that the quartz cover
placed immediately in front of the aperture may accumulate a static
charge when the discharge is running, and affect the electric field
distribution in the CDS.

Several e~beam ‘discharge tubes have been operated in Deuterium
gas in the pressure range ~0.7-1.3 mb. These studies have been
carried out in collaboration with the English Electric Valve Co. [3].
The discharge tube shown in fig 3.3 consists of a Kovar cathode with a
~“1.5mm diameter cavity, and is sealed into a glass envelope together
with a Tungsten pin acting as the anode. The e~beam is used to excite
a fluorescent layer deposited on the inside of the glass tube (sees
Appendix III). The discharge is observed to operate with a Cathode
fall of wup to UKV, and with a beam current of up to “6mA, and
collimation of the beam is observed to be better than seen with the
tube in fig 3.2a. This demonstrates the importance of the

equipotentials around the hole aperture in the formation of a
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collimated e-beam. Obstacles placed in this region, whether
insulators or conductors, appear to affect these equipotentials. The
importance of the external CDS in the formation of the beam is
illustrated further by the discharge generated by the cathode shown in
fig 3.4. The e-beam is produced perpendicular to the front face in
this case, and not in a direction collinear with the hole. This
confimms, therefore, that the bulk of the Cathode fall is normally
located in front of the hole cavity, when the discharge operates in

the e-beam mode.

3.2 Diggnostic Technigues in the Cathode Region

Electron beam production from perforated cathodes has been the
subject of reiatively few investigations. Known characteristices of
the plasma in the cathode regions of such discharges have been
summarised in the previous chapter. From the results of sevepral
preliminary experiments with e-beam discharges in helium and in
deuterium, aspects of the behaviour of these cathodes can be

identified for further investigation:

1. The factors which determine the operating regime of the
discharge in the e-beam mode, and conditions under which the
discharge switches to a low impedance mode{

2. Possible extension of the transition points to allow the
discharge to operate stably in the e-beam mode at higher
oﬁrrent levels;

3. The role of the internal plasma in the formation of the e-beam.
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Plasma diagnostics carried out in the CDS and NG regions are
notoriously difficult to perform due | to the non-Maxwellian
distribution of electron energies in both regions. There are a number
of diagnostic methods used to examine these regions for discharges
with simple plane cathodes. These methods may be -applied to
investigate e-beam discharges. Langmuir probes cannot be used easily
in the CDS region because the electric field is large and
non-uniforn. More importantly, objects placed in the CDS interrupt
part of the ion flux to the cathode, and part of the electron flux in
the opposite direction, thereby increasing the discharge impedance.
To a 1ess§r extent, probes placed in the NG atfect the ionisation
balance by blocking part of the flux of fast electrons. This is
probably less important at sampling points in the glow further from
the CDS/NG boundary. Popa et-al also express doubts about the
suitability of Langmuir probes for use in the cathode regions because
fast beam electrons collide with the probe to generate slow secondary
electrons [4]. Similar problems are 1likely to be encountered by
placing small orifices in these regions to act as electron or ion
samplers. Distortion of the low energy region of the electron energy
spectrum is reported py Gill and Webb when the sampling orifice (in
this case a hole drilled in the anode) is placed near to the CDS/NG
boundary [5].

Particles incident on the cathode face may be sampled through a
small hole drilled in the cathode as demonstrated by Davis and
Vandersiice [6]. The perturbation of the discharge current is
negligibie if the hole size is small compared with the cathode area.
Although this type of experiment yields important information about
the flux and energies of particles incident on the cathode tace, it

cannot be used to examine the flux of electrons travelling in the
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opposite direction. Fluorescence spectroscopy can be used_ to
investigate the population of excited atomic and ionic states. With
proper allowance being made for cascade pumping from higher states,
measurements of line intensities can be used to predict the form of
the electron energy distribution funection. Unlike fluorescence
spectroscopy, absorption and optogalvanic spectroscopy both represent
a source of perturbation to the discharge and furthermore, they can
usually be used to measure metastable populations only.

The observations of the internal plasma in a perforated cathode
by Boring and Stauffer indicate that the electric fields in the plasma
are Jlow compared with those in the CDS. If this is also the case at
higher pressure, the internal glow may be amen;ble to probe analysis
to investigate field strengths at points inside the éavity. chevef,
since the cavity dimensions must be reduced at higher pressure to
operate within the e-beam regime, the probe size has to be reduced.
It is necessary also to ensure that the thickness of the probe sheath
is small compared with the dimensions of the hole. Furthermore, this
sheath is 1likely to be asymmetric due to the directionality of the
ions and the electrons in the discharge glow near the cathode.
Fitting small biasing grids into the cavity is more difficult at high
pressure for a similar reason. The current flux at the hole aperture
is also of prime interest and can be compared with the current flux-
derived from the same area of a flat cathode. Overall, much
information can be gleaned from the electrical characteristics of
perforated cathodes when compared with the characteristics of =simple
plane cathodes operating under otherwisé identical discharge

conditions.
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3.3 [Electrical Characterigtics of Perforated Cathode Electron guns

Perforated cathodes operate in the e-beam mode over a limited
range of discharge parameters. This e-beam regime has been
investigated for e-gun cathodes using a wide range of aperture sizes,
as shown in fig 3.5. These cathodes are mounted in the discharge cell
shown in fig 3.6, and are interchangeable, allowing characteristics of
each one to be investigated in the same experimental enviromment. A
plane 'control'! cathode is also characterised to act as a baseline for
comparison with all the e-beam cathodes. Edge effects around the
cathode perimeter, resulting in a reduced curreﬁt flux at the cathode
perimeter, have been investigated by Chaudhri and ﬁaqui [74. Thesé
are likely to be significant when the cathode diameter is comparable
to the CDS width de' However, by comparing the characteristics of the
e-gun cathodes with those of the 'control' cathode, differences that
arise can be attributed to the presence of the aperture and e-beam
filament. Beam production from larger cathodes with multiple

apertures has been investigated also.

3.3.1 Experimental Arrangement

The discharge cell shown in fig 3.6 (and plate 1) consists of a
quartz tube 300mm in length, 65mm I.D.. held between two stainless
- steel end flanges with 'o' ring seals. Helium gas (U.H.P. grade
99.995%) enters the cell through one end flange, and the cell is
evacuatea through a port in the opposite flange. The e-gun cathodes
are held in a removable mount which is seated centrally on one end

flange by an 'o' ring seal and a perspex clamping plate. The mount is
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conveniently withdrawn from the rear of the flange to change cathodes
without disturbing the main flange seals. All parts of the cathode
except the front face are shielded from the dischargé. This is
achieved by wusing a closely fitting quartz Jjacket around the cathode
mount, and an electrically isolated metal end cap which is set close
to the cathode body. The cathode assembly 1is held at negative
potential whilst the anode and end flanges are all earthed. A ballast
resistance of 20k§l is used between the power supply and cathode as a
current limiter to prevent arcing. The vacuum system used to pump the
discharge cell is shown in fig 3.7. All surfaces in the discharge
cell in contact with the vacuum have been degreased using acetone, and
the cathodes are cleaned with acetone more thoroughly in an ultrasonic
bath. The discharge tube has been heated to ~80°C using heating tapes
for about 24 hours. All vacuum seals in the system have been tested
using a commercial helium leak detector unit. The system is pumped by
an oll diffusion pump to reach a pressure of ux10'5 mb routinely, as
shown on the ionisation gauge. The base pressure in the discharge
cell may be slightly higher due to a Loss of pumping speed through the
bellows connectors. During preliminary experiments with the discharge
cell, it has been found that reproducible electrical characteristics
of the cathode can only be recorded if a flow of helium through the
discharge cell is maintained. For a sealed off system, operation of
the e-gun cathodes in the e~beam mode 1s found to be wunstable, and
severely restricted. Similar unfavourable characteristics are
observed if the cathode is not cleaned. ®Scintillations, or micro-arc
discharges, are observed on the cathode face and are accompanied by
bursts of current, when the discharge is run continuously.

For the cathodes investigated. a 'running in' procedure has been

adopted. . After setting the gas pressure to 1mb initially, the
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discharge is run at 0.12mA (single aperture cathodes) or O.HmA
(multiple aperture cathodes) for 20 minutes. Then, a number of V-I
curves are recorded at 1mb, one every 5 minutes, until good
reproducibilify is observed petween successive curves. Between 5 and
10 V-I curves are recorded finally, and an average is taken of the
group. The scatter between curves in vhis final group is observed to
be ~5%. Several preliminary curves, and between 5 and 10 final V-I
curves, are recorded for each subseguent pressure. For curves
terminaping at transition points marking the transfer to the HCD mode,
the transition points are observed to occur at values of the discharge
current which increase steadily during the running-in stage.
Eventually, the transitions points themselves become reproducible, and
the final set of curves are then recorded. Overall reproducibility is
observed only if the V-I curves are recorded quickly (~1 seec), and if
the discharge is left running at very low curprent (~0.1mA) between
taking curves. The V-I characteristics of the plane cathode have been
recorded on two different days to test reproducibility, and agreement

to within 5% is obtained between the two sets of curves.
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3.3.2 Results of Comparative Studies

3.3.2.1 Single Aperture e-guns

The V-1 characteristics of e-gun cathodes with hole diameters
between 1mm-5mm operating in the e-beam mode are shown in fig 3.8.
The characteristics of a plane cathode are included for comparison.
The V-1 curves for a 1mm aperture are almost identical to those of the
plane Teathode but for larger apertures, the V-I curves rise more
steeply. However, the pressure range over which the cathode operates
in the e~beam mode is redueed for larger apertures. For hole
diameters of 4mm and 5mm, e-beam production is restricted to 1ﬁb-3mb.

The V-I characteristics of the plane cathode -are used as =a
baseline to overcome systematic errors in measuring the current
density at the cathode race. These errors are caused mainly by edge
effects around the cathode perimeter. A ratio nj of the discharge
current derived from the e-gun cathodes and from the plane cathode is
calculated at identical values of pressure and Cathode fall. A set of
current ratios are shown in fig 3.9 for aperture sizes Z2mm~5mm. No
discernable variation of nj with Cathode rall is observed for a 1mm
aperture, but for larger sizes, the current density from e-gun
cathodes is larger than from an equivalent area of plane cathode. For
larger apertures or higher gas pressures, the current ratios are
larger but are found at lower values of Cathode fall. For aperture
sizes 2mm-4mm operating at pressures between 1mb-3mb, the ratios are
similar and appear constant up to Vc"1.ukv, and then increase sharply

for nigher values of vc. For higher pressures, this sharp increase of
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nJ occurs at progressively lower values of Vo.

A further set of current ratios have been calculated for
apertures of diameter 3mm with different overall depths, as shown in
fig 3.10. A shallow hole of depth 1.5mm does not exhibit beaming
characteristics (fig 3.10a) whereas there is a marked increase in ﬂj
with rising VO for an aperture of depth 21mm (fig 3.10b). Current
ratios for different gas pressures between 1mb-4mb, with hole depth as
a parameter, are shown in fig 3.10c-f. The current ratios for all
depths are similar in size at low Cathode fall, but again increase
sharply at around 1.4kV. In addition, a saturation effect is clearly
identified with the shallower holes saturating first. The e-gun of
depth 10mm is peginning to saturate at about 3kV. These observations
imply that discharge processes in the e-gun— cavity, which are
responsible for the formation of the e-beam filament,‘ are confined ﬁo
the front region of the holes at low Cathode rall. At higher values
of Vc, the deeper regions in the holes also participate in the beam
discharge. Similar effects showing saturation of beam current have

been reported by Popa et-al for an e~beam discharge in Hydrogen [8].

3.3.2.2 Multiple Aperture e-guns

Several types of e-gun cathodes incorporating multiple apertures
have been investigated. 1In all cases, the e-beam filaments from the
separate cavities are produced simultaneously and with good
stability. The individual beam filaments are observed to have equal
glow intensities and do not require individual ballasting of the
separate beam channels. The V-I characteristics of these e-guns are

broadly similar to those of single aperture cathodes, and are shown in
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fig 3.11a-c. The current ratios nj (fig 3.11d~f) dincrease with
Cathode tall altnough a sharp rise in ) 4 at 1.4kV, observed previously
for pressures between 1mb-3mb, is not seen. Production of an e-beam
from the cathode shown in fig 3.5k is found to be particularly
unstable, and the discharge swatches to an HCD mode at very low values
of discharge current or Cathode fall. This is is contrast to the
behaviour of the e-gun cathode shown in tig 3.5i which does operate
stably in the e-~beam mode over a wider range of discharge conditions

(fig 3.11f).

3.3.3 JIrangition Points

The operation of an e-gun cathode in one of two stable modes is
closely related to the properties of a discharge generated by a dual
cathode consisting of two opposing electrodes (fig 3.12). When the
ambient pressure is low, or if the cathode separation D is small,
electrons from the cathode races are unable to initiate breakdown of
the gas in the gap. This 1s similar to an Obstructed glow discharge
[2] and the discharge forms only at the cathode edges, with the CDS
filling the interelectrode gap (fig 3.12a). As the width of the CDS
is reduced (by raising the pressure, or by increasing the Cathode
fall). a point is reached when the glow suddenly transfers to the
region between the electrodes (fig 3.12b). The discharge impedance
drops markedly, and the superposition of electron avalanches from each
cathode face contributes to the Hollow cathode erfect [9]. In this
HCD mode, clearly the width of the CDS (d:}) must be less than half the
plate separation D for NG to form in the central region. Undoubtedly,

e-gun cathodes operating in the e-beam regime are a type of Obstructed
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glow discharge. Indeed, distinct e-beam filaments have been generated
using dual cathodes operated in an Obstructed mode as reported by Kunz
[10] (fig 3.12¢). Using a dual cathode geometry, Badareu et-al have
investigated the electrical characteristics of the discharge operating
in the Obstructed and HCD modes, and in the transition phase [11].
Dual cathode discharges exhibit a negative resistance characteristic
during the transition phase but by regulating the discharge current,
Badareu et-al have determined the V-I characteristics during the
transition pnase. They concluded that there is a simple criterion for
the ¢transfer from the Obstructed mode to the HCD mode relating to the

relative sizes of dQ and D, namely,
D= K Xd/ (3.1)

where K is a constant of the gas used.

For a plane cathode, the width of the CDS (dc) is known to obey the
similarity relationship (p.dc=f(vo) as shown in fig 3.13 [2]. The
product p.dc decreases wath increasing Vo and levels off at about
0.7 mb.cm for Ve>1.5kv. Ihis similarity criterion may not apply in
the HCD. discharge, however, since dc and dé are not necessarily
equal. The ionisation balance in the HCD is likely to be markedly
different to that for a plane cathode. However, it is expected that
there is an equivalent relationship lainking p,p and Ve at the
transition points from the e-beam mode to the HCD mode. The
transition points on the V-I curves from all e-gun cathodes
investigated here, including those with multiple apertures, are
plotted din rig 3.14 with pm.D as a parameter against Vc. The optimum
fit for the data points is tound for a index value m=1/2. For larger

settings of Vc, which are needed to produce more energetic electrons,
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it is therefore necessary to operate at lower settings of p1/2.D to

remain Githin the e-~beam mode. To produce e-beams with energies in
the keV range, it is necessary to operate with p1/2.D<0.5. The
discharge current at each of the transition points for the'single
aperture cathodes is shown in fig 3.15. It is clear that there is a
further disadvantage in operating with a low Cathode rall. For the
e-guns to remain in the e~beam mode, the disehafge current is limited
to a few mA. From the electrical characteristics observed here, the
following mechanisms are proposed as being responsible for the
production of e-beams from perforated cathodes.

If the CDS width at the cathode race is much larger than the hole
diameter D, few equipotentials from the CDS penetrate the hole region,
as shown in fig 3.16a. This is 1llustrated by the results shown in
fig 3.10c. The current ratio nj is the same for all hole depths at
low values of Vo. As the Cathode fall ~is increased, more
equipotentials are forced into the'hole_since the CDS_width is thep
reduced, and because there are more eqjuipotentials for higher values
of Vc (fig 3.16b). Electrons are released from the cavity walls by
secondary emission as ions and metastables from the NG pass through
the CDS and into hole cavity. These electrons are accelerated by the
perturbed equipotentials, and may generate further ions and
metastables inside the hole cavity, through collisions with helium
atoms. If the production rates of these species in the cavity are
significant compared with the rates in the main NG region, the cavity
begins to assume the characteristics of an HCD discharge, since the
newly created species are trapped within the cavity. This is
illustrated by the general rise of rh with increasing Cathode fall as
shown in fig 3.9. As the CDS width is reduced further, the degree of

perturbation of the equipotentials around the hole entrance is such
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;hat eléotrons within the cavity are accelerated with larger radial
components of velocity. Ionisation produced by such electrons leads
to a build up of the ion density in the central region of the hole,
and the resulting positive space charge perturbs the equipotential
distribution further. Eventually. the build up of positive space
charge in the central region is sufficient to allow the discharge to
be sustained by ionisation within the cavity, and the discharge
switches to an HCD moae (fig 3.16¢c). The increase of the gradient of
the V-I characteristics just betore the transition point is reached
may reflect the onset of the Hollow Cathode effect in the hole cavity
(fig 3.?). The ratio rb also increases for higher values of p or D,
for a 'given Cathode fall. By increasing these parameters, greater
penetration of the equipotentials into the cavity is expected, giving
rise to more internal ionisafion. =

Operating the the discharge in the e~beam mode near a transition
point on a V-I curve may not result in the production of a collimated
e~beam, however, aside trom the instability expected in this region.
A large number of equipotentials are expected to penetrate the hole
cavity in this case, and the exterior CDS is left with few unperturbed
equipotentials at the hole entrance. These must be present to
accelerate the cavity electrons to form the collimated e-beam
filament. For optimum e-beam production, only a slight perturbation
of the equipotential distribution is necessary. In this case, the
resulting electric fields act as an electron lens to focus electrons
generated within the cavity into a narrow beam (fig 3.16b).

Those e~gun cathodes operating at Vc>1.5kv and with low values of
p1/2.D (eg. 3mm cathode at 1mb-3mb, and 2mm cathode at 1mb-4mb), do
not ¢transfer to the HCD mode within the voltage range investigated.

Indeed, an upturn in the current ratios nj for large Vo settings,
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signifying the onset of the HCE, is not observed (fig 3.9a,b). For a
plane cathode, the parameter p.d0 does not vary appreciably with
inoreasing Cathode fall (Vc) for voltages of a few kV, as shown in
fig 3.13. For a fixed pressure, the CDS width therefore remains
relatively constant, and this behaviour is also expected for the
external CDS of the e-beam discharge when V°>1—2kv. If an e-gun

cathode is operated in this regime, with the parameter p"l2

.D selected
so that the discharge is operating well away rrom a transition point,
the bulk of the Cathode fall is located across the exterior CDS, as is
necessary for good beam collimation. As V0 is increased further, the
CDS width does not vary appreciably, and the most of the
equipotentials in the exterior CDS remain unperturbed. Most of the
Cathode fall 1is then still dropped across the exterior CDS, thus
maintaining peam good collimation. In this case, a transition to the
HCD mode is 1likely to be dinnibited since the electrons generated
within the cavity are extracted by the larger field in the exterior
CDS.

Finally, for continuous operation of the e-gun cathodes, a degree
of gas heating is expected, reducing the effective gas pressure in the
discharge. Therefore, it is necessary to select slightly higher

values of p1/2.D than suggested by the results in rig 3.14.
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3.4 Spectroscopic Observations of Discharges in Heldium

Observations of the cathode regions in a glow discharge using a
plane cathode reveal that the intensities of the Cathode glow and NG
are comparable, when the dischérge operates well into the abnormal
regime, For an e-gun cathode operating in the abnormal regime, an
intense Cathode glow is seen also. In addition, an e-beam filament is
observed in the CDS which originates at the aperture entrance, and can
be followed some way into the NG. The rilament has a diameter between
1 mm~2mm fqr the range of nole sizes investigated (2mm-5mm), and has a
colour similar to that of the NG, but different from that of the
Cathode glow. Although it appears in the CDS, the filament may
therefore possess properties similar to that of the NG plasma.

Spectroscopic analysis of the Cathode glow regions using a plane
cathode with finite dimensions presents difgiculties because the
emission profiles are two dimensional (fig 2.3). Measurements in the
PC glow are easier since the emission profiles are radially dependent
only. However, if the diameter of the cathode is large compared with
the dimensions of the Cathode glow regions, the emission profiles are
approximately one dimensional. When running a discharge continuously
up to 0.5mA-1.0mA using a plane cathode of diameter 14mm, however, it
is found that the discharge impedance slowly rises over a period of
about twenty minutes. This effect is probably due to gas heating, or
sputtering of material from the cathode face. It is not possible to
make reproducible measurements of glow intensities under these
conditions. All spectroscopic measurements have therefore been
recorded using 6mm diameter cathodes which are found to operate up to
1kV and 1mA before similar effects are encountered. Measurements of

the glow intensity have been taken ain the CDS and in the first stages
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of the NG using a plane cathode, and using an e=-gun cathode .of

dimensions 3mmx21mm.

3.4.1 Experimental Arrangement

The experimental arrangement is shown in fig 3.17 and the
apparatus 1is placed on a rigid steel table to maintain the alignment
of the optics. The discharge cell is mounted on a movable table to
enable the entire discharge tube to be scanned across the field of
view 'of the optical arrangement, which remains stationary. The
discharge ocell is decoupled from the vacuum system by two flexible
bellow§ connectors. Optical layouts for carrying out spatial sampling
of glow discharges have been discussed extensively by Webb [12].
Here, the problem is relatively simple because the plasma thickness
for sampling of the sidelight emission is relatively thin (<iem). A
single slit of width 0.02cm and height 0.3cm is placed close to the
discharge cell to form an aperture, with the slit set parallel with
the cathode face. A lens placed close to the monochromator (Carl
Zeiss SPII) collects a narrow cone of light passing through the
aperture and chopper, and brings it to a tocus at the monochromator
entrance slits (fig 3.18). Ray tracing reveals that light rays
emerging from the front slit are transmitted through tvhe monochromator
slits only if they pass through a virtual slit of width b' located at
the lens element. The thin slice of plasma glow sampled by the
monochromator is calculated to have a width of 0.026em for the
dimensions and slit widths used. There is negligible divergence of
the field of view over the width of the plasma (<lem). A He-Ne laser

is used to align the optical system initially. The position of the
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cathode :with respect vo the sampling aperture is deduced from the
resistance of a 1kfl, ten-turn precision potentiometer which allows a
translational movement of 0-2cm. This is connected to a stabilised DC
power supply giving +2V output, and the ramp output from the
potentiometer (0-2V) is fed to the X~axis of an X-Y recorder. The
monochromator is fitted with a diffraction grating (6000 lines cm"1)
and a photomultiplier tube (type EMI 9558B). The output from the PM
tube is fed to a low noise pre-amplifier to allow different
sensitivity settings, and then to a lock-in amplifier which amplifies
the chopped signal. An optimum chopping frequency of 1500Hz is found
to give the maximum signal level. Finally, the signal from the
lock-in amplifier is fed to the Y-axis of the X-Y recorder.
Calibration of the system to determine the instrumental response has
not been carried out. The spectra recorded have been corrected for
the response of the PM tube only [13], which is the principal Source
of error. The transmission of the quartz lens [14] and the response
of the diffraction grating [15] over the visible range 4000A-70004 are
both almost constant. A running-in procedure for the cathodes, as
described in section 3.3.1, has been followed pefore recording the

emission profiles.

3.4.2 Results

Emission profiles in the cathode region. for a number of Hel
trénsitions, are depicted in figs 3.19-3.22. Profiles for gas
pressures between 1mb-4mb have been recorded using the plane cathode,
and at 1mb for the e-beam cathode (fig 3.22). The cathode face is

located at a position +0.15cm on the horizontal scale for all
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measurements taken with the plane cathode, and at +0.18cm for those
with the e-gun cathode. The discharge current can be raised to about
1.0mA before gas heating effects are observed, as shown in t'ig 3.23.

Emission profiles at 1mb are shown in fig 3.19 for the four most
prominent lines in the observed spectrum. The profiles for 50164
(3p1P-251S) have a peak close to the cathode which becomes more
prominent' as the Cathode fall is increased. It corresponds to the
Cathode glow region. A second peak is observed at the CDS/NG
boundary. Two peaks are observed for 5876R (3d3D-2p3P) also, and the
first peak is more pronounced than at 5016A, and increases rapidly as
V0 is raised. The emission profiles for the remaining two lines at
66784 (3d1D~2p1P) and 4922A (4d1D-2p1P) are somewhat similar to the
first -two sets. It has been reported that the Cathode glow is the
most intense region of the discharge in other gases for strongly
abnormal discharges [16]. At a pressure of 2mb, the intensity of the
first peak, which is the Cathode glow, as a ratib of the height of the
second peak, generally decreases slightly (fig 3.é0). Howevér, 'a
third pbroad peak begins to appear in the NG for the profiles at 58764,
as the discharge current reaches 0.5mA. This peak in the NG is
observed also for the other triplet transition at 44714 (4d3D-2p3P),
but is absent from the profiles of the singlet transitions. At 4mb,
the Cathode glow is generally not observed but in this case, the
Cathode fall is not increased beyond ~0.5kV (fig 3.21). At 58764, the
third peak in the NG is more pronounced than at 2mb, and begins to
form at 0.3mA. Similar broad peaks in the spatial emission profiles
of triplet transitions, but not singlet transitions, have been
observed by Soldatov L[17].

The intensity of the third peak in the NG at 58764 increases with

both pressure and aischarge current. It is known that its presence is
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due to' cascade pumping of the upper triplet states following volume
recombination in the NG between He' ions and slow electrons [18]. The
rate of recombination in the NG of an HCD discharge is proportional to
the gas pressure and the discharge current also, as reported by Kuen
et-al [19]. They suggest that the likely mechanism in the NG is

dielectronic recombination:

T
He™ + e(slow) > He
followed by
% *
He + He > He + He (+K.E.) (3.2)
*# *
or He » He + hv (photon)

It is found to be important for p>5.0mb at a current density of
j=0.8mA.cm'2, with ¢triplet levels pumped by recombination more than
singlets, Here, the third peak appears in the profiles of 58764 line

-2

at Y4mb when j=1.06mA.cm"2 and at 2mb when j=1.8mA.cn™2 (fig 3.20a and

fig 3.21). Ultimately, the majority of the atoms in excited triplet

states will decay to the 233

S metastable state, as suggested by
Kuen et-al, and the density of these metastables may be relatively
high in the recombination zone. Therefore, it may be a suitable
plasma region for metal vapour lasers relying on Penning collisions
between metal atoms and He" (2338) states (eq 1.3).

It is possible that the intense Cathode glow region seen at 1mb
for the emission line at 58764 is also due to recombination. However,
this seems unlikely since the intensity of this peak, compared with
the second at the CDS/NG boundary, decreases with increasing gas
pressure. In addition, the region in the CDS near the cathode is not
likely to have a high concentration of very slow electrons. unlike the

NG, since the electric field here is "2.0kv.cm'1. The Cathode glow is
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probably generated by collisions between fast moving electrons from

the cathode and He atoms, or by the flux of ions, metastables and

neutrals from the NG moving towards the cathode. The dimpact

cross-sections for the excitation of helium atoms by helium ions and
++

*
excited species (He+, He ', He , He;) are not well known.

Cross-sections of between 10"20--10'19 cm2 have been reported for

excitation by fast moving neutrals with energies of around 1keV [20].
These cross-sections are two or three orders of magnitude smaller than
fhose for electron impact excitation. It seems 1likely, therefore,
that the the Cathode glow 1is generated by the passage of fast
electrons. from the cathode' through the CDS. The properties of the
Cathode glow are of interest here since the internal glow in the
cavity. of an e-gun cathode has a similar physical appearance.
Furthermore, it is in this region close to the cathode where
perturbation of the equipotentials is expected for the e~gun cathode
(fig 3.16b). The production of excited species in the CDS by the
electron swarm from the cathode is calculated in Chapter 4, where the
properties of the Cathode glow are further discussed.

The emission profiles of the e-gun cathode are shown in fig 3.22.
They appear to be very similar to the profiles recorded for the plane
cathode operating at the same pressure. The Cathode glow peak for
58768 is found to be slightly less pronounced than for the plane
cathode. In retrospect, it 4is probable that the e-gun is not
operating far enough into the e-beam regime tor differences in the
emission profiles to show up clearly. The current ratios rh at 1mb
increase sharply only when Vc>1.ukV as shown in 1rig 3.10c. Operating
the e~gun cathode at this voltage continuously leads to serious gas

heating effects.
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3.5 Observations of an e~beam Discharge in Argon

3.5.1 ime rrangement

An e-beam plasma generated in pure argon has been investigated
using the discharge tube shown in fig 3.24. The stainless steel
cathode is drilled with a 1.5mm hole from which the e~beam is
generated, and the beam passes into a hollow anode tube which has a
number : of observation ports drilled along the side. The discharge
tube is mounted on the scanning table described in section 3.4.1 to
enable the NG sidelight spectral emission to be detected by the
monochromator and photomultiplier. Spectra ha&e been recorded using
the gsame experimental procedure as outlined previoﬁély in sectioﬁ
3.4.1. The glow intensity has been sampled from the region between
the electrodes, and from the anode ports. The tube is evacuated by a
rotary pump to around 0.03mb and U.H.P grade argon is flowed
continuously through the tube, via a needle valve, in order to purge
impurities. The tube nas been'also subjected to a brief 'running in!
period of several hours auring which the discharge current is held at
~0.05-0.1 mA.

In terms of the tube technology, attempting to generate laser
action in argon is perhaps easier in some respects than in an
helium/metal vapour mixture. In the latter case, the requisite
partial pressure of metal vapour must be maintained in the lasing
volume, and the metal vapour tends to diffuse out of the discharge
region over long periods of operation. It is fortunate that argon can

simultaneously act as a buffer gas to establish a discharge, and as a
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lasing medium.

3.5.2 Results

The V-~I characteristics of the argon discharge shown in fig 3.25
demonstrate that e-~beam production occurs over a lower range of gas
pressures than in helium, This 1s to be expected since the gas
similarity laws indicate that the discharge parameter p.de (mb.cm)
decreases for heavier molecules or atoms [2], as shown in rig 3.13.
Additional transition points from several subsequent runs are also
plotted. Sidelight emission from the glow region between the
electrodes has been examined, and a spectrum of the principal emission
lines is depicted in fig 3.26. In the region of the spectrum between
50004-55004, only a few very weak lines are observed. Beyond 55004,
the spectrum contains a amall number of ArI lines. Despite the very

3 2). it is interesting to

low current level of ~0.1mA (<5 107~ A.cm
note that the spectrum shown contains a large number of emission lines
corresponding to transitions within the ion state (Ar II), including
several known laser lines. This is in marked contrast to the spectrum
of lines observed from an RF excited argon plasma where Arl emission
lines are observed mainly and few, if any, ArII lines are seen [14].
The ten most prominent lines in this part of tﬁe spectrum are listed
in table 3.1. . ‘

Simultaneous ionisation and excitation of argon neutrals by

electron impact leading to direct excitation of the upper laser levels

is represented by:

o, + Ar > Ar"'f(llp) + 2e (3.3)
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Wavelength (A) Transition Intensity(arb.units)
1. 14198.3 ArI. 13.91
2. 4259.4 ArI 12.23
3. 4158.6 ArI 9.70
§. 4277.2 ArII np293 y 2-u32p5 | 9.16
5. A4764.9 ArIIL 4p2P3/2-1152P1/2 9.11
6. 14609.6 ArIIL up2F7 /2-u32D5 e 8.5
7. U515.1 ArII L up293/2—!ssap3/2 7.53
8. 4879.9 ArIIL 4p°D,,-4s°P; . 7.52
9. 4657.9 ArIIL 24p21>1/2-1h321>3/2 5.37
10. 4726.9 ArII L up2p3 P T IR 5.25

Table 3.1. The ten most prominent emission lines in the NG. '#!

denotes a doublet line, and 'L' is a known laser transition.

This 4is known to be a predominant pumping mechanism in pulsed argon
discharges, where the electron temperature is generally higher than in

a CW discharge [21]. Furthermore, in applying the ‘'sudden

perturbation' approximation to collisions of this type, it is

calculated that preferential pumping of the upper laser levels 3puup

i

over the lower levels 3p"us occurs [22]. Sub-levels within the 3p 4p

configuration have different c¢ross-sections for direct electron

impact. The results of the 'sudden perturbation' caleulations on the

excitation of tvhese sub-levels suggest that the szP and usz

3/2 1/2
states in particular are pumped preferentially by single electron
impacts [23]. The cross-sections of the 3p44p levels for such

collisions have been investigated experimentally by Latimer and
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St John [24]. The cross-sections of the 4p2P1/2 and llp2P3/2 states
are found to be similar in profile to the first 1onisation
cross-section curve (fig 1.7), whereas the quartet levels have
oross—seétions which peak at around “50eV, and then fall away more
rapidly with increasing electron energy. The other doublet states
(4p°D,
between these two extremes [25]. Individual levels within the 3p44p

and upasJ) are found to have cross-section curve profiles

and 3puus configurations are shown in fig 3.27, together with the
known laser transitions [26]. The cross-sections of these levels near
threshold electron energies have beén investigated by Bennet et-al
and Msz

[27]. They also conclude that the levels Up°P are

3/2 172
punped by direct electron impact. The emission line intensities from
transitions originating from these ievels show a linear dependence
with increasing electron current. Line emission from the quartet
states; however, is observed to have a quadratic or cubic dependence
on current, suggesting stepwise excitation of these states. Strong
emission at 47654 from an argon NG plasma in a slotted HCD tube has
been reported by Schuebel [28]. He also reports moderate spontaneous
emission at 48804 and weak emission at 51454, and concludes that
direct electron impact of the 3pu4p levels is an important pumping
mechanism in the HCD.

In the spectra recorded of the e-beam discharge shown in
fig 3.24. the emission line at 51454 is weak, and indeed is not
observed at low current (fig 3.26), whereas the line at 47654 is one
of the most prominent. The intensities of four ArII lines
(47654,48804,48068F and 51454) have been monitored as the discharge
current and Cathode tall are increased. Sample points near the CDS/NG
boundary and in the boay of the NG have been selected. A ratio of the

line intensities (4765K)/(48064) is expected to decrease with rising
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discharge current, since the doublet state population is proportional
to the current (I) and the quartet population to 12 or 13. Cascading
from higher states 3p45d or 3pu55 is assumed to be negligible since
the respective populations are expected to be small. Pumping of Ar
neutrals to these higher states by direct electron impact is less
probable than to 3puup states, when the electrons have high energies
(E>100eV). Several intensity ratios are depicted in fig 3.28 and are
seen to be practically constant over the current range investigated.
As the purrent is raised, the Cathode rall rises introducing more
energetic 'beam' electrons into the NG from the CDS. The validity of
the 'sudden perturbation' approximation improves for .higher energy
electrons, and this may result in a higher probability of pumping the
llpaPJ states. Therefore, level populations are likely to be dependent
on both the discharge current and the Cathode fall.

In conclusion, it appears that the emission line at 47654 remains
prominent throughout the current range investigated, with the emission
line at 51454 remaining weak. It is suggested, therefore, that those
lines corresponding to ArII transitions in table 3.1 are pumped mainly
by direct electron impact in the e-beam discharge. Discharge currents
larger than 1-2mA ocannot be wused in the present tube because
sputtering of the stainless steel cathode face causes a layer of
sputtered material to be aeposited on the walls of the tube. When
this occurs, the intensities of all emission-lines are observed to

diminish, preventing further spectral analysis.
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Fig 3.8. The V-I characteristics of a plane cathode, and five
sizes of electron-gun cathode, with pressure as a parameter.

Transition points are observed for aperture sizes greater than
11m.
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Chapter 4

4  Electron Motion in the Cathode Region of a Helium Discharge

4.1 Introduction

When an electron beam from a high voltage glow discharge is used
to generate an electron-beam plasma in a low pressure gas, it is
important to wunderstand the processes which sustain the béam plasma
region, and the mechanisms by which the fast electrons from the
cathode impart their energy to the gas. The physical appearance of
the beam plasma region has been depicted in fig 2.13 and consists
principally of the CDS sheath and the NG plasma. In this chapter, a
theoretical model is developed for helium to gain a better
understanding of the basic properties of a high voltage glow
discharge, and its possible application to the ion lasers to yield
improved operating efficiencies. There are three main aims in the

formulation oi' the model:

1. To provide an understanding of the unusual discharge processes
whioh Lead to e-beam production from perforated cathodes;
2. To investigate the general superior performance of high
.voltage HCD's and e-beam discharges compared to low voltage HCD's;
3. To characterise the ranges of fast electrons in a gas, which are

directly related to the pnysical length of the NG.
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A theoretical model of the discharge can be developed by simulating
ion and electron motion in the CDS and NG regions. There have been a
number of reviews discussing the various techniques for modelling the
cathode regions of a glow discharge [1-3]. " The general approach
involves approximating the electric fields in the cathode regions, and
then calculating tpe charged particle energy distribution functions at
each point in the discharge. Self-consistent models go one step

further and use the energy distribution functions to calculate charged

particle concentrations and space charge densities and then, via

Poisson's equation, the electric field is re-defined at all
posi;ions.' The calculation is repeated until the electric field
becomes 1nVariant. Some models treat the CDS and NG together and deal
with the boundary region betweén the two with a.modified Langmuir and
Tonks/Bohm theory for the NG plasma and CDS positive ion sheath [4].
The presence of' a flux of faét, beam-like electrons at the boundary
region is a complicating factor, however.

In helium, a few Monte-Carlo calculations using random number
generators have been carried out to predict the electron energy
distribution function (EEDF) in the CDS sheath using an assumed
electric - field distribution as a starting point [5]1,[6]. Helium is a
convenient gas to model because the collision cross-sections for
electron impact tvo excitve the 10-20 principal atomic states are well
known. The EEDF is probably the most important parameter in the
diseharge‘to characterise, due ﬁainly to the fact that excitation and
ionisation in the helium discharge can be almost entirely attributed
to electron collisions. The ion energy distribution function is
therefore not considered until the final section of this chapter. In
attempting to solve the transport equations for electron motion, it is

found that a state of equilibrium between the EEDF and the local
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electric field may not exist in the CDS and NGé. This is due to the
large and rapidly varying electric field close to the cathode, and the
flux of fast electrons at the CDS/NG boundary. In simulating electron
motion in the cathode regions, it is necessary to use the complete
EEDF in calculations to describe the motion of electrons. Unlike the
electron motion in the PC. the energy gained by an electron in the CDS
" is not balanced by energy losses incurred through inelastic
collisions, and this leads to a runaway effect of the electron
velocity. Even when a linear electric field is assumed in the CDS,
together with a small but constant field in the NG, simulating
electron motion may demand substantial processing time on a standard
mainframe computer. Indeed, the majority of these Monte-Carlo models
deal _only with 'normal' helium discharges with a Cathode fall of
~150V.

In order to best satisfy the three different aims listed above. a
general model is constructed, starting with an assumed electric field
distribution, and the EEDF is then calculated at different positions
in the discharge. Particular aspects of the general theory related to
the three aims are developed at a later stage. Thus, a model is
formulated to consider a discharge in helium with the following

criteria:

(a) A pair of flat, parallel electrodes of infinite extent with the
anode placed in the FDS region;
(b) A variable Cathode fall between 150V (normal regime) and 1.0kV

(abnormal regime).

These criteria are adopted because modelling a discharge possessing a

two dimensional electric field similar to that expected in a
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perforated cathode (fig 3.16b) would be difficult, due to the lack of
reliable experimental measurements of the field pattern around the
hole aperture, These measurements are needed to make an initial guess
of the field distribution and strength. It has been shown in the
previous chapter, however, that e~beam production from perforated
cathodes is a strong function of vhe Cathode rall, with the current
ratio (Fh) rising rapidly around v°=1.ukv. It is useful therefore, to
simulate a helium discharge with a variable Cathode fall, and pay
particular attention to the state of the discharge when V°;31.0kv.

The investigation of electron collisions in nelium by Miller [T]
shows that fast electrons (keV) can generate electron/ion pairs with a
smaller average energy expenditure than can low energy electrons of a
few hundred eV. Electron beams generated by glow discharges are not
entirely mono~energetic, however, and the spread of electron energies
in the beam undoubtedly affects the overall average efficiency at
which new e/i pairs are generated. As the e-beam flux degrades in
passing through the gas, ionisation may become less efficient, and
certain parts of the NG may be more important in maintaining the
production of new e/i paifs. Ionisation in the NG brought about by
fast electrons in HCD's (VQ=200V-300V) may be compared to that in
e~-beam discharges (Ve;51.0kv). Degradation with distance of the
electron flux from the CDS/NG boundary dis also important in
characterising the beam energ} coupled vo the gas in vhe NG, and in
determining the physical length of the NG from the electron ranges.
The overall length of the NG is an important factor since it must be
matched to the dimensions of the gain volume of tﬁe laser. In thé
longitudinal scheme of fig 1.11, a NG shorter in length than the
confining magnet and gas cell leaves regions of the gas along the

optic axis unexcited, resulting in a reduction of gain. Conversely,
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if the NG is too long, e-beam energy is wasted as the electrons erash
into the end mirror or collide with the tube walls. In a hollow
cathode discharge using helium at somewhat higher pressure. the length
of the NG must be greater than the radius of the circular discharge
tube in order to achieve the desired coalescence of NG at the tube
centre. If such an overlap is not achieved, the FDS appears at the
tube centre, the 'hollow cathode effect! is reduced, and the gain

region may take on an annular profile [8].

4.2 T r ation of Fast Electro n Helium

4.2.1 eliminary Ass

The following assumptions and simplifications are made in order
to minimise the number of calculations required in the simulation of

electron motion:

1. The discharge i1s assumed to form between two flat plate
electrodes of infinite extent. so that edge effects around the
cathode perimeter and those caused by a build up of wall space
charges can be neglected (fig U4.1a).

2. Discharge variables are assumed to vary only with spatial
position and not with time.

3. The electric field in the CDS falls linearly with distance, from
a maximum at the cathode face decreasing to zero at the CDS/NG

boundary. At all positions within the NG, the electric field is




70

Zero.

4. Energy losses due to 'elastic' collisions are negligible.

5. Energy losses incurred during inelastic collisions are considered
only for single step ionisation to He', and for excitation to the
principal atomic levels ns1S,np1P,nd1D,ns3S,np3P,nd3D. Al). the
following collision processes are neglected:

(a) Double ionisation to produce He' from He or ﬁe+

(b) Simultaneous ionisation and execitation to produce He+'
states

(c) Ionisation via intermediate states such as He" and He'

6. Angular scattering of electrons during elastic and inelastic
eollisions is not considered for individual impact events.
Inséead, an empirically determined 'straggling factor' (ke) is
introduced, which is a constant (ke=1 or 2).

T. The gas density is taken to be constant in alLl regions of the
discharge, and possible density variations caused by ohmic

heating of the gas are neglected.

The complexity of the theoretical model to be developed here can be
significantly reduced by adopting a discharge geometry which is
effectively one dimensional as shown in 1'ig 4.1a. For this to be the
case in practice, it is necessary to ensure that the physical
dimengions of the electrodes are greater than the electrode
separaﬁion. Discharge parameters are therefore only calculated in
terms of the X-coordinate. 'Straggling' of the electron path as shown
in fig 4.1b is a known experimental effect, and results from the
numerous elastic and inelastic collisions that occur when the electron
traverses a thick target. The actual path length of an electron in a

gas is greater than the observed range (Xo) by a factor of about two
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due to the zig-zag path followed by the electron before coming to r-_est
{9]. In the CDS, the electrons suffer relatively few collisions, and
straggling is less important than in the longer NG region. Therefore,
in the calLculations to foliow, ke is set at 1.0 in the CDS, and 2.0 in
the NG. Spatial variations of the gas temperature in the cathode
regions of a helium glow discharge have been investigated extensively
by Gunthershulze in connection with a study of the similarity laws for
helium [10]. Generally, it 1s found that the temperature of the gas
is at a maximum around the CDS/NG boundary, diminishing with distance
further into the NG, or towar'ds‘the cathode. Gunthershulze estimates
the gas temperatures at the CDS/NG boundary to be between 300K-600K at
1mb pressure and Vc"'1.0kv with a current density of a few mA. em"a.
Temperatures of several hundred °C are also quoted by Francis [11] but
there are few direct spectroscopic measurements wusing the Doppler
widths of emission lines. Temperature distributions’in the discharge
regions ' are difficult to gauge in practice because the rates of heat
dissipation to the surrounding vessel walls and electrodes are
difficult to calculate. These factors vary considerably between
different experiments. A uniform gas temperature and density
throughout the discharge is therefore assumed as a first
approximation, and all spatial co~ordinates are scaled according to

the similarity Law of distance and pressure p.x (mb.cm).
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4.,2.,2 The Collision Cross-sections

A complete set of semi-~empirical cross~sections for helium have
been calculated by Alkhazov for electron energies up to 20keV, using
experimental data to fit curves at low energy and the Born
approximation to cover high energies [12]. These cross-sections
include single-step ionisation and excitation to the various singlet
and triplet atomic levels. The differential cross-section for
ionisation reported gives the predicted energy spectrum of the
secondary electrons created in ionisiﬁg collisions. This set of
cross-gections are used in this the 'ﬁodel and are described in

Appendix II.1 of this thesis.

4.2.2.1 Jonisation and Excitation Cross-Sections

The oross-sections for ionisation and for excitation to the
various atomic states included in the moael are depicted in f£ig 4.2.
For electrons with energies greater than about 30eV, single~step
ionisation has the largest cross-section and is the dominant energy
loss process. The contrast between the coross-sections for excitation
to the singlet states and to the triplet states is quive clear with
those of the singlets falling off more gradually at high energy. The
general shape of the cross-sections of the singlet np1P states are
similar to that of the ionisation crosgss-section. The impact

o+

*
cross~sections for producing He*™ and He+_ states by single step

electron impact are both several orders of magnitude less than those

given in rig 4.2, and are thus neglected [13].
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4.,2.2.2 Differential Cross~Sections

The secondary electrons generated in ionising collisions have a
range of energies which are determined by the differential
cross-section for ionisation GE(E). This represents the probability
of generating a secondary with energy (E—Io) (eV) from a primary of
energy E (eV) with a total energy loss of E (eV), where Io (ev) 1is
the first ionisation potential.. Two examples of the energy spectrum
of secondaries are depicted in fig 4.3 using the expression given by
Alkhazov for primaries of energy 100eV and 1keV. The probability of
generating secondaries has a maximum at zero energy (E-Io= O0eV) whilst
it is least probable that the two electrons share equal energies after
the event. The indistinguishability of the two electrons after the
collision gives rise to a probability distribution which is, in
practice, the sum of two curves. In other words, it is assumed that
the faster electron of the pair is the primary electron whilst the

slower one is the secondary.

4.2.2.3 Secondary Topisation

For a primary electron of energy E, the average energy

E s(l?:) (eV) of the secondary created in an ionising collision can be

calculated by taking the average energy over all secondary energies:

E-Iy
—_— - 2
ES(E) = €' = L €' 6E(E') de! (4.1)

J GE(E') de?
0




Th

’ oo
with €' = € Io

and therefore

ES(E) = €E-I = (E-Io) 0‘E(e) dE (4.2)

6E(e) d€
Io
The limits of integration are set in accordance with the principle of
indistinguishability; to integrate past the point (E+Io)/2 in eq.(4.2)

results in counting the the electrons twice. The average total energy

€ s(E)+ IO lost in an ionising collision has been calculated using
eq.(4.2), and is shown in fig 4.4 as a function of primary energy E.

The average energy imparted to the secondary is seen to increase with

primary energy and for primaries over 0.3keV, Es(E) becomes larger

than Io (ES(E)+IO>210). A secondary with this average energy may take
part in further ionising collisions to generate tertiary electrons.

Al though the probability function GE(E) for generating
secondaries is always largest for producing electrons at 0 eV, a
significant number of secondaries may have energies higher than the
ionisation potential Io’ and may themselves produce further
ionisation. A number of previous theoretical models simulating
electron motion in the CDS and NG neglect secondary ionisation partly
on the grounds that GE(E) peaks at 0 eV [14]1,[15]. Although this may
be a rgasonable approximation for low energy primaries, and small
Cathode falls (V0"150V), it becomes less accurate for higher energies
when a significant number of secondaries are generated in the tail of

0&(&) (fig 4.3b). Using an expression similar to eq. 4.2, it is

possible to calculate the fraction K(E) of electrons in the secondary -
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distribution GE(E) which have energies greater than IO:

E+lo

2
[E-%I‘GE(E) d€

0

The form of K(E) is shown in fig 4.5 and it is seen that the
proportion of secondaries generated with E)Io increases with primary
energy E and plateaué at around 0.3keV. There is a threshold energy
for tertiary production at E=310. Many of the secondaries generated
with energies only slightly above Io however, do not wultimately
generate tertiary electrons since the cross-sections for ionisation
and excitation are comparable in size for electrons with energies
between I0 and ~40eV. From a primary of energy E, the overall
probability H(E) of producing a secondary electron with energy above
Io which :subsequently produces an electron/ion pair in a further

ionising collision is therefore:

Exla
[ 64€) )
p(E) = 2 V5KE) +20&6€) .ﬁﬁ(ﬁ) de (4.4)

{+]

E+l,
GE(E) d€
L

where the variables Gi(E) (omz) and Gh,l(E) are the respective
cross-sections for ionisation and for excitation to the atomic level
of principal quantum number n (n=2,3,4,...) and angular momentum
number lf(l:S,P,D,...). This is also shown in fig 4.5 and can be used

to assess the importance of secondary ionisation (in an ability to

produce tertiaries) for different values of the primary energy E. It
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is noted that JI(E) rises less rapldly than K(E) and levels off .at
around 0.3keV at a value of about 20%. It seems necessary therefore
to take into account ionisation by secondaries if fast electrons
(E>0.3kev) are to be expected in the discharge. For a primary energy
of 0.15keV, the fraction of electrons which are expected to generate
tertiaries is 0.16, so it is questionable as to whether it is
reasonable to neglect secondary ionisation even for discharges with

Cathode falls as low as 150V.

Values of the average secondary energy ES(E) can be used to
calculate the Loss function L(E) (eV.omz) for electrons in helium,
This is a fundamental parameter for energy loss in a gas, and can be
used to compare the energy losses due to excitation and ionisation.

L(E) is defined as:

e T 2
L(E‘_) = (E4(E) + L)) 6,(E) + gl In,ldn,l (eV.cem“)  (4.5)

The constant In,l (eV) is the threshold excitation potential. The form
of L{E) is shown in fig 4.6 and it is noticeable that energy loss at
low energy (E<50eV) is predominantly by excitation whilst at higher
energies (E>0.2keV), it is mainly by ionisation. The loss function
can be used directly to calculate the rate of energy loss (dE/dx)
(ev.cm-1) of an electron travelling through a thin slab of gaseous
material (0x):

fE = N, . L(E) Hx whers N = gas density (ca™)

and

[ =[g§] = N_.L(E) (4.6)
Ox jlim @x»0 |dx @
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The stopping power of a gas of density f>(gms.om_3) is derined as

[1 gg} (eV.emz.g"1) and therefore:
P dx

1

1 dE] = K. L(E)  (M.7)  where K=1.506x10>3 g
P dx :

Values of the stopping power of helium have been measured
experimentally using thin gaseous targets by Berger and Seltzer [16].
A comparison between thelir data and values calculated here from

eq(4.6) and eq{4.5) is made in table 4.1.

Stopping Power

1 gg] MoV. =g |

f dx
E(keV) Loss F. Berger&Seltzer
10.0 20.86 22.66
15.0 14.94 16.41
20.0 12.14 13.07

Table 4.1 Comparison of theoretical and experimental

stopping powers in helium

The two sets of data agree to better than 10% for the overlapping

energy range 10-20 keV. thereby giving some sense of confidence in the

values' of L(E) and Es(E) calculated here from the cross-sections of

Alkhazov.




In addition to the energy losses incurred by an electron during
ionising collisions, the primary is deflected by a small angle away
from ifts original path during each collision. As the energy E
increases beyond a few hundred eV however, this angle of scattering is
predominantly in the forward direction [17]. Tran-ngoc et-al [26]
have modelled electron motion in the CDS assuming forward scattering
only, whilst in a similar model by Boeuf and Marode, electron
scattering is treated more rigorously but with an accompanying
increase in the complexity of the calculations. In the CDS, it seems
reasonable to assume rorward scattering of the primaries, particularly
in calculations for a discharge with a Large Cathode fall. This
approximation is equivalent to using a unity straggling factor in the
CDS. For calculations in the NG, a Straggling factor of 2.0 is used
throughout, although this is expected to lead to some systematic
errors Jin estimates of the physical size of the region. These
estimates can therefore only be used as a rough guide in prediétlng
the total 1length of the region. The slower secondary electrons from
ionisation collisions are also generated with their velocivy
components mainly in the forward direction [18]. It is assumed here
that they travel in the same direction as the primary after the
collision. Then, the contribution of the secondaries to the total
electron current in vhe discharge may be added directly to the current
flux present due to the primaries. Subsequent excitation and
ionisation of the gas by secondaries is confined to a relaﬁively small
region of the gas, since the loss function L(E) is larger and the mean

free path for collisions shorter for secondaries.
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4.2.3 IThe Computer Simulation

Having made the assumption that electron motion in the cathode
regions is essentially a one-dimensional problem, the EEDF can be
defined at all positions in the discharge in terms of the current
density Je(x) (mA.em'a). This represents the flux of electron current
at position x (cm) from the cathode, and is the sum over all electron
energies found at point x:

(s o]

je(X) 2 {— Je(x,E) dE (4.8)
0

where je(x.E) is the current flux due to the fraction of electrons
with energy E. The number density f(x,E) of electrons at point x with
energy E is found from f(x,E) = Eﬂqje(x,E). The funection f(x,E) is
referred to as the BEEDF. whilst the energy distribution of electron
flux (EPEF) refers to the function je(x,E). If the 'swarm' of
electrons represented by the flux Je(x.E) moves through a small
distance ¢x in a field~free region of the gas (fig 4.7), some
electrons in the flux aistribution collide with helium atoms and may
lose kinetic energy. If the gas has density N (cm_3), the fraction
of electron flux at electron energy E lost through collisions over the
distance 5x is given by:

—(5x/>&E)))

6je(x,E) = Jo(%,E) (1- e (4.9a)

(E)

where X\E) = 1/(Q(E).N°) and Q(E) = Gi(E) + g;i 6n,l

AE) (em) is the average mean free path between inelastic collisions

and Q(E) (emz) is the total_inelastie gollision cross-section. The




remaining electron flux, comprised of electrons still retaining energy
E, emerges from the slab at x+ &x.

The EDEF referring to the current flux je(x,E) is not treated as
a continuous function in the calculations to follow, but instead is
split wup into a large number (k) of separate energy ‘'cells' with each
cell containing electrons with the same kinetic energy (fig 4.8). A
similar approach is made by Kagan to model a low voltage helium
discharge [15]. The EDEF therefore consists of a finite number of
cells and the current flux Je(x,Ek) represents the electron flux at

point x due to electrons with energy Ek' Thus eq.4.9a becomes:

63(x,E) = 3 (x,B) (1- e
The fraction Sje(x,Ek) of current flux represents those electrons
which hgye lost energy in inelastic collisions within x-x+ OxX.
Accordingly, the flux of these electrons must be transferred to cells
of lower energy. The electron flux remaining in the kth cell at point
x+ 0x is therefore:

Sglxs Sx,B) = 4 (x,E) o ¢ O/ NED g

However, this c¢ell may also receive contributions of flux at point
X+ 6x from cells of nigher energy in whieh electrons have lost energy
in collisions. All electrons in the EDEF are taken to have energies
which are exact multiples of the cell separation 6E, which is set at
0.984ev: This is an exact rraction of the first ionisation potential
in heliwn (I ) which is vaken to be 24.6eV. The quantity Sje(x,Ek)
of electron flux which represents those electrons judged to have

collided with helium atoms, can be subdivided into two smaller
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fractions to represent those electrons taking part in ionising
collisions and those in excitation collisions. The corresponding flux
losses due to ionisation 5jion(x,Ek) and to excitation 6Jex(X,Ek)

are therefore:

8djon(x-B) = 84 (x.E) 6, (E,) (4.11a)
6,(E,) + Z;i 6,1 (E)
6jex(x,Ek) = éje(x,Ek) glsnyl(mlg (4.11b)

6,(E,) + g;; 6,1 ()

The energy losses incurred in both types of collision are constrained
here to be exact multiples of the cell separation 8E. For example,
in all excication collisions it is assumed that the energy loss can be
set at a vailue of Iex with Iex =22 x0E. This is an average value

calculated from the excitvation potentials In weighted according to

o1
the relative cross-sections of the different excited states.
Consequently, the flux loss 6jex(x,Ek) must be added as a cascade
contribution to the current flux in the cell at energy Ek - Iex at
point x+ éx. In ionising collisions, the energy loss is not simply
the ionisation potential I (I = 25 xOE) in all cases, since the
secondary electrons can carry away kinetic energy (€ - Io) at the
expense of the primary. The secondary energy ( € - Io) is therefore
quantised in steps of OE as shown in fig 4.9, to take into account
all possible secondary energies between E = OeV and E=A(E - Io)/z.
ir 6jion(x,Ek) represents the total flux of ilons judged to have taken

part in ionising collisions, the fraction used in generating

secondaries with the specific energy Eé is therefore:
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m=N
Sjs(x'Ek’ €;ﬂ) = 5jion(x’Ek) . 6E( E,m) %IGE(EIm) (‘4.12)
where € = (m-1) SE
and N 0E ~ (E - I)/2 or N (E=-1I)/2 OE

The sum in the denominator of eg.(4.12) is wused to normalise
GE(E &). The total energy loss for primaries to generate secondaries
with energy e& is thus ( eé + Io) and the fraction of flux is
therefore added as a cascade contribution to the cell with energy
(Ek - Ep *+ Io)). At the same time, the flux of secondaries with
energy €} (equal in size to SJs(x,Ek, E&) is itself added to the

EDEF for values of k=m. In practice, this corresponds to additions to

energy cells with small k numbers. The inelastic collisions

experienced by a flux of electrons moving through a thin region of gas
X = X+ 6x which result in energy loss and cascading of the electron
flux between c¢ells in the EDEF are represented graphically in
fig 4.10.

The wmodel developed so far examines the changes in electron flux
je(x,Ek) in each of the cells in the EDEF as the 'swarm' moves away
from the cathode and through the discharge regions. The CDS and NG
are thus-'divided into a large number of thin slabs and as the electron
flux traverses each slab, the fraction of flux Sﬁe(x,Ek) lost from
each energy cell is calculated, and the collision products assigﬁed to
the appropriate energy cells. The physical widths of the slabs are
selecved with the requirement that the probability of a collision in a
given cell for a given electron is small (<0.1). As the initial
electron 'swarm' moves away rrom the cathode faoe.under the action of

the electric field in the CDS, the electrons in the EDEF gain energy
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from the field as well as lose energy through  collisions.
Accordingly, as the electrons accelerate in the CDS, they_must be

raised into higher energy cells in the EDEF. The rield in the CDS

1

E(x)/p (V.em™ .mb™") is asswumed linear and is given by:

E(X) = e

—_—l

1
P P

2V (1 - x) (4.13)
‘ﬁg q

g1z

c

This is shown in fig 4.11, and the equation can be used to arrive at
the following formula giving the width of the reglon of gas Ox in the

CDS over which the field potential changes by an amount dv:

dO dO

p. 8x =~ p.d [(1-;_) - (w2 - 51)] (4.14)
v
c

If the potential v changes by 0.984eV as the electron 'swarm'
advances through ox (x-= x+ 6x) in the CDS, each electron flux
component je(x+-6x,Ek) can be raised into the next highest. energy cell
as the syarm reaches x+ Ox. Thus, eq.(4.14) is used to detine the
widths of the slabs in the CDS, so that the voltage drop across every
slab is 0.984eV. Values of the total width of the CDS from the
similarity parameter p.d, (mb.cm) for different values of Cathode rall
V, are taken from von Engel [19]. These values are listed in

table 4.2,
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Cathode Fall Ve(kV) p.d0 (mb.cm)
0.15 1.733
0.20 1.663
0.30 1.435
0.40 1.263
0.50 1.140
0.60 1.038
0.70 0.965
0.80 0.912
0.90 0.870
1.00 0.835

Table 4.2 Values of the CDS width parameter p‘de‘

Strictly speaking, all dimensions in the discharge should be scaled in
units of (mb.oam) according to the similarity parameter p.x. For
convenience, a helium pressure of 1mb is used in subsequent
calculations, but the discharge parameters are presented in the
correct format, and are scaled in terms of p.x (mb.cm).

In the field free NG region, 6x is selected using a different
set of criteria. Since the field is assumed to be negligible, only
the cascading electron flux need be calculated for each slab of
discharge. If the initial EDEF is allowed to c¢ontain 10 units of
electron flux at x=0, an energy cell is judged to have emptied of flux
when its population drops below 10—6. After identifying the cell with

highest energy E still containing flux at the point of interest in

kmax
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the NG, the value of Ox is selected aé equal to 0.1 )&Ekmax). The
whole electron 'swarm' is then advanced oy the same distance Ox, and
the cascading flux computed. The very low energy electrons generateg
in the NG from cascading, with energies less than Io appear to have

long collision mean free paths when referring to fig 4.2, but they are

less directional than the fast electrons. For low energies, the

assumptions of forward scattering during inelastic collisions and
negligible effects due to elastic scattering are probably invalid.
The motion of such electrons must be dealt with using two dimensional
transport equations taking into account diffusion and recombination
[20]1. The eventual fate of these slow electrons is therefbre not
addressed in this model. Instead, only the directional flux of fast
electrons in the NG is of ainterest and therefore the flux in all
energy cells below IO is ignored. As the cascading between energy
cells in the EDEF continues as the 'swarm' advances through the NG, a
point is reached when the flux density in all cells in the EDEF drops
below 10~°, and the calculation is vhen asswied to be complete. The
calculations have been carried out on the VAX 11/780-5 computer at St
Andrews; and the relevant programmes are included in Appendix II.2 of
this thesis. The range of the Cathode fall (0.15kV-1.0kV) for which
calculations have been carried out is limited by the constraints of

the computer used.
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4.3 Electron Motion in the CDS

4,3.1 Electron Energy Distribution Fupctions

To begin the calculation of electron motion in the CDS, an
initial EDEF at the cathode race i1s derined. The form of the EDEF is
determined by the energies of the electrons released from the cathode
by secondary emission resulting from ion, metastable and photon
impacts. It has been shown by Helm, however, that secondary emission
by ion impact is the dominant process in helium discharges [21].
Secondary electron emission from various metals caused by helium ion
impacts has been discussed by Carter & Colligon, and it is shown that
electrons are emitted with energies governed by initial ion energy
[22]. Typical ion energies expected at the cathode face are
calculated here from the results of Davis and Vanderslice [23] and
range from ~3eV for Ve”0.15kv up to “50eV for VQ“1.0kV. The spectrum
of emitted electrons for such ilon energies is approximately a
trapezoid in profile as shown in rig 4.12. This shape is therefore
adopted as the initial EDEF, and an arbitrary initial flux of 10 units
is assigned to the profile. Models based on Monte-Carlo techniques
tend to adopt a simplified uniform flux aistribution between 0-10eV,
or a O-function of flux at OeV, initially [5],[61.

TQe 'swarm' of electrons at the cathode ~rface represented .by
fig 4.12 rapidly accelerates away from the cathode face under the
action of tvhe electric field in the CDS. The form of the EDEF at
different stages an the CDS has been calculated-for a Cathode fall of

0.2kV, and the results are depicted in fig 4.13. - The electrons
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quickly gain energy in vhe region close to the cathode at small p.x,
where the electric field is largest. As some electrons in theAprimary
group 1lose energy through collisions, a secondary group forms with
energies about ~25eV below that ot the primary group. These in turn
suffer collisions and, aided by a degree of 'smearing out' of the high
energy region of the EDEF caused by the dirferent energy losses during
collisions, a 'tail' of intermediate energy electrons builds up as the
'swarm' approaches the CDS/NG boundary. Simultaneously, the flux of
low energy electrons consisting mainly of slow secondary electrons
produced in ionising collisions builds up. The presence of a distinct
group of primary electrons and a 'tail' of high energy electrons at
the CDS/NG boundary has been established experimentally by Gill and
Webb [24] and, dindependently, by Pringle and Farvis [25]. In
comparison, the EDEF at the CDS/NG boundary shown in fig 4.13 agrees
well with the EDEF observed by Gill and Webb in the same region, as
shown 1n.fig 2.2a.

The‘ evolution of the EDEF in the CDS has been calculated for a
Cathoae fall of 1.0kV with the results shown in fig 4.14. In this
case, electrons in tvhe primary group appear to be attenuated to a
lesser degree by collisions throughout the CDS, and this is due to a
more rapid initial gain in velocity close to the cathode- when the
electrons quickly climb to energies beyond the impact oross-section
maxima around 0.1keV. A secondary group forms as the primaries
traverse the CDS, but the 'tail' of intermediate energy electrons and
peak of low energy electrons are both noticeably absent.

The motion of electrons in the CDS has been modelled for other
intermediate values of the Cathode fall V,» and the EDEF at the CDS/NG
boundafy is shown in fig 4.15 for several values of Vo. It is clear

that the proportion of high energy electrons to reach the CDS/NG
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boundary region increases as the Cathode fall is raiséd. At a Catpode
fall of ~1.0kV, the EDEF contains electron flux concentrated mainly in
the primary group with a few slightly slower electrons in the 'tail!
group. At the boundary region, the proportion of electron flux in the
primary group as a fraction of the total electron flux has been
calculated, as shown an rig 4.16. Thus, the proportion of primaries
arriving at the CDS/NG boundary increases as VO is raised, and the
EDEF appears to contain electrons which are more mono-energetic, with

energles corresponding to the Cathode rall.

4.3.2 Jonisation and Excitation Rates in the CDS

Once the EDEF has been calculated at all points in the CDS for a
particular value of the Cathode fall, it i1s possible to calculate
jonisation and excitation rates in the CDS, as well as a number of
other discharge parameters which can be used to characterise the
discharge. These rates are normalised for a current flux at the
cathode face of one electron per second. The multiplication

coefficient M(x) of the current flux is given by:

kmux
M(x) = j(x) = o Je(®iE) (4.15)
34(0) ki" 35(0,E)
k=1

This is shown in fig 4.17 for six different values of the Cathode
fall. Excellent agreement is obtained between the values calculated
from éq.(h.15) for Vc=0.15kv and those given by Tran-Ngoec et-al for
the same voltage [26]. Between V0=0.15kv and 0.4kV, M(x) tends to

rise more steeply for larger values of Vo but for Ve>0.4kev, a
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different trend is predicted. For these higher values of Cathpde
fall, the current flux increases at the same rate initial;y but
towards the CDS/NG boundary, the curves for higher Vo begin to level
off. This effect can probably be attributed to the fewer collisions
experienced by electrons wnich have gained sufficient energy to be
well past the impact cross-section maxima around 0.1keV. The average
energy ﬁf;} (ev) at points in the CDS is calculated from the following

equation:

gx'

E(x)

1]

MEE

E . Je(x,Ek) (4.16)

Jo(X:Ey)

=
1t
-

The form of E(x) for different values of V, is shown in fig 4.18.
Once again, the values of Efii given by Tran-Ngoc et-al for V0=0.15kv
agree well with those calculated from eq.(4.16). Values of E(x)
always increase with distance p.x, peak at some distance well into the
CDs, and:nhen decrease slightly as the 'swarm' approaches the boundary
region., In the region where ET;B increases with distance, the energy
gained by the 'syarm' from the electric field is greater than that
lost through collisions. Af'ter reaching the maximum value of EZES,
each curve shows a downward trend and the situation 1s reversed. It
is noted that the position of the peak, as a fraction of the CDS
thickness p.dc, shifts closer to the boundary region as Vc is
increased. The values of E(x) at the boundary region (p.x:p.dc)
support the notion that the electron flux at the boundary becomes more
mono-energetic as the Cathode fall is raised.

The Townsend ionisation coefficient X (x)/p (e~ tom™Y) 1s

oalculaped using the following expression:
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Knax

olo(x) = 1 . {54 (x,B) (4.17)

ion

p je(x,Ek) p-Ox

The form of the ionisation coefficient for increasing Cathode fall is
shown in fig 4.19 wnere again, the agreement is good at Ve=0.15kv with
values quoted by Tran-Ngoc et-al. For each curve, there is a maximum
value of CXT(x)/b at a certain distance into the CDS and this peak is
seen at a position progressively closer to the cathode for higher
values of Vc' In addition, the peak is more pronounced for higher
values of Cathode fall. Similar benaviour 1s observed for the total
ion production rate Oli(x)/p (cm-1.mb-1) and the excitation rate

CXex(x)/p (cm'1.mb'1) which are given by:

K mox
A (x) = 1 (7093 (%0 B (4.18a)
P 35(0) p.Ox
kmux
R _(x) = 1 £ 8, (x,E,) (4.18b)
P 3,0 p. Ox

These two parameters are depicted in fig 4.20 and fig 4.21. The
position of maximum ion production in the CDS appears to shift from
the. CDS/NG boundary wnen V0=0.15kv to a narrow region very close to
the cathode face when V0=1.0kv. Ions generated close to the cathode
face are immediately accelerated toward the cathode face by the
intense electric field in this region. Thus on collision, they
release more electrons by secondary emission. Compared with ions
generated in the NG, they are less likely to be lLost berore colliding
with the cathode through the usual loss mechanisms of diffusion 'or

recombination with =slow electrons. In a dischahge with a largé




Cathode fall, such a region of ion production may be important in the
maintenance of the discharge current. The curve profiies of
excivation rates shown in fig 4.21 are similar to those of ionisation,
particularly at high Cathode fall. More information can be gained,
however, if the excitation profiles are subdivided into the excitation

rates for the individual atomic levels in heiium.

4.3.3 Excitation Profiles in the CDS

Spatial profiles in the CDS for the production rates of nine
excited states of Hel are shown in fig 4.22, for a Cathode fall of
0.2kv. Immediately next to the cathode, therse is é region of width
~“0.05 mb.cm where no excitation occurs. Here, the electrons moving
away from the cathode have not gained energy from the E-field in the
CDS above the excitation threshold potentials. At about 0.1 mb.cm,
several sharp peaks appear principally for the production rates of
triplet states. This region probably corresponds to the Cathode
glow. The triplet production rates then fall away with distance from
the cathode, and then rise slowly towards the CDS/NG boundary. The
curves for the production of singlet states generally do not have
sharp peaks near the cathode and do not dip in the central part of the
CDS. The production rates for these same nine levels for a Cathode
fall of 1.0kV are shown in rig 4.23. Since the E-field next to the
cathode is then larger, the electrons are accelerated more rapidly and
excitation begins closer to the cathode. The production rates for all
levels are seen to peak close to the cathode, although the pesks are
again sharper for the production of ctriplet states. In all cases, the

production rates are higher in the region immediately next to the
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cathode than at the CDS/NG boundary.

In a glow discharge, the intensity of the emission lines
originating from those levels shown in fig 4,22 and fig 4.23 are
directly proportional to the population of these levels, and therefore
to the production rates. Cascade pumping of certain levels from
higher states is important if there is significant recombination in
the plasma, as shown in fig 3.21. A calculation of the cascade
contributions to the levels shown in fig 4.22 from higher levels
(which themselves are pumped by direct electron impact) has not been
carried out here. However, if cascade pumping of these levels is
small compared with the production rates shown, then good qualitative
agreement is obtained with the observed emission profiles shown in
fig 3.19. As the Cathode fall is raised to around 1.0kV, it is
observed experimentally that the Cathode glow region becomes more
prominent in comparison with the glow intensity at the CDS/NG
boundary. Emission lines corresponding to transitions between triplet
states are observed to be significantly more intense in the Cathode
glow that at the CDS/NG boundary. Therefore, it seems likely that the
Cathode glow region is generated mainly by the electron flux from the
cathode. If the production of' excived species in the CDS by the flux
of ions from the NG is important, the production rates are likely to
be highest in a region very close to the cathode, where the ions gain

most energy from the E-field.
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4.4 Electron Motion in the NG

4.4.1 Electron Energy Distribution Functions

The EDEF expected at the CDS/NG boundary or at the start of the
NG region has been calculated in the previous section for values of
the Cathode fall between O0.15kV and 1.0kV. These are used as the
starting EDEF's at the beginning of the NG in the same way as the
trapezoid diétribution is used at the sfart of the CDS region. The
boundary region is therefore re-defined as the point where x=0.
Calculations of the development of the EDEF in the NG are simplified
since the E-field is assumed to be zero, and flux redistribution
between 'energy cells in the EDEF is calculated purely from the
collision losses. The evolution of the EDEF in the NG has been
calculated for ten' different values of VO between 0.15kV and 1.0kV.
It has been found that by setting the slab width Sx equal to one
tenth of +the mean free path corresponding to cell E

kmax
( >«Ekmax)/10), computation times became excessive to achieve a final

state whereby all cells have a flux density less than 10'6. To
overcome this problem, at a distance into the NG when the total
ionisation rate is found to have decayed to a value less than 2% of
the maximum valuse, Sx is increased by a factor of ten to equal
3.

?hé development of the EDEE in the NG for Vc=0.2kv is depicted in
fig 4.24. It is evident that electron flux from the primary group and
'tail' group of cells decay at about the same rate. Only the low

energy cells around 30eV gain flux. This is because the impact
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cross~sections for electrons with energies between ~0.1keV and “0.2keV
are roughly the same. More interesting oehaviow is predicted for the
development of the EDEF when the Cathode rall is 1.0kV as shown in
fig 4.25. At the boundary region when p.x=0, the EDEF containg flux
principallv in the primary component with a small 'tail' component.
Further into the NG, this primary component loses flux to lower energy
cells in the 'tail' group to generate a broader secondary peak about
25eV below that of the primary. Further peaks are observed at yet
lower energies (separated by ~25eV), but these tend to merge together
to produce a broad hump in the EDEF which shifts toward lower energy,
whilst at the same time broadening, as the 'swarm' penetrates further
into the NG.

For - a depth factor (p.x) of 5.0 mb.cm, the EDEF is remarkably
similar to the EDEF measured in the NG experimentally by
Yu et-al [27], and the two distributions are shown in fig 4.26 for

comparison. The similarities are discussed further in section 4.4.3.

4.4,2 Tonisation and Excitation Rates in the NG

The production rates of ions and excited atoms in the NG region
can be calculated using the expressions applicable to the CDS
(eq.ﬂ.18) with the lower limit of the sum reset to count from k=25.
The respective production rates are shown in fig 4.27 and for a given
value of the Cathode fall, both rates show similar behaviour with
increasing distance p.x. However, the ionisation rates (fig 4.27a)
decay slightly more rapidly with distance than do the excitation rates
(fig 4.27b). For low values of V,» ionisation and excitation appear

to be confined to a region close to the cathode. These curves peak at
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the CDS/NG boundary at p.x=0 and decay within a distance of a few
mb. cm. As the Cathode fall is raised, the curve profiles extend to
larger values of p.x with a plateau region forming over the initial
stages of the development of the 'swarm'. For Vc=1.0kv, both rates
actually increase slightly with distance over the initial plateau
region and exhibit a small maximum at about 10 mb.cm. After this
point, both rates decay to approach the x-axis asymptotically. Thus,
the character of the NG changes as Ve is increased. For a low Caéhode
farl, ionisation and excitation are centred mainly at the CDS/NG
boundary. As Vc is raised, the production rates become more uniformly
spread with only a small maximum located well into the NG.

A plateau region in ion production for V°=1.0kv leading to a
region in the NG with a uniform ionisation rate is a useful property
of the high voltage glow discharge in nelium. It is likely to be at
least pértly responsible for the improved efficiencies achieved with
longitudinally pumped e~beam lasers (fig 1.11) L28]. A region with
more uniform ionisation can be envisaged using two cathodes set to
ionise the same region of gas as shown in fig 4.27a (inset). This

type of geometry is investigated further in Chapter 5.

4.4.3 Electron Ranges and the Lengtn of the NG

It is difficult to assign precise values to the overall length of
the NG owing to the asymptotic behaviour of the ionisation and
excitation rates as ;hey approach the x~axis. This is borne out by
experimental observations where the NG/FDS boundary normally appears
very diffuse. Cut-off points may be assigned to the curves in

fig 4.27 wusing various criteria, but are calculated here from the
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gradient of the curve at its inflection point on the final downward
trend. The point at which the gradient intercepts the x~axis is the
textrapolated range' Xo (em) [29]. ?hese ranges are therefore
calculated assuming an origin (x=0) at the CDS/NG boundary. The
intercept points have been determined for valueé of Vc between 0.15kV
and 1.0kV and are shown in fig 4.28. The ranges are proportional to
the gas temperature T (K) as a multiple of the absolute temperature
To=273K ' and to the reciprocal of the gas pressure. Therefore, the
‘ordinate is scaled as xo.p.% (mb.cm.K'1). The ranges calculated from

the ionisation curves can be fitted to a simple power law:

r
Xo(i) = T.qV, (4.19a)
p
where r=1.548 , q=8.1l09.10-2 and V0 is in kV.
The ranges Xo(ex) calculated from the excitation curves are slightly
larger, particularly at low VO, and can be fitted to the following
expression:

X (ex) = q(Vz + 8V, + t) (4.19b)

T,
p
where 5=8.89.1073 and t=3.42.1072

There have peen a number of other studies of electron ranges in the NG
of a helium discharge at a few mb with Cathode falls up to 1-2kV.
These are invariably measurements of the total length of the NG and
usually have wide error margins owing to the diffuse nature of the
NG/FDS boundary. Brewer and Westhaver report -measurements of the
length of the NG in helium with Cathode ralls in thé range 0.2-1.0kV
based on spectroscopic estimates [30]. Their data is shown in

fig 4.29 together with curves calculated from eq.4.19 for T=300K. No
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mention is made in this study of gas heating by the discharge currgnt
and it is unclear whether the gas pressures have been corrected for
heating effects. Gas heating effectively reduces the gas density and
leads to larger electron ranges. They conclude that the lengtn of the
NG is determined essentiallv by the ranges of the fastest electrons at
the CDS/NG  boundary, namely, those electrons with energies
oorrespdnding to the Caphode fall. Lehmann calculated electron ranges
based on measurements of current flow in an ionisation chamber
containing helium at 0.1-4.0mb [31]. Brewer and Westhaver observe
close agreement between their data and those of Lehmann although no
mention is made of the errors in measurement of individual range
estimates, which are presumably significant owing to the diffuse
NG/FDS boundary. Woolsey et-al investigated electron ranges in a
helium Né at 0.7-4.0mb using a magnetic lens arrangement placed around
the NG [32]. They conclude that the ranges may be slightly shorter
than- the visual length of the NG by a tactor of up to 1/3 under some
conditions. Using eq.4.19, this is predicted to be the case for low
values of Cathode fall when the ratio Xo(i)/xo(ex) is equal to 0.6 for
V0=0.15kV and 0.7 for 0.2kV. In section 4.4.1, good agreement has
been found between the calculated EDEF profile in the NG for V°=1.0kV
at a distance p.x = 5.0mb.cm and the experimental profile reported by
Yu et-al [271]. The latter EDEF has been recorded at a sample point
17 em irom the cathode face with p=1.07Tumb corresponding to an apparent
distance of p.x=18.2mb.cm. To make a valid comparison between the two
EDEF'S; the experimental ranges must be corrected for gas temperature
variations in the discharge which have not been reported by Yu et-al.
In this case, they are likely to be significant since the cathode used
is concave to focus the electron flux into a narrow beam, and thg

discharge is run at 300mA. An average temperature of 900K necessary
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to bring the two ranges into agreement does not seem unreasonable for

such discharge condivions.

Electron/ion pairs are generated in the NG by the e-beam flux
from the cathode which can therefore be taken as a source term
S(ions.s-1) for ionisation. ITons are lost from the NG by a number of
mechanisms and the rate of change of ion density ni with time can be

expressed as:

2
dn. = + S - (—DiV7 n, +(7(»rnine * fgtnmni + to cathode) (4.20)
dt L ioss terms |

The rate of change is normally zero representing a state of stable
equilibrium. and the source term is then exactly balanced py the loss
terms. The first loss term represents the rate of diffusion of ions
which is always in a direction of decreasing ion density, proportional
to the density gradient and to the ion diffusion coefficient Di’
Volume recombination is reoresented by the second term, where the
coef'ficient CXP encompasses radiative, dielectronic, and collisionally
assisted recombination. The recombination rate is proportional to
both the jon density ni and the density of slow electrons ne, and
recombination at the vessel walls is of course the final stage of the
diffusion process. Strictly speaking, the thi;d term, representing
loss through asymmetric charge transfer, is not a 1o$s term for 1on§,
but only ror nelium ions. It is dependent on the density of metal

atoms o and on the charge transfer coefficient fGLt’ This third
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term is the most important with regard to generating laser action from
a metal vapour, and its possible enhancement in relation to the other
loss terms must therefore be examined carefully. The fourth term
represents the ion flux toward the cathode which is necessary to
maintain the discharge current.

For a discharge to act as ion source in a charge transfer laser,
the third fterm in eq.4.20 must be optimised and the other loss terms
reduced as far as possible, so that helium ions are used to generate
M+* ions. The metal density n may be raised initially, but cannot be
increased indefinitely without affecting the stability of the
discharge. This is due to the low ionisation potential of the metal
atoms compared with helium., Alternatively, a high lon density n, is
required. but this also enhances the other logs rates unless steps are
taken to reduce them individually. Diffusion can be innibited to some
extent by applying a longitudinal magnetic field around the discharge
vessel to keep the plasma away f{rom the vessel walls, resulting in a
larger ion density gradient. Such a scheme has already been discussed
in Chapter 1. For a fixed source term, losses to the cathode may be
reduced by wusing a cathode with a large coefficient for secondary
emission. In this case, fewer ions are needed to maintain the overall
discharge current. Diffusion and recombination losses in a helium
discharge have been discussed by Persson [20] and Franck [331.
Yu et-al have examined the balance between charge transfer losses and
recombination losses in a Helium/Mercury laser for both transverse and
longitudinal e-beam generated plasmas [14].

Little attention has been paid to the source term S, to ascertain
whether ions may be generated more efficiently under certain discharge
conditions. This overall efficiency is iﬁportant because low

jonisation efficiencies result in larger input power levels to
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maintain the necessary ionisation rate S, and unwanted heat produot;on
in the vessel. The source rate is clearly directly proportional to
the electron flux, but not necessarily to the électron energy. If a
single electron with energy Eé is identified at the CDS/HQ boundary,
and followed through the NG, the total number of ions generated Ni
during iuvs lifetime and by secondaries in the cascade can be
calculated. The quantity El;/Ni therefore represents the average
energy W(Eé) required to generate an ion/electron pair and is given
by:
allx /K 171
W(E.) = B /N, = E . ZSjion(x,Ek)) (4.21)

where x=0 is defined as the CDS/NG boundary. The rorm of W(EL) for
increasing Ek is shown in fig 4.30 together with the results of Mililer
£7l. It is seen that the energy spent in generating an ion/electron
pair falls with increasing energy E&. The efficiency of ionisation is
derined as IO/W(EL) and is shown in fig 4.31. This quantity is not to
be confused with the ionisation efficiency which is defined simply in
terms of the ionisation cross-section of the gas [19]. Thus, ions are
more erficiently generated by electrons with energies above ftkeV.

In a real discharge, electrons at the CDS/NG boundary have a
range of energies. For an dinivial 1lux of N electrons per second
leaving the cathode in a discharge with a Cathode fall of Ve, the
discharge current may be determined from the size of the
multiplication coefficient at the boundary M(dc), where it is a
reasonable approximation to assume that the discharge current is
carried principally by the electron flux. Thus, the power into the
discharge is given by P = VO.N.e.M(dc) (Watts). The number of

electron/ion pairs generated by this electron flux can be calculated
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from the ionisation rates given in fig 4.20 and fig 4.2Ta. The number
of dions Wi generated per Watt of input power, and therefore the ion

production rate, is given by:

all x
wi(vc) = N(p %((Xﬁx)/p)&) (4.22)
VO.N.e.M(dO)

where x=0 is defined from the cathode face.

This 1s‘shown in fig 4.32 which gives the separate contributions from
ion production in the CDS and from the NG. It is shown that ion
production rate in the CDS and NG are roughly equal for a 'normal!
discharge with a Cathode fall of 150V. For a discharge operating well
into the ‘abnormal' regime with a higher Cathode fall, the majority of
the ions in the discharge are generated in the NG region. It is
concluded that ions are generated more efficiently for higher values
of the Cathode fall and indeed, the curve of wi(vc) is still rising
for the largest value of V0 investigated. This is an important
result, and increased efficiency for the production of ground state
helium ions is probably one of the reasons why high voltage HCD's show
improved lasing characteristics over ordinary hollow cathode devices.
Therefore, e-beam plasmas are particularly well suited for metal
vapour/helium lasers in which charge transfer is the principal pumping

mechanism.
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4.6 Plasma Processes in a Perforated Cathode

The aincrease of the current density generated by an e-gun cathode
compared with that produced by a plane cathode implies that the
secondary emission processes at the cathode are more efficient in the
e~beam discharge. The expected perturbation of the equipotentials in
the CDS around tné hole aperture of an e-gun cathode is shown
fig 3.f6b. The separation of the equipotentials in the cavity are
larger than at the cathode face, so the electric fields in the cavity
are lower than at the cathode face. Those equipotentials which mark
the ext;nt of the Cathode glow region are shown schematically in
fig 14.337 The internal glow in the cavity may therefore represent an
extended region of Cathode glow, in agreement with visual observations
of this internal glow. The properties of the internal Cathode glow
are therefore 1likely to be similar to those of the external Cathode
glow. Species generated in the Cathode glow at the cathode race are
therefore expected to be produced to some extent by the same
mechanisms in the internal glow. Such species are then trapped by the
cavity. Compared with those generated in the external Cathode glow,
they are less likely to be lost via diffusion, and have a higher
probability of striking the cathode to release more secondary
electrons. This is partly the basis for the 'hollow cathode effect’
as discussed by Francis [11].

Tﬂe production of excited species in the Cathode glow of a plane
cathode is calculated to become more important as Vc is raised, as
shown in fig 4.23. Such species when generated in the internal
Cathode glow of an e-beam discharge emit UV photons. as they decay
which can release secondary electrons from the cathode walls. Ion and

metastable production in the Cathode glow of a plane cathode also
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become more important as V0 is raised, as shown in fig 4.34. If
generated in the internal Cathode glow, they are also trapped by the
cavity.

An increase of the effective secondary electron emission
coefficient for processes in the hole cavity can also be attributed
the motion of particles normaily incident on the cathode face. If
these particles pass into the cavity, they are likely to make glancing
angle impacts at the cathode walls, and it is koown that the
coefficient for such impacts is larger than for collisions at normal
incidence [34]. The flux of particles incident on the cathode face
have been examined‘oy Davis and Vanderslice using an electrostatic
energy analyser and a magnetic mass analyser, sampling species through
a pinhole in the cathode [23]. They demonstrate that the energy
distribution of rare gas ions present at the cathode face is in close
agreement with a simple theoretical model of ion motion in the CDS.
This model assumes that ions originate in vhe NG, and progress through
the ‘CDS with their motion determined by a large number of symmetric
charge transfer collisions of the type:

+ +

+ He > H + He (4.23)

He fast sl.ow efast slow

Few 1ions are found to reach the cathode with energies comparable with
ch. As V0 is increased, however, and p.do decreases slightly, higher
ion energies are detected at the cathode, and a larger proportion have
energies close to eve. It is also suggested that ionic species such
as He™ and Hez pass through the CDS without suffering multiple charge
transfer collisions, and are observed at the cathode with energies
close to eVO. .The presence of relatively large numbers of Hez icns,

with energies much less than eVQ, have been observed also by Davis and
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Vanderslice. They suggest that they are generated in a region very

close to the cathode by the process:

Hef + He > He; + e (4.24)

where Hef is a metastable state.
This observation ties in well with the calculated peak of the
metastable production rate shown in fig 4.34, Therefore, such ions
may be produced in the internal Cathode glow also.

In summary, secondary emission processes are more efficient for
e~-gun cathodes than for plane cathodes. This may be due to the

following processes:

1. The production of species such as He+, He? (metastable), He;,
and He? (giving UV photons) occurs in an extended Cathode glow
region inside the cathode cavity. Such species are trapped within
the cavity and eventually collide with the cathode walls to release
secondary electrons.

2. Fast ions (He'. Hez. and He'") from the NG pass into the cathode
cavity and release secondary electrons by glancing angle impacts
with the cathode walls. Such impacts have higher Z{ coefficients

than do impacts at normal incidence.
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Fig 4.1a. An idealised glow discharge between infinite

electrodes with distance X (cm) measured from the cathode.
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Fig 4.1b. The Straggling effect of the electron trajectory in a
gas medium, where X, denotes the range of the electron,
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Fig 4.24. The development of the electron energy distribution
function in the Negative glow for a Cathode fall of 0.2kV.
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Chapter 5

5 Electron Gun Configurations for Laser Plasmas

A single electron gun operating with a Cathode fall of up to
5 kV, and giving a beam current of up to 1 amp, has been used by
Rocca et~al for longitudinal pumping of several types of ion metal
vapour lasers [1] (fig 1.11). Despite the improved operating
characteristics reported for this system compared with the performance
of previous hollow cathode discharges, there are several drawbacks in
using such a geometry. Firstly, an electro-magnet generating a field
of up to 0.3-0.AT must be employed to maintain the e-beam collimation
over the; length of the active medium, which is about 1 metre. Such a
magnet is physically large, uses considerable power (typically10 kVA)
and must be adequately cooled. Secondly, the ranges of the electx'oﬁs
in the e-beam are chosen to be compatible with .the length of the
active medium to ensure optimum coupling of the beam power to the
laser gas. Therefore, the electron energies at each end of the gas
cell are expected to be markedly different, and the production of
excited species may diminish in the region furthest from the electron
gun, Two electron guns, firing electron beams into the active medium
from both ends of the electro-magnet, have been employed to provide
more uniform excitation [2]. Nevertheless, the electro-magnet must
still t;)e employed to maintain the collimation of the two beams.

With the aim of developing an e-~beam pumped discharge which
requires a somewhat lower magnetic field than 0.4T, a number of
discharge geometries have been investigated here. .Essentially, a

number of electron guns are employed, spaced at regular intervals
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along the discharge tube. The aim is to provide excitation of the gas
by each - e~gun over a distance of approximately 10cm. Although an
electro~magnet haslnot been employed, the field strength necessary to
provide some degree of collimation over this distance should be
considerably less that 0.4T. In addition, the current generated by
the single e-gun for the system used by Roceca et-al [1] can be divided
between the e-guns of the multiple array, thus reducing the current
required from each e-gun to achieve the same overall input power
level. A discharge tube incorporating three cathode/anode pairs has
been constructed to carry out preliminary investigations of a multiple
e-gun array in helium. A second discharge tube has been constructed
with water c¢ooling to investigate a multiple e-beam discharge in

argon.

5.1 Electron Gun Cathode Geomeiries

5.1.1 Experimental Arrangement

A quartz discharge tube with three independent cathode/anode
pairs is shown in fig b.1. The stainless steel electron guns are
2.5cm  in lengtn, with hole apertures of diameter 3.5mm. The
separaﬁion between the guns is 6.0cm, and three Tungsten pin anodes
are set midway between adjacent e-guns. Helium is flowed through the
discharge tube throughout the investigation to purge impurities, and
the gas handling system is identical to that described in section

3.3.1. The tube has been heated for 60 hours using heating tapes
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before running the discharge, and a 'running in' procedure has been
followed for each cathode face, as described in section 3.3.1. During
the 'running in' procedure, the sidelight emission from the NG of a
single e-gun has been examined using the same optical arrangement as
described in section 3.4.1. Slight traces of hydrogen (Hd and
Hy lines) have been observed in the spectrum recorded, which otherwise
contains known helium emission lines only. The V-I characteristics of
the discharge, with electrode pairs connected in a number of different
configurations, have been recorded. Good reproducibility of the V-I
curves is achieved by following the acquisition method described in

section 3.3.1.

5.1.2 Results

Simﬁltaneous e-beam production from the two faces of a single
electron gun has been investigated, as shown in fig 5.2a. Two
electron beams, of roughly equal intensity, are produced by the
cathode when the two anodes are earthed. Beam production from one
face may be disrupted by isolating one of the anodes. The VI
characteristics of the e-gun operating in the single beam’mode have
been recorded for each face of the cathode, and then for simultaneous
operation in the twin beam mode. To determine whether there are
interaction effects between the internal plasmas in the hole cavity,
the current passed by the cathode operating in the twin beam mode, as
a ratio of the sum of the currents passed by each face operating
separatély, has been calculated for particular values of pressure and
Cathode fall. A set of such current ratios are shown in fig 5.3.

Although there is some scatter in the points calculated, there is a
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general trend whereby the current ratios increase slightly for higher
values of Cathode fall. It is possible that long-lived species such
as He* (metastable) are carried from the first plasma region to the
second by the gas flow. Therefore, two separate power supplies have
been used to investigate interaction effects in a single e-gun also,
as shown in fig 5.2b. The current I1 is set, and then monitored as 12
is increased. The results are shown in fig 5.4 for gas pressures of
fmb and 2mb. They demonstrate that there is an interaction effect,

although small, with I, increasing slightly as I, is raised. This may

1 2

be due to a degree of cross-ionisation by slow electrons in the
internal plasmas of the two separate e-beam discharges. However, it
may also be due to eventual fate of ions generated in the two NG
regions, which pass into the hole cavity from opposite directions.
Since tﬁo CDS regions are present, the ions are trapped within the
cavity, and must eventually collide with the cavity walls.

Two e-beam discharges can be used to excite the same region of
gas using counter-propagating beams, as shown in fig 5.5. A similar
cathode geometry has been employed by Persson to generate overlapping
NG's for a study of diffusion and recombination in the NG [3]. It is
found here that individual ballasting of the two electron guns is not
necessary to achieve stable operation of the two guns simultaneously.
However, ballasting may become important when operating at high
current levels, as found for the separate anodes of a 'flute' type
hollow cathode aischarge [4]. Current ratios for the twin gun system
have been calculated, to investigate interaction effects between the
two electron beams, and are depicted in fig 5.6. TFor low values of
Cathode fall, the e~beams do not overlap, the degree of

cross-ionisation in the two NG's is small, and the current ratios are

near unity as expected. As Vc is raised, the NG's begin to overlap
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and the current ratios rise. The ratios start to inérease at lower
values of Vc for lower gas pressures, as predicted by the range
criteria (eq.4.19). As the current ratios rise further, a kink is
observed in the curves for 1mb and 2mb. This suggests that the
ionisation c¢ycle in the compound discharge is somehow interrupted,
over a small range of Cathode fall values. One explanation for this
effect is that the electrons from one e-gun then have a range equal to
the gun separation, and reach the CDS/NG boundary region of the other
e-gun. They are prevenped from drifting further by the other CDS
sheath region. The presence of such slow electrons in the boundary
region will reduoé the effect of the positive space charge of the
ions, and thus reduce the fields in the CDS. As v0 is raised further
and the electron energies increase, their ranges in the gas also
increase. In this case, they pass through the opposite CDS/NG
boundary region, are reflected by the electric fields in the CDS, and
pass béek into the main body of the two overlapping NG's. This would
explain why the current ratios increase again as Vo is- raised
further.

A potentially useful effect is observed when a voltage is applied
between the outermost two e-gun cathodes 'A' and 'B!, leaving the
centre cathode at floating potential. When the discharge is run at
low current, two electron beam plasmas are observed, with one produced
by the cathode at floating potential (fig 5.7a). This floating
electrode acts simultaneously as an anode for the cathode 'A' and as a
cathode for 'B'. As the discharge current is raised to about 3mA,
however, the discharge transposes to another mode in which a single
e-beam- is produced, and a filament of PC is formed along the axis of
the tube, and passes through the centre cathode (fig 5.7b). The V-I

characteristics for the twin beam mode are shown in fig 5.8a, which
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shows the total voltage (Vt) applied to the end elecvrodes, and the
floating potential (Vf) of the centre electrode. The floating
potential is approximately one half of the overall voltage when the
discharge operates in the twin beam mode, as shown in fig 5.9. When a
voltage is applied between points 'A' and 'C' shown in fig 5.7a, to
leave two electrodes at floating potential, three e-beam plasmas are
generated, although the multiple beam mode is again only stable below
3.0mA, as shown in fig 5.8b.

It is unfortunate that this multiple beaming effect using
floating electrodes is not stable at higher current levels. As to a
reason why the discharge is stable in the multiple beam mode at low
current, it is known that the size of the electric field parameter E/p

1.mb-1) required to maintain the flow of charged particles in

(Viem™
the PC must be increased for smaller tube diameters [5]1. Therefore,
at low current, the value of E/p across the bore of the central
electrode is probably too small to overcome the diffusion losses for
charged particles in the bore, in order to maintain a PC region.
However, the applied potential is clearly adequate to sustain two
almost independent CDS and NG plasma regions. Therefore, - by reducing
the bore diameter to increase the diffusion losses for a PC glow, it
might be possible to inecrease the operating range of discharge in the
multiple beam mode,

Since the e-beam plasma is generated along the central axis of an
e-gun cathode, a discharge tube has been constructed in order to
confine the entire e~beam plasma to a central region of the same
diameter as the cathode hole. This geometry is shown in rig 5.10, and
adjacent electrodes are used as anodes in this case. The separation

between the electrodes is set at 0.5mm to establish an obstructed

discharge and prevent gas breakdown across the electrode gap. It is
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found that an e-~beam plasma cannot be maintained at léw current ("1mA5
using such a geometry, is somewhat unstable, and does not yield
reproducible V-I characteristics. The discharge is observed to switch
on and off intermittently, with a period of several seconds.
Oscillations of this nature have been observed with other types of
obstructed glow discharges also [6]. It is suggested that these
oscillations are due to a build-up of space charge in the
inter-electrode gap, which then acts to extinguish the discharge.

An e~beam plasma is generated at a voltage of 2-3kV as indicated
by the V-I characteristieos in fig 5.11. It is shown that the V-I
curves are unusually steep and small variations in the Cathode fall
produce large changes in the discharge current. The position of the
anode very close to the cathode face undoubtedly gives rise to a
degree of perturbation of the equipotentials in the CDS region, as
shown in 1ig 2.13. Electrons in the e-beam plasma may be formed as a
divergen£ beam and collide with the walls of the anode instead of
generating a NG region along the bore. By increasing the
inter-electrode spacing whilst maintaining an obstructed mode
criterion (ie. gap<dc), the perturbation of the equipotentials may be
reduced, enabling more stable operation of this type of geometry. The
inclusion of a small electro-magnet around the discharge tube to
generate a longitudinal magnetic field, thereby reducing the beanm

divergence, may improve the stability of the discharge also.
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5.2 Multiple e~be A

5.2.1 Experimental Arrangement

The discharge cell shown in fig 5.12 (and plate 2) has been
constructed to investigate the behaviour of a mnultiple e-beam
discharge in argon. The cell has been designed to allow the addition
of further segments at a later stage, although the operation of only
one segment is reported here. The cell consists of an aluminium body
which houses the two e-gun cathodes, and two stainless steel end
flanges through which the vacuum and water connections are made. The
cathodeg. are slid along the central bore and are held in place by
vacuum lead throughs in the aluminium body, which are used also to
connect the cathodes to the power supply. The cathodes are anodised
to provide electrical isolation from the main body, which also acts as
an anode, and is held at earth potential. The cathodes are 2.0cm in
length with 2.0mm holes to generate the e-beams, and only the walls of
the holes are left un-anodised. A CDS sheath region is eXxpected to
form next to the anodised cathode faces which are exposed to the
discharge. The ion . concentration in such a sheath is likely to be
less than in the sheath region at the hole entrance, however, since
the electron flux derived from the anodised surfaces will be less than
that carried in the e-beam filament. The weaker sheath region may be
used to reflect stray electrons back into the central discharge
region, however, and for this reason the cathode faces are machined
slightly concave. To overcome the serious- sputtering problems

encountered with the previous argon e~beam discharge, the cathodes
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have been made from aluminium which is more resistant to sputter;ng
than stainless steel [7]. In addition, an admixture of oxygen at
0.01mb-0.025mb in the gas supply can be used to maintain the thin
layer of oxide on the cathode surface, in this case the bore of the
cathode, to reduce sputter damage considerably [8]. Therefore, a
amall amount of oxygen has been introduced into the argon {flow
entering the discharge cell. Spontaneous emission from the e~beam
glow has been collected from the cell viewed ‘'end-on' using the
optical arrangement described in section 3.4.1. The axis of the cell

has been aligned with the optical arrangement using a He-Ne laser.

5.2.2 Results

A spectrum of the e~beam discharge glow has been recorded at low
discharge current (0.3mA, 0.39kV), and is shown in fig 5.13. The
argon pressure is set at 0.7mb with an admixture of oxygen at 0.06mb
to maintain the thin oxide 1layer along the cathode bores. The
spectrum contains numerous ArII lines, and their relative intensities
are found to be similar to those observed for the previous argon
e~-beam discharge (section 3.5.2). The most intense emission line is
at U7654, and the ten principal lines in the spectrum are listed in
table 5.1. It is noted that the emission line at 51454 is, once
again, not observed at low current. During subsequent experiments to
monitor the intensities of these principal emission lines as the
discharge parameters are changed, it is found that the discharge
current is not steady, and current 'glitches' are observed with a
frequency of ~1Hz. These bursts of current appear more frequently as

the discharge is run for periods of several hours. They also increase
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Wavelength (A) Transition Intensity (arb.units)
1. 4764.9 (II) L  A4pp,, -4s®P 8.98
‘ > 3/2 1/2
2. 4277.5 (II) 8.12
2 2
3. 4609.6 (II) L 4p F7/2-us D5/2 6.93
L, 4198.3 (II) 6.49
2 2
5. 4879.9 (II) L 4p D5/2—lls P3/2 6.39
T 4158.6 (I) 6.18
2 2
8. 4545.1 (II) L 4p P3/2-4s P3/2 6.16
9. 4200.7 (1) 5.62
2 2
10. 4657.9 (II) L 4p P1/2-us P3/2 5.29

Table 5.1. The ten most prominent lines in the e-beam discharge at

0.3mA;.0.39kV and 0.Tmb. 'L' denotes a known laser transition.

in frequency as the discharge current is raised. By increasing the
ballast resistor on the power supply from 20kfl to 200k , however,
the discharge is found to be generally more stable. The intensities
of the principal ArII lines in the spectrum nave been recorded as the
discharge current is increased, and the intensities of two Arl lines
at 42594 and 4158R have been monitored also. Values of the Cathode
fall over the current range investigated are shown in fig 5.14. The
cﬂrrenb range is limited to about 20mA by the ballast resistor used to
stabilise the discharge current. All spectral line intensities are
observed to increase almost linearly with rising discharge current,
suggesting single-step electron excitation of both ArI and ArIl

states. However, the intensities of all ArlII lines appear to increase
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slightly faster than the intensities of both Arl lines as shown in
fig 5.15. Here, ratios of line intensities have_ﬁeen caleulateq using
the intensity of the emission line at 42594 as a coﬁmon denominatof
throughout. Interestingly, the ratios increase most noticeably for
the ArII lines which correspond to known laser transitions. The
intensity of the line at 51454 remains weak in comparison to the other
ArII lines over the current range ainvestigated.

After running the  discharge for approximately 12 hours
continuously, the frequency of the current 'glitches' is observed to
increase, and this prevents further spectral analysis. These current
bursts are accompanied by bursts of RF emission between -O-BOOMHZ as
shown in fig 5.16. There appears to be an envelope function within
which the RF radiation is emitted. On examining the e-gun cathodes,
it is found that a layer of oxide builds up along the bores during
operation reducing the diameters to about 1.9mm. After re-drilling
the cathodes to 2.0mm and replacing the guns in the discharge cell, it
is possible to run the discharge with a relatively stable discharge
_ current '.once again., The build-up of a thick oxide layer is probably
caused by operating with the partial pressure of oxygen set too high.
In subsequent runs, the oxygen pressure is reduced to 0.02mb.
However, after several hours of operation, the discharge current
becomes unstable once again. At a discharge current of 10mA, an
audible 'ring!' can be heard from the discharge cell, and this persists
as the current is raised further. It is found that the instabilities
encountered are not prevented by connecting 5kl ballast resistors to
the individual cathodes.

Instabilities in DC glow discharges have been discussed
extensively by Francis [6]. The instabilities encountered here may be

caused 'by the presence of 0 ions in the discharge, and the minimum
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partial pressure of Oxygen required to maintain the thin oxide layeb
along the cathode bore will probably be determined by trial and
error. It will depend on the sputtering rate in the cavity, and
therefore on the discharge current and on the Cathode fall. The
instabilities may be caused by intermittent arcing from the cathode
edges to the aluminium body also, which may be prevented by improved
design of the cathode segments. It has been suggested that the
glow-are transition of a cold cathode discharge may be prevented by
limiting the current available for the arc to form, by reducing the
capacitance of external circuitry of the power supply [8].
Instabilities may also be reduced by running the cathode 'hot' to
drive off volatile gases. Extensive studies into the formation of
temporary arcs in hollow cathode discharges using aluminium cathodes
coated with an oxide layer have been carried out by Rozsa et-al [9].
It is suggested that arcing occurs as a result of non-uniformities in
the thickness of the thin oxide layer on the cathode. Relatively-
stable operation is reported after this oxide layer is removed by
sputtering, to expose a clean metal surface.

RF emission has not been detected from the e~beam plasmas in
helium discussed in section 3.3.2 of +this thesis. However, UHF
emission between 1-10GHz has been generated by an e-beam discharge in
helivm for current densities of arouwnd O.1A.cm™> [10]. Such RF
emission is caused by an interaction between the plasma generated by
the e~beam ({the NG) and the e-beam itself. These 'plasma
oscillations' have been investigated by Wada and Knechtli, and are
shown to increase in intensity as e-beam current increases, or as the
surrounding gas pressure is reduced [11]. Serious degradation of the
quality of the e-~beam has been observed at the onset of these

oscillations [10]. This is accompanied by a sharp change in the
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spectral characteristics of the e~beam plasma. However, if a similar
'plasma oscillations' in the argon e~beam discharge are occurring, the
excitation of ArII levels compared with ArI levels would be expected
to diminish, at the onset of such oscillations. This is not observed
to be the case, as shown in fig 5.13.

Further investigations are necessary to determine the nature of
the current instabilities observed here, to enable the e~beam
discharge to operate stabily at higher current levels, and with a
smaller ballast resistance. The presence of numerous Arll emission
lines in the spectrum of the e-beam plasma is an encouraging feature,
however. The behaviour of electrons in the CDS and NG regions of an
abnormal glow discharge in argon is undoubtedly similar to that in an
abnormal helium discharge. The proportion of 'fast' electrons at the
CDS/NG boundary and in the NG is therefore likely to increase as the
Cathode fall is raised. Sﬁoh electrons are able to excite ArII levels
directly, and this is confirmed by the presence of strong ArIl
emission- lines even at low discharge currents. It follows that the
average electron energy in the e~beam discharge 1is expected to be
markedly higher than in an equivalent Positive column discharge.
Further investigations are needed to establish whether ArlII levels are
pumped favourably in a high current electron beam discharge.

Compact, air-cooled argon ion lasers using a low current (5A-104)
Positive column aischarge are used to generate laser action at HBSOA,
and have been developed commercially in recent years. Such lasers
have very low operating efficiencies because the pumping rate to the

n

3p 4p2D level 1s dependent on the square of the discharge current,

5/2
which dis limited by the cooling efficiency of the unit. However,
since _the production of ArlII states in the e-beam discharge is

maintained at low current levels, laser action generated in an e~beam
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discharge, running at comparable input power levels to these Positive
column devices, may be more efficient. Laser action on one or more of
the ArII 1lines 1listed in table 5.1 may well be possible using an

e~beam discharge of this type.
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Fig 5.1. A multiple electron gun geametry incorporating three
anode/cathode pairs.
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Fig 5.2. Simultaneous electron beam production from two faces of
the same e-gun cathode.
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Fig 5.5. Excitation of a region of gas by two counter
propagating electron beams.
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15.0mA and 0.875kV.
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Appendix I

It has been proposed by Bayless et-al [1] that a continuous glow
discharge oc¢an be used as a source of electrons to achieve continuous
pumping of a gaseous laser medium. The transverse pumping geometry
suggested is used in conjunction with a thin metal foil separating the
gun and laser volumes as shown in fig a.1. This scheme allows the
electron gun and the laser medium to be operated independently. To

examine the practicality of such a scheme, b both the coupling

efficiency of beam energy to the gas and the loss of electron energy

to the foil element must be determined. A similar sét of calculations
have been carried out by Dutov et~al [2] for electron energies in the
range 100-250keV using a Monte Carlo simulation. Those calculations,
however, are confined to 002-N2uHe mixtures at pressures of around one
atmosphere, and based on discharge tube diameters of about 10acm. The
following calculations are based on gas cells containing pure helium,
neon or argon.

The energy (aE) lost by an electron passing through a slab of

material of density %o) and thickness (ax) is given by

AE = |1 dE p- ox (a.1)
f dx
with
S = |1 dE [ev.cmz.g-1]
P ¢ dax

where S_ is the stopping power of the material, which is a function of

the electron energy (E). The total penetration depth into the medium
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(Xo) of electrons with initial energy (Eo) can be found by taking the
integral of (a.1):

Eo

X = (ke. r’ .Sp)_1

QE (a.2)
0
with ke = 2
where (ke) is a 'Straggling factor', a constant value, which is
included to take into account the zig-zag path followed by electrons
traversing thick targets [3]. The Straggling factor accounts for
muitiple scattering of the electrons in both the gas and metal foil,
and the calculation is then simplified to motion in one dimension.
Therefore, individual elastic and inelastic collisions are not
considered, and the attenuation is calculated on the basis of a
continuous loss of electron energy. This type of model is known as a
tcontinuous slowing down approximation! (CSDA).
Tabulated values of the stopping power for electrons of energies
between 10keV and 1MeV are available [#] and penetration depths into
-helium, neon and argon have been calculated from eq a.2, as a function
of initial electron energy EO and gas density f7(in mb). The results
are shown in figs a.2, a.4 and a.6. In practice, the individual
electrons have different collision case histories, so the ranges
oalculateq here represent average values. The electron energy and gas
pressure must be chosen so that the penetration depth matches the
diameter of the gain tube (typically i-2cm for a metal vapour/rare gas
laseri. A similar range calculation has been carried out to estimate
the transmission efficiency (F) of electrons through thin titanium

folils of various thicknesses. This efficlency is plotted in
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figs a.3,a.5 and a.7, together with the coupling efficiency () of
electron energy into the gas contained within a 2cm diameter tubé.
Titanium is often used as a window element in preference to steel or
aluminium foils since it has a higher tensile gtrength for a given
beam attenuation. Bayless et-al report an experimental figure of
(50+6)% for the transmission efficiency of 100keV electrons through a
13.8 micron titanium foil. This agrees well with the figure of 57%
calculated here.

The thinnest foll element which can be used for practical reasons
is about 10 microns. This thickness of foil is sufficient to
withstand. a pressure differential of about 500mb. Electrons with
energlies greater than about 60k9V are required, therefore, to
penetrate through a 10 micron foil. For efficient energy coupling to
the gas, an electron must have an energy Ilower than about 20keV,
preferably, in the case of helium. In neon, the coupling is efficient
below about 30keV and in argon, below about 40keV. An overall
efficiency, which is the ratio of coupled energy to the initial
energy, also has been calculated as a function of electron energy.
This is shown in figs a.3,a.5 and a.7 for a foil thickness of 10
microns, a 2cm gas cell diameter, and a gas pressure of 500mb. The
resulting sharp peak in efficiency around 65-70keV is found for all
three r;re gases. Electrons of this energy lose about 40keV during
their passage through the foil and subsequently emerge with energy of
about 20keV, thereby enabliﬁg them to couple efficiently with the
gas. However, a device operating around this small energy range is
susceptible to foil damage through substantial heating by the beam if
run continuously. Metal foils of this thickness cannot rapidly
dissipate heat thus leading to large internal temperature gradients

and structural stresses.
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The conclusion reached from this analysis is that the overall
efficienoy of this scheme is low in the case of helium, reaching é
peak of about 18% around a small range of electron energies. For" neon
and argon, the overall efficiencies are generally higher, and peak at
35% and U44% respectively, with the peaks extending over a somewhat
broader range of energies. Both factors reflect the greater
attenuation of electron energy by these heavier gases. Therefore,
argon gas is better suited to work as a laser medium than a
helium/metal vapour mixture. However, such a device is probably
limited to operating in a pulsed mode.

Finally, electrons with energy somewhat higher than that
© corresponding to the peak efficiency are required for two reasons.
Firstly, the transmission losses through the foil decrease quite
rapidly' with dincreasing electron energy in the range 70-100keV (thus
reducing foil damage). Secondly, electrons which overshoot the gas
medium provide more uniform excitation of the gas volume, FElectrons
with energies in the range 60-70keV, corresponding to the leading edge
of the overall efficiency curve, do not produce excitation across the
full 2cm gap.

Electron beam excitation of a helium/metal vapour mixture using
electrons of energies in the range (10-100keV) in conjunction with a
thin 10 micron titanium foil window and a gain medium of 2cm width, is
shown tqt be inefficient. Probably less than about 10% of the beam
energy is coupled into the laser gas. However, using the same general
scheme with argon gas as a gain medium, it is shown that a pulsed or
quasi~CW system might be feasible using electrons of energies

[70-100keV].
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Appendix IT.1
e Inelastic S, Cross«~Secti i eli

The cross-sections developed by Alkhazov [1] which have been used

in thisvstudy are given below. The energy units used throughout are
Rydbergs (13.6eV) and the cross-sections are given in units of

10-16 om” unless otherwise stated.

1. The ionisation cross-section Qi(E)
The cross-section for ionisation at electron energy E is given by

the following expression:

E.F(E) T\ E/ E+W

Q.(E) = 8.br 1t 1. In ks 1-I2 \M21n(d+[ C (E—I.)i/"’-') (a.3)
& 5[:,( “) E+W I,](EZ)' : 3

F(E) = 1+A 1+(A/E)
E 1+(BE)

Where :[0:1.8079, M%':O-ug, d=1 -6, C‘t=0-15, W=67.7, A=5|3l" B=0.027’ and

br=0,8791 are all constants.

2. The differential cross-section ﬁﬁ(E)

This is represented by the following expression:

0, (€) = 8 1+ - E+L, 1 |+ 237+ 1 M?I?lu(m[c(E-I.)f/?) (a.%)
E.F(E) {62 €] E+W EE, e €}

€= E+I~€ , F(E)= 1+(W/E)
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The units of GE(E) are set arbitrarily and in all calculations, a

normal ised version of eq.(a.l) is used.

3. The excitation cross-sections

Electron-impact excitation from the helium ground state to the

1 1 3 3 3

states np1P, ns S, nd D, ng'S, np P and nd”D are considered here and

only levels whose cross-sections are more than 1§ of the peak of Qi(E)
around -100eV are taken dinto account. The cross-sections for

excitation to np1P states are given by the following expression:

1p(E) = H.br [1- ((Upip )2 7EZ )1 £ ptp 10[d" +CT(E-U ﬁgl (a.5)
EIJﬁP.G(E)

G(E) = 1+A! 1+(B'/E)
' E 1+(D'E)*

where A'=0.96, B'=1.3, ¢C'=0.65 and D'=0.05 are constants, U are

np1P
the excitation threshold potentials [2] and fnp1P are the oscillator

strengths for the transitions. The values of Unp1P and fnp1P used are

tabulated below:

Transition Unp1P fnp1P
1s's-2p'P | 1.5623 0.2762
-3p'P | 1.7000 0.0734
~up'p | 1.7081 0.0307
5p'P | 1.7705 0.0157

Table a,l]
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The cross-sections for excitation to the other atomic states are

represented by the following series of expressions:

B Qns1s = U4 By (1-Upds/E) (a.6a)
' Ungls £
Q .1y = 4B, (1-Updn/E) {a.6b)
e Undip ¢ E+Updip)
Q 3. = 4By (1-Up3s/E) (a.bc)
ns-=s Uns3S e
Q43 = 4 B, (1=-Uyg3/E) (a.6d)
U.dp E* (E+Ug )
anap = 4 By (1-UpnP/E) (a.be)

Uppdp  (E+Upap)’

The parameter Bn for each group of levels is given by:

B, = br(B/n?) (a.7)




Values of Unl L and Bo are given in table a.2 below:
Level Unl L B0
) 2s's | 1.5179
ns's|3s's | 1.6876 | 0.36
us's | 1.7431
nd'p{3a' | 1.6989 | 0.33
wa'p | 1.7a77
275 | 1.4593
ns's|3s3s | 1.6727 | 2.24
438 | 1.7372
2p3F | 1.5436
np3P| 3p3P | 1.6940 10.8
updp | 1.7456
nd3p|3a3 | 17877 | 1.24
4a3p | 1.7702
Table a.2
Bﬂf erences

1. Alkhazov G.D., Sov.Phys.-Tech.Phys., 15, 66 (1970)

2. Bashkin S. and Stoner J.0.,

Diagrams', vol I, (1975)

'Atomic Energy Levels and Grotrian
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Appendix II.2

The simulation of electron motion in the cathode regions of a
helium - glow discharge has been carried out using two Fortran
programmes. The first, 'darkspi.for', performs calculations of the
electron flux in the Cathode dark space. The second, 'herangel.for',
is used for calculations in the Negative glow. = Modified versions of
these two programmes have peen used to calculate a number of disehargé
parameters. The number of calculations performed by the programmes
increases when higher values ot the Cathode fall are: selected
initially. The maximum processing time on the St Andrews VAX 11/780-5
computer is one how. This limits the selection of the Cathode fall

to values less than about 1.0kV, as shown an fig a.8.
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DARKSP1.FOR

real f(5000),df,f1,dex, dion,dsumx
real ftot,mmin,crs,dsum,fetot,mtot
real po,£3(5000),pen(5000),1on(5000),exe(5000)
real ex,ri,e{5000),np, suni, sum2, sm3, ge,qnlp
real bn,d1,qnls,dx(5000),qi(5000)
real qextot, fei,qra2(5000),qion,qsig,i2,qr1(5000)
real bohr, cons, temp,na,unip(5),fnip(5),a,b,c,d, ds,un1s(5)
real un3p(5),ai,bi,eci,di,w,ni2,1o,ke,exx, qn3s, qn3p
real swm5,sumb, sum7, sun8, sung, sum10, sw12, ei, epj,det,de?
real f£o(3000,300),eps(7500),sig{7500)
real. cpu,un3s(5),untd(5),un3d(5),qn1d, qn3d, cfall
real fxm,p,foxj,dxr,fx,£5(5000)
integer j,m,n, x, de,nochar,u, jo,xv, xr,r,xm, ro,xu,mi,x1,m3,en
integer u2, jj,m2
integert) ist,ifn
call actim(ist)
nochar=233
u=1
ro=0_0
ke=1.0
bohr=8.7975e~17
na=6,023e+23
cons=8.3138e+4
temp=273.0
dsum=0.0
dsunx=0.0
p=1.0
np=(na¥*p*ke)/{cons*tenp)
i0=1.8079
i2=13.6%io
de=1
u2=2
en=1032
efall=((float(en))~15.0)%0.984
m=en
exx=0.0~1.0
write(81,50) m
SELECT ELECTRON ENERGY E
do 20 x=1,m
exx=exx+(float(de))
ex=exx®0.984
e(x)s=ex
EXCITATION COLLISION CROSS~SECTIONS AT ENERGY E
unip(1)=1.5623
unip(2)=1.7
unip(3)=1.7481
unip(4)=1.770%
£n1p(1)=0.2762
fn1p(2)=0.0734
fn1p(3)=0.0307
fn1p(4)=0.0157
qbtnip=0.0
a=0.96
b=1.3
¢=0.65
d=0.05 iz
ds=2.0
ex=ex/13.6
qnip=0.0
do 21 j=1,4




21

22

23

2

ers=unip(j)
if(ex.lt.crs) goto 21
sumi=1+((d¥ex)*¥})
sum1=(1+(b/ex))/sum1
ge=1+((a/ex)*suml)
sum2=ds+(c*(ex~unip(j)))
sum2=1log(sum?2)
sm2=(fn1p(j)*¥swm2)/ (ex*unip(j))
sum2=( 4*sum2)/ge
sum2=(1-((unip(j)/ex)##2) }*aum2
su2=sum2*bohr
qnip=qnip+sun2

end do
unts(2)=1.5179
unts(3)=1.6876
unis(4)=1.7477
qnis=0.0
do 22 j=2,4
ers=unis(j)
if(ex.lt.ers) goto 22
sum1=(1-(unis(J)/ex))##0.5
suml1=(4%sum1)/ (ex*unis(]))
bn=0.36/(3"#3)
qnis=qnis+{ (bn¥sum1)*bohr)

end do
un3s(2)=1.4593
un3s(3)=1.6727
un3s(4)=1.7372
gn3s=0.0
do 23 j=2,4
ers=un3s(j)
if(ex.lt.crs) goto 23
sumi=(1-(un3s(j)/ex))#*0.5
suml=(4*sun1)/ ((ex*#3)*un3s(j))
bn=2.24/ (j#¥3)
qn3s=qn3s+{ (bn*sun1)*bohr)

end do
un3p{2)=1.5436
un3p(3)=1.694
un3p(4)=1.7456
qn3p=0.0
do 24 j=2,4
ers=un3p(J)
if(ex.lt.crs) goto 24
sunl=( 1=-(un3p(j)/ex))#¥0.5
swmi=(4¥suwm1)/ ((ex+un3p(j) )**3)
sum1=sum1/un3p(j)
bn=10.8/(j*¥3) =
qn3p=qn3p+( (bn¥sumi)*bohr)

end do
unld(3)=1.6989
unid(4)=1.7477
qn1d=0.0
do 25 j=3,4
ers=unid(j)
if(ex.lt.crs) goto 25
sumi=(1-(unid(j)/ex))¥#0.5
sum1=(4%sum1)/ ((ex+untd(j) )*untd(j))
bn=0,33/(j#¥3}
qnid=gnid+{ (bn*sum1)¥*bohr)




25

26

27

28

end do
un3d(3)=1.7477
un3d(4)=1.7702
qn3d=0.0
do 26 j=3,4
ers=un3d(j)
if(ex.lt.crs) goto 26
smi=(1-(un3d(j)/ex) )*#0.5
sunl1=(4¥%sum1)/((ex+un3d(j) )*(ex*#2))
suml=sum1/un3d(j)
bn=1.24/ (j*#3)
qn3d=qn3d+( (bn*sun1) *bohr)
end do
qgextot=qunls+qnip+qn3s+qn3p+qn3d+qnid
qion=0.0
if{ex.1lt.io) goto 27
ai=5.34
bi=0.027
ci=0.15
di=1.6
w=b67.7
mi2=0,49
sum=1+((bitex)##3)
sum1=(1+(ai/ex))/sunt
fei=((ai/ex)¥*sum1)+1
sumi=(ci*(ex-io))¥#0,5
suni=log((suni+di))
suml=swmi¥*mi2
suml=(1~-((io/ex)¥¥2) )*¥sum1
sum2=ex/io
sum2=1log(sum?2)
sum2=sum2/ (ex+w)
sum3=1-(io/ex)
sum3=swm3/io
sun3=swm3-sum2+sumt
qi(x)=(sum3#%8.0)/(ex¥*fel)
qion=qi(x)*bohr
qsig=qion+qgextot
if(gsig.eq.0.0) goto 28 =
qr1(x)=gion/qsig
qr2(x)=qextot/qsig
dx(x)=qsigtnp
if(ex.1t.io) goto 20
sun12=0.0
de1=0,984/13.6
de2=(ex+(24.55/13.6))#0.5
smb5=(ol#(ex~i0) )*¥0,5
sum5=1og ( (di+sum5))
sunb =mi2*sum5
sumS=sum5¥ (Lo¥¥2)
sumb =1+(w/ex)
sun6=8.0/ (ex¥sumb)
sum? =(ex+10)/ (ex+w)
epj=io-del
do 10 3j=1,300
eps( j)=epj+del
epj=eps(j)
if(epj.lt.de2) goto 13
Jo=j
goto 11




13

10

1

12

14
20

29

39

COo0Ca0

49
46

ai=ex+io-epj
sum8=1/ (el¥¥3)
sum8=sum8+( 1/ (epj ##3))
swm8=2%( sum8*sum5)
sum9=1/(ei¥epj)
sun9=sum7 *sum9
sm10=1/(ei¥¥*2)
aum9=sum|{0-~-sum9
sum10=1/(epj*#2}
sun9=stm8+sumG+sum10
sig(j)=sumb¥sumn9
eps(j)=eps(j)~-io
sum12=sig(j)+sumi2

end do
Jjo=301

do 12 j=1,300
if(j.eq.jo) goto 14
fo(x, j)=sig(j)/sum12

end do
goto 20

fo(x, j)=0.0

continue
£(1)=0.0
£{2)=0.25
£(3)=0.5
£(4)=0.75
£(12)=0.75
£(13)=0.5
£(14)=0.25
do 29 x=15,m =
£({x)=0.0 .

end do
do 39 x=5, 11
f(x)=1.0

continue
po=0.0
write(81,53) po
do 47 x=1,m
£5(x)=f{x)
write(81,52) e(x),f5(x)

end do
d1=0.835
m2=n-15
write(81,50)
write(83,50) m2
write(84,50) m2
write(86,50) m2
write(87,50) m2
write(88,50) m2
do 30 r=1,m2
xm=r+13
sunt=di=-po
if(r.ne.m2) goto 49
dxr=sum]
goto U6
sum2=(sun1%%2) ~((0.984# (d1#%2) ) /efall)
dxr=sumi-(sum2%#0.5)
pen{r)=dxr+po
po=pen(r)
ion(r)=0.0

B




36
35
31

38

32

axe(r)=0.0
ftot=0.0
fetot=0.0
if(xm.1lt.23) goto 31
do 35 x=1,xm
if(x.1%t.23) goto 35
Xv=X
Xu=1
fx=f(x)
if(fx.eq.0.0) goto 35
df=0.0~{dxr#*dx(x))
df=(1=-(exp(df) ))¥r(x)
fx)=f(x)-df
dion=df ¥qr1(x)
dex=df ¥qra2(x)
ion(r)=dion+ion(r)
dsun=dsum+dion
exc{r)=exc(r)+dex
dsumx=dsumx+dex
Xv=xv-22
if(xv.1lt.1) goto 35
£{xv)=f{xv)+dex
XV=XV~3
if(xv.1t.1) goto 35
do 36 j=1,300
foxj=fo(x,J)
if{foxj.eq.0.0) goto 35
fi=fo(x, j)*dion
£xv)=f(xv)+£1
fxu)=f(xu)+£1
Xu=xu+
Xv=xv-1
end do
end do
do 38 x=1,xm
x1=x+1
£3(x1)=£(x)
end do
m1=xm+1
do 32 x=2,ml
£(x)=F3(x)
£x=£(x)
ftot=ftot+fx
fetot=fetot+(fx¥*e(x))
end do
£(1)=0.0
fetot=fetot/ftot
write(87,52) pen(r),fetot
mtot=Fftot/10.0
write(88,52) pen(r),mtot
jon(r)=ion(r)/(dxr#*(1.0e+1))
exe{r)=exe(r)/(dxr*(1.0e+1))
write(84,52) pen(r),ion(r)
write(86,52) pen(r),exc(r)
ion(r)=ion(r)/(ftot¥0.1)
write(83,52) pen(r),ion(r)
ro=ro+1
if(ro.ne,.134) goto 30
write(81,53) po
do 37 x=1,m




45

50
52
53
54
55

£5(x)=r(x)
write(81,52) e(x),f5(x)
end do
ro=0
continue
write(81,53) po
do 45 x=1,m
£5(x)=£(x)
write(81,52) e(x),f5(x)
continue
write(81,53) dsum
write(81,53) dsumx
format(I6)
format(2e10.5)
format(1e10.5)
format(3e10.5)
format(7e10.5)
call actim(ifn)
cpu=0.01¥%(ifn-ist)
write(81,53) cpu
stop
end




HERANGE1.FOR

real fun,roo,nmin,k1,iont,ion2,ion3

real po,crs, df'x, dsum,pen(5000),ion(5000),exc(5000)

real ex,ftot,r1,e(5000),np, suwml, sun2, sum3, ge,qnip

real bn,energy(5000),anis,dx(5000),qi(5000)

real qextot,fei, qr2(5000),aion,qsig,12,qr1(5000)

real bohr, cons, temp,na,unip(5),fnip(5),a,b,c,d,ds,unls(5)
real un3p(5),ai,bi,ci,di,w,mi2, io, ke, exx, qn3s, qn3p

real sum5,sumb, sum7, sum8, sung, sun10, sum12, ei, epj,de’, de2
real fo(3000,300),eps(7500),sig(7500)

real cpu,p,un3s(5),un1d(5),un3d(5),qnid,qn3d

real dion,dex, fxm,foxj,f1,f2,dxr,df,fx,£(5000),£5(5000)
integer j,m,n,x,de,nochar,u, jo,xv, xr,r, xm, ro, xu,mni,m2,m3, en
integer u2,jj

integer®y ist,ifn

call actim(ist)

nochar=233

u=1

ro=0

roo=0.0

ke=2.0

bohr=8.7975e-1T

na=6.023e+23

cons=8.3138e+4 -

p=1.0
np=(na®*p¥ke)/(cons*temp)
io=1.8079
i2=13.6%i0
de=1
uz=2
dsum=0.0
open{unit=60, name="'darked3.dat', status=101d")
read(60,50) en
energy(en)=(float(en)-15.0)#0.984
m=en
exx=0.0-1.0
SELECT FLECTRON ENERGY E
do 20 x=1,m
exx=exx+(float(de))
ex=exx*0.984
e(x)=ex
EXCITATION COLLISION CROSS~SECTIONS AT ENERGY E
unip(1)=1.5623 :
unip(2)=1.7
unip(3)=1.7481
un1p(4)=1.7705
fa1p{1)=0.2762
fnip(2)=0.0734
fn1p(3)=0.0307
fn1p(4)=0.0157
qbtnlp=0.0
a=0.96
b=1.3
e=0.65
d=0.05
ds=2.0
ex=ex/13.6
qnip=0.0
do 21 j=1,4
ors=unip(j)




21

22

23

24

25

if(ex.lt.crs) goto 21
sum1=1+( (d¥ex)¥#t]y)
suml=(1+(b/ex)) /st
ge=1+((a/ex)*sum1)
sum2=ds+{c*(ex-unip(j)))
sum2=log(sum2)
sum2=(fn1p{j)*swm2)/(ex*unip(j))
sum2=(l4*sum2)/ge
sun2=(1=((unip(j) /ex)*¥#2) ) #sum2
sun2=sum2¥bohr
qnip=qnip+sum2

end do
unis(2)=1.5179
unis(3)=1.6876
unis(4)=1.7477
qnis=0.0 -
do 22 j=2,4
cers=unis(j)
if(ex.lt.crs) goto 22
suml=( 1=-(unis(j) /ex))*#%0.5
suml=(4*sum1)/{ex*un1s(j))
bn=0.36/(j*¥3}
qnls=qnis+{ (bn¥sumi)*bohr)

end do
un3s(2)=1.4593
un3s(3)=1.6727
un3s(4)=1.7372
qn3s=0.0
do 23 j=2,4
ers=un3s(j)
if(ex.lt.ors) goto 23
sunl=( 1~(un3s(j)/ex) )#%0.5
suni=(4*¥sum1)/ ((ex##3)*un3s(j))
bn=2.24/ (j##3)
qn3s=qn3s+( (bn#sum1)#bohr)

end do
un3p(2)=1.5436
un3p(3)=1.694
un3p(4)=1.7456
qn3p=0,0
do 24 j=2,1
ers=un3p(j)
if(ex.lt.crs) goto 24
suml={1=-(un3p(j)/ex))2%0.5
sum1=(4*sum1)/( (ex+un3p(j) )#¥3)
suml=ami/un3p(J)
bn=10.8/(j**3)
gn3p=qn3p+( (bn*sum1)*¥bohr)

end do
unid(3)=1.6989
unld(4)=1.7477
gnid=0.0
do 25 j=3,4
crs=unid(j)
if(ex.lt.crs) goto 25
suml=(1~(unld(j)/ex) )¥#0.5
sum1=(4*¥sum1)/ ({ex+unid(j) Y#unid(j))
bn=0.33/(j#¥3)
qnld=qnid+{ (bn¥sum1)*bohr)

end do




26

27

28

13

un3d{3)=1.7477
un3d(4)=1.7702
qn3d=0.0
do 26 j=3,4
cra=un3d{j)
if(ex.lt.crs) goto 26
smi=(1-(un3d(j) /ex) )**0.5
sunl=(4¥sum1)/ ( (ex+un3d(]) )# (ex®#2))
sumi=sumi/un3d(j)
bn=1.24/ (j##3)
qn3d=qn3d+( (bn¥sum1)#bohr)
end do
gextot=qnls+qnip+qn3s+an3p+qn3d+qnid
if(ex.lt.i0) goto 27
ai=5.34
bi=0.027
ei=0.15
di=1.6
w=b6T7.7 _
ni2=0.49
sumq=1+(({bi¥ex)#¥3)
sumt=({+(ai/ex))/sumi
fei=((al/ex)*suml)-+1
suml=(ci¥(ex-i0))*¥0.5
suml=log((sumi+di))
sumi=sw1¥mi2
sumi={1-((io/ex)#%2) )Esum1
sun2=ex/io
sum2=log(sum2)
sum2=swm2/ (ex+w)
sum3=1~(io/ex) .
sum3=swm3/io
sun3=su3~sum2+su |
qi(x)=(sum3*8.0)/ (ex¥fei)
qion=qi(x)*bohr
gsig=qion+gextot
if(qsig.eq.0.0) goto 28
qri(x)=qlon/qsig
qr2( x)=qextot/qsig
dx{x)=qgsig¥*np
if(ex.lt.io) goto 20
sum12=0.0
de1=0.984/13.6
de2=(ex+{24.55/13.6))%0.5
sum5=(ci¥(ex~i0))¥#0,5
sum5=log( (di+swm5))
sum5 =mi2#sumb
sum5 =sumb# (1o##2)
sumb =1+(w/ex)
sum6=8.0/ (ex*sumnb)
sum7 =(ex+10)/ (ex+w)
epj=ic~del
do 10 j=1,300
eps( j)=epj+dei
epj=eps(j)
if{epj.lt.de2) goto 13
Jo=]
goto 11
eisex+io-ep]
sun8=1/(ei##3)
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| 11
g 12
14
|

20

29

32

31

sumB=sumB+( 1/ (epj ¥¥3))
sum8=2%(sum8¥sumb)
sum9=1/(ei¥epj)
sum9=sun7*sum9
sun10=1/(ei¥#2)
sung=sum]0-sum9
sun10=1/(epj ¥#2)
suwm9=sumd+sum9+sun10
sig(j)=sumb#sum9
eps( j)=eps(j)-io
sum12=sig(j)+sumi2
end do
jo=301
do 12 j=1,300
if(j.eq.jo) goto 14
fo(x,J)=sig(j)/sumi2
end do
goto 20
fo(x,j)=0.0
end do
do 29 x=1,m
read(60,55) f(x)
end do
Xm=m
dfx=1.0e-6
m2=m¥300
po=0.0
k1=10.0
ion2=0.0
do 30 r=1,m2
fxm=£{xm)
if(xm.eq.22) goto 43
if(fxm.gt.dfx) goto 31
xm=xm-1
goto 32
Xrsxm
dxr=1/ (dx(xr)¥k1)
pen(r)=dxr+po
po=pen(r)
ion(r)=0.0
exe{r)=0.0
ftot=0.0
do 35 x=23,xm
XveX
xu=23
£x=£(x)
ftot=ftot+x
if(fx.eq.0.0) goto 35
df=0,0~(dxrfdx(x))
df=(1-{exp(df) ) )#f(x)
f(x)=f(x)-df
dion=df¥*qri(x)
dex=df #qra(x)
ion(r)=dion+ion(r)
dsun=dsum+dion
exc(r)=exe(r)+dex
Xv=Xv—-22
if(xv.1t.23) goto 35
fxv)=Ff(xv)+dex
Xv=Xxv=-3




33

36
35

34

38

30
43

50
52
53
54
55

if(xv.1lt.23) goto 35
do 36 j=1,300
foxj=fo(x,3)
if(foxj.eq.0.0) goto 35
f1=fo(x, j)*dion
£{xv)=£(xv)+£1
if(j.1t.23) goto 33
£xu)=f(xu)+f1
Xu=xu+1
xv=xv-1
if(xv.1t.23) goto 35

end do

end do
if(ftot.eq.0.0) goto 34
ion(r)=ion(r)/(dxr#(1.0e+1))
exc(r)=exc(r)/(dxr*(1.0e+1))
write(82,52) pen(r),ion(r)
write(83,52) pen(r),exec(r)
if(k1.eq.1.0) goto 30
ionl=ion(r)
if(ioni.lt.ion2) goto 38
ion2=ion1l
ion3=ion2/50.0
if(ion1.gt.ion3) goto 30
k1=1.0

continue

m=r
write(82,50) m
write(83,50) m
format(I6)
format(2e10.5)
format(1e10.5)
format(3e10.5)
format({10x,1e€10.5)
call actim(ifn)
¢pu=0.01¥(ifn-ist)
write(81,53) cpu
stop
end
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ELECTRON BEAMS FROM GLOW DISCHARGE
ELECTRON GUNS IN HELIUM

R.J.Carman and A.Maitland
Dept of Physics, University of St Andrews, North Haugh,
St Andrews, Fife, Scotland. KY16 9SS

Introduction

We have investigated the characteristics
of glow discharge electron guns generating
beams of electrons at several keV in helium
at 1-6mb pressure. Electron guns of
similar design have been used by Rocca
et-al to pump metal vapour/rare  gas
mixtures and generate laser action at a
number of wavelengths in the visible region
[11,C21. These guns can be used to excite
the active medium of the laser directly
without wusing differential pumping of the
laser and gun regions, or thin foil window
elements. Rocea et-al have reported an
outputt power of 1.20¢ CW from an e-beam
pumped helium/zinc laser, which represents
a ten-fold increase in power over that
obtained from a hollow cathode He/Zn laser
£31.

Cold cathode electron guns employing an
internal cavity as a source of low energy
electrons can generate collimated electron
beams in low pressure argon (0.01mb) as
discussed by Boring and Stauffer [4].
Measurements in low pressure hydrogen
(0.1mb) have been reported by Popa et al
[5]. We have investigated a similar effect
in helium at a few mb pressure when a
distinct e-beam can be derived from a small
hole drilled in the cathode face. The
beaming phenomenon is examined for a range
of hole sizes and gas pressures, and for a
few multiple hole e-guns in helium.

Experimental arrangement

The discharge cell wused is shown in
Fig.1 and consists of a quartz tube 300mm
long, 65mm I.D., held between two stainless
steel end-flanges. The cathode assembly is
fitted into one end~flange and is isolated
from it by a quartz spacer. The stainless
steel electron gun is interchangable and
held in a stainless steel support-mount
which can be withdrawn from the rear of the
flange. The discharge is confined to the
front surface of the electron gun, which is
6mm in diameter, by an aluminium shield
which is placed close to the cathode body
with a gap of about 0.5mm to prevent
breakdown. The anode is a tungsten pin set
in a side limb in the quartz tube and,
together with the end-flanges, is held at
earth potential. The cathode assembly

carries a negative potential of a few kV.
The cell is evacuated by a diffusion pump
before U.H.P. helium is admitted, wvia a
needle valve, to maintain a flow of gas
through the cell for the .duration of the
experiment in order to purge impurities.
The discharge is ‘operated in the
'abnormal' glow regime  with only the
cathode dark space (CDS) and negative glow
(NG) regions present. The anode is located
in the faraday dark space (FDS) and under
these conditions, the tube voltage is equal
to the cathode fall voltage, with a small
correction for the anode sheath voltage.

lesults

The generation of electron beams from
drilled cathodes was investigated using a

.wide range of hole sizes from 1-5mm in
diameter and 1.5mm-21mm in depth. The
characteristics of an  ordinary plane

cathode were also recorded for comparison.
A typical set of V-I characteristics are
shown in Fig.2 and two modes of operation
are revealed, in agreement with the
observations of Rocca et-al [1]. In the
high impedance or beam mode, an electron
beam is generated and a narrow beam
filament is seen to stretch from the hole
aperture, through the CDS and into the NG.
There is also a dim internal plasma in the
hole cavity which is considerably “less

intense than the NG. A critical point is
reached however, when the discharge
impedance suddenly drops, the beam

production ceases, and the NG extends into
the hole producing an intense glow which is
the well known 'hollow cathode! discharge.
Beam production from the larger holes, of
diameter Umm and 5mm, was only observed at
relatively low pressure, in the range
1-2mb. Beam collimation is also seen to
degrade for all guns as the pressure is
inereased beyond 3-4mb.

Comparison betwyeen different e-guns is
complicated by the presence of edge effects
around the cathode perimeter which must be
taken into account when comparing the V-I
characteristies. The characteristics of
the plane cathode are therefore used as a
baseline and the ratio (r) of the discharge
current derived from the drilled and plane
cathodes is calculated for identical values
of the pressure and cathode fall. The




ratios shown in Fig.3 for a 3mm diameter
cavity of depth 15mm, demonstrate that more
current may be derived from the drilled
cathode than from the simple plane type.
Between 1mb and 3mb, the current ratios are
similar and at around 1.5kV, there is a
sharp increase in (f]), which rises to a
factor of 5 at around 3kV. At higher
pressures, the rise in () occurs at a
progressively lower cathode fall. The same
behaviour is observed for hole diameters of
20m and 4mm.  For 1mm, no discernable
variation of () could be identified whilst
at 5mm,- the current ratios are much larger,
but are observed only over a small range of
low cathode fall voltages.

A further series of current ratios have
been calculated for cavities of diameter
3mm, with different overall depths. The
results are depicted in TFig.4 for 1mb
pressure. The current ratios are again
similar in size at low voltages and
inerease sharply at around 1.5kV. However,
a saturation effect can be clearly
identified with the shallower holes
saturating first. The e-gun of depth 10mm
is beginning to saturate at about 3kV. The
same saturation effect is observed, using
the same set of guns, at all pressures up
to ldmb.

Several types of multi-hole guns were
also investigated and in all cases, e-beams
were produced from the separate cavities
simultaneously. The characteristics of
these guns are broadly similar to those
with single cavities.

Discussion

When an electron gun operates in the
beam mode, the region of high electric
field in the CDS is located in front of the
hole aperture and the expected
equipotential  distribution is shown in
Fig.5. The distortion of the electric
field at the hole entrance depends on the
ratio of the CDS thickness to the hole
diameter, and the electric field acts as an
electron lens. Electrons are released from
the cathode face and the hole wall by
secondary emission processes caused by
particles and photons from the NG.
Electrons released from the hole wall are
accelerated by the field at the wall and
are drawn into a region around the hole
axis. On passing into the CDS, they are
further accelerated to form the e-beanm.
The beam direction is determined by the
fields in the CDS and is essentially normal
to the cathode surface (Fig.6). The
internal plasma is partially sustained by
inelastic electron collisions which
generate jetastables, electron/ion pairs
and UV photons which may produce further

secondary emmission. As the beam discharge
approaches the transition point at which it
changes into a hollow cathode discharge,
the gradient of the V-I characteristic
(Fig.2) increases rapidly and is
accompanied ' by a rapid rise in the ratio
(n) Jjust before the transition point is
reached (Fig.3).

The fact that currents drawn from
cathodes with holes are greater than those
drawn from a plane cathode (Fig.3 and
Fig.4) implies that the secondary emission
processes are more efficient in holes. A4s
to a possible reason for this we note the
following: 5

T. Charged particle are likely to
collide with ¢the walls of the hole at
glancing angles. Such impacts are known to
have larger (%) values than do impacts at
nermal incidence [6]. "

2 Production of species such as He ,
He,, and UV photons may be greater in a
hofe than at a plane -cathode surface. Such
species are known to produce secondary
electrons and an increased production rate
would naturally lead to increased electron
emission.
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SPECIFICATION
Apparatus for forming eloctron boams

This Invention relates to apparotus for farming
clectron beams, and to apparatus requiring
the formation of electron beams, such as, for
exampla, disploy dovices and thyratrons.

The prosent invantion secks to provide im-
proved apparatus for forming ‘olectron beams.
According to a first aspect of the Invention

thero is provided apparatus for forming an
electron beam comprising, within an envel-
ope, on snode member; a cathode member oi
electricolly conductive material; and a gas  *
filling, and wherein, excopt for part of-a front
surtaca of said cathode memboer, ot loast sub-
stantially the wholo of the surface of sald
cathode member which would othoiwise bo
exposed to the gas filling within sald envelopo
is coverad with an electrically Insulating ma.
terinl; the whole arrangement belng such that
upon the application of a suitably high voltege
between sald anoda member and said cathode
member an electron beam is formed extensio
in a direction away from said part of said front
surface, *

According to a second nspec! of the Inven-
tion there is provided uppnfatus for formmg
an electron beam comprising, within an envel-
ope, sn anoda member; 8 cathode member of
electrically conductive matenal and having o
hole in a front surface thereof; ond b gas
filting, and wherein, except within said hole,
ot least substantially the whole of.the surface
of said cathode member which would other-
wise be exposed to the gas lilling within said
envelope Is covered with an electrically insu-
tating material, the whole arrangement being
such that upon the oppllcatlon of a suitably
high voltage between said anode member and

said cathode member an electron beam is
formed extensive in a direction oway from
said hole. :

According to a third aspect of the invention,
the anode member is located in front of the
front surface of the cathode member,

Preferably a control grid electrode is in-
cluded through which operation the electron
beam passes, enabling the lntenstly or encrgy
of the electron beam, to be modulated.

Preferably the apparatus includes a plurality
of etongate cathode members arranged in a
grid formstion, and a plurality of elongate
annde members arranged in a grid formation
with said grid of anode members superim-
poscd over said grid of cathode members, but
spaced therefrom, with said anode members
in crossing relationship with said cathode
members to form B matrix, each of said cath-
ode membaors having n series of holes enter-
ing into its surface facing said grid of snode
mambars and each of said anode members
having 8 sorios of holes passing therethrough,
with oach hole In en enode member sligned -

70

76

80

86

90

95

100

105

with a hole in o differont one of tho cathode,
mombers, and all surfaces of said cathodo
mambors, excopt for surfaces within sald

“holes in soid cathodé members, which would

otherwise bo exposed lo said gas filling are
isolated therefrom by electrically insulting ma-
terial, and the whola arrangoment being such
that by spplying a high potential between one
of sald anode members and ono of said cath-
ode members an elactron beam is formed at

‘the croising point of said last-mentioned two

members, said electron beam being extensive
in the space botween the mouth of the hole in
the cathade member ot sald crossing point
and sgid anode member, said beam being
arranged to penetrato through the correspond-
Ing holo In sald addressed anode meinbor,

It will bo oppreciated that by sultably od-
dressing selocted onos of sald anode and
cathode membars an electron boam’ may be
created which, by varying the.selection of
snode and cothode members addressed may
be caused to be animated.

Preferably, Insutating materlal is interposad
between said grid of cathode. mombcrs and
sald grid of anode mombers, which insulating
material has passages therethrough aligned
with said hales in said cathode and anode
metmbers whereby to permit communication
between one cathode liole and the appropriate
anode hole but Impeds communication ba-
|w;:on that cathode hole and any other anods
hole,

Preferably, said last mentloned Inte,posed
Insulating material is provided in the form of a
slab having holes extending between its major
surfaces and forming the said passages.

A control grid electrode may be located on
the side of the grid of anode members other
than that on which the grid of cathode mem-
bers is located, or alternatively it may be

" located between the grid of cathode mambers

110

1156

120

125

130

and the grid of anode members, snd where
insulating material is Interposed between the .
cathode and anode grids the control grid
electrode may be embedded In the interposed
insulating material,

The anode member may be to ona side of
the axis of tho electron beam formed in oper-
ation, such that said beam passes by said
anode. It has been found by the inventors that
the electron beam may be formed along the
axis of the hole even though the snode mem-
ber is displaced to the side of its path.

According to n forth aspect of the invention
the anods member is located behind gaid
front surfsce of tho cathode member, and
agoin in this conliguration the electron beam
may be lormed along the axis of the hole,
rather than atong thae shortest path between
the anode and cathode members,

Prelerably the anode membor s co-axial
with the cathodo moemboer, Preferably a grid is
included through which in oporation the elec-
tron boam passes, enabling it to be modulated

.
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In intensity or enorgy, elthough of course, this
may bo nchioved by varylng the high voltage
botween the anodo ond cathode mombors.

Preforably thero are included o plurality of
elongate snode members, each having spor-
tures therein; and a plurslity of stemmaod
cathode mombers, each having g hole in the
{ront surface thereol and erranged such that
its stem extends through ono of said sper-
tures, such that each anode membor Is lo-
cated behind the front surfaces of cathode
membnrs whoso stems pass through apertures
in said anode member, whereby by applying a
high potential between an anode member and
one of the cathode members extending
through an aparture therein an eloctron boam
is formed oxtenslva in a direction away from
the hole in said one of the cathode members,

As previously described where the grid of
nnode members ore located In front of the
grid of cathode members, by addressing so-
lacted cathode and snode members an elec-
tron beam may be formed in a desired loca-
tion, or number of such beams formed simul-
tannously if cathode members may be indivi-
dually addressed.

Prefetably 8 cothode member extending
through an aperture in one anode member is
electrically connected to another cathode
member extending through an aperture in
another anode member and olso preferably o
connector connecting two cathode members is
spaced from the anode members by electri-
cally insulating materlal,

Preferably where the spparatus in accor-
dance with this Invention is included in a
display device a phosphor layer is included
and is srranged so that when an electron
beam is formed it impinges upon a spot upon
said layer whereby to excite the same and
preferably said envelope has 8 portion formed
as a faceplate on the interior of which said
phosphor layer Is provided,

According to 8 feature of this invention a
video signal reproducing apparatus includes
apparatus as described above,

According to a leature of the: invention in its
third aspect a cathode ray tube spparatus
comprises a plurality of elongate cathode
members arranged in a grid formation, a

.plurality ol elongate anode members arranged

in a grid formation with said grid of anode
members superimposed over said grid of cath-
oda members, but space therefrom, with said
anode members in crossing relationship with
said cathode members to form a matrix, each
of said cathodn members having a plurality of
holes entering inlo its surface facing said grid
of anode members and each of said anode
members having 8 plurality of holes passing
therethrough, with each hole in an anode
member aligned with a hole in s different one
of tha cathode members and, superimposed
over sald grid of sanode membnrs on the side
thereof remote from said grid of cathode
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maembers, a phosphor screon, the two grids

baing enclosed within sn envelops having a
gas filling from which all surfacos of said .-
cothado membnrs, oxcept for surfaces within
said holes In said cathode mambegrs, which
would otharwise bo exposed to sald gas filling
are isolatod thorefrom by eloctrically insulating
materlal, and the wholo arrangomont being
such that by applying & high potential be-
tweoen ono of said anodo membars and ong of .
said cathode members an electron beam Is
formed st tho crossing point of sald last-
mentioned two membaors, sald eloctran boam
being extensive In the space between the
mouth of the hole In the cathode membor at
said crossing point ahd sald anode momber,
said beam penetrating through the corro-
sponding hole In sald sddressed snode mam-
ber to Impinga upon a spot upon sald phos-
phor whereby to excite the samae, -

According to a fifth aspect of the Invention
tho longitudinal axis of said hols is oblique to
the normal of sald front surface, and the
efectron beam is formed normal to sald front
surfaca of said hole. The inventors discovered
that, when the hole is arranged with its longl-
tudinal axis Inclined to the normal of the front
surface, an electron beam is not formed parsl-
le! to the aforesaid axis as might be expocted
but is In fact, surprisingly, formed in & direc-
tion normal to the front surfaca, Whore In this
specification the term “normal’”’ Is used, it
should be taken to includa “substantially nor-
mal", Apparatus utilising this principle may
bae uselul where, for example, space is re-
stricted and it would not be possible to em-
ploy a device In which the hola s srrangad
normal to the surface of the cathode. Also
manufacture of the device is facilitated sincs
only the direction of the front surface noed be
accurately machined, - 2

Such apparatus may Include a plurslity of
holes in said front surface, at laast ono of said
holes having its longitudinal axis oblique to
the normal of said front surface st that hols,
such that upon the application of said suitably
high voltage olectron beams sre formed exten-
sive normal to said front surface at and in 8
direction away from respective holes. Since
the configuration of the front surface was |
found by the inventors to determine the direc-
tion of olectron beams produced, a desired
pattern of electron beams or concentration of
electron beams may be achieved without |
costly machining. For oxample, if 8 plurality of
beams which sre mutually parallel sre re-
quired the holes need not be dtilled in preciso
relationship to each other, as might have been
thought, as only tha front surface need be
mado flat, Of courso the front surfeca can be
cusved if more complex pattorns.are rogulmd.
snd becausoe of lenioncy In the disposition of
the holes the cathode member may-be rore
convoniently shaped for a desired application.

According to a sixth aspect of-the Invention




GB2153 140A 3

10

thare Is provided apparatus for forming eloc-
tron beams comprising, within an envelope,
an anode mamber; n cathode momber of
electrically conductive material having a front
surlace which s curved; and a gas filling, and
wherein, except for n plurality of discrote parts
of tha sald front surface, at least substantially
the whole of the surface of said cathode
member which would otherwise be exposed to
the gas filting within sald envelope is covered
with an electrically Insulating material, the
whola arrangement boing such that upon the
application of a suitably high voltage between

- said anode member ond said cathoda member
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electron beams are formed extensive normal
to said front surface ot and in a direction away
from respective parts.

it is preferred that, where thero ara a plural-
ity of electron beams formed, the front surface
Is curved such that thay are locussed or
concentrated at 8 point or small region. This is
a particularly useful configuration providing
apparatus suitable for inclusion in an electron
beam welder, or as 8 point source of soft X-
rays or incandescent black body radiation.

Accarding to a seventh aspect of this inven-
tion there is included a layer of phosphor
material on a viewable screen arranged such
that upon the application of said suitably high
voltage the electron beam impinges upon said
phosphor layer and so excites the same,

According to a feature of the seventh aspect
of this invention n display apparatus gom-
prises, within an envelope, 8 layer of phos-
phor material on a viewable screen; remote
from said phosphor layer, a metallic cathode
member having a hole formed in a front
surlace thereof; between said cathode mem-
ber and said phosphor layer, an apertured
anode electrode; and 8 gas filling, and
wherein, except within said hole, at least
substantially the whole of the surface of said
cathode member which would otherwise be
exposed to the gas filling within said envelope
is covered with an electrically insufating ma-
terisl, the whole arrangement being such that
upon the application of a suitably high voltage
between said anode member and said cathode
member an electron beam is formed extensive
in the space betwren the mouth of the hole in
said cathode member and said nnode mem-
ber, and is arranged to penctrate through an
aperture in said anode member lo impinge
upon said phosphor layer and so excite the
same.

Peeferably said envelope has a portion
formed a3 8 faceplate upon the inner surface
of which said phosphor layer is provided,

The spparatus may include a modulating
grid provided to allect the strength or inten-
sity of the electron beam impinging upon said
phosphor fayer.

Said modulating grid may be a perforated
grid or gauze provided either between said
anode mamber end said phosphor layer or

70

75

80

85

90

96

100

105

110

120

125

130

"between said nnode mombor and sald cathode

mambor. In other embodiments of the invon-
tion said modulating grid comprises a ring
grid provided within the mouth of said hole in
said cathode membar. In this last mentioned
caso preferably an eloctrical connection for
said grid Is taken out, in insulated fashion
through said cathode member in a direction
away from said snode member, l.e. through
the base of said cathode member,

Whore, as Is preferable, electrical connec-
tion to sald cathode membor is providod for
by means of en electrical connactor connocted
to tho basa of sald cathade member, sald last
meontionad connector is preferably In tho form
of a"hollow cylinder with an electrical connec-
tor for said grid passing, in insulated fashion,
therethrough.

There moy be provided a singlo hole in sald
cathode member with a corrasponding single
aperture In sald anode member but alternn-
tively o plurality of holes may be provided in
said cathode member with a corresponding
plurality of holes In said anode member,
Where a plurality of holes and aperturos are
provided theso may be in ring formation, with
or without a central disposed hole and aper-
ture,

According to 8 festure of tho second aspect
of the invention thyratron apparatus com-
prises, within an envelope, an anode member;
a cathode member of electrically conductive
material and having a hole in a front surlace
thereof; and a gas filling, and wherein, except
within said hole, st least substantially the
whole of the surface of said cathode member
which would otherwise be exposed to the gas
filling within said envelope is covered with an

‘electrically insulating material, the whole ar-

rangement being such that upon the applica-
tion of 3 suitably high voltage between said
anode member and said cathode member an
electron bram is formed extensive in a direc-
tion away from said hols,

Preferably said cathode member has a plu-
rality of holes in the front surface thereol,
such that upon application of a suitably high
voltage electron beams are formd extensive in
a direction away from respective holes, and it
is preferred that said {ront surface is curved,
such that soma focussing of tho etectron
beams to a point may be obtained. Also it is
preferred, where the front surface is curved,
that at least one of said holes has its longitu-
dinal axis oblique to the normal of said front
surface at that hole, The cathode member
may form the cathode of a thyratron, or
advantageously thermionic material may be
included and arranged such that when an
electron beam or beams are formed they heat
the same. This heating may be direct or
indirect. For exnmple, a substrate carrying the
thermionic material moay be exposed to tho
electron beam or beams and heat transmitted
to the thermionic material by conduction.
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Altarnatively, whan the electron beam is
formed, it may bo arranged to lonize the gas
filling in a focalised region, and so improvo
opersting characteristics of a thyratron, and
ndvantageously the longitudinal axis of the
hole is oblique to the normal of said front
surface ot the holo, ensbling the cathode
member to be accommodated In a restricted
spaco. Of course, more than ono such cathode
member may be employed,

According to an cighth sspect of the Inven-
tion said front surface Is shaped to focus said
electron beam. Thus even whero only one
hole Is employed tho electron baam may bo
focussed. Each point af the surface around the
mouth of the hole and at its edge may be

‘thought of as directing componants of the

electron beam normal to tho surface nt respec-
tivo points. Thus by providing the surface with
o certain configuration, for example a convex
shope or advantageously n frusto-conical con-
figuration, with the hole being centrally lo-
coted, a desired degreo of focussing may ba
obtained, For example, the electron beam may
be locussed to o point ot ir could be focussed
merely enough to aid In further collimation of
the electron heam,

Generally the, or each hole in o cathode
member is blind, and preferably of circular
cross-section,

Prefarably said Insulating material insulating
surfaces of sald cathode member, or plurality
of cathode members, from said gas lilling is
glass, but where said cathode member, or
members, Is of an snodisable metal, such as
aluminium or titanivm, the insulating material
may be snodisation. |

Preferobly said cathode and anode mem-
bers ore of Kovar (R.T.M.) but other motals or
alloys may be used, such as oluminiumm
copper or tungsten, or of molybdenum, tanta-
lum or other refractory metals for high current
use,

Generally said envelope is of glass or
quartz.

Preferably the side wall and base surfaces
of cach hole is entirely free of a covering of
elactrically insulating material.

A number of gases, or mixtura of gases,
may be used lor said gas filling Including
helium and/or orgon and/or deuterium an-
d/or neon, The hole size and voltages applied
ore related to the type of gas employed.
Typically, bole sizes for argon are 0.2 to 0,1
ol the size of those for helium, giving the
possibility of more compact devices,

Preferably said gas lilling is st a pressure of
beiween 0.5 snd 2.5 mB,

Hormally the higher voltage utilised to ad-
dress tho snode and cathode members is from
1 to 5 kV and preferebly between 1 and 2.5
kV,

Thae invention is lurther described by way of
example with reference 1o the accompanying
drawings in which:
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Figure 1 is o schomatic cross-section of one
simple oloctronic display dovice in nccordance
with the presant Invantion;

Figure 2 and 3 illustrate modifications of
the dovice tustrated In Fig. 1, like roferonces
belng used for like parts in Figs. 1 to 3;

Figura 4 and § are explanatory grophs;

Figure 6 shows, iIn longitudinal cross-sec-
tlon, another example of an elactron beam
dovice in accordance with tho presont inven.
tion; '

Figure 7 Is a schematic cross-sectlon
through 8 flat screon cathodo ray display
davice In accordance with the presant Inven-
tion;

Figure 8 illustrates in porspective part of tho
insulating slab 20 of Fig. 7;

Figure 9 Mustratos, part broken away, ono
elongate anode member A usad In tho device
of Flg. 7;

Figure 10 illustrates, part broken away, one
elongate cathode member C utilised in Fig, 7;

Figure 11 Is a perspective viow, parl broken
awany, of an assembly of cathode and anode
members with tho slab of Insulating materlal
shown in Fig. 8 sandwiched therebetweonn;

Figure 12 Is 8 schematic diagram illustrat.
Ing the operation of the dovice Illustrated in -
Figs. 7to 11;

Figure 13 is & schematic cross-section
through another flat screen cathodo roy deovice
in sccordance with the presant Invention;

Figure 14 illustrates In parspective part of
the device of Fig. 13;

Figure 15 illustrates in perspectiva part of
the device of Fig. 13; with like references
being used for like parts;

Figure 16 is a schematic cross-section of a
1isplny dovice in accordance with the inven-
tion;

Figure 17 Is a schematic cross-soction of
another display devicae in accordance with the
invention;

Figure 18 Is a porspective view, part broken
away, and

Figure 19 a cross-sectional view, of yet
another device in accordance with tha inven-
tion;
Figure 20 shows a longitudinal section of 8
further apparatus in accordance with tho in-
vention;

Figure 21 is a Jongitudinal section of
another apparatus in accordance with the In-
vention; .

Figure 22 iflustrates a thyratron in sccore:
dance with the invention;

Figure 23 illustrates onother thyratron In
accordance with the invention:

Figure 24 shows yot another thyratron in
accordance with the Invention;

Figure 25 illustratos a cathode member in
sccordance with the invention:

Figure 26 shows snothor cathode mombar:

and .
Figure 27 Hlustratos another dovice in ac--
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cordance with the invention,

Ntelerring to Fig. 1, o device comprisos o
quartz envelopo of wlm:h only ono portion 1 is
shown. The envelope portion 1 is provided as
a faceplate having on its interlor a layer 2 of
phosphor material similar to that used in con-
ventional cathode ray display tubes. Associ-
ated with the phosphor layer 2 ia a transpar-
ent metal layer (not shown but somowhat akin
to the transparent metal layer forming part of
tho screen of 8 conventional cothodo ray tube)
between tha layer 2 and the faceplato, Tho
faceplate lormed by the portion 1 of the
envelope of the davice is transparent,

Within the envelope and at the end thereof
opposite to the faceplato portion 1, Is o cath-
oda member 3 which comprises a block 4 of
Kovar having a blind hole 5 formed therein, In
this caso by drilling coaxially with the axis of
cylindrical symmetry 6 of tho device. The
open mouth of the hole 6 faces the phosphor
layer 2. In the base of the block 4, adjacent
tho blind end of tho hole 5, a connecting pin
7 is inserted so as to enable electrical connec-
tion 1o be made to the Kovar block 4.

All of the external surfaces of the Kovar
cathode block 4, with the exception of the
wall and base surfaces of the blind hole 5,
which would otherwise be exposed to a gas
lilting within the envelope of the device are
covered by elecirically isolating materlal repre-
sented at B. In this example, the lnsulallng
material 8 is glass.

Belween the cathode 3 and the pllosphor
layer 2 Is an anode eclectrode 9 which has a
circular hole 10 passing therethrough. Circular
hole 10 is coaxially aligned with the blind
hole 5 within the Kovar btock 4,

It will be noted that the cathode 3 is devoid
of a heater as such, or ony electron emissive
cathode material,"such as barium,

The envelope of the tube is filled with
helium at 8 pressure of between 0.2 and 10
mB.

As so lar described the devicao is in its
simplest form. For the moment it will be
assumed that grid 11, shown between the
anode electrode 9 ond the phosphor layer 2,
is absent,

Provided that the dimensions of the cathode
and anode holes 5 and 10 and the spacing of
the anode 9 1o the cathode 3 Is suitably
chosen, a type of electrical discharge will be
estoblished between the anode 9 and the
cathode 3 which results in the formation of an
electron beam along the axis 6 of the coaxially
aligned snode and cathode holes when a
potential dillerence in the range of from sev-
eral hundred volts 1o several thousand volts is
established between the anode 9 ond the
block 4 of cathode 3. Within limits, the elec-
tron beam acquires energy approximately
equal to the anode 1o cathode potential differ-
ence and so extends into the region beyond
the snode hole 10 to impinge, finally, upon
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the phosphor layer 2 thus exciting it.

Thus, in operation, whenever a potentinl as
aforesaid is established botween anode 9 and
block 4 of cathodo 3, tho rosulting elactron
bram causes a spot to appear on tha screen 1
due to oxcitation of the phosphor layar 2.
Whilst the aforementloned dimensions and
spacing may bo arrived ot empirically, in the
particular oxampla 1llustrated in Fig. 1, the
cathode and anode holes were of 5 mm
dlameter. With a gas filling of helium ot a
prassuro ol 2 mB and a potontial difference
betwaen anode 9 and cathode 3 of approxi-
mately 1.5 kV, the dovice was found to
operate with a spacing between the plano of
tho onode 9 and tho surface of the phosphor
layer 2 of up to a few centimetres, and a
spacing between the anode 9 and thoe cathodo
3 of at least 3 mm, With the sbove-mentionod
potential difference of 1.5 kV tho current
drawn from the cathode, was of the ordor of
15 mA.

Reverting to the sforementioned grid
1 1—by introducing a control grid, modula-
tion of the intensity or energy of tha electron
beam arriving at the surface of the phosphor
fayer 2 may be achieved by varying a poten-
tial applied to the grid 11. Alternatively or
additionally varying the potential between tho
anode 9 and the cathode 3 will produce or’
enhanco a modulation effect but, of course, it
is much less convenient to apply modulation
at high potential. '

Referring to Fig. 2, tho essential difference
between the device shown in Fig. 2 and the
device shown in Fig. 1 resides in the fact that
a mesh grid such as 11 in Fig. 1 is not
provided between the ancde 9 and the phos-
phor layer 2. Instead, a ring grid 11’ is
provided within the mouth of the blind hole 5
in the Kovar block 4. Electrical connection [s
made 1o the ring grid 11’ by means of a
connector passing out through the base of the
Kovar block 4. In (act, Instead of o pin 7
making contact with the black 4 the contact,
here referenced 7', Is cylindrical with the
connecting lead for the grid 11’ passing coax-
ially therethrough In insulated fashion. Al-
though not shown in Fig. 2, insulting material
would be provided to support the connecting
lead for the grid 11 within the cylindrical
connector 7',

Referring to Fig. 3. in this case, compared
to Fig. 1, the position of the grid 11is  ~
changed. Instead of providing this between
snode 9 and the phosphor layer 2 it is pro-
vided betwaén the anode 9 snd the cathode
3. In some cases this may be preferred since
a relatively lower voltage is required compared
to that required with the grid in the position
shown in Fig. 1.

The graph of Fig. 4 shows the relationship
between boam current | and cathode fall vol-
tage V (i.0. the voltage applied boetween anodo
and cathode) for different gas filling pressures,
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for a dovice as described abova having cath-
ode and anoda holes of 5 mm In diamotor.

In ony of the embodiments described sbove
with reference to Figs. 1, 2 snd 3, instead of
a singlo cathods hole and a single anode hole
n plurality of blind holes may be provided in
the Kovar block 4 with each cathode hole
being coaxially aligned with 8 corresponding
hola passing through the snode member 9.
Typically In such a case, the holes will be
arrangaod in o ring formation, with or without
cothode and anode holes on-centre, The effect
achieved using o plurality of cathode and
anode holes in a simple device as illustrated
in Figs. 1 to 3, is that the preas of excitation
thus created In the phosphor layer 2 tend to
merge to produce a larger illuminated spot (or
other prescribed pattern as determined by the
pattern of holes on the faceplate 1) than
would otherwise ba the case.

The graph of Fig. 5 shows parameters for
this last-mentioned case corresponding to
those shown in the graph of Fig. 4 for this
embodiment shown in Fig.. 1.

One application for a device as described
above is in largo area displays such as those
sometimes found in public places in order to
impart information, e.g. in airport terminals or
sports arens. By arranging devices such os
thosa described above in rows and columns
and addressing individual devices appropri-
ately, letters and words—and even gra-
phics—may be produced.

Referring to Fig. B, another device in accor-
dance with the invention includes a glass
envelope 12 which is of generally circular
cross-section and has a transversely extending
side-arm 13 about mid-way along its length.
An anode member 14 extends through the
end wall of the side-arm 13 and into the main
part of the volume enclosed by the envelope
12,

A cathode member 15 passes through an
end wall of the envelope 12, It has a stem
portion 15A and an enlarged end 15B with a
blind hole 16 of circular cross-section in its
front surface. All of the surlaces of the cath-
ode member 15 contained within the envel-
opa 12, except for the side wall and base
surfaces of the hole 16, are coated with a
layer of glass 17. The envelope 12 contains
helium al a pressure of 2 mB.

In operation, a potential difference of nbout
1 kV is applied across the anode and cathode
members 14 and 15 and an electron beam is
formed along the axis A-A of the hole 16,

The envelope 12 has a length of about 7
cm and o diameter of obout 3.5 cm.

The anode and cathode members 14 and
15 aro separated by approximately 1 cm in
the axial direction and 0.5 cm in the
transverse direction. The diameter of the hole
16 is 5 mm, with a depth {i.e. axial length) of
3 mm.

Relerring 1o Figs. 7 to 11 a display dovice
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comprises a plurality of olongate cathoda
members C1 to C4 arranged parallel to ong
snother to form a grid. Each cathodo member,
as shown n Fig. 10, comprises a bar of Kovar
having at regular intervals along its length
blind holes 18. Tho holes 18 extend into the
same planar surface of the cathodo member.
Each cathode member s provided with an
electrical connector {not shown) by means of
which it may be individually addressed.

Superimposed sbove the grid of cathoda
members is a grid of parallel elongate anode
members Al to A5 each of which consists of
a bar of Kovar having o series of holes 19
passing therethrough from one planor faca to
its opposite planar face as illustrated in Fig, 9.
The pitch of the holes 19 in an anode mem-
ber corresponds to the spacing botween the
cathode members in the cathode grid and tho
spacing of the anode members in the snodo -
grid corresponds to the pitch of the cathoda
holes 18 in o cathode member ‘so that each
cathode hole 18 is aligned with an anodé holo
19 at the crossing point of the anodo and
cathode conductors In which those particular
holes appear. N i

Sandwiched between the grid of cathode
members ond the grid of anode mémbers s a
slab 20 of glass which has rows and columns
of holes 21 therein extending from one major
planar face to its opposito major planar face,
as illustrated in Fig. 8. The rows and columns
of holes are spaced such that when the slab is
sandwiched between the grid of cathode
members and the grid of anode members, as
shown in Fig. 11, each aligned cathode and
anode hole at the crossing point of an anode
and cathode member is also aligned with a
hole in the slab of insulating material 20,
Thus, the holes 21 in the insulating slab 20
permit communication between appropriate
onas of the cathode and anode holes 18 and
19 but impede communication between each
cathode hole and other than the anode holes
with which it is directly aligned. Thus the
tendency for so-called “'long path*" discharges
to take place is reduced. .

Superimposed over the grid of pnode mem-
bers is a phosphor screen comprising of a
layer of phosphor materlal 22 on the inside of
part of an enclosing envelope which is formed
as a faceplate 23. Assaciated with the layer
22 of phosphor material is a transparent layer
of conductive material (somewhat akin to the
transparent metal layer of the phosphor screen
of a conventional cathode ray tube device}
between the phosphor layer 22 and the faco-
plate 23. The envelope in this casa Is of glass
and encloses the anode and cathods members
together, of course, with ths intesposed slab
ol insulating material 20, .

The envelope has a gas filling of helium
and, as illustrated only in Fig. 7, each cathode
member C is entirely covered with an e!qcm-
cally isolating layer 24 of glass, except within
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tho holes 18. Thus, save for the wall and base
surfaces of the holos 18 all surfaces of the
cnthoda mombars which would otherwise ba
exposed to the helium gas filling are Isolated
therofrom. In fact, save for the interior sur-
faces of the holes 18 as aforosaid, all surfaces
ot cathoda potential ore sa isolated from tho
gos filling. In this particular caso the wall and
basa surfacas of the holes 18 aro entircly free
from glass. {n this particular oxamgple the
cathode and anode holes 18 and 21 are of
circular cross-section with a diameter of 6
mm. Tha helium gas filling is nt a pressuro of
2 mB, The distanco separating the grid of
cathodn members from tha grid of anodo
members (i.0. the thickness of the slah 20) is

a few millimetres whilst thn distance separat-

ing the grid of anoda-mombers from the
phosphor layer 22 is in the roglon of 0.5 to 2
cm.

If now, and raferring particularly to Fig. 12,
a 1.5 kV potentia! dilference is established
between cathodo member C2 and anode
member A4 than en electron beam will bo
formed in the region of tho crossing point of
members C2 and A4 which beam extends
from out of the mouth of the cathodo hole 18
at tho crossing point through the correspond-
ing halo In tho Insulating slab 20 to penetrate
through the corresponding snode hole 19 Iin
snode members A4 and impinge upon the
phosphor screen to form a spot as represented
at S in Fig. 12. By addressing different com-
binations of anode members and cathode
members corresponding spots may bo caused
to appear on the screen at any of the crossing
points and by suitably changing the combina-
tion of crossing points selected an animated
display may be schieved.

tto mention has so far been made of grid
25 shown in Fig. 7 as located between the
qrid of anode members A and the phosphor
fayer 22, The purpose of this grid, if provided,
is to modulate the intensity or encrgy of the
electron beams arriving at the phosphor.

Alternatively, with or without the grid 25,
the overall intensity or energy of the electrons
beams may be modulated or adjusted by
appropriato slterations to the snodo to cath-
odn dischargoe current as determined by the
voltagn applied bétween ihe cathode and an-
odn members,

In another embodiment o grid 26 is em-
bedded in the slab 20, as shown in Figs. 13
and 14, and may compriso B gauzo or os
metal plate having holes which correspond to
the anoda and cathodo holes, as illustrated in
Figs. 15,

1t veill be noted particularly the absence of
sny form of conventional efectron gun. No
cathodo heaters are employed in tho dovico
illustrated, thg cathodoes boing cold cathodoes,
and no cathodd material such as barium is
omplayed.

With reference to Fig. 16, anothar embodi-
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mont of the Invention includos a cathodo
mombor 27 of Kovar having a hole 28 of
about 6 mm diamoter In its front surface and
being enclosod in a gloss envolopa 29 which
slso contains holium gas at a pressure of
about 2 mB and has a layer of phosphor on
Its inner surface to form a screen 30. The
surfaces of the cathodo mombor 27, except
tho side wall and basa of the holo 28, are
covared In m glass layer 31, which electrically
insulates the cathodo member 27 from tho
helium gas filling. Electrical connection to the
cathodo momber 27 s mado via a pin 32
which Is shoothed with a layor 33 of glass.

An anode member 34 Is located botween
tho front surfaco of the cathode mombor 27
end tho.phosphor screen 30, belng about 2
c¢m from the cathode member 27, snd 2 cm
from the screen 30. The snode momber 34 is
nlso offsot from the axis X-X of tho hola 28,
boing about 2 cm to the right os shown.

When & 1.5 kV potential difference is estab-
lished between tho cathode member 27 and
the anode member 34, an electron beam is
formed slong the axis X-X of the hole, oven
though tho anode momber 34 is offset from
that oxis. Tho electron beam Impingas on the
phosphor screen 30 to form a spot,

Tho intensity of the spot may be varled by
modulating the voltage applied to 8 grid elec-
trode 35, shown in this embodiment to bo
positioned between tho screen 30 and the
anode member 34, although it could bo lo-
cated between the anode end cathode mem-
bors 34 and 27,

A further embodiment of the invention Is
illustrated schematically in Fig. 17. A cathode
member 36 of Kovar has a holo 37 in its front
surface and is coated with an electrically insu-
lating layer of glass 38. The cathode member
36 is contained within a glass envelope 39
having on its inner surface a layer of phos-
phor which acts as a screen 40, and enclosing
helium gas at 2 m8 prossura, Tho cathode
member 36 is clectrically connected via a pin
41, which is also cooted in glass 42, forming
8 stem, In this embodiment a Kovar anodo
mnamber 43 is located behind tho front surface
of tha cathode member 36 and is positioned
co-oxially with it about the pin 41,

Whaen in operation a potentisl dilforence of
1.5 kV is spplied betwaen the cathode and
anode mombers 36 and 43, an electron beam
forms along tho nxis Y~Y of the hole 37 and
impinges on the screen 40,

As in the praviously dascriboed embodi-
ments, 8 modulating grid may slso be in-
cluded, and/or modulation may be carried out
by varying the potential dilference opplied.

The hola 37 has o diametor of ebout 5 mm
and the front surfaco of the cathode member
36 may bo botwenn 8 fow millimetros and &
fow contimetres from the screen 40,

Yet another embodiment of the invention Is
now described with reference to Figs. 18 and
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19, A plurality of Kovar strips, only two of
which 44 and 45 oro shown, ore arranged
porallel to oach other on a glass slab 46, Each
of the strips has a plurslity of oportures
through it, only four of which, 47, 48, 49
pnd 60; 51, 52, 53 and 54 aro shown for
each strip. Each strips forms an anode mem-
bar, elactrical signals being applied to them
via rods 55 and 66.

Cothode members §7 to 64 aro of Kovar
and have stems extending through the aper-
turos In tho strips 44 and 45, there boing one
cathode member to each aperture, and poss-
Ing through the glass slab 46. Tho surfaces of
each cathode membaer, including the connect-
ing pin comprising its stem, aro coated In
glass tayers 65 ond 66 oxcept for tho side
waoll and basae of the single hole in each ones
front surface.

Tha ends of the cathode members 67 to 64
on the side of tho glass slab 46 other than the
anoda $trips 44 and 45 are connected via
rods 67, 68, 69 and 70, such that ono
cathode member assoclated with one strip [s
elactrically connected 1o a cathode member
assaciated with each of the other strips, giving
a crossing refationship between the cathode
snd anode members. Thus, by applying a
potential differenco batween a suitable cath-
ode member snd anade strip, an electron
beam may be formed in front of that cathodo
membor.

By placing tho structure within an envelope
filled with helium at 2 mB pressure, ond
having a phosphor screena on its inner surface,
a display may be produced.

The front surlaces of the cathode members
57 10 64 may bo as little as 5 mm from the
surlace of the screen, and o potential dilfer-
ence between the onode and cathode mom-
bers ol 1.5 kV would be required.

With relerenco to Fig. 20, » thorated tung-
sten cathode member 71 has a stem 72 via
which electrical connection is made, and is
covered with a layer 73 of electrically insulat-
ing glass which nlso extends to the stem 72,
An anode member 74 surrounds and is coox-
ial with tho stem 72,

The cathods member 71 has a front surface
75 in which is formed o blind hole 76 of
circular cross-section, being 5 mm deep and
having a diamotor of sbout 1.5 mm, and
having surfaces which aro froe of the layer 73
ol glass, Tha front surface 73 is inclined with
raspact to tho holo 76 such that the longitudi-
nal axis of the hole 76, shown as broken line
77. is oblique 10 tho normal 78 of the front
surfaco 75 ot that point, tho angle between
them being about 30°.

Tho cathoda nnd snoda arrangament is en-
closed within a glass envelopo which nlso
containg a gos lilling of douterium at about 2
mB pressure.

In aporation, whon o suitably high voltage,
say 2 kV, is establishod between the anode
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ond the cathode mamboars 74 and 71, on
oloctron boam is formod extensive In a direc-
tion oway from tha hole 76 and normal 1o the
front surfaco 76, If, as illustrated o wall 79,
which might be for example the wall of tho
enveolope or some other obstruction, Is pra-
sont, this could restrict tha space availablo to
tho arrangomont. By giving a suitable Inclino
to tha front surface 75 the hole 76 can have a
dopth which might not be possiblo If its -
longitudinal axis 77 were arranged to be
parallel to the normal 78 to the front surfaco

With roforence to Fig. 21, a thorated tung-
sten cathode member 80 Is connected to stom
81 and Is contained within an envelopo {not
shown) togethor with & douterium gas lilling
at sbout 2 mB pressure and an anode mom-
ber 82, which Is coaxlal with and surrounds
the stem 81.

The cathode membor 80 and stom 81 oro
coated with a layer 83 of glass which electri-
cally insulates them from the deuterium gas
filling. :

A plurality of holes 84 er formed In a front
surface 85 of the cathodo member 80, each
of them being of circular cross-section with a
diameter of about 1.5 mm and 8 depthof 5
mm ond having surfaces which ore fren of the
loyer B3 of glass. The front surlacs 85 s
curved, for example, it may be parabolically or
spherically shaped, rather than the flat surface
75 shown in Fig. 20.

In operation, whon & voltage’ of about 2 kV
is applied between the cathode and anode
members 80 and 82 a plurality of electron
beams are formad extensive normal to the
front surface 85 ot and in directions away
from respective holes, and come 1a a focus at
a point 86 which is located sccording to the
configuration of the front surface 85.

Although the holos 84 aro illustrated as
being disposed mutually parallel, they could
be arranged in somo other veay, since their
pttitude does not alfect the directions of the
electrons beams which are formed during op-
eration. :

Apparatus according to the invention in
which the surface is curved to produce such
focussing might find application in an electron
beam welder, for example, in which case the
piece being welded may nlso be for example
contained within the envelope. It might slso
find application in the production of a point
source of solt X-rays, having a wavelength of
sbout 6.10~'"°m, for uss In spectroscopy for
examplo, or 1o genarate a point source of
incandescent black body radiation.

With reference to Fig, 22, 8 thyratron In
accordance with tha Invention Includes a glass
envolope B7, containing a gas filling, en nn-
ode 08, a screen grid 89 nnd control grids 80
and 91, such as might be found in 8 conven-
tional thyratron, Howovor, Instoad of the con-
vontionally provided haated cathode, tha cath-
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odoe comprises a cathoda mamber 92 of tung-

ston having a plurality of holes 93 In its front *

surfnco, facing the enodo 88, The surface of
the cathode momber 92 Is entiroly covered
with a glass layar 94 except for the walls and
bases of the holes 83. When the thyratron Is
required to become conducting a suitably high
voltage i applicd between the anode 88 and

the cathode mamber 92 such that an electron .

beam is formed extensive In a direction away
from oach hole. Tha gas filling becomes fon-
ized and a conduction path [s established |
botween the anode 88 and cathode mamber
92.

Relerring to Fig. 23, another thyratron in
accordance with tha invention Includas a glass
envelopo 95 containing o gas filling, an anode
96, a screen grid 97 and controls grids 98
ond 99, 1t also includes & convontional hoated
cathods, comprising a hollow cylinder 100 of
thermionic materfal and a hoater filament
101, 7

Two cathode members 102 and 103 are
focated within the glass envelope 95, Each
has o hole 104 and 105 in its front surface
and Is coated with o glass layer 106 and 107.
The longitudinal axes of the holes 104 and
105 are obliquo to the front surfaces of the
cathode members 102 and 103. The cathode
members 102 and 103 also have stem por-
tions 108 and 109 which are surrounded by
coaxial anode members 110 and 111 respec-
tively.

During operation of the thyratron, the ther-
mionic material 100 is heated by the heater
filament 101 causing electrans to be emitted
from lts surface. The emitted electrons ionize
that part of the gas filling between the con-
trols grids 98 and 99 and the cathode to
establish & primary discharge. Then conven-
tionally, to trigger'tho thyratron, a positive
voltoge pulse is applied to tho control grids
98 and 99, sllowing the discharge te pene-
trate through thom to initiate the main dis-
charge, and thus to render the thyratron con-
ducting. However, in addition to this, a vol-
tage may be applied between the cathado
members 102 and 103 and tho cathodo
members 110 and 111 respectively, such that
clectrons beams aro formed extensive of the
holes 104 and 105 and normal to the front
sutlacas of tha cathods members 102 and
103, their path being shown by broken fines
$12 and 113. Theso beams may ba formed
simuftaneously with, or shortly balore or after,
the application of tha voltage pulse to the
control grids 98 and 99, The beams are
arranged to pass through opartures in the
control grids 98 and 99 and penctrate into
tho volume beyond them, to ionize the gas
filling. ,

The cathode membors could be located
sisewhere within the onvolope 95 if it is
desired to promote fonization In other reglons
of tho thyratron, and of course only one, or
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more than two cothode mombers could bo
usod.

With reference lo Fig. 24, anothor thyratron
Includos n gloss onvelopa 114, gas filling, an
anodo 115, n screen grid 116 and control
grids 117 and 118, The thyratron Includes a
thermtonic cathode 113 having thermionic
matorial 120 carrlod by a substrate 121 of
high thermal conductivity which may be
nickel, for oxamplo. A cathoda member 122
of tungston Is positioned an thoe substrato side
of tha cathode 120, The cathode momber
122 has a plurality of holos 123 In its front
surface which is concave. Tho surface of tho
cathode momber 122, exqgept for tho walls
and bases of holes 123, are covernd with a
layer 124 of glass. An anode membeor 125
surrounds the cathodo momber 122,

In operation, a voltage is applied betweaen
the snode member 125 and the cathoda
member 122 such that a beam of electrons Is
formed extensive of each hole. Tho curved
surface of the block 122 gives a focussing
elfect, and the electrons are diracted to Im-
pinge on the substrata 121, their kinetic en-
ergy being converted into heat. Heat is con-
ducted to the thermionic material 120 causing
electrons to be emitted to produce lonization
of the gas filling.

With reference to Fig. 25, a cathode mem-
ber Is formed by Inserting a tungsten cylindri-
cal rod 126 Into a hollow tuba 127 of an
electrically insulating material, such es s cera-
mic or glass,

Fig. 26 illustrates another cathode member
in which o tungsten rod 128 is inserted Into 8
hollow matal tube 129, which may slso be of
tungsten, bnd a cersmic tubo 130 ls litted
over the metal tube 129. Any metal surfaces
which would ba exposed in use to a gas filling
may then be covered with an insulating layer,
By employing cathode members of this type
no drifling is required, as it is with those
previously described, !

With reference to Fig. 27, a device in
sccordance with tha invention comprises
within an envelopa (not shown) which also
contains a gas lilling, & cylindrical cathode
member 131 having 8 stem portion 132 via
which electrical connection Is mado to the
cathoda member 131, Tha cathode member
131 has a front surfaco 132 of circular
transverse cross-section which is of o ‘dished’
or frusto-conical conliguration, the front sur-
face being inclined such that tho length of the
cathode member 131 slong its sxis Z-Z in-
creases {rom its centro to its circumferenco,
Other surface configuration may of course bhe
employed If desired, A holo 133 is located in
tho centre of tho front surface 132 and Is
coaxial with axis Z~Z of the cathode mamber
131. The surfaces of the cathode member
131 snd the stom portion 132 aro coverod
with a layor 134 of elactrically insulating
gloss, and an anode membor 135 surrounds
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and ls cooxlal with the stem portion 132,

When o voltago Is applied between the
cathode member 131 and the snodo member
135 an electron beam Is formad oxtensive of
tho hole 133. Tho beam is formed in 8
direction normal to the front surface 132.
Since at the edgn of the holo 133 the front
surface 132 ls inclined, components of the
beam sl points around the edge of the hole
133 oro diracted towards the axls Z-Z, such
that the beam is brought to a focus F. The
position of the focus F depends on the
amount of inclination of the front surface,
Such a devico may thus produco a lons-like
action, without the nned for eloctron lons.

I the front suriaco s flat then 8 boam Is
produced which, nithough it Is highly colll-
mated, tends fo diverge to soms extent bo-

- cause of, for examplo, scattering processes.
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By using a front surface having a small degree
of dishing, this tendency may be counter- -
acted. ©

CLAIMS

1. Apparatus for forming an electron
beam comprises, within an envelopo, an an-
odo member; n cothodo member of eloctrically
conductive materia!; and a gaa filling, and
wherein, except for part of a front strfsce of
said cathoda membar, ot feast substantiolly
the whole of the surface of said cathode
member which would otherwisa be exposed to
the gas filling within said anvelope Is covered
with an clectrically insulating material, the
whole arrangement being such that upon the
application ol a suitably high voltage between
said anode member and said cathods member
an elactron beam is formed extensive in a
diraction away from said part of said front
surface,

2. Apparatus for forming an electron
beam comprlsing, within an envelope, an an-
ode member; a cathoda member of elecirically
conductive matetial and having 8 hole In a
tront surface thercol; and a gas filling, and
wherein, except within said hole, ot least
substantially the whole of the surlace of sold
cathods member which would othaerwlise be
oxposed 1o the gas lilling within sald envelope
is covared with an electrically Insulating ma-
terial, the whole arrangament being such that
upon the npplication of n suitably high voltage
betwenn $aid anods member ond saoid cathode
marmber an electron boam Is formed extonsive
in a direction awny from said hola.

3. Apparatus as claimed in claim 2 and
whareln tho onods membnr s locoted In fromt
of the front surlace of the cathode member.

4. Apparatus ss claimed in claim 3 end
Including a control grid electrods through
which in operation the electron beam passas,

5. Apparstus os claimad in claim 3 or 4
and Including s plurality of alongate cathode
mambers srranged in a grid formation, and »
plurality of elongate anode mombars srrangod
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in a grid formation with said grid of rnode
membors superimposod ovor sald grid of coth-
odo membors, but spaced therefrom, with
snld nnoda membors In crossing refationship
with said cathode members to form B matrix,
oach of sald cathoda membors having a serias
of holes entering into its surface facing sald
grid of anode mombers and nach of sald
anode mombors having a serlos of holes poss-
ing tharathrough, with each hole in an snodeo
moembor nilgnad with & hole in a ditforent one
of the cathode membors, and oll surfaces of
sald cathode members, oxcapt for the surfaces
within safd holes In said cathode membors,
which would otherwise be exposad to soid gos
filllng aro Isolated therafrom by eloctiically
{nsulating moterlal, and the whole arrange-
mont boing such that by applying 8 high
potentlal between one of said snode members
ond one of said cathode mombers en eloctron
boam Is formed at the crossing point of sald
lost-mentioned two memboers, sald slectron
heam being oxtaensive in the space hetweon
the mouth of tha hole In the cathode member
ot sald crossing point and sald enode mam-
ber, sald beam boing orranged to ponotrote
through tho corresponding hole lrl nald ad-
dressed nsnode mamber.

6. Apparatus as clalmed In claim B hnd
wharsln Insulating materlaf Is Interposed be--
tween sald geid of cathodo members and gaid
grid of snode mambers, which Insulating ma-
tarial has passages therathrough aligned with
said holes in said cothods snd snods mom-
bars whereby to permit communlcation be-
tween one cathode hole and approprisls sn-
ade hole but Impeds communication batwnon
that cathods hole and any othér anode Hole.

7. Apparatud as clalmed in clalm 8 and
whereln said interposed Insulating materlal Is
provided in the form of a slab hoving holes
extendlng botwéen its major sutliced and
forming the said passages. *

8. Apparatus 8s clainied inclaim v, 6 or 7
and Including a control grid eléctrode locatod
on the Inside of the grid of anode membars
other than that on which the grid of cathode
members s focated.

9. Apparstus os ¢lnimed in claim 5, 6 or 7
and wherain a control grid elaciroda [s locdted
between tho grid of cathods members end the
grid of anodo membors.

10. Apparatus ss clafmed in clalm 8 when
depandant on claim 8 or 7 and whoereln the
grid olactrode is embodded In the Interposed
insulating materlal, :

11. Apparstus as clalmod In claim 2 and
whareln the snode member Is locatod fo one
side of the axls of the electron buam furmud
in operation,

12. Apparetus ss claimed In clalm 2 snd
wharein the anode membar Is lecated behind
goid front surface of the cathode member.

13. Appeoratus as clelmed In claim 12 and
whoereln the snode member is co-axial with
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the cathodo mombor,

14, Apporatus as claimed In clalm 12 or
13 and including a grid sloctrode through
which in operation tho eoloctron beam passes.

15. Apporatus as claimed In claim 12,

13, or 14 and whorein there are included 8
plurality of elongated anode members, each
having nportures therein; end n plurality of
stemmad cathode memboers, each having a
hole in the front surfaco thereof and arranged
such that its stom extends through one of said
apertures, such that cach anode member is
locsted biohind the front surfaces of cathodo
mambars whoso stoms pass through apertures
in said enode member, whereby hy applying 8
high potential between an snode member and

-ono of the cathode membors extending

through an aperturo therein en electron boam
is formed extensivo [n a direction sway from
tha hole in said one of the cathode mombers,

16. Apparatus os claimed In claim 15 and
whereln a cathode member extending through
on aperturo in one enode member is olactri-
cally connected to another cathode maember
extonding through an aparture in another an-
ode mamber,. :

17. Apparatus as claimed in claim 16 and
wherein a connector connecling two cathode
meombers is spaced from the anode members
by electrically insulating material,

18, Apparatus as claimed in any preced-
ing claim nnd including a phosphor layer
srranged so that when an electron beam is
formed it impinges upon a spot upon said
layer whereby to excite tho same,

19, Apparatus as claimed in claim 18 and
wherein said envelopo has a portion formed
as o faceplate on the Interior of which said
phosphor layer is provided.

20. A video signal reproducing apparatus
including apparatus as claimed in any preced-
ing claim,

21. Csthode ray tuba apparatus compris-
ing a plurality of clongate cathode members
arranged in a grid information, 8 plurslity of
elongate snoda members arranged in o grid
formation with said grid of anade members
superimposed over said grid of cathode mem-
bers, but spaced therelrom, with said anode
members In crossing relationship with said
cathodo members to form 8 matrix, each of
said cathode members having a plurafity of
holes entering into its surface facing said grid
of anode mombers and each of sald anode
membors having a plurality of holes passing
therethrough, with each hole in an anoda
member aligned with a holo in a different one
of the cathodo mombers and, superimposed
over said grid of anode members on tha side
theroof remote from said grid of cathode
mambars, o phosphor screen, the two grids
heing enclosed within an envelope having a
gos filling from which all surfacos of said
cathodo mombors excopt for surfaces within
said holes in said cathode mombars, which
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would otherwiso be oxposed to said gos filling
oro Isoloted therefrom by electrically insulating
material and the whole arrangomont being
such that by applying a high potential bo-
twoon ono of said snode maombers and one of
ssid cathode mombars, an electron heam is
formed ot tho crossing point of said last-
mentioned two mambars, said olectron beom
belng extensive in the space botwoon tho
mouth of the hole in the cathodo member ot
sold crossing polnt and sald anode membor,
sald beam penetrating through the corre-
sponding holo in ¢ald addressed snode mem-
bor to Impinge upon a spot upon said phos-
phor screen whereby to oxcito the samoe.

22, Apparatus as claimed In claim 2 and
whorein the longitudinal axis of said hole Is
obliqua to the normal of said front surfaco,
and the eloctron beam Is formed normal to
said front surface at said holo.

23. Apparatus as claimed iIn claim 22 and
Including o plurality of holas in sald front
surface, ot least ona of sald holes having its
longitudinal axis obliquo to the normnl of sald
surface ot the hole, such that upon tho appli-
cation of said suitability high voltagn electron
beams are formed extensive normal to ssid
front surfaco nt and In & direction away from
respective holes.

24, Apparatus as claimed in claim 23 and
wherein said front surface I3 curved,

25. Apparatus for forming electron beams
comprising, within 8n envelope, an anode
member; a cathodo member of electrically
conductive material having a front surface
which is curved; and a gas filling, and
whaerein, except for a plurality of discrete parts
of the said front surface, et least substantially
the whole of the surface of said cathode
member which would otherwiso bo exposed to
the gas filling within said envelope is covered
with an electrically insulating material, the
whole arrangement being such that upon the
epplication of a suitably high voltage botwaon
said anode member and sald cathode member
electron boams aro formed extensive normal
to said front surface at and In a direction away
from respective parts. .

26. Apparatlus ns claimed in claim 24 or
25 and wherein said front surface is curved
such that the electron beams formed are fo-
cussed at a point,

27. Apparatus os claimed In claim 22,
23, 24, 25 or 26 snd wherein said anodn
member co-nxially surrounds end is behind
said front surfaco of said cathode member,

28, Apparatus as claimod in claim 2 and
including 8 layer of phosphor matorial on b
viewable scraen arrangoed such that upon the
spplication of said suitably high voltaga the
electron beam impinges upon said phosphor
layer and so oxcites the samo.

29, Apparatus as claimed In claim 28 and
wherein said anode member hoas on aperiure
therein and [s located botweon said cathodo
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mamber and said phosphor layor, said eloc-
tron boam being arranged to ponctrate
through said operturo,

30. Apparatus as claimed in claim 29 and
wharein the hole in said cathode membar and
said aperture in said anode mombor are coaxi-
ally aligned.

31. Apporatus ns claimed In claim 28, 29
or 30 and wherein said envelopo hes 8 por-
tion formed os o faceplate upon the innor
surface of which said phosphor layer is pro-
vided.

32. Apparatus as claimed in any of claims
28 .10 31 including a8 modulating grid pro-
vided to affoct the strength or intensity of the
clectron beam implnging upon said phosphor
layer.

33. Apparatus es claimed In claim 32 and
wherein said modulating grid is a perforated
giid or gauze provided between said anode
member nnd said phosphor layer.

34, " Apparatus as claimod in claim 32 and
wherain said modulating grid or gauze is
provided botween said anode member and
said cathodo member, - .

35. Apparatus as claimed in claim 32 and
wherein said modulating grid comprises a ring
grid provided within the mouth of said hole in
said cathode member.

36. Apparatus as claimed in claim 35 and
wherein an electrical connectinn for said grid
ts takan out, in insulated fashion, through sald
cathode member in a direction away {rom sald
anodo member. . 4

37. Apparatus as claimed in sny of claims
28 to 36 wherein electrical connection to said
cathode member is provided for by means of
a fitst electrical connector connected to tho
basa of said cathode member. -

38. Apparatus as claimed in claim 37 and
wherein said first electrical connector is prefer-
ably in the form of a hollow cylinder.

39. Apparatus as claimed in claim 38 and
whaerein, where said modulating grid com-
prises a ring grid provided within the mouth
of said hole in said cathode member and en
electrical connection for said grid is taken out,
in insulated fashion, through said cathode
membor in a direction away from said anode
member, a second electrical connector for said
grid passas through said hollow cylinder,

40. Apparatus s claimed In any of claims
28 10 39 wherein a plurality of holes are
provided in said cathode member and a corre-
sponding pluratity of holes are provided in
said anode member.

41, Display spparatus comprising, within
an envelope, o layer of phosplior material an
a viewable screen; remoto from said phosphor
laysr, a metallic cathode member having a
holn formed in a front surlace thereof; ba-
tween said cathodn member ond said phos-
phar layer, an aportured anode olectrode; and
n gas filling, and wherein, except within said
hola at least substantially the whole of the
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surface of ssid cothode mambor which would
otherwise be oxposed to the gas filting within
sald onvelopo Is covered with an elactrically
Insulating material, tho whole arrangament
baing such that upon the opplication of a
suitably high voltage betwoen said anode
momber and said cathode membar an electron
beom is formed extensivo in the spoce bo-
twean the mouth of the hole In said cathodo
momber and said snode membor, and is ar-
ranged to ponetrate through an spertura in
soid anoda member to kmpinge upon said
phosphor layor and so excite the same,

42. Thyretron apparntus comprising,
within an envelopo, an anode membor; &
cathode member of olectrically conductive ma-
terial ond having a hole in a front surface
thereof; and a gas filling, snd wherein, oxcopt
within said hole, at least substantially the
whole of the surfaco of sald cathode member
which would otherwise bo exposed to the gas
filling within said envelope is coverad with an
electrically Insulating material, the wholo ar-
rangement being such that upon the spplica-
tion of a suitably high voltago between said
anode member and sald cathoda member an
electron boam is formed extensive in a direc-
tion away from said hole, el

43. Apparstus as claimed In claim 42 and
wherein said cathode member has a plurstity
of holes in the front surfaco thercof, such that
upon application of a suitably high veltage
electron beams are formed oxtensive n a
direction away from respective holes.

44, Apparatus os claimed In claim 43 snd
wherein said front surface is curved,

46, Apparatus as claimed in claim 44 snd
wherein at least ong of said holes has its

- longitudinal axis oblique to the normal of said
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front surface at that hole.

46. Apparatus os claimed In ony of claims
42 to 45 and including thermionic material
arranged such that when an clecteon beam, or
beams ara formed they heat tha same.

46. Apporatus os claimed in claim 42 ond
wherein, when said olectron beam s formod it
is arranged to ionize the gas filling in a
localised region.

48. Apparatus as claimed in claim 47 ond
wheretn the longitudinal axis of said hole is
oblique to the normal of said [ront surlace at
the hole.

49, Apparsatus as claimed in claim 2 and
wherein said front surface is shaped to focus
said electron beam, |

650. Apparatus as claimed in claim 2 or 49
ond whergin said front surface is substantially
frusto-conical, the hole being centrally lo-
cated.

51, Apparatus as claimed in any of claims
2 to 50 and wherein tho or each hole in a
cathode mambar is blind.

52. Apparatus as claimod In any of claims
2 10 51 and wherain the or each holo in a
cathode membor-Is of circular cross-section.




GB2153140A 13

10

15

20

25

30

40

45

50

55

60

G5

653. Apparatus ns ¢laimed in any of claims
2 to 52 ond whoroin’the sido wall and base
surfaces of the or each holo in o cathoda
member Is entirely (reo of a covering of elec-
trically insulating material,

54. Apparatus ns claimad in any preced-
ing claim and wherein said insulating material
insulating surfaces of said cathode member or
pluratity of cathode members Irom said gas
filling Is glass.

65. Apparotus as clalmud in any preced-
ing claim and wherein said cathode member,
or plurality of cothods members, is of Kovar,

66. Apporatus as claimed in any preced-
ing claim and where said anode member, or
plurality of anode members, Is of Kovar.

57. Apparntus ss claimed in any preced-
ing claim, and wherein said envelopo is of
glass.

68. Apparatus as claimed in any preced-
Ing claim and whorein the said gas filling is
helium,

59, Apparatus os claimed in any preced-
ing claim and wherein said gas filling Is ot a
pressure of between 0.5 ond 2.5 mB.

60. Apparalus es claimed In any preced-
ing claim and wherein the high voltags ap-
plicd between the nnode member and the
cathode member is between 1 and 2.5 kV.

61. Apparatus as claimed in any preced-
ing claim and wherein said cathode member
is of thorated tungsten.

G2. Apparatus substantially as illustrated
in and described with reference to Fig. 1 of
the sccompanying drawings,

63. Apparatus substantially as illustrated
in and described with referenco to Fig. 2 of
the accompanying drawings.

64. Apparatus substantially as illustrated
in and described with reference to Fig, 3 of
the accompanying drawings.

65. . Apparatus substantially as illustrated
in and described with reference to Fig. 6 of
the sccompanying drawings.

66. Apparatus substantiblly as itlustrated

‘in and dcscnbed with reference to Figs. 7 to

12 6f thé accompanying drawings.

67. Apparatus substantially as illustrated
in and described with reference to Figs, 13 to
156 of the accompanying drawings.

68. Apparatus substantially as illustrated
in and described with referenceto Fig. 16 of
the accompanying drawings,

69. Apparatus substantially as illustrated
in and described with reference to Fig. 17 of
the sccompanying drawings,

70. Apparatus'substantially as illustrated
in and described with reference to Figs. 18
and 19 of the accompanying drawings,

71. Apparatus substantially as illustrated
in and described with reference 1o Fig. 20 of
the sccompanying drawings.

72. Apparatus substantiafly ss illustrated
in and described with reference to Fig. 21 of
the accompanying drawings.

.70

75

80

73. Apporotus substantially os illustrated
In and dascribod with referencoe to Fig. 22 of
thn accompanying drawings.

74. Apparatus substantially os iltustrated
in and doscribed with refaronce to Fig. 23 of
the accompanying drawings.

75. Apporatus substantially os illustrated
in and dascribed with refarence o Figs. 24 of
the accompanying drawlings.

76.- Apparatus substantially os illustrated
In and dascribed with reference to Fig. 25 of
the accompanying drawings.

77. Apparatus substantially ss fllustrated
in and doscribed with reference to Fig, 26 of
tho occompanying drawings.

78. Apparatus substantially as illustrated
in and described with relerence to Fig. 27 of
the sccompanying drawings.
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