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ABSTRACT
This work is a plasma diagnostic study of the hollow cathode
metal vapour laser.

It can be divided into three sections.

Section one concerns the study of the basic parameters (cathode
fall potential electric field, cathode fall width, negative glow length
and gas temperature) of the hollow cathode discharge. '
Section ’
.t\\0 concerns the use of absorption, linewidth and laser
heterodyne tecluiiques to measure the number densities of He- (2^3),
(2dS) states and He* ions (electrons) since these species are involved
in the pumping mechanisms (Penning and Duffendack) leading to
population inversions.
Section three concems the emission radial profiles of the excited
states of He I and He II so the influence of the high energy electrons
which enter the negative glow from the cathode fall region can be
studied as they cross the glow.
Althougli the metastable number densities in the hollow cathode are
comparable to those in the positive column, they behave differently.

In

the positive colimin both singlet and triplet metastables saturate with
respect to the discharge current.

In the hollow cathode the singlets

saturate not only witli respect to discharge current but also with respect
to pressure.

On the other hand the triplets increase linearly witli the

discharge current and follow the cathode fall potential as a function of
pressure.

In tlie positive column the saturation of the metastable

niunber densities with current combined with the cadmium ion drive-out to
the walls load to the laser power output limitation.

In the hollow

catliodc cadmium ion drive-out still occurs, liovrever tliis can be
compensated by increasing the metal atom number density since in this case
the cathode fall potential, and hence electron energy, is not thereby
decreased.

Stark broadening and laser hetorod>niing were used to measure
the ion niyrber density and both tedmiques agree well.

.

They show that

tlie ion number density increases linearly with current and follows
the cathode fall potential as a function of pressure.. Also t'ley show that
the electron (ion) number density in a hollow cathode is about two
orders of magnitude larger than that in a positive column which may
lead to an enhancement in the Duffendack reaction.
The excitation radial profiles show that the negative glow
receives a flux of electrons with energy derived directly from the
cathode fall potential.

These electrons play an important part in

tlie collision processes in the negative glow.

The correlation

between these regions is shown clearly by studying the rate equations
for different species.

The behaviour of the species number

densities in the negative glow with the discharge parameters can be
related to the fundamental process occuring in the dark space.
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ABSTRACT
This work is a plasma diagnostic study of the hollow cathode
metal vapour laser.

It can be divided into three sections.

Section one concerns the study of the basic parameters (cathode
fall potential electric field, cathode fall width, negative glow length
and gas temperature) of tlie hollow cathode discharge.
Section two concerns the use of absorption, linewidth and laser
heterodyne tedmiques to measure the number densities of He (2dS),
(2^S) states and He* ions (electrons) since these species are involved
in tlie pumping mechanisms (Penning and Duffendack) leading to
population inversions.
Section three concerns the emission radial profiles of the excited
states of He I and He II so the influence of the high energy electrons
which enter the negative glow from the cathode fall region can be
studied as they cross the glow.
Although the metastable number densities in the hollow cathode are
comparable to those in the positive column, they behave differently.

In

the positive column both singlet and triplet metastables saturate with
respect to the discharge current.

In the hollow cathode the singlets

saturate not only with respect to discharge current but also ivith respect
to pressure.

On the other hand the triplets increase linearly with the

discharge current and follow the catliode fall potential as a function of
pressure.

In the positive column the saturation of the metastable

number densities with current combined witJi the cadmium ion drive-out to
the walls lead to the laser power output limit... . »

the hollow'

cathode cadmium ion drive-out still occurs, however this can be
compensated by increasing the metal atom number density since in this case
the cathode fall potential, and hence electron energy, is not thereby
decreased.

Stark broadening and laser heterodyning were used to measure
the ion number density and both techniques agree well.

They show that

the ion number density increases linearly with current and follows
the cathode fall potential as a function of pressure.

Also they show that

tlie electron (ion) number density in a hollow cathode is about two
orders of magnitude larger than that in a positive column which may
lead to an enhancement in the Duffendack reaction.
The excitation radial profiles show that the negative glow
receives a flux of electrons with energy derived directly from the
cathode fall potential.

These electrons play an important part in

tlie collision processes in the negative glow.

The correlation

between these regions is shown clearly by studying the rate equations
for different species.

The behaviour of the species number

densities in the negative glow with the discharge parameters can be
related to the fundamental process occuring in the dark space.
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1 .1

CHAPTER I
INTRODUCTION

1.2
1
In 1968 SiIfvast demonstrated continuous laser oscillation on

transitions in the cadmium ion using a helium discharge seeded with
the metal vapour.

Due to population inversions in Cd II.^ laser

power can be extracted at 4416 A (5s^
3250 A (58%

/2

- Sp ^Pi

/2

)^.

~

and

Subsequently a large number of

metal vapours (Zn, Se, Mg, Cu and Pb) were made to lase continuously
in similar discharge configurations.
Metal vapour lasers are important because.they offer a large
variety of transitions in the visible and near infrared regions
(for example 46 transitions in Se alone ).

They can be made to lase

easily using well established tedmiques^, giving laser power outputs
of about 10 imv - 100 ]ttw per meter of active length.
The excitation mechanism creating population inversions between
levels of the metal ion can be either the Penning ionization

1-5
reaction
, for exaiiple
He (2iS, 23s) + X

He + X+* + e,

or the charge exchange (Duffendack^)' reaction, for example
He* + X

He + X**,

where X represents the metal and X** the upper laser level in the
metal ion.
In earlier metal vapour lasers, the active medium w^as the
positive column of a conventional glow discharge.

The output power

of these lasers is limited by the low densities of the particles
involved in the pumping process.

It has been shorn that the Penning

ionization reaction saturates with discharge current because the metastable

7
8
densities saturate with current . Recently it has been f o m d that a
more fundamental reason for power output limitation is the increasing
cadmium ion drive-out towards the tube wall with increasing discharge

1.3

current.

Tliis causes depletion in the metal vapour density in the

discharge and subsequently limits the power output.
In 1970 Schuebel^ demonstrated continuous laser oscillation in
He-Cd using a hollow cathode structure.

Since then the hollow

cathode discharge has been used extensively as an active medium for ‘
many rare gas-metal vapour l a se rs ^( He - Cd , He-Zn ...).
The hollow cathode disdiarge is particularly advantageous due to
its non-Maxwellian electron energy distribution (see Chapters V .and
VI) , which has a large number of electrons with energies well above the
ionization potential of the rare gas or the metal atoms. This
promises rare gas ion densities one or two orders of magnitude larger
than tiiat of a positive column operating under the same discharge
conditions.

The resulting increase in the Duffendack pumped

population inversions should lead to greater output power on these
transitions.

Anôtlier advantage of the liollow cathode discharge is

that unlike the positive column the discharge is comparatively
insensitive to the metal concentration (see Chapter II). Although
metal ions are still driven out of the active medium (this time by the
electric field of the cathode fall), tlie effect can be compensated by
increasing the metal concentration.

Hence the power limiting effect

due to ion drive-out in positive column lasers can be compensated in
hollow cathodes.
The hollow cathode effect can be understood by considering two
planar parallel cathodes having a common anode perpendicular to
their common axis.
opposite directions.

Electrons are emitted from each cathode in
At large inter-cathode distances, each

cathode has its separate, well characterized negative glow which
behaves independently of the other (see figure 1,1a).

For a fixed

uotential, as the inter-cathode distance is reduced, the tW'O

1 .4

negative glow^s begin to merge and finally coalesce (see figure 1 .1b).
The condition for merging negative glows depends on the filling gas
pressure P, the cathode separation, a, and the type of the cathode

material^^^^^.
As the glows coalesce, the cathode current density increases by
several orders of magnitude.

Simultaneously the emission intensity from

the negative glow increases dramatically.
effect.

This is the hollow cathode

Moreover,..the gas temperature■is low, so Doppler broadening

is small, hence the emitted lines are very sharp.

As a result of the

coalescence of the two negative glows, the cathode region of the
discharge has only two parts; the dark space,' close to the cathode
surface and the very bright common negative glow.

Furthermore when the

distance between the anode and the cathode is reduced sufficiently,
so the anode current is supplied by electron diffusion from the negative
glow, the positive column and the anode fall regions disappear (see
figure 1.1b). This is the condition in the hollow cathode laser to be
described.

(The discharge of interest here is inside a metal tube,

and so has cylindrical geometry as shown in figure 1 .1c.)
We now^ consider briefly the basic mechanisms taking place in a
hollow cathode discharge, in particular examining how they differ from
those in a conventional cold cathode discharge.

The basic function

of the cathode region is to facilitate the transfer of electric current
from the external electrical circuit into the discharge.

The current

transfer can be made by positively charged particles (ions) moving'to
the cathode surface wlaere they become neutralized, or by electrons
being ejected from the cathode surface.

The latter process requires

an energy source to overcome the work function of the surface.

In the

case of a cold cathode this is through secondary emission processes due
to bombardment of tlie surface by ions, photons, metastable atoms, etc.

1,5

In the dark space immediately adjoining the catliode surface
there is a high electric field, resulting in a large potential difference
between the cathode surface and the negative glow^ (cathode fall potential).
The large potential difference arises because a significant
multiplication of ion pairs is required in the dark space to sustain
the discharge

13

The origin of the field is a positive-ion space charge due to the
initial large electron flux from the region, because of the higher
electron mobility.

At the cathode wall the current is carried

predominantly by ions, and to a lesser extent by electrons released
from the w^all by secondary processes.

Because of the high electric

field in the dark space, the ion velocity is large.

At the negative

glow edge the current is carried by electrons originating from the cathode and
from multiplication in the dark space.

Because of the higher mobility

of the electrons compared to the ions, only a small electric field is
required to maintain the current flow.

The changeover from high to low

electric field marks the glow boundary.
from .the

dark

space the

glow

receives a large flux' of

electrons of high energy (up to the cathode fall potential).
These electrons are in two groups ; primary electrons whicli

..

have energy derived from the cathode fall in potential V, and
secondary electrons resulting from ionization collisions in the
dark space.

The primary electrons advance further through the

negative glow making further excitation and ionization and penetrating
through the retarding potential of the other cathode.

This leads

to a reduction in the space charge and causes an increased current
'
density and a low^er cathode fall in potential. The secondary électrons
cannot advance through the retarding field of the opposite cathode

. "'

1,6

so they lose their energy in the negative glow creating more
excitation and ionization.
In the negative glow there is charge neutrality, and hence,
because of their higher mobility, the electrons carry the current.
Also the glow is supplied with a flux of energetic electrons
from the dark space, and hence only asmall residual electricfield^"^
is required in the glow to maintain the ionization against loss
processes.

Because the field is.small, electron drift velocity

to the anode is small, and hence under similar current density
conditions the electron density (and hence ion density) in the
hollow cathode glow is much higher than in a positive column
situation.
As the gas pressure is increased tlie distance over which high
energy electrons penetrate beyond the dark space decreases and
hence the.glow contracts.

Eventually electrons cannot penetrate

into the dark space of the other cathode.

Further, because of the

changing glow geometry the efficiencywith which photons and
metastables feed the secondary emission processes at either cathode
dnninishes. Eventually a situation is reached when the two
cathodes act separately (ie normal cathodes). Because this is
less efficient a higher field is required to carry a similar
discharge current,
Although the above was discussed in relation to plane cathodes
a cylindrical cathode can be used. ' The net effect is similar to
the planar case, but some corrections due to geometrical considerations
are required.

1 .7

The present hollow cathode discharge consists of a long cylindrical
tube (55 cm long, 6 mm bore) surmounted by a number of anodes (1-4)
positioned at appropriate intervals along the hollow cathode
The dimensions are

structure (see figure l.ld and Appendix I).
characteristics of hollow cathode discharge.

We have chosen the

present dimensions to enable us to do probe, line profile and hetero
dyne measurements.

Each anode is ballasted separately to ensure equal

division of the total current among them.

The hollow cathode structure

was made from stainless steel tube to ensure an even distribution of
temperature along its length.

Metal vapour was introduced from a side

arm located mid way along the hollow cathode structure and can be
controlled independently.

A flowing gas system was used to ensure a

continuous purge of the system impurities and aids tJie distribution of
metal vapour throughout tlie discharge region (see Appendix I).
In this thesis a plasma diagnostic study of a hollow cathode
discharge will be presented.

This study will concentrate on the regime*

whidi is appropriate to *the He-Cd laser discharge.

It covers mainly

the pure lielium case while the He-Cd case wall be considered whenever it
is necessary.

This study will cover tlie following points:

TIT ~ The negative glow length (Chapter II)
. Tlie hollowr cathode discharge consists of a long metal tube surmounted
by a number of anodes.

These anodes produce a continuous plasma when

neighbouring glows overlap.

To study the overlapping conditions, the

extent of the negative glowr resulting from a single anode was measured
as a function of tlie discharge parameters using a probe method.

The

extent of the negative glow is also important in determining the metastable
number density by absorption methods (see below) and in determining the
operating regime of the discharge. *
[2]

Singlet and triplet metastable densities
Because of their role in the Penning ionization it is important to

know the singlet and triplet metastable densities.

These number

1 .8

densities are measured by an absorption tedmique.

Using the measured

absorption coefficient, the measured gas temperature, the measured
plasma length aid Einstein A coefficient the metastable number
densities were determined (Chapter II and Appendix II) .
The measured metastable number densities are comparable with those
of a positive column operating under the same discharge conditions
(w, 10^^ cm"3) ^but unlike the positive colurai they do not saturate’
wdth increasing discharge current, but continue increasing linearly.
[5 3

Helium ion density
Because of their role in creating population inversions in the

upper levels of Cd*, it is important to l<now the number density of
the helium ions.

This was determined using two different techniques,

Stark broadening and laser heterod)ming.
It will be shoivn in Chapter III and Appendix III that the Stark
broadening of the Hj3 transition is predominantly due to the He’ ion.
From the linewidth at half maximum, the He’' density can be deduced.
However the Stark broadening was found to be comparable to the Doppler
broadening of the Hg transition for the ion densities associated with
the hollow catliode, and so it was decided to measure the ion density
using an alternative.technique. This is described in Chapter IV, and
is based on a laser heterodyning method.

This method gives tlie electron

density from the measured laser beat shift due to the change in the
refractive index of the discharge plasma.
Both tedmiques give similar ion number densities in the range
of 10^3 cm"3 J and confirm the expected - two orders of magnitude
increase over the positive column discharge operating under tlie same
discharge conditions.

Also they show a linear increase wüth current,

which promises the possibility of scaling the Duffandack reaction

1.9

transitions to give larger laser output power.
[4 ]

The radial profiles of the emission in the negative glow
The cathode dark space is the source of the high energy electrons

which enter the negative glow.

These electrons in making excitations

as they move across the negative glow

lose energy.

The emissions of

He I and He II transitions are expected to vary accordingly across
the negative glow.

To study this effect the radial profiles of He I

and He II transitions were measured (Chapter V).

Furthermore the

dominant excitation mechanisms of the Cd II transitions 4416 A and
o
5378 A are considered by studying their radial profiles and inferring
from them the dominant mechanism for each transition.
The effect of a transverse magnetic field normal to the
discharge electric field on the radial profiles of the He transitions
will be studied also.
[5 ]

The theoretical analysis of the hollow^ cathode discharge
The plasma diagnostic study wall be followed in Chapter VI by

a theoretical study of the basic mechanisms taking place in a hollow
cathode discharge.

The measured parameters wall be correlated with

these mechanisms through rate equations for the different particle
species.

These equations show the dominant mechanisms in tlie hollow

cathode as a laser medium.
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Figure 1.1a. Two plane parallel
cathodes with coninion anode (N).
hhen the intercathode distance is
large they act as two separate
discharges (A,B) each with its
cathode dark space (1) and its
negative glow (2).

^

Figure 1.1b. The intercathode
distance is reduced. The two
negative glows begin to merge in
a common negative glow;(2) and
cathode dark spaces beside the walls
(1). The anode (N) is immersed in
the' negative glow.
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Figure 1.1c. A cross-section in the
hollow catliode discharge, (1)
negative glow in the centre, (2) the
boundary area and (3) the cathode
dark space.

Figure l.ld. The hollow cathode
structure. (1) two anodes separated
by 7.5 an, (2) gas outlet, (5) oven,
and (4) gas inlet.

2.1

CHAPTER II

THE HOLLOW CATHODE DISCHARGE PARAMETERS

2 .2

2.1

Introduction
This chapter considers the measurement of the cathode fall in pocential,

•the length of the negative glow and the gas temperature in pure helium
The cathode region of tlie discharge is the source of the high energy
electrons in the discharge.

The energy of these electrons as a function

of the discharge parameters can be studied by measuring the cathode fall
in potential as a function of the discharge parameters.
The cathode fall in potential shows a distinctive behaviour as a
function of pressure at constant current.

As the pressure increases it

decreases to a minimum (203 V) at low pressures (3 Torr), then increases
with increasing pressure to a maximum (220 V) at 9 Torr, then decreases
for further pressure increase.
The negative glow length and the gas temperature with Einstein,

A

coefficient will be used in Appendix II to calculate the metastable number
densities from the absorption experiment.

Furthermore the extent of the

negative glow length is important in determining the condition for over
lapping adjacent glows and in determining the operating regime of the
discharge.
Measurejiients of the axial extent of the negative glow showed that it
increases with increasing'discharge current for currents ^ 80 mA where
it reaches a constant length for further increase of the current.

A

similar behaviour was observed when the extent of the negative glow was
measured as a function of the pressure.
approximately constant for p

4 Torr.

The negative glow length was
These measurements are used to

determine the conditions for a continuous plasma and to find a criterion
for the operating regime of the discharge.
The gas temperature was found to be approximately independent of the
discharge current and pressure.
A detailed experimental description and theoretical analysis of the
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d is d ia rg e param eters w i l l f o llo w .

2.2

Cathode fall potential
The total voltage across tiie discharge was measured as a function of

current and pressure.

These results can be seen in figures (2.1a,b).

The

total voltage is made up of the cathode fall in potential V and tlie potential
drop across the negative glow (there is no anode fall in potential, because
the anode is immersed in the negative glow).

Probe measurements•(to be

discussed in § 2.3) showed that the potential variation within the glow is
very small compared to the total.

Therefore the dependence of the total

voltage on the discharge current and pressure in figures (2.1a,b) is
interpreted as the dependence of the cathode fall in potential V on current
and pressure.
Figure (2.1a) shows that the potential is independent of current for
currents above 30 mA (per anode) and for pressures between 1 and 15 Torr.
Figure (2.1b) shows that at constant current the potential varies in a
distinctive fashion -with pressure.

As the pressure is increased, the

potential initially falls to reach a minimum value at around 3 Torr, and then
increases to reach a maximum value at around 9 Torr, before falling again for
higher pressures.

This characteristic behaviour was observed for all

discliarge currents.

IS
Similar results jWere found by Thachenko and Tyutyunnik
in a k'ovar

tube (30 mm bore and 180 mm long) operating under discharge conditions of
300 mA and 1 to 10 Torr.

As the pressure radius product increases, the

cathode fall in potential behaves similarly to that described above, taking a
minimum value at 0.45cm Torr (equivalent to 1.5 Torr in our discharge) and
a maximum value at 3 cm Torr (equivalent to 10 Torr in our discharge).
The above refers to the behaviour of the cathode fall in potential
under stable discharge conditions, when there is a unique value of cathode
fall in potential for every current aaid pressure value.

It was observed,

however, that if the discharge was initially operated under high' current
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conditions (> 150 mA), then on reducing the current the cathode fall in
potential did not stabilize immediately but monotonically increased or
decreased over periods of the order of 10-15 minutes before reaching its
original stable value.

This behaviour will be considered more fully in

Chapter V and Appendix ,II.
When Cd was introduced into the discharge, the characteristic behaviour
of the cathode fall in potential as a function of the discharge current or
pressure did not change.

However the value of the potential was increased

by about 15% over that for pure helium for a Cd oven temperature
range of 250-350^0.

Thus the cathode fall in potential is insensitive to

the metal concentration, and hence discharge limitations due to ion driveout by the cathode fall potential can be compensated by increasing the
metal concentration*
2.3

The length of the negative glow
In order to measure the axial extent of the negative glow associated

with one anode a movable tungsten probe was inserted along the bore of the
tube.

The probe is a sharpened tungsten rod enveloped in a fused quartz

sheath except for the tip (see figure 2.2a).
tip

At about 7 cm from the probe

the quartz sheath diameter was increased gradually to 5.8 mm to

facilitate vacuimi sealing.

Vacuum sealing was achieved by mounting a simple

0 ring round the quartz sheath, this being compressed by a brass fitting
screwed to the discharge tube end (see figure 2,2b),

When the discharge

tube is under vacuun,atmospheric pressure will be exerted on the probe and
force it to slide forward.

To prevent this, the probe diameter at the end

was increased to 11.5 mm (nearly twice Üie discharge tube diameter).
Mobility of the probe forwards and backwards was achieved by
fastening the probe end to a horizontal optical mount wliicli was fixed
firmly on the working table.

It was possible to move tlie probe in and

out by a distance of 5 cm (this is more than half the distance between
the anodes). The width of the negative glow varies as the discharge
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pressure varies (see § 2.4).

This wûdth assumes a minimum value of

about 0.20 cm at low pressures ( P s i Torr), when the discharge is
contracted to the centre of the tube.

This width is large compared

to the probe diameter (0.08 cm) so the probe lay inside the negative
glowu

At high pressures the discharge (and hence the negative glow)

contracts towards the tube wall, so the probe may then be outside
the negative glowu

However, the axial region is equipotential with

the glow, so this means the probe still gives the plasma potential of
the glow.

Making the probe dimensions small ensures that the plasma

disturbances are small and that space charge neutrality is preserved
after the insertion of the probe. This is true because the current
drawn from the discharge by the probe is very small (about 20 yA ; the
voltage was measured with a voltmeter having an input impedance of
10 Mi) ). This means that the measured potential is not the plasma
potential but it differs from it by few volts (in fact it differs by
the electron energy at the tube centre). hhen the probe is inside
the negative glow it is screened from the wall, being approximately
at the plasma potential.

Assuming that when the probe is outside

the negative.glow it is at the wall potential (OV), then estimates of
the negative glow length can be obtained from the probe measurements.
It was found that as the probe was withdrawn from the anode
starting point)

(the

its voltage initially remained approximately constant

at the anode potential and then changed rapidly over distances of 2 mm
to reach the cathode potential.

The plasma boundary is therefore well

defined, and the plasma length was taken as the distance from the
anode to the point where the probe voltage had fallen to half the anode cathode voltage .(see figure 2.3).

.
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Plasma length measurements as a function, of pressure and current
can be seen in figures (2-4a,b).

At a constant current the negative

glow length increases initially with increasing pressure and then
for pressures ^ 4 Torr this length becomes approximately independent
of the pressure.

At a constant pressure the plasma length increases

slowdy wdth increasing current and then it becomes approximately
constant for I ^ 8Ü iiA.
Tliese measurements were taken with only one anode operating.
The interanode spacing in the present tube is 7.5cm, and hence we see
from figures (2.4a,b) that at currents above 80 mA and pressures

5: 5 Torr the negative glows associated with neighbouring anodes wdll
begin to overlap when several anodes are operating together.
The present probe is designed to measure the extent of the
negative glow length which is based on detecting a large drop in the
value of the potential at the boundaries of the negative glow.

The

probe is not sensitive enough to measure precisely the small, expected
value of the negative glow potential and its variations along its
axis.

However figure (2.3) gives an indication of the magnitude of

that field (few volts/an),
2.4

The operating regime, of the present discharge
1?
Little and von Engel “ have considered the hollow cathode effect

for the case of planar electrodes, and for helium the increase in the
current density at constant cathode fall becomes apparent for (ap)
values less than 5 cm Torr, where (a) is the intercathode distance
and (p) is the gas pressure.

In the present case the tube bore is

0.6 cm, and so for pressure less than 9 Torr the hollow cathode effect
should be

operative,

although some correction would be expected on

account of the different geometry.

2.7
At pressures less than 12 Torr, the glow emission is
continuous across the tube diameter
the tube axis (see Chapter V ) .

reaching a maximum value at

For pressures higher

than 12

the negative glow is discontinuous across the tube centre.

Torr

The

condition of merging glows is one criterion identified by Little and
von Engel

12

as indicating the onset of the hollow cathode effect.

The glow appearance is therefore consistent with the prediction of
hollow cathode behaviour based on (ap) value.
For the pressure range of
100 mA, ^Ip^ values range from
respectively.

1 to 20 Torr and at a current
10"% A cm“^ Torr”^ to

of

10"^ A cm"^Torr"^

Over this operating range the cathode fall in potential

varies between 203 and 220 V (see figure 2.1b).

In figure (2.5)

experimental values of "^/p^ (corrected for the plasma length) are
plotted for different (ap) values and are compared with ^/p% to be
expected from a conventional cathode^^

It may be seen that

for pressures in excess of about 10 Torr, the behaviour of tlie present
discharge approaches that of a conventional cathode, the hollow cathode
enhancement only occurring at lower pressures as expected.

This means

that the efficiency of the hollow cathode discharge compared wdth,
the conventional cathode,

, decreases by increasing the pressure.

The cathode dark space was measured using a small probe (its
design is sùnilar to the probe described in § 2.3) inserted across the
discharge with a radial resolution of 0.1 mm.

These measurements

indicate that as the pressure decreases to about 1 Torr, the cathode
dark space wddth d increases to a value of 0.1 am.

This is comparable

in extent to the negative glow, indicating that the discharge may be
operating in an obstructed mode at low pressures.

2.8

The observations on (J/p^) values, the visual appearance of the
negative glow, and the extent of the dark space indicate that at
low pressures (< 3 Torr) the discharge operates in the obstructed
mode, at intermediate pressures (3 - 12 Torr) as a hollow cathode,
while at high pressures (> 12 Torr) it begins to operate as a
normal cathode.

The behaviour of the cathode fall potential (see

figure 2.1b) with pressure is also consistent with the above.

The

rapid rise of cathode fall on going to low pressures corresponds to
the onset of the obstructed mode, while the maximum in cathode fall
at intermediate pressures corresponds to the transition from hollow
cathode to normal cathode operation.
2.5

Linewddth measurements using a scanning Fabry-Perot interferometer
The Fabry-Perot is a multi-reflection interferometer wdth two

plane mirrors.

A parallel beam of monochromatic light (wdth wavelength

X) incident normally on the interferometer will be transmitted with
maximum intensity when

or
V = "2",—
where L is the mirror

'

(2.5.1)

separation, m is an integer,

frequency and c is the velocity of light.

v is the

In the scanning

Fabry-Perot interferometer one mirror is scanned through one or more
half wavelengtlis when the frequencies of the transmitted maxima are
scanned through one or more free spectral ranges (c/2L). The linewddth
of the transmitted maxhïia depends on the flatness, the reflectivity and
the parallelism of the mirrors.
The measured line profiles were analysed using the. method of
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Ballik
to extract the Doppler and Lorentzian linewddths. The
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Lorentzian linewidth was taken as an indication of the finesse of the system,
since it was found to be independent of plasma conditions.

The value of the

finesse so deduced was 13.5 (the finesse was defined as the ratio bebveen the
free spectral range and full width of the Lorentzian profile). The Fabry-Perot
interferometer has tw^o plane mirrors each with a flatness of
and a reflectivity of 98%.

X

o
at 5000 A

One mirror was mounted on a piezo ceramic transducer

which could be scanned over two free spectral ranges.
The optical system can be seen in figure (2.6).

A point x in the plasma is

imaged by lens 1% on to the stop A which is positioned in the focal plane of
Lens L 2 .

In moving off or along the tube axis from the point x the gathering

power of the optical system rapidly decreases since the imaging condition is no
longer fulfilled.

Hence the system effectively gathers light only from the

vicinity of point x.

The lens L 2 transfoims the incident beam into a parallel

beam wdth diameter comparable to the mirror diameters of the Fabry-Perot
interferometer.

The transmitted beam is focused symmetrically across a pin

hole of 100 ym diameter.

This arrangement gives pin hole finesse equal to

20 (the pin hole finesse is defined as the ratio of the central spot
diameter to the pin hole diameter).
The studied lines were separated by a monochromator attached to a photo
multiplier (see Appendix I). The photomultiplier output was displayed on an
X-Y recorder as the piezoceramic was electrically scanned. A typical scan of
o
_
the 5016 A profile at 100 mA and 5.5 and 9.5 Torr can be seen in figure (2.7).
An upper limit of the instrumental wddth was obtained by measuring the
0
line profile of the 4880 A Argon transition which is close to the studied line
but which has a reduced Doppler width because of the larger atomic weight.
The instrumental profile (which is assumed to be Lorentzian) must
have a full wddth at half maxima (Fhïfï) less than the measured linewidth
o
at 4880 A. The measured linewddth of 2 GHz gives a minimum value of
the finesse of about 12.5 (the free spectral range is 25 GHz).
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2.6

Neutral gas temperature
It is known that the line broadening of He I transitions due

to the thermal motion of the atoms (Doppler broadening) is a
Gaussian and is given by
— 2- = 7.16 X 10-7 ( T p
V
i'l

(2.6.1)

0

wliere v is the central frequency, Av is Doppler full width at half
maxima and T and M are the temperature and tlie atomic weight of the
studied species respectively.

The species temperature can be

calculated from the measurement of the line profile providing that
natural, collisional and Stark broadenings of the studied transition
are negligible.
The natural linewidth is proportional to the Einstein A coefficient
and for 5016 A is about 2.3

Fugal et al^^ derived empirical

relations for the wddths due to tlie collisional broadening and showed
that this broadening depends on the gas temperature and pressure.

This

broadening for helium transitions at the expected temperature of
600 R and 1 to 20 Torr ranges between 10-200 Mflz.

The Stark effect is a

19
^
function of the ion (electron) density in the plasma , and for 5016 A
is not significant for electron densities less than 10^® an“^. The
electron density measurements in our plasma (see Chapter III) give
electron density in the range of ICd^ cm"^, vdiich indicate that Stark
broadening in the present discharge can be ignored.

Wo can conclude

tliat. natural, collisional, and Stark broadoniiig effects for the
o
n
transition 5016 A can be ignored. T]\e transition 5016 A arises from
singlet s levels so there is no hyperfine structure complications.
Since the lower level of the 5016 X transition is the singlet
metastablc state 2kS, self-absorption may be important
and may distort tlie line shape.

Hence it is necessary to estimate tlie
o
likely effect of self-absorption on the line profile at 5016 A and
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consequently on tlie gas temperature.
For a singlet number density of 3.2 x 10^^

and a plasma

length of 6 cm, the effect of self-absorption on the 5016
profile is to increase the wddtli by 8%.

line

This means that if no

correction were made the gas temperature would be overestimated
0

by 16%, equivalent to 100 K,
The singlet metastable number density described in Appendix II
reaches a maximum value of 3.2 x lOd^ air^ at a He pressure of 1 Torr
and a discharge current of 100 mA.

As the pressure or current increases

the 2^S number density saturates for I > 40 mA or P > 2 Torr.

Hence the

above effect of the self-absorption is the maximum value wliich it can
attain.

Furthermore because of the saturation this effect does- not

change as the discharge current or pressure varies.

Hence ignoring the

effect of the self-absorption on the line profile does not change
the behaviour of the gas temperature as a function of the discharge
parameters, but leads to an overestimate in its magnitude by a
maximum of 16%.

o
The gas temperature of He I measured at 5016 A at tlie tube centre

as a function of the discharge current and pressure can be seen
figures (2. 8a,b) respectively.

Within the experimental scatter (12%)

there is no systematic diange in temperature wdtli either pressure
or current.

in

This conclusion is important in relating the neutral

particle density to pressure and in deducing metastable number
densities from the absorption experiment.
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Figure 2.1a. The cathode fall potential as a function of cur^Ant at
different gas pressure^Ql Torr^ii? TornQlO Torr and
iS'Torr.
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Figure 2-lb. The cathode fall potential as a function of the helium
filling pressure at a constant current of 100 mA.
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Figure 2.2a. A structure of the
tungsten probe used to measure the
length of the negative glow.

Figure 2.2b. The probe fitted inside
tlie discharge. (1) probe (2)
discharge and (3) 0 ring and (4) is the
anode which was taken as the starting
point.
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Figure 2.3. "]\:o examples at 50 mA (1) aid 100 mA(2) of the change
in tlie discharge voltage as the probe is withdrav.n from the anode.
Each curve consists of tv;o parts,(A) the probe inside the discharge
and (B) the probe is outside it.
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Figure 2.4a. The negative glow length measured from the anode as. a
function of the helium filling pressure at a constant discharge current
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Figure 2.4b. The negative glow length measured from the anode as a
fimction of the discharge current at different helium filling pressures
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Figure 2.5. The .discharge current density at the cathode(at a constant
discharge current of 100 irA)as a function of the helium filling pressure.
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Figure 2.6. The optical arrangement used to measure the neutral gas
temperature.
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Figure 2.8a. The neutral gas temperature at the tube centre as a
function of tlie discharge current at a constant helium filling pressure
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Figure 2.8b. The neutral gas temperature at the tube centre as a
function of the helium filling pressure at a constaht current of 100 ipA.
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CHAPTER III
ELECTRON DENSITY IN THE NEGATIVE GLOW
I^^EASURBŒNTS USING STARK BROADENING TECHNIQJE

3 .1

In tr o d u c tio n

The negative glow receives a flux of electrons from the cathode
dark space.

These electrons move in the discharge creating more

secondary electrons.

Ion (and hence electron) density in the negative

glow is an important parameter in assessing the Duffendack process
as a population inversion mechanism.
In the following two chapters the two methods used to measure the
electron density will be described.

In this, chapter the measurement

of electron density at the tube centre by a Stark profile method is
discussed.

In the next chapter the laser heterodyne teduiique will be
The pure helium discharge only will be treated.

considered.

The presence of cliarged particles in a gas leads to local electric
fields whidi produce Stark effects on the transitions of excited atoms.
Wnen averaged over the collection of excited atoms, this leads to a line
broadening.

Other broadening processes such as the Doppler effect, etc,

are also present.

Stark effects become increasingly significant with

increasing electron (and ion) density and temperature.

It will be

shown in this diapter tlrat tlie general theory of Stark broadening can
be extended to the low electron densities and temperatures encountered
in the hollow cathode laser.

It was found experimentally that the ■

Stark effect could be extracted from the measured line profiles and so
was used to calculate the electron density.
Electron density calculated by this teclmique shows a linear
increase with the discharge current (see figure 3.4a) and follows the
triplet metastable number density as a function of the pressure (see
figure A2.2b).

Therefore the number density of electrons follows

the cathode fall potential as a function of the helium filling pressure
(see figures 2.1b and 3.4b),

3.2

The validity of the general Stark broadening theory in the

hollow cathode
The Stark effect in a partially ionized plasma arises as a
result of the interaction between the emitting atoms and the plasma
local electric field.

This field may result from four different but

not independent phenomena.
(1) The slowly varying field of the ions (Holtsmark effect).
(2)

The rapidly varying field of the electrons (electron effect).

(3)

The electrons and ions provide a background which has a shielding
effect‘on the ion field (shielding effect).

(4)

The interaction of ions with each other causes a modification in
their electric field (correlation effect).
In general all the above mentioned fields cause line broadening

with varying degrees of importance.
Stark broadening.

Their combination gives the general

Hence the relative contribution of ions and electrons

to the Stark broadening of the line profile must be estimated.
Charge particle densities (ions and electrons) in the negative
glow of the holloiv cathode discharge are expected to be less than
1C44 cm"^, and as well as this a considerable proportion of the
?0
o
electrons are likely to be cold electrons*' (600 K or 0,078 eV).
Theoretical treatments of Stark broadening by ions and electrons are not
19 91
usually extended to such low densities and temperatures■“
.
Accordingly the validity of the general theoiy of the Stark broadening
in the present holloiv cathode discharge must be examined.

In tlie

following the aforementioned phenomena will be considered explicitly
for the case of the Hg transition.
We first of all discuss the ion broadening (effects 1, 3 and 4).
Consider an emitting atom at point 0 (the origin). This atom
(emitter) is surrounded by a large number of disturbing ions (N.),
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at point 0.

each of whicli produces an electric field
were at rest^a constant electric field

at

If the ions

0 . would result.

Since the

ions are moving then we have a time-varying electric field distribution

F at 0.

However, the atom emits radiation in a very short time

compared wdth the ion field variation, hence this field (unlike the
electron field which is a sudden perturbation) will be static as viewed
If the field due to a single ion follows a

by the emitting atom.

Coulomb potential, then the field distribution due to the distribution of
distances between the ion and the radiating atom can be shown to be
AP(F) =

If

exp [-

(A

3V 2

] dp-

22

(3.2.1)

where F is the electric field strength at 0 and F

is a mean electric

field strength which is equal to kâ-? (Z is the number of charges on the
^o .
ion and r is the radius of a snhere whose volume is equal to the mean

°

volume per ion and can be taken as (ÿ^)
value of r^ in F

3 hh

_ 1
3 ),

Replacing the above

we get

F^ = 2.60Ze N. 3
Values of F

_ 1

(dyi:e)

(3.2.2)

for ion (electron) densities in the range of 1C40

air^

can be seen in table (5.1a).
The above treatment assumes that the ion density is low enough so
that only one ion is responsible for the field at the radiating atom.
There are tw^o modifications that must be investigated in relation to this
simple theor)u

Firstly, as the distance between the perturbing ion and

the radiating atom increases, there is an increasing probability that tlie
ion field will be screened by other charged particles

(shielding effects).

Secondly, with increasing ion density more than one ion may contribute
significantly to the field at the radiating atom (correlation effect),
The field produced by an individual ion is shielded by the presence
of surrounding electrons and hence the field of a given ion penetrates

only a limited distance into the surrounding plasma.

If there is no
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emitter in the penetration range, the ion’s effect is completely
shielded out.
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Baranger and Mozer*'
found that the shielding effect due to the

electrons can be taken into consideration if the Debye hUckel field (or
its potential) instead of the Coulomb field is used^^
^

'r

®

Pd

•

is the Debye radius and is given by the relation

where

Pn = ( --- ----(cm)
4% N eZ
e

(3.2.4)

They also investigated two
cluster expansion.

body

correlation

between ions using a

High order correlations w^ere neglected.

The

resulting electric field distribution can be seen in figures (3.1a,b).
(In figures (3. la,b5c) H($) dg is the probability of the electric field
lying in tlie range 3 to g + dg). The Baranger and Mozer electric field
distribution (figure 3.1a) can be looked at as two parts; the original
Holtsmark field distribution and a correction term due to the electron
shielding effects and ion-ion correlation effect (figure 3.1b). The
Baranger and Mozer electric field distribution deviates from that of
Holtsmark.
—
pjQ

The magnitude of the deviation depends on g(= F/F^) and

(0.0898 N .6 T
1
e

the shielding

of 3

2 ).

Furthermore the deviation is mainly due to

of ions by electrons (see figure 3,1b).

For small values

and at constant value of —^ , the deviation is large (for example

To
at — ' equal to 0,8 and 3 equal to 0.1, the correction teim is
PD
'
about 8 times- larger than thatof Holtsmark (see figure 3.1la))

while at large values of 3 the correction term is small (for
X

equal to 0,8 and 3 equal to 10, the correction term
PD
is about 15% of the original Holtsmark distribution (see figure
example for
3.1b)).

'

As 3 increases the deviation decreases and the Baranger and

Mozer distribution approaclies that of Holtsmark,

The pair correlation
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theory of Baranger and Mozer is valid only for values of (— 1 < 1.
For Iiigiier values higher order terms in tlio cluster expansion have to
Calculations in table (5.2) show that for electron
o
densities of ICdO to 10*^ cm”^ and electron temperatures of 600 K
o T
to 40000 K, —
does not exceed 0.79 (ie on average there is at least
Pd
an ion within the Debye radius of the emitting atom) . This shows that
be incorporated^^.

in a hollow cathode discharge the Baranger and Mozer treatment of the
r
field distribution can be used. As — varies the full wddth at half
maximum of the electric field distribution in comparison to that of
-Holtsmark varies

(see figure 3.1c). For the present case, for an
o
electron temperature of 600 K, and an electron density of 10^^ cm“^,
r
the variation of —
introduces 40% variation on the full width at half
maximum of Baranger and kbzer distribution in comparison to that of
Holtsmark.

This variation must be taken into consideration when we

calculate the electron density from the full wddth at half maximum of
the measured Hg transition.
For a transition between two levels A and B, the ion field leads
to a perturbation of the Hamiltonian (H, (F) - Hg(F) which leads to a
/7
shift in the frequency" A v
^

H (F) - Hg(F)
_ 2 ---

=7 X 1Q9 F,

for the case of the Kg transition,

(Hz)

(3.2.5)

hhen this shift is averaged over, all

the atoms, it results in a line broadening.

For electron densities

between lO^o and ICd^ cm"^, the mean field value F

varies between

0.006 (cgs)'and 2.7 (cgs) respectively, resulting in shifts A v
calculated according to (3.2.5) between 0.4 and 19 GHz respectively
(see table 3.1a).

The parameter g has been defined as F/F . From

figure (3.1a) it can be seen that for g < 0.1, the probability
distribution of tlie electric field has fallen to 1% of its maximum
value, while for g > 10, it has fallen to less than 2% of i d maximum
value.

In particular this indicates that the ion contribution at the

5.7
line centre is very small and hence t}\e influence of electrons on
the line broadening will be more pronounced here.
The effect of electrons on the line broadening depends on the
nature of their collision with the emitting atoms.

The type of

collision depends on the magnitude of the impact parameter for the
collision p , compared with the Debye radius
parameter p

^
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given by

and a limiting

(cm)
where m and v

(3.2.6)

are the electron mass and velocity respectively and

a is the principle quantum number of the studied level.
may be divided into three classes: (i)strong
completely disrupt the radiation process,
(ii) weak collisions when

p^^

Collisions

collision, which

and occur when p < p^ ;

< p <p^; and (iii) screened collisions

vlion p > pQ, which have no effect on the emitting system.
The relative contribution to the Stark broadening of v%ak (ô,_J
?1
and strong
) collision is given by""
^=2£n(m)
■s
^w

(3.2.7)

Evaluating equation (5.2.7) using equations (5.2.4) and (5.2.6)
we obtain
9
^

= 2 £n (0.46 T 2 N : sT\/ )
^
e
e

In equation (5.2.8) both V

(3.2.8)

and T^ occur; the former is

introduced through the impact parameter p

tdiich refers to individual

electrons, the latter comes from the expression for the Debye radius
Pg which is based on co-operative effects and we have assumed that the
average electron energy can be related to an electron temperature,
Calculations based on equation (3.2.8) for N
IQiO to 1Q14 cm"3, T

e

in tlie range

in the range 600 to lO^K and electron velocity

3.8

V

ill the range 1.7 x 10^ (0.078 eV) to 10® (200 eV) cm sec“^ showed

that the ratio of strong to weak collision does not exceed 17%.

The

usual procedure of neglecting the influence of strong collision is
therefore still valid for the expected conditions in the hollow
cathode.
For very small electron velocities the limiting impact parameter
becomes comparable to the Debye radius p^.

The contribution of

such electrons is usually neglected by terminating the electron
effect oh the line broadening for electron velocities less than a minimum
velocity, given by equating (3.2.4) and (3.2.6) which gives
^min =

(cm

sec"l ,

(3.2.9)

For an electron density of lOd® cm"® and an electron temperature of
o
600 K ,
does not exceed 10® an s ^, whicli is smaller than the mean
velocity of 1.7 x 10^ cm s“^ corresponding to an electron energ)^ of
Hence in the negative glow we can conclude that almost all the
electrons will contribute to the line broadening, and that their
contribution can be treated in terms of weak collisions as is the usual
procedure.
In the negative glow of a hollow cathode discharge, the electron
energy distribution differs significantly from MaxiveIlian, particularly
for high energy electrons
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.

In the case when the broadening due to

electrons results from weak electron collision then the electron
contribution to the line profile^^'^^ can be written as
" 4 (m

\T
'e

(0.46 T^^

"V J

■

(Hz)

(3.2.J.0)

where the symbols assume their usual meaning. From equation (3.2.10)
-1
-..
o
we can see that at constant electron temperature of 600 K and density
of ICd^ an"® changing the electron velocity from 1.7 x 10^ cm sec"^

3.9

(600°X or 0,078 .eV} to 8.4 x 10® cm sec~^ (about 10® K or 200 eV)
by a factor of about 25.

decreases

Also it is clear that as

the energy of the electrons increases their contribution to the
Also since the density of the energetic
9Q
electrons is 10“® less than the total density of the electrons''

weak collision decreases.

then their total contribution to the weak collisions then averaged
over the electron energy distribution is negligible.

The presence

of non-]4axi\el1ian electrons does not significantly distort the
electronic contribution to Stark broadening.
From equation(3.2.10)we can see that for N

in the range 10^^ to

IQio (2m“® an electron temperature of 600 to 10® K and velocity of
1.4 X 10^ to 8.75 X 10® cm s e C h the total electron contribution to
the linewidth is about 1 GHz

(see table 3.1b).

The above analysis shows that the general theory of Stark broadening
can

be applied to the case of low electron densities and temperature.

The relative contribution of the ions and electrons to the broadening
of the line profile depends on the strength of the ion electric field.
(1)

3 < 1 (or F < F ):

In this case we can say that as 3 decreases the

electron contribution increases and it becomes comparable to the
ion contribution for g equal to 0.06 or (F = 0.06 F^) at an
electron density of ICd^ cm”®.
(2)

3^1

(or F :> F^) :In this case the electron contribution assumes

a maximum value of 6% of the ion contribution at an electron
density of 10-^ cm”® (see tables 3.1a,b)..
Since we are concerned with the overall linewidth we can say general
tliat tlic ion Stark broadening is dominant and in this case the ion
density N. is related to tlie full \\ddth at half maximum due to the Stark
broadening A À

(F1\1M) by the relation

N. = C (A x p V 2

(an-3)
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(3.2.11)

3.10

The proportionality factor C can be deduced from the above
discussion as follows : we have defined earlier F as a normal field
2_
2_
equal to 2.63e x N.3 (or 1,25 x 10~® Kh®). The two third power
relation between F^ and Kh is almost true after Debye shielding and
ion-ion correlation effects.

The broadening of the Hg transition can be

derived from equation (3.2,5) and has a full width at half maximum
A X

(FhThl) which is proportional to
A Xg = B F^

ie

d\)

.

(3.2.12)

where B is tlie proportionality factor.
Introducing the value of F
&
A X_ = B X 1.25 X lQ-9 N.3
N. = 2.26 X 1013 B"

1

(A

in equation (3,2.12) we get

3,

o
(A)

(3.2.13)
(cm-3)

(3.2.14)

Equation (3.2.14) is similar to equation (3.2.11) except that the
q
19
proportionality constant C is replaced by 2.26 x IGd® B“ 2 . Griem
has calculated C for an electron density of lOd^ cm”® and an electron
temperature of5000 K

I’o

'
{
'

( — = 0.274)assuming theBarangerand Moser
"D
electric field distribution. The associated value of B for this case when
A X

in (3.2.13) is defined as the full wddth at half maximum intensity
O

is 0.15 A (cgs)

^. Wehaveassumed

electron density is less than

1 0 -^

in thepresent clisdiarge

thattlie expected;

cm"®, furthermore we have assumed that

most of the electrons are cool electrons with an electron temperature of

j
i

;
:
*
;
:

'
;

600 K,

In this case — assumes a value of 0,79. At — of 0,79 the Baranger
PD
"D
and Mozer electric field distribution has a full widtli at half maximum
smaller than that at — of 0.27 by ..about 25% (see figure 3.1c). This
^D
means that the factor B in our case is at most 25% smaller than that
deduced by Griem^^, or in otiier words, in our case B is 0.113 A (cgs)”-.

;

3.1:

In this case equation (3.2.14) can be written as
= 5.9 X IQl'* (A

(cm-3)

(3 .2 .15)

Equation (3.2.15) will be used later to calculate the electron density
from the measured full width at half maximum of the Hg profile.

It

must be emphasised that the calculated electron density from (3.2.15)
is underestimated because of the overestimated value of B.
The previous discussion showed that the ion Stark broadening is
dominant.

However, since we have in the discharge, He' , He" ', He? and H'

(a small quantity of H2 of the order of 1 m Torr was introduced and this
will produce H ‘ by dissociation;
it

is

also some IT' comes from the tube walls),

necessary to est]mate the contribution of each type of ion

to the total ion- Stark broadening.

This involves knowing the respective

relative number densities of H'” and He' , He'" and He"' and He 2 and He" in
the discharge.

As soon as the hydrogen molecules enter the discharge they

will be dissociated to H atoms (see the followdng paragraph).

This

suggests that ionization collisions between H? molecules and electrons which
produce H'' are negligible, (see process III in the following paragraph).
Therefore the ionization collisions between H atoms and electrons are
dominant.

In fact this is true even if tlae liydnogen molecule density is

larger than the hydrogen atom density.
collisions

between

This is because the.cross-section for

H and electrons is more tlian an order of

magnitude larger than the cross-section for collisions of H^ wnth
30,
electrons (see process III in section § 3.3).
The number density of H', N,y- due to ionization of atomic hydrogen
by
with the number density
, by
/ electrons can be compared
a/ of He' '
ne

due

to the ionization of helium by electrons using
V
N V
where Npp

_ Ne (E
" N,

IS eV) Nh V

h

are hydrogen and helium number densities and a's are

■

,
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the ionization cross-sections for hydrogen and helium respectively.
cy i_j
1
Since (
ts at most equal^ '
to 5,'and since the number
density of electrons v/hich can make either ionization is almost equal,
then

/Np. + is determined by

. The operating helium' pressure

in the present discharge varies between 1 and 20 Torr, while tlie hydrogen
pressure is in the range of 1 m Torr, therefore ^
10“® and hence

"

is not more than 10

is less than

Because of the high

electron energy (y 55 eV) required to produce He'^ , using a similar
Nfr -r-i.relation to (3.2.16) we find that
Ab- -J- is about 10“^. Moreover the
rie
study of the decaying plasma (Chapter IV § 4.8.2) showed that N A ir
the present discharge is negligible in the steady state situation.
Therefore the only ion which contributes significantly to the ion
broadening is He'. Hence

can be deduced from the measured (F1\HM)

using equation (3.2.15).
3.3

'•

The Doppler, broadening of H'3 transition
The ion (electron) densities in the hollow cathode discharge

w^ere determined by measuring tlie Stark full wddtli at half jr.axirium of
o
the intensity of the Hg transition 4683 A (n = 4 - 2). Since IB is
broadened by Dopper effect as well as Stark effect. Stark"width has to
be extracted from a composite profile.
It was not possible to measure the profile of Ha transition,
because it is masked by an intense neighbouring helium transition.
is therefore important to know the temperature of the hydrogen atoms
in the upper state (n = 4) of the H .8 transition, so that Doppler
contribution can be estimated.

This estimate is complicated by the

mechanism leading to the hydrogen atom production in the discharge.
The hydrogen molecules can dissociate as a result of collision
wdth helium atoms (thermal dissociation) or electrons (collisional
dissociation).

It
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The theiinal dissociation of hydrogen molecules requires
4.5 eV.

The helium atom average energy is equal to 0.078 eV(Tg - 600 K) .

If we assume a Maxwellian distribution for the helium atoms, then the
fraction of helium atoms which have energy in the range of 4.5 eV is
negligible (10"^^), and so the thermal dissociation is negligible also.
The collisional dissociation occurs as a result of the following
processes.
(I)

Collision with electrons^^ which results in two hydrogen atoms

in the ground state.
(a)

This process occurs via the two following ways :

The colliding electron with energy of 8.8 eV (at least) excites

the hydrogen molecule to 1® Z

state which has no potential minimum

and is repulsive, then the two atoms fly apart each carrying 2.1 eV.
This process has a maximum cross-section of 0.62 x 10“-®

for an

electron energy of 12 eV.
(b)

The hydrogen molecule may be excited to higher triplet levels, tlien

cascade down to the triplet 1® z

2® Z^ T 1®

state giving rise to UY emission’eg '

(no singlet-triplet transitions are observed in hydrogen^^).

The two hydrogen atoms then fly apart as above each wdtli 2.1 eV,

This

process has a cross-section much less than 0.2 x 10“^® cmn*"^»
(II) Collision between electron and hydrogen molecule which may lead to ■
excitation in a single step to higher levels (higher than 1® z,^ or
2® Z^) as follows
(a)

e + Kg -> H* + H + e

(b)

e + ÎI2

H (n.1, tj) -- H(n2 , 42) --- e

(3.3.1)

Processes (IIa,b) are negligible in comparison to (I) since the

1Ô
excitation cross-sections are smaller
and require a ]iigh energ)' for

excitation.
the 1® z

;

Furthermore,all the excitations according to (3.3,1) cascade to

state^^.

Hence excitation

amount to the excitation of process (I)

to higher levels only adds a small

3.14

III)

n?
This process

■i' e

H

a H a e

(5.3.2)

has a cross-section

of(0.45.2) x 10“-® cm-- for

electronenergy in the range (22 -SOeV),

so it isnegligible

in comparison to (I).
(IV) Collision between slow kJ and H 2 by the process
II2

I ^ Hg w H

(3.3.3)

1 2

This process has a cross-sectioiY^eapal to 1.7 x 10“^^ cmT, but it
was found that it is small due

to the low concentration of I-I2 .

From the above we see that most hydrogen molecules are likelyto dissocia
by collision with electrons giving two hydrogen atoms in the ground state
each with kinetic energy of 2,1 eV.
Thus, as initially created the ground state hydrogen atom is
'hot'.

It is important to study the dissipation of this kinetic energy,

since it determines the Doppler profile of the hydrogen atom.

In

particular we wish to show that the atomic hydrogen, on average, thermalizes wdth the helium gas before it is excited to the upper level of the
Hg transition.

If this is the case then a Doppler width determinedby

the gas temperature can be assumed for the Hg transition.
The energy of the hydrogen atom"will be lost by collisions with
electrons and helium atoms.

The fractional loss of energy f resulting

from the elastic collision of two particles

33

with masses ny, m 2 and

energies E%, E 2 is
2 mi lii?

c— -i- m 2)"^ “(mi

El

n1(
“^
E )

(3.3.4)

Applying this equation to the H atom we find that it loses in each
collision with helium atom at least 0.4 of its energy, while it loses
less than 10“® of its energy in collision with electrons.

From here we

see that the hydrogen atom has to make at most a few collisions to thermal:
with the helium atoms.
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The elastic collision cross-section between hydrogen and
helium atoms can be written as^^
----------

• 'H 'H t 0 *

where the r's are the radii and V's are the velocities of the particle
respectively.

Using this equation (the Iielitoii atom radius was taicen-

from reference 8 and is equal
to 1.85 x 10“® cm), we find that a.h--Jr>e
I.

*gr
is 3.2 X 10“-® aii“,which gives a collision frequency equal to 2.2 x'lO’
^ sec“■
a he] iimi pressure of 1 Torr.

Excitation from the hydrogen ground state

to the upper level of the Hg transition has a maximum cross-section
of 2.22 X 10-1® Qp2

2n electron energy of 20 eV.

Assuming that the

maximum number of electrons which can excite to the upper level
of H 3 transition is IQH cm“®, we get a collision frequency less than
10^ sec“i.

This shows that the hydrogen atom makes at least 10® collisions

with helium atom before it makes any collisions wdth electrons.

This

suggests that the hydrogen atoms thermal!ze and assume a temperature equal
to the helium temperature before the hydrogen atom is excited by electrons
and radiates on the H .8 transition.
The diffusion coefficient D %2 for hydrogen atoms in a helium gas
at NTP can be calculated from Chapman and Cowling formula
»

Wz

kT

^

^ec i)

(3.3.6)

where N is the total nutber of atoms (helium in this case),k is Bolttman's
constant,Mi. ) Mz
and

012

the masses of hydrogen and helium atoms respectively

is the average sums

of the hydrogen atom radius (0.53 x 10 ^ at)

and helium atom radius (1.85 x 10“® cm). The diffusion coefficient
calculated, from the above is 4,3 cm- sec“l.

Its dependence on the

particle's temperature can be calculated from the simple gas kinetic
thooiy^^.

For a gas temperature of 600 x and 1 ToiT tliis cocfficiei

ô. 10

is 1.2 X 10^ cm- sec"s which gives a diffusion time of about 10"® sec
for a discharge radius of 3 ma.
This diffusion time is at least an order of magnitude larger
than the ‘collision time between hydrogen and helium atoms and at
least two orders of magnitude smaller than the collision time between
electrons and hydrogen atoms which indicates that about 1% of the
hydrogen atoms are excited before they diffuse.

Moreover comparing

the diffusion time wdth the radiative lifetime'^^ of Hg (3.4 x 10"®
sec) we find that Hg radiates before it diffuses.
From tlie above we can say that the jiydrogen atoms assume a
temperature equal to the helium temperature before they are excited
by electrons. So their Doppler profiles wdll be determined by the
helium atom temperature (600 K), which gives a FIVHM of 7.7 GHz for
hydrogen atom.
5.4

Extraction of the Stark full wddth at half maximum from the

measured H 3 profile
The measured line profile of Kg is a composite profile of
Stark (Sa), Doppler (D), Lorentzian (instrumental profile), natural
and hyperfine splitting (KS) profiles.

All these effects must be

considered, before the Stark profile (full width at half maximum)
can be deduced.

The H,6 profile was measured using the previously

described scanning Fabry-Perot interferometer which had a free
spectral range of 110 GHz.

The instrumental profile of the

interferometer w^as estimated by assuming that it is equal to the measured
full width at half maximum of the 48S0A

argon transition

(2

GHz)

which was taken as the minimum measurable linewddth (see Cliapter II),
TO
The H3 transition has a natural line
width of 0,3 GHz, In
addition it is split into tifO strong components (their
ratio IS 7,8:9) separated by 10.2 GHz
in the calculation for these effects.

hence allowance must be made
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As we have seen, the Stark broadening of the Hg transition
is predominantly due to Kef

The line profile due to tiiis effect

is characterized by a Holtsmark dip at its centre due to the
electric field distribution (this is true even after considering
the effect of shielding and correlation see figure 3.1c).

For a

small ion field (g in the range of 0.05) the electron effect becomes
comparable to the ion effect, hence at small electric fields the
depth of the dip is reduced by the electron effect.

Ivhen the

broadened transition due to ions and electrons is convoluted with
the above effects especially Doppler and hyperfine structure the Kg
profile results.
A computer programme

(IBM 360/144) was developed to generate the

composite profile due to Doppler) Stark and hyperfine splitting effects
(Appendix III).

A typical profile is.illustrated in figure (3.2).

A

collection of profiles were generated to investigate the influence
of the various broadening processes.

From these it was found that the

Stark contribution (FMiM) could be extracted from the measured profile
(FVTM) by subtracting a constant width due to the othereffects ; this
' •
o
having a value of 20.2 GHz for a gas tenperature of 600 K.
Typical experimental profiles are shown in figure(3.3).
3.5

The experimental set-up and the results
The experimental arrangement is similar to that used for gas

temperature measurements which was described in Chapter II.Scanning
of the interferometer was achieved

by using the ramp output of a box

car which gives scanning times in the range of 1 sec to 10 minutes.
The measured profiles were taken in a scanning time of two seconds.
The scanning time was chosen short to ensure tliat the thermal drift
of the interferometer was negligible.

The output signal was small due
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to the small excitation rate of hydrogen in our conditions.
This signal was atplified .by an IC amplifier with an amplification
factor of 100, and then it was displayed on the Y axis of an X-Y
recorder.
to. plot

Tlie X-axis of the X-Y recorder was connected to tlie ramp output
the profiles automatically.

The monochromator was set up

initially on the Hg transition by using a hydrogen lamp.

Following

this, the Hg signal was located precisely by bleeding Ko into the
discharge and observing the

variation ofHg as a function of H? pressure.

A typical scan of Hg can beseen in figure(3.3)« The line profiles
were measured as a function of the discharge current and pressure
at the tube centre.
The ion density was then computed from the Stark width using
equation (3.2.15).

The extracted electron densities can be seen in

figures (3.4a,b); the displayed points being averages taken over three
separate measurements.
At a constant pressure
with current.

the electrondensity increases linearly

At a constant current

it follows the cathode fall in poten

tial and the (2®S)metastables in their dependence on the helium filling
pressure (Appendix II).
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T able (5.1a)

Kb (air®)

pQ (cgs)

ion broadening
(GHz)

IQio

0.005S

0.04

1011

0.027

0.19

IQi^

0.125

0.88

IQi®

0.58

4.06

IQlH

2,7

19.00

Table (3:1b)
Te (K)

(cm-®)

ab
1.7 X 10^ cm sec"i

600

10'

10®

(GHz)

b =
8.4 X 10®. cm

lOlO

0.00014

0.000004

lOll

0.0012

0.00004

101 “

0.0096

0.0003

lOl®

0.075

0.003

lOl'^

0.54

0.025

lOlo

0.00016

0.0000043

IQii

0.0014

0.000040

lOl^

0.012

0.000#

lOl®

0.10

0.0031

IQi^

0.80

0.030

IQl®

0.0002

0.000005

lOll

0.002

0.00005

101 “

0.015

0.0004

lOl®

0.14

0.004-

IQl'^

1.22

0.04"
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Table (5.2)
40000

600

2000

10000

N(an"®)
e

0

-ï-'
“o

1%0

IQio

0.17

0.09

0.04

0.023

1Q11

0.25

0.14

0.06

0.033

IQiz

0.37

0.20

0.09

0.044

IQi®

0.54

0.29

0.13

0.0750

lQi'+

0.79

0.45

0.19

0.110

T^(Q

—à.

e.zx
T able (3 .3 )

T

(K)

N

(cm“®)

Weak to Strong Collision Ratio
V

600

104

10®

” 1.7. X lu^ cm sec~i

ve = 8.4 x 10® cm sec i

lOi®

15

22.9

IQl!

13

20.6

1012

1Q.5

18,3

lOl®

8.2

16.0

1014

5,9

13,7

iQlo

17,9

25.7

IQll

15.6

23.4

1012

13,3

21.1

lOl®

11.0

18.8

1014

8.7

16.5

lOl®

22.5

30.3

1011

20i2

28.0

1012

17,9

25.7

1013

15,6

23.4

1014

13.3 '

21.1

3.22

H
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Figure 3.1a. The electric field
distribution H as a function of 3
(=F/Fo),(l) Holtsmark (^o/pT) = 0)
and (2) Baranger and Mozei'23,24
distribution for ^o/pp = 0 ,8.

Figure 3.1b. 11 as a function of 3
(1) Holtsmark, (2 æ:d 3 arc taken
from Baranger and Mo 2or for -o/pl)
= 0.6.) (2) H without pair'correl
ation, (5) Baranger and Mozcr
distribution taking into consider
ation electron shielding and ion
correlation.

The full width at half maxiitum
differs from that of Holtsmarkian
to
A ^21 = 8%

i
i
i
;
1

A ^31 = 20%
= 30%
A
A ^51 = 44%

—

j

Figure 3.1c. The electric field distribution plotted as a function
of 3, from different values of
(1) 0, (2) 0.2, (3) 0.4,
(4) 0.6 and (b) 0.8. (These are taken from Baranger and Mozer.)
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Figui'e 3.4a. The electron nunter density measured at the tube centre as
a ïmction of the discharge current for different helium filling pressures
O 1 Torr, 0 2.5 Torr, Q 5 Torr, O 10 Torr, A 13 Torr, and o 15 Torr.
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Figure 5.4b. The electron number density at the tube centre as a function
of filling heliim pressure, for different discharge currents, ij SO niA,
O 80 niA. and (j 130 }rA.
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CHAPTER IV
ELECTRON DENSITY llEASUREiYENTS USING
LASER HETERODYNE TECHNIQUE

4 .2

4.1

Introduction
In Chapter III electron number densities were measured using line

broadening due to the Stark effect.

However, it was found that the

Doppler width was comparable to the Stark width under the conditions
of electron density in the hollow cathode discharge.
was not particularly sensitive.

Hence the method

It was therefore decided to measure

the electron number density by an alternative technique using laser
heterodyne.
The laser heterodyne technique described in this chapter can be
used to measure the spatial variation of electron density as well as
electron density at the tube centre.
Penning

and

Duffendack

This is useful in understanding the

reactions in the hollow catliode (see Chapter VI) .

Information about the decay and loss mechanisms can also be obtained by
comparing the measured electron density and the spontaneous emission.
Tlie teclinique is to locate the discharge under investigation
within the cavity of a laser.

The refractive index of the discharge

depends on, among other things, the electron density.

Hence the presence

of electrons within the cavity alters the effective length.of the cavity
and so shifts the mode frequencies of the laser.

This shift can be

detected by mixing (Heterodyning) the laser output witli 'tliat from a
reference laser and monitoring the shift in beat frequencies between the
two lasers resulting from the presence of electrons.

The signal from

;

the reference (passive laser) and the signal from the signal laser (laser

;

with discharge) are mixed by superimposing them on a photodiode or

;

photomultiplier. Typically, the area of mixing is greater than lOOOX
(X is the wavelength) usually around 1 mm^.

Each element of the

photodiode gives rise to a small current wliidi must be in phase witii
otlier currents to get maximum response.

This means that the tifo lasers

must have the same phase relation over the photodiode area.

4 .3

The lieterodyne înetliod is much more sensitive for detecting
refractive index changes than interferometric procedures. For example,
as will be shown in (§ 4.2),with a typical laser cavity length a beat
frequency change of IMHz (whidi is easily measurable) is equivalent
to shift of 1/300th of a fringe.
Measurement of the electron densities by interferometric methods
was studied by Ashby et al^.

In this tedmique the discharge cell is

located outside the cavity where it modulates the output power of the
laser.

This modulation is proportional to the species densities

can be measured from the interference fringes.

which

Electron densities, in

the range of ICds cm"^ corresponding to 15 fringes were measured.

This

technique w^as improved by Gerardo and Verdeyen'^^ and Baker et al^^ who
were able to measure electron densities of lOd^ cm“3.

The greatest

improvement for interferometric teclmiques was brought about by Gerardo
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and Verdeyen
who suggested locating the discharge cell inside the
laser cavity and hence increasing the technique sensitivity.
possible to measure electron densities^^

It was

in the range of 10^^ cm" 3^

In all of the above techniques the interference fringe pattern is
measured.
The aforementioned beat frequency sliift tedmique was suggested by
Malamud^^ and it was studied experimentally by Verdeyen

et al^^.

Due

to its high sensitivity tliis tedmique is used instead of the inter
ferometric method for low electron density plasmas ie densities^^*^^
in the range of IQdi cm”^ and less (see 4,5).
4.2

Heterod)me teclmiques as plasma diagnostic methods
The beat frequency obtained on mixing light from two lasers dep

on the effective (optical) cavity lengtli of the lasers.

If one or o çr.o:

of the optical lengths changes by sgme means then the beat frequencies
shift by an amount which is proportional to that diange.

The change in

the optical cavity length can be brought about by operating a discharge
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cell wâthin one of the cavities.

Refractive index changes associated

with the discharge then change the effective length and hence the
beat frequency.

By measuring beat frequency shift, refractive index

changes can be measured.

The refractive index n is related to the gas
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species by the following relation
n “ 1 = “2 C

W

where

+ 27t Z a
o.

w.

(to) N

ci

+ 2ïï Z a- (to) N- ,
X

-L

(4.2.1)

-L

is the plasma oscillation angular frequency which depends on

tlie electron density

and is equal^^ to (5.6 x 10^ N ^) , to is the

angular frequency of the laser used,

is the number density of atoms

in the neutral state of polarizability a (w), and Rh is the number
59
density of ions in the ion state i of polarizability.(to)
The sums
are over all atomic and ionic states, respectively.

From equation

(4 .2.1) we can see that measuring the change in the refractive index
can be used to measure electron, atom, ion and excited state densities
depending on their relative contributions.
The beat tedmique can be summarized in the following; if we have
two cavities wdtli length Lj and L2 these cavities oscillate on two
frequencies vi and \>2 , when they are mixed they give a beat frequency
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v^i^ equal to

Vsig = L i V

- ^2 L')

(4.2.2)

where Pi, P 2 are integers and c is the velocity of light,

When a cell

of length t is introduced into the cavity of one of the lasers the
optical path of that laser becomes Li + (n - l)t, (see figure 4.1) and
hence the beat frequency dianges by
4-sig = - f ( L r ^ P % h d j l

(Hz)

'

(4.2.3)

Equations (4.2,3) and (4,2.1) show the dependence of the beat shift on
the plasma species number densities.

4 .5

Generally the effect of the excited states and ions is small in comparison
to electron and groLmd state atom effects (see § 4.3).

This leaves us

with three possibilities.
1.

Electron and ground state atoms effects are comparable; in this case

to determine both we require beat frequency shifts at two different fre~
;quencies wi and W2 . Equation (4.2,3) is replaced by two equations solvable
in Ng and N^.
2.

If we have a low electron density plasma, so that to « w then
P
equation (4.2.3) can be used to deduce neutral atom number densities.
3.

If the electron density is high enough and the change in N

is small

equation (4.2.3) can be used to deduce the electron densities.
Generally 6n (= n - 1) is very much less than unity and
range of 0.1.

is in the

In this situation we can see from equation(4.2.3)that the

shift in frequency due to the plasma cell is
(S

= - V

fin

(Hz)

(4.2.4)

In the previous treatment it was assumed that there is only a single
longitudinal mode oscillating in eadi laser.

Mien there are m longitudinal

modesoscillating in each laser simultaneously, similar analysis shoivs that
fiVsigWill be given also by equation (4.2.4).
nmierous

S3

The difference is that we have

beat frequencies in this case (see. table 4.1).

This technique is more sensitive in plasma diagnostics than
interferometric methods. Taking a He-Ne laser at 0.6328 ym, and — - 0,1
Ll
wdth refractive index changes of fin ^ 10"® w^e can see that the beat shift
is around 1 Miz

and this is easy to measure. If an interferometric

technique was used the corresponding fringe shift would be
Ll
N=-|«nt=-—

a Vgig

, (4.2.5)

Talcing L,i equal to 100 cm,5v^^^ equal to 1 MHz we find N is

1

of a fringe

4 .6

The minimum detectable frequency in the heterodyne tedinique
is limited by the laser stability and the duration of t3ie discharge.
These aspects will be discussed in § 4.5.
In practice, the beat frequencies are first monitored in the
frequency mode using a spectrum analyser which can detect frequencies
in the range of 0.1 - 1500 MHz.

The chosen beat is then shifted to

low frequencies (< 1 MHz) by piezoceramic tuning elements on the
cavities and is then monitored in real time by displaying it on an
oscilloscope.

In this way the diange in beat frequency on a time scale

comparable to one cycle of the beat frequency can be monitored,
4.5

Laser heterodyne technique for species measurement in the hollow

cathode discharge
We have seen that the change in the refractive index is due to
electrons, atoms, ions and excited states.
by equation (4.2.3).

This change is represented

This equation shows the potentiality of the

technique for plasma diagnostics where it is evident that electrons,
atoms, ions and excited states nunt)er densities can be measured. .
The tedmique can be used to measure dianges in several number
densities simultaneously provided beat shifts are measured on the
appropriate number of frequencies (wi, W2 , ...), namely the same number
as the number of unknowns.

In this case a set of simultaneous equations

of the form of (4.2.3) must be used.

Alternatively, it may be that a

particular species is predominant in affecting the beat shift when the
number density of that species can be deduced directly from a single
beat shift measurement.

The tedmique can be generalized to measure

nuiiher densities of impurities (sudi as air, H, N, in a helium plasma),
mixtures (sudi as He-Ne, H e- Ar

) and additives (such as Cd, Zn, Sr,

Na ...), by following similar procédures.
In this present work, the relative contribution of electrons, atoms.

4.7

ions and excited states of helium will be presented for discharge
conditions appropriate to a He-Cd hollow cathode laser where the
helium pressure is 1 to 20 Torr and the discharge current is
10 to 150 mA.
(I)

The effect of electrons:

This effect depends on the electron

number density and the laser wavelength and is represented by

2 (wJj/w)2 in equation (4.2.1).

In table (4.2a), the electron effect

on the refractive index for electron densities of 10^^ and 10^^ cm*"^
and for various laser transitions from 0.488

to

10.6 ym is presented.

In table (4.2b) the electron effect for electron number densities of
lOio to lO^s cm""3
is presented.

laser transitions at 0.632.8, 1.15 and 3.39 ym

It is worth noticing that at an electron number density

of 10i3 cm“2 the electron effect is 1.77 x 10“^, at 0.6328 ym,
5.84 X 10-9 at 1.15 ym and 50.7 x 10“9 at 3.39 ym.
(II)

The effect of neutral helium atoms:

This depends on the

polarizability and number density of the helium atoms in the ground
state.

The polarizability of helium atoms in the ground state was

measured by Dalgamo and Kingston

and is equal to 2.05 x 10"^^ cm^.

This gives a contribution to the refractive index (2tt a N ) equal to
4.5 X 10“9 for a pressure change of 1 Torr at 300 K.

However the gas

density decreases as the neutral gas temperature increases, so the above
effect is equal to 2.25 x 10"^ at 600 K.

From here we see that for a

pressure change of 1 Torr the atom effect on the refractive index is
about an order of magnitude larger than the electron effect at 0.6328 ym
due to an electron density of 10^^ cm"3.
(III)

The effect of the ions:

The effect of He"^ is proportional to

the nimber density of He^ and the polarizability of He^ ion (whidi is
e q u a l t o 5.95 x lOr^s cm^).

At a number density of lOd^ cnr^ the
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He’*' effect is equal to 5.95 x 10-1%.

This is at least two orders of

magnitude smaller than the electi'on effect at an electron number density
of IQis air9 and

at the laser transition 0.6328 ym.

Other ions such as He'*"*', H'*’ and HeJ may be present in the discharge.
However the number density of eacli of the above species is at least an
order of magnitude smaller than the number density of He'*' (see § 3.2
and §4.8.2.) .Hence their effect on the refractive index diange can be
neglected.
(IV)

The excited states effect:

The effect of the excited states of

atomic helimi can be estimated from the polarizability due to the transitions
adjacent to the laser transitions at 0.6328 ym, 1.15 ym and 3.39 ym.

This

polarizability (a) and hence the excited states effect (2it a N*) (N* is
N
g.
N (1 ~ ^
-^) , where H and N are lower and upper levels of the
in hi

transition and g^^ and n

are their statistical weights) can be written (in the

absence of damping, whidi is small for off resonance transitions) as
follows^^
2n a N* =

2n mcZ

N*

(4.3.1)

where f^^^ is the oscillator strength of the transition A

, e, m are the

electron cliarge aid mass aid A is the weve length referring to the laser
transition.
he now require to estimate helium excited state populations in the
discharge.

The measured value of the (2^3) metastable density is typically

5 X IQii air3 (see Appendix II).

Puiiping rates to more highly excited states

will be smaller because more energetic electrons are required.

This,

combined with the rapid radiative decay of these states, implies that
their number densities are smaller than the metastable mmiber,
density under comparable disdiarge conditions.

Browne and Dunn

7

have shown experiment ally that the populations of excited
helium states in the positive column do not exceed 30% of the metastable
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populations.

In table (4.2c) the effects of the transitions adjacent to

tlie laser transitions at 0.6328 ym, 1.15 ym and 3.39 ym have been estimated
assuming N* values of 5 x 10^ ^ air3.

The maximum contribution to the refract

ive index is around 35% of that due to an electron density of IQdS

.

Excited states are therefore unlikely to contribute more than 10% of the refract
ive index changes even when the lowest electron densities are being measured.
The effect of other excited atoms such as H* (especially from the H

trans

ition at 0.6563 ym) and H| can be neglected since H* number density is expected
to be less than IQio cnr^ and also He^number density is at least one order of
magnitude smaller than (2^3) (see § 3.3, table 4.2c and § 4.8.2).

Generally

we can say that the effect of excited states on the refractive index change
is at least twe orders of magnitude less than that due to an electron density of
10^9 cnr^.
(V)

The effect of impurities: Impurities sudi as H and N may be present in the

discharge due to desorption from the discharge tube walls.

The number density

of the atoms resulting from this effect is in the range of 10^^ air9.

The

effect of say tlie H atom (its polarizability is 5,93 x ICr^s cm3^ at this pres sur
does not exceed 10"^^ whidi is three orders of magnitude smaller than that of an
electron density of ICd^ cm~^ at 0.6328 yin.

Similar analysis applies for N atoms

Therefore the relative contribution of the impurities under our discharge
conditions to the change in tlie refractive index can be neglected.
The above discussion shows that in the present discharge conditions and
for an electron nunber density of lO^s ciir^ , the relative contribution of the

I

j

helium ion nuiiber density and the excited state number density to the change

i

in the refractive index is at least one order of magnitude smaller than that

'J

of the electron contribution at 0.6328 ym, so their effect can be neglected.

!

i

The effect of He atoms in the ground state depends on the change in the gas
pressure during the actual operation of the discharge, and this effect

;

may be comparable to that of the electrons.

:

Therefore it is necessary to

estimate the effect of the atoms experimentally.

This will be considered in
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(§ 4.5.2) and (§ 4.8.1) by measuring the boat shift at 0.6328 pm and 1.15 pm.
We now consider the theoretical aspects of the laser heterodyne
and the required conditions for stable operation.
4.4

The theoretical aspects of laser heterodyning
In the followdng paragraph the theory of laser heterodyning will

be developed.

From this theory conditions for optimum signal will be

deduced.
4.4.1

The general theory of laser heterodyning

The essence of laser heterodyning is the photomixing of two
different modes from tivo different lasers.
oscillates in n longitudinal modes.

Each laser generally

These modes propagate outside tlie

cavity in the Z direction (along the cavity axis) and each has an
electric field amplitude equal to E^.

The total electric field E(z,t)

is the superposition of all the individual electric fields of the
longitudinal modes.
Assuming that the electric fields are constant over the beam
cross-section

and ignoring the beam divergence (ie the wave front

curvature of the individual electric fields is effectively infinite)
the total electric field can be written as^^
E (z,t) = Z
where

E^ sin (K%2~ Whf " ^n)

(4.4.1.1)

is a unit vector defining tlie polarization of the modes,

is an arbitary phase factor,

is defined as the wave number and

is the angular frequency of the mode.

Generally the polarization

of the modes is defined solely by the orientation of the Brewster
windows of'the laser tube and this determines the direction of U
‘wli.
It is now assumed that both the signal and the reference lasers are
polarized in the same way (ie the same U^).

In this case, the field

can now^ be treated as a scalar rather than a vector quantity.

Using

equation (4.4.1.1) the electric field E^ of the reference laser (Laser 1
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in fig 4.1) can hence be WTitten as

where

= Z
sin (K%
t + 8^3
,
n
is an equivalent optical path length traversed

(4:4.1.2)
through the

air by the reference laser beam.
Assuming that the angular frequency of the signal laser (laser 2
in fig 4 .1), differs from the angular frequency of the reference laser
by Wg, then the electric field of the signal laser can be written as
= 2
where

+ u,pt + 9% ]

sin [41

is defined similarly to S^.

,

C4.4.1.3)

The total electric field E. at the

photodetector surface is the sum of the above two electric fields.
The photodetector responds to the intensity of the heterodyning
signal averaged over many cycles (ie E%).
at the photodetector
I (t) = ^
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So we can write the current

I(t) as

// n (x,y) E2

c3A

(4.4.1.4)

where n is the quantum efficiency of the photodetector which varies very
little over the photodiode surface and is constant for most practical
photodiodes and dA. is a surface element of the photodiode.

The total

electric field at the photodiode surface is
= (E% +

(4.4.1.5)

If we assume that eadi laser oscillates in one longitudinal mode then the
above equation can be w i t ten interms of E^ ,E^^

wand

substituting equations (4.4.1,2) and(4.4.1.3)in equation

£2 - (£^^2 sine (Iv2^
+ 2 E^ E^ sin (I'vi*'

by
(4.4.1.5) to get

- (w^ + Wg)t + 81^) '+ (E^)Z sinZ (K^ - (w% + w^) t + 0^) sin (hf

t + 8"^)

t + 8]))
(4.4.1.6)

On averaging over many cycles of the field, the first two terms of
equation (4.4,1.6) give a dc signal which is proportional to
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+

i

( 4 .4 .1 .7 )

The components at the double frequency being eliminated by the
photodetector because of the averaging.

The third term of equation

(4.4.1,6) gives the sum and difference frequencies, ,The sum term
will be eliminated as above by averaging and hence we will be left
with the difference term which is the desired intermediate frequency
where

its

power is proportional to
cos [

S^, - K? Sj^) + Wgt + (e^ - e b 1

(4.4.1.8)

If wre assume the power of the reference laser is
the signal laser is

P g

the power of

and the power of the background radiation is

P ^ ,

then the generated dc and intermediate frequency currents are
< Idc ' =

O

and
<

( I p ) 2

>

respectively.

=

(Pr + Ps +

2 C.2

P g

P p

=

>

2(^)2

P g

P p

(A)

(4.4.1.9a)

(A)

(4.4.1.9b)

On the latter average we have assumed that the terms

Sg) and [8^ - 8^) do not diange in value in moving across the

(Iq S., -

detectors surface.
discussed-

The conditions necessary for this to be the case are

in (§ 4.4.2),

The shot noise accompanying the direct current^^'^^ is given by
< dnoise)' ^

^

(Pr " Ps

(A)

where b is the bandwidth of the photodetector.

(4.4.1.10)
From here we can see

that tlie dc current determines the S/N ratio according to

■

■ <

•V v

The bandiNÙdth of the photodiode limits the beat frequencies to those
of lowr frequencies (-v few MIz). If we consider the case idiere tlie
bandisùdth of the photodetector is of the order of 10 MHz and reference
signal beam powers are around 1 mW, then the signal to noise ratio
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given by (4.4.1.11) is about 10?.
4.4.2

Conditions for optimum laser heterodyne signal

There are two basic requirements for optimum beat signal which
can be concluded from the general theory.
Firstly, the signal to noise ratio (S/N) must not be degraded by
redundant dc signals from the photodiode.

This means that the

interfering beams from the two lasers must overlap as closely as possible
and be of equal intensity.

Radiation outside the overlapping region

leads only to dc signals (with its accompanying noise) and no beat
signal.
detector.

Hence tlie tw^o beams must have the same spot size on the photo
Also it is preferable tliat the beams are in single transverse

modes.(and preferably TEMq q ^ for ease of alignment)

since the different

transverse modes are generally not frequency degenerate and hence a
mixture of modes could contribute a range of beat signals.
Tlie second requirement is that phase match between the interfering
beams is preserved across the photodetector.

This ensures that the

beat signals from different parts of the detector are in phase and add
together constructively.

The requirement for phase match are:

1.

Co-linearity of the beams

2.

Equal radius of curvature of the beams.
The limit on these requirements for good phase matdi is

in (§ 4.6.4),

discussed

Obviously alignment and stability are important in this

context and this will be discussed in (§ 4.5 and 4.6).
4.5

Factors affecting the stability of a laser
Fluctuations in the frequencies of the individual lasers lead to

fluctuations in the beat frequency when the tim are mixed.

We therefore

require to consider processes giving rise to fluctuations in the
individual lasers.
A laser operating in ideal environmental-conditions will be affected
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by fluctuation created by tlie random walk of the laser phase due to
the spontaneous emission or the quantum noise. .This factor puts an
upper limit on the frequency stability, which can be found from
the relation^^

=

(A

(HZ)

(4.5.1)

where h is Planck's constant, v is the laser frequency, p the laser output
power

and a

is the width of the cavity oscillation.

Taking the

He-Ne laser transition 0.6528 ym, which has a j'aser output power of a
few t w i n a cavity of 70 cm, we find that the upper limit of the laser
stability is less than a mHz.
However there is another factor which affects the stability of the
laser, namely the Brownian motion of the cavity mounts.

Taking a cavity

mount of height (h^) and a cross-section (a), then the potential energy
-involved

in

the Brownian motion creates a change in the laser cavity

length a L, which results in a change A
k T hi
i
A v 2' = v [ ----- ]

in the laser frequency given by

(Hz)

a L2 Y

(4.5.2)

where Y is Y'oung's modulus, whidi assumes a value of

7 x 10^^ g cnr^.

For (L) of 70 cm, (a) of 100 cm^, and an aluminium mount height' (hi) 'of
A V2’
10 an we find A y9' is about 0,1 Hz or
is about 10“^^ at 0.6328 ym.
V

This value represents the ultimate adiievable He-Ne laser stability in
ideal conditions.

How-ever, in

no m a l

laboratory conditions due to

environment, heat, pressure, huinidity,draught,etc, we do not expect to
achieve this stability.

We now consider these factors explicitly.

They are contributed by the laser cavity, the laser tubes, the
studied discharge and the remaining space in the two cavities.

If we

consider the lasers operating in the TEI^I^ modes, then the cavity
resonant frequency

for each laser can be written as

4.15

Vq = q 25L

(Hz)

(4.5.3)

where q is an integer which assumes a large value, n is the refractive
index of the medium and L is the cavity length.

The optical path nL

(in Iciser 2 in figure 4.1) can be written as follows
nh =

Ug + I1.J. t + n^ (L -

where &i, t, (b -

- t)

(cm)

(4.5.4)

- t) are the discharge laser, the plasma discharge

and the remaining space lengtlis and n^, n^ and n^ are their respective
refractive indices respectively.

Since we will be studying the changes in n^,-

then changes in all other parts of equation (4.5.4) need to be eliminated.
In this paragraph factors affecting the changes in
(L -

- t) will be presented.

, n^, n_ and

The magnitudeof these changes andhence

tlie changes in the beat frequency when the output from two similar

lasers

are mixed will be considered for two He-Ne lasers each operating at
0.6328 ym and 1.15 ym and oscillating in two separate cavities which have
mirror separations of 42 cm and 72 cm respectively.
with the expected change in the
density whidi was

considered in

They will be compared

beat frequencydueto the electronnumber
(§ 4.3).

The laser frequency Vq ^t 0.6328 ym is 4.47 x 10^^ Hz
.2.61 X 1044 Hz at 1,15 ym.

Since we expect the beat shift

while it
to be in

is
therange

of 109 - 106 Hz (see § 4.8.2) then the experiment should be sensitive enougli
to measure dianges in the resonant frequency equivalent to a (A'v^/v^) ratio
of about 10-9.

Since A v /v is equal to Æ
q q
^
L

then we should be able to

measure change in the cavity length L equivalent to 4.2 S. at least.
4.5.1
(I)

Factors contributed by tlie lasers and their cavities
Internal factors: We have seen in (§ 4.2 and § 4.3) that dianges

in the number density of electrons, atoms, ions and excited states lead
to changes in the refractive index and hence to change in the optical
path.

These changes can occur in tlie laser discharge itself.

Since the
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laser is a sealed off laser, then dianges in the neutral density are
negligible.-

The

dianges

in electrons, ions and excited state

densities depend on the changes in the discharge current.

Assuming

this, is stabilized to be better than 1% and tliat tlie He-Ne discharge
has an electron density of lO^z cm“9, then A N is 10^® cm”^ ^ which
gives a frequency shift less than 1 K Hz (see § 4.2 and'table .
Av
4,3a). Consequently —
is in the range of 5 x ICr^z. From here
we can see that the effect of the electron density fluctuation in the
laser medium is negligible.
Similarly because of their small polarizabilities the effects of
ions and excited states can be ignored.

Generally the aforementioned

effect is negligiblebut it puts an upper limit on the stability of
a laser.
(II)

External factors:
i)

Atmospheric effects sudi as temperature, pressure and humidity.

These changes, especially the temperature which may change rapidly with
time due to the heat dissipation of the lasers and the discharge,
lead

to beat drift and instability.

However measurements of the room

temperature and pressure for four hours by a thermometer and a barometer
showed that the temperature changes by 0.2°C per hour or 5.5 x 10~9
degree per second while the pressure changes by 0.1 Torr per hour or
2.8 X 10"'+ Torr/sec.
Av
The change — 3. due to dianges AT and aP in the a t m spheric
q

di

temperature and pressure respectively is given by
A V

(-- & ) = p B AT, Bn = 9-3 X 10"7/ C,
Vq
1
i
i

(4.5.1.1)

A V
(-^-& )p = p Bp AP, Bp = -3.6 X 10-7/Torr

(4.S.1.2)
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where p is the fraction of the cavity length open to the air.

In the

present system the open parts of the laser cavities do not exceed 10 cm
in each cavity which gives a maximum value of p equal to 0.24.

Taking

the measured values of AT (5.5 x 10“^ °C sec"^) and AP (2.8 x 1 0 Torr
A V
A V
sec-1) we find that ( ^)rp is 1.2 x 10"
sec"i and (—
is - 2.4 x
Vq ■'T
Vq -t>
10~i^ sec"i.

The rise in temperature also leads to expansion of the granite block
(see § 4.7).
^

q

The resulting shift in beat frequency is given by.
= gaT

^

(4.5.1.3)

If we take g equal to 10"^ (*^C)“i and underline a rate of 5.5 x 10“^°C sec"i
A V
in the temperature we find that —
is about 5.5 x 10"H sec"i. A
comparable expansion effect also occurs in the mirror mounts.

From here

we can see that in a steady state case these effects may become a serious
problem since temperature and pressure changes are expected to increase as
the time increases.
(ii)

Vibrations effects;

Vibrations can be communicated to the apparatus

through the mounting arrangement or through the air.

The precautions taken

to minimize the former by a suitably designed anti-vibration mounting are
described in (§ 4.7).

In a typical laboratory environment the residual ,

jitter due to airborne vibrations was of the order of 0.1 MHz in the
frequency range 300 - 1200 Hz (see table 4,3b).
(iii)

Change in the optical path:

Rotation of the Brewster angle windows

within the cavity alters the effective optical path length of the cavity.
Assuming tliat the incident angle on a Brewster w'indow of thickness (b)
and refractive index n is 8 and the refraction angle is 8', then the net
contribution of the window to the optical path is
s=

tn - co3(0 - 0 '} 1

,

■

(4.5.1.4)
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A change in thiscontribution creates

a silift inthe beat

frequency Av^pdiidi can be written for the case of (0

+ 0') equal

Y and for 8 = 8g (Brewster angle 8g orientation) as
AVq

AS

nbS8g

^q

^

^

1
sin 8^ [n - 2 (sin 8^)(1 - sin^ 8^)"]
(nZ - sinZ

Av
For(b)of 3 im, 60^ of 10"® rad sec"^, -9&
Vq

(4.5.1.5)
is 2.21 x 10"9 and

3,79 X 10-9 s"i.

The above analysis suggests that this effect can be important
in a steady state situation, where the Brewster windows may rotate
due to the heat dissipation in the system.
(iv)

The effect of air current: The open parts of the cavities

suffer from exposure to draught due. to the air turbulence in normal
labatory conditions.
by about 0.1 MHz.

This draught causes the beat frequency to jitter

Hence in the present system all the open parts are

fitted with sliding nylon bushes which prevent the draught.(see’.figLire
4.1

and § 4.7).

These fittings proved to be successful, .reducing the

drift to less than SKHz sec"^ (see tables 4.3a,b).
4.5.2

Factors contributed by the studied discharge
Basically the hollow cathode discharge tube is affected by the

same mechanical and acoustical effects which affect the lasers.
However there are other effects associated with the hollow^ cathode.
These are the filling gas pressure changes and the effect of cooling the
discharge tube.

The drift in the beat frequency due to the above two

effects was measured separately and will be described in the following.
I]

The effect of t’
ne pressure change:

In this case there is no

discharge, hence equation (4.2.5) can be written as
^ ^sig “ - f (r''7'Kr'a-T‘N7)'"+ T

(4.5.2.1)
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This equation gives in a discharge length of 20 cm, 6.3 MHz/Torr
foi' He/^ 49 mz/Torr for Ar^^ and 51 MHz/Torr for ^ 2 ^^.
imental

values

for He, Ar and N 2

The exper-

were found to be 6 MHz/Torr,

50 MHz/Torr and 50 MHz/Torr respectively (see figure 4.2).
By measuring beat frequency shifts at two different wavelengths
(0.6328 and 1.15 y) the relative contributions of pressure, and'
electron density changes can be estimated.

This is discussed fully

in (§ 4.8.1).
II.] The effect of cooling of the discharge tube:

The influence

of temperature changes associated with the discharge tube itself
was estimated by heating the tube up wdth an external heater while pumping
bn the tube to keep tlie gas pressure low- (< 1 m Torr). On switching
off the heater a drift of about 1.5 KHz s“^ was observed.

This is

too large to be due. to a number density change in the residual gas with
cooling, and represents the influence of anisotropic changes in tube
dimensions, with cooling which probably result in window rotation
(§ 4.5.1 (iii)).
4.6 The study of the laser heterodyne in a decaying plasma
The expected drifts in beat frequency due to environmental effects
and the cooling of the discharge tube after switch-off of the discharge
are summarized in table (4.3a).

For these not to exceed the shift

due to an electron density of 10^® air®, the measurement time must -be .
less than 1 sec.
less than this.

Hence the disdiarge must be switdied on/off in a time
Jitter of the beat frequency also occurs for a variety

of causes, these are summarized in table (4.3b).

Again if shifts are

to be measured without recourse to averaging to eliminate jitter, the
measurement time must not exceed 1 sec.
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In order to achieve a rapid switching of the discharge a crowbar
system incorporating a thyratron was used.
(§ 4.7.5).

This is described in

After crowbarring the current was found to decay over a time

intentai of 200 y sec, being followed by the electron density.

Over

this time intentai drifts and jitters due to the various causes are
all individually less than 10"^z (table 4.3c), nearly three orders of
magnitude smaller than the minimum shift due to the electrons.
Once the various drifts and jitters have been eliminated by
rapid swdtdiing, there are two remaining effects that influence the
beat shift during the decay of the plasma, namely the change in
electron density, which it is required to determine, and changes in the
ground state atom density resulting from pressure changes.

The two

effects can be separated experimentally by carrying out measurements at
twro wavelengths (0.6328 and 1.15 ym). Here we consider the likely
magnitude of the latter effect.
The gas temperature and pressure changes, which may produce gas
number density changes during the decay time of 200 y sec,are now
considered.
If we assume that the power dissipation after switching the discharge
off is equal to the initial power input and that this powder input is
transferred to the gas atoms by elastic collisions(kinetic energy) then
this energy leads to a change in the gas temperature AT given by the
relation
VIt = ^ 2 k

(4.6.1)

where V is the cathode fall potential,I the

discharge current,t the

decay time, k is Boltzmann constant and N is the total number of atoms
initially supplied wdth the electrical energy.
For a plasma withI =i50mA, V

= 200 V and x = 200 y sec

and of 0,3 an radius and 10 an long, AT is equal to 4.8 x 10® x.
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Since the initial gas temperature is about 600 K (see Chapter II)
and tlie final gas temperature cannot be less than the room temperature
whicli is 500 K, then we can see tliap the assumption of total energy
transfer to helium atoms leads to an over estimate of AT by about
one order of magnitude.

Nevertheless the above value of AT

indicates that the temperature diange is significant.

This change in

the gas tenperature (cooling in this case) takes less than 15 y sec
to occur at a pressure of 1 Torr

assuming that the cooling happens

via diffusion of the ground state atoms to the wall,(see equation
3.3.6).
Hence we can see that during 200 y s a significant gas temperature
and accompanying pressure change may occur at the beginning of
the decay.
diange.
on the

These in themselves will not lead to a number density

However, if the flow^ of the gas can readjust the gas pressure
time scale involved,the number density willchange.

temperature and pressure change during the decayresults

The

in a gas

number density change only if die pumping time t of the gas is short
compared to the decay time.
The pumping time can be estimated by treating the discharge as
a volume (V) connected via the pumping line.to a pump of speed S .
The time required to diange the pressure in the volume from P]_ to
is given by^^
t - 2.3
where

log (p“) p

is the punping speed of the system.

(4.6.2)
This is given by

Vsi = V s ^ + K,
where W is the resistance of the connecting pipe.

(4.6.33
For the case of

a pipe diameter comparable to a mean free path we have^^
V w = 2.36 ( t 3

(4.5.4)
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where a' and i are the tube-radius and length respectively measured in
mil, and 1/ is in sec/litres.

Although in the present case the mean free

path is less than the tube diameter, equation (4.6.4) will suffice to
enable an order of magnitude estimate to be made.
Taking a pipe of

5 mm radius and 120 cm long and a rotarypump

of pumping speed 2 litre sec~i(Leybold)we find that

is about 0.2

litre sec"l. This means that the time taken to pump the discharge
tube (3 mm radius, 10

cm long) from 1.01 Torr to 1.00 Torr (ie a

pressure change of 10

m Torr) is about 130 y s.

one half of the decay time.

This timeis more than

A pressure change of 10 m Torr changes the

beat frequency by about 60 KHz at 0.6328 ym, and this shift is about
half tiie minimum expected beat shift (due to an electron density of
10^® dir®).

Pressure changes could therefore become important at the

lower densities.

Beat shifts were measured at both 0.6328 and 1.15 ym

so that the relative contribution of electrons and gas atoms could be
estimated.
The above study showed that laser heterodyne can be used for plasma
diagnostic measurements wdthout the need of servo electronic stabilization.
However, precautions must be taken to ensure that beat frequency drift'
and jitter are negligible during the plasma decay time.

The precautions

taken to ensure this wdll be described in the following section. .
4.7

Description of experimental arrangement
he now: consider tlie design of the experiment.- In particular we

are concerned wdth the construction of an anti-vib rat ion mounting
(§ 4.7.1) the laser system (§ 4 . 7 . 2 ) , the discharge cell (§ 4 . 7 . 3 ) ,
wave front matching for optimum lieterodyne signal (§ 4.7,4) and the
signal detection system (§ 4 , 7 . 5 ) .
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4.7.1

The anti-\àbration mount

Four concrete pillars (9" x 9" x 36") were fixed to the floor
by bolts and adhesive compound.

On top of each pillar sits a pneumatic

tyre (air mount insulator No 16, made by Firestone).

These tyres are

very effective in absorbing the high frequency vibration (frequencies
higher than 25 Hz).

At low frequencies they absorb 97% of the

vibration for vibration frequency of 25 Hz while this decreases to about
50% at vibration frequency of 7 Hz.
A trough of steel is mounted on top of the rubber tyres.

The steel

trough was filled with dry fresh-water sand which has a very small
thermal conductivity.

In the central part of the steel trough a block

of granite (4" x 15" x 46") was laid down so that its four corners were
located over the concrete pillars (see figure 4.3).

The granite was

chosen because of its small thermal conductivity and its large mass
(800 lb) so that the thermal and mechanical vibrations of the granite
block are small.
This set-up proved to be very effective, vibrations being reduced
at least by two orders of magnitude over the range 0.16 - 16 KHz,

A

stable beat frequency adiieved with this arrangement can be seen in
figure (4.4).
4.7.2

_

The set-up of the laser system

Two laser tubes (Scientifica and Cooke SL-H/3T and SL-H/5T)
operating at both 0.6328 ym and 1.15 ym with output powers of 3 and
5 HM respectively were used.

These lasers were mounted in Sandanio

holders, fixed to aluminium blocks which provided good bedding

onto

the granite block.
The cavity mirrors were mounted on the piezoceramic cylinders to allow
cavity tuning over a range of about 0 to 100 MHz.

A. 7A
The open spaces in the cavities were screened by sliding nylon
bushes to prevent the acoustic vibration and draught. This arrangement
proved to be very useful in reducing the acoustic noise.

In fact

experimental observation showed that applying 70 db from a calibrated
loudspeaker causes air borne

jitter

of 0.1 MHz. .Under tlie nornial

laboratory conditions we have seen that the jitter is reduced to about
5 Idlz.

.

_

.

•

The photomixing of the tw^o lasers was adiieved by combining the light
of the local and the signal oscillators. The light from the local
oscillator reflected by an adjustable mirror M and then combined with
the other beam at an adjustable beam splitter BM.
mixed at the photo-diode D.

The two beams are

The resulting beat frequency was

displayed on a spectrum analyser.

Full details of the detection

system wdll be described in (§ 4.7.5).
4.7.5

The hollow: cathode discharge

The hollow cathode discharge cell is basically similar to that used
in the previous chapters (see Chapter I and Appendix I).

However,

minor adjustments in the length and discharge circuit were necessary,.
to fit it in the cavity of the laser (laser 2 in figure 4.1).

The

discharge was fixed onto a horizontal slide so it could be moved
readily

across the laser beam,

A thyratron was used to crowbar the discharge.

The circuit

diagram is given in Appendix I (figure A. 1.1b) . The plasma decay
is about 200 y sec (see figure 4.5).
4.7.4 The optical arrangement for optimum heterodyie signal
In tills paragraph the conditions mentioned in (§ 4.4.2) will be
discussed in detail.

The conditions for wave, curvature, spot size

and intensity matdies will be considered.
Maitland and Dunn
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This study will follow

for a description of the Gaussian beam.
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A Gaussian beam is characterized by the location
its beam w^aist.

The beam waist diameter W

radius of curvatures

and diameter

is given in terms of the

and Rg of tlie cavity mirrors and their

separation d by the relation

°

■

(k

h

-

The distance of the -waist from the cavity mirror of radius of curvature
R^,

is

dCRg - d)
^A "
Rg - 2d'

Values of

- (4,7.4.2)

and Z. for the two laser cavities are tabulated in table

(4 .4 ) .
The cavity mirrors have plane rear faces, and hence act as lenses
to the Gaussian beams propagating through them.

This transforms the

size and position of the beam waists as seen from outside the cavity.
Using the lens makers formula the effective focal lengths of the output
coupling mirrors A% and

(see figure 4.1) were calculated as f^

= - 200 cm

and fA - - 400 an respectively.
■^2
The wddth and radius of curvature of a beam at the detector can be
calculated using the complex beam parameter.

After transformation by the

lens effect of the mirror (focal length f^) and propagation through
free space from cavity to detector, the radius of curvature (R) and beam
width (1\3 are respectively
R=

17=

, 17 w y
--

17

(Z/f - 1)2 + 4(Z + Z
— --------

- Z zp£j2
^

( z / q - i ) / q + 4(1 - z y q ) ( Z +

— -- -

- Z z/q)

W^2 [ (Z/q - 1)2 -> (4/17 W^“)(Z - Z^ - Z z y q ) 2 ]

(4.7.4.3)

(4.7.4.4)
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where Zj is tlie distance from output coupling mirror to detector and
|Z^| and

are given by equations (4.7.4.1) and (4.7.4.2) respectively.

A cartesian sign convention relative to the output coupling mirror
has been adopted.
Values of R and W for laser (1) (where Z = 65 an) and laser (2)
(wliere Z = 23 an) are tabulated in table (4.4).

The magnitude of the

beat frequency depends on the coherence distance between the two wave
fronts.

If we call the wave front curvatures for laser (1) and laser

(2) at the photo-diode R% and R2 respectively then the coherence
distance x across the photo-diode (ie distance

over which a phase match

is preserved) can be calculated from figure (4.6b) and is given by
2 Ri Ro X 1

For the present case the above relation gives a minimum coherence distance
of 1.75 mm, whicli is comparable to the photo-diode dimensions (see table 4.4).
Although the beam curvatures are in the ratio 3:2 (see table 4.4) the
above shows that they are closely enough matclied to give an adequate coherence
length at the detector.

However, tlie beam diameters are also in roughly the

same ratio, and this leads to a reduction in the signal to noise ratio.

Hence,

it is preferable to try to obtain complete matching of wnve curvatures and
beam diameters at the photodetector.
This was accomplished by inserting two lenses (L'l and L2) of focal
lengths f^ and fg respectively into one of the beams as shown in figures
(4.3) and (4.6a).
new arrangement are
Rg

If the beam diameters at the photodetector wdth this
and

and the wave front curvatures are

respectively, then the wave match condition is
(4.7.4.6)

and

4.27

These conditions can be found by using the complex beam
parameter as indicated previously.
depends on y (=221/231),

The solution of equation (4.7,4.6)

fi/fz) a:rid the distance betw^een the two

focal points 6 (see figure 4,6 ),

For each value of y

there are values

for a and 6 which define the appropriate lens system for beam matching.
In tlie present case y is 5, a is 1.5, hence from equation (4.7.4.6) we find
a value for 6 of, 1.15 cm at 0.6328 ym and 2.2 an at 1.15 ym(see table 4.4).
The above arrangement has many degrees of freedom enabling complete
co-linearity between the two laser beams to be achieved.
is a necessary condition for a good beat signal.

Co-linearity

This can be shown as

follown: Vie assume the two laser beams are being mixed at the surface
of a photo “diode such that they are inclined at an angle of 9 to one
another.

The optical path difference as a function of position y on the

photo-diode, where y is measured in the plane containing the two beams,
sin 0 . This optical path difference makes the beat frequency

is
change

across the photodiode according to the relation (see § 4.4.1).

cos [wg t +

(4,7.417)

sin 0 ] ,

The phase depends on y and hence changes with position across the
photo-diode.
formed.

These variations are equivalent to interference fringes being

If there is more than one fringe across the photo-diode, the

average beat signal will tend to zero.

This effect was observed when two

He-Ne lasers were arranged in such a way that a 10° angle existed betwoen
their respective beams.

It was impossible to detect a beat frequency with

this arrangement because of the above mentioned effect.
Tie minimum allowable angle

between the two lasers for the

appearance of a beat signal can be calculated by putting
—

sin 0} ^ 2Tr

(4.7*4.8).

For a value of 1.75 mm, we can find that 01 must be less than 2.4 x 10“®
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and 4.4 X 10"^ for 0.6328 and 1.15 ym respectively.
The beam intensity matching can be achieved by using a beam
splitter which has an appropriate reflectivity coefficient which can
adjust the intensity mismatch of the lasers.
From the above we can see that this optical arrangement allows
a complete match between tlie spot sizes, the wave curvatures and the
beam intensities, and enables the beams to be brought into co-linearity.
4.7.5

The detection system

The chosen beat frequency was detected by a photodiode (silicon
for 0.6328 ym and Ge for 1.15 ym) of bandifidth 10 îdiz and gain of 100.
This beat was displayed on the spectrum analyser.
Tuning of the cavities by the piezoceramic cylinders brings the
beat frequency towards low frequencies so it can lie displayed in real
time on an oscilloscope (see figure 4.7).
the scope and the .discharge
them.

A pulse generator triggers

with an adjustable delay time between

This allows the beat frequency before and after the plasma decay

to be displayed and hence the beat shift can be measured directly.

The

resulting beat signal was stored in a storage memory for later display
on another scope or on a chart recorder (figure 4.8).
4.8

The experimental results
Electron number densities measured by the above discussed technique

wall be presented.

Before these are considered the effect of ground state

helium atoms wdll be deduced from the beat shift measurements at 0.6328 and
1.15 ym.
The electron number density measured at the tube centre can be
compared with that measured using the Stark broadening tedmique.
Besides these measurements, electron number density as a function of the
plasma decay time will also be presented.

This study wdll offer an

insight into the electron loss medianisms in the discharge.
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The species densities
shifts.

were measured from the measured beat

This was achieved by comparing the beat shift before the

decay of the plasma and measuring liow the beat frequency changes as
a function of time.

Effectively we are following the electron decay

wdth time in the plasma.
4.8.1

Estimation of the ground state atoms effect on the beat shift

As w:e have calculated in (§ 4.3) and demonstrated experimentally
in (§ 4.5.2) a diange in the helium pressure of 1 Torr causes a beat
shift of 6 MHz at 0.6328 ym.- This is about one order of magnitude
larger than that expected due to an electron number density of
led® cm"®, which is the minimum we require for detection.
In the decaying plasma of interest here we have seen in (§ 4.6)
that the change in the helium pressure is expected to be far less than
1 Torr and hence the beat shift due to ground state atoms is expected,
to be less than that due to 10^® cm”® electron at 0.6328 ym.

However

by comparing the beat shift on tivo transitions (0.6328 and 1,15 ym)
where the relative beat shifts due to botli effects are different, it
is possible to deduce both the electron density and ground state helium
density..
The beat shift on two transitions wi or
0)2

(at 0.6328 ym) and

or V2 (at 1.15 ym) can be wrritten respectively.

S y .

= VI

S V ■

= V2

4ita AN S

(w
2------------------------------

( 4 . S . 1 .1 )

~ {a J u 2 )^
2-------------------------

(4 .8 .1 .2 )

(2Li/t) + [47ra^AN^ - (u)p/aji)2 ]
4ïra AN

[4itag^AN^ - (Wp/w2)2 ]

where AN^ and AN^ (implicit in w ) are the change in the atom and electron
number densities respectively.

The polarizability of He changes by less

than 1% in going from 0.6328 to 1.15 ym

and so the same value has been

used in both equations ( 4 . 8 . 1 , 1 ) and.( 4 . 8 , 1 , 2 ) .
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■Evaluating the parameters in equations (4.8.1.1) and (4.8.1.2)
taking ratios we obtain
^’sig,

6 V sig2

vi

V2

0.0129 AN

0.0129 A N

- 1.76 AN.,

(4.8.1.3)

- 5.83 AN'
a
e

This equation shows that for AN

a.

for ANg = 0, (6

=0, (6

= 1.82.

sigi

/A

sig2

) = 0,55, while

Assuming that (6 v ._ /6 v . ) is A and with some algebraic
Slgi
Slg2

operations vie get

AN
^ = 452.62 X
- A
AN
1.82 - A
e

(4.8.1.4)

From equation (4.8.1.4) we can see that the ratio of atom to electron
number density change can be estimated by measuring A, and hence the
ratio of atoms to electrons effects at 0.6328 ym are estimated (see
table 4.5a).
The measurement of A was performed by comparing the beat shift
at 0.6328 ym and 1.15 ym under similar disdiarge conditions.

For helium

pressure of 1 to 20 Torr and current of 10 to 150 mA, A varies betiveen
0.50 and 0.54 (see table 4.5b).

Comparing the values of A in table

(4.5^,b) we find that the atom effect does not exceed 12% of the
electron effect at 0.6328 ym.

Hence we can take the beat shift at

0.6328 ym to be as a result of the electron effect only.
At early decay time the minimum measured beat shift is about
200 KHz.

This suggests that the atom effect does not exceed 24 KHz which

is equivalent to a gas number density change of 4 m Torr (see § 4.5.2).
The fact that the beat shift depends predominantly on the electron
number density was demonstrated again by comparing the decay of the
discharge current wdth that of the deduced electron number density (see
next paragraph).

The decay of the electron nimiber density follows that

of the discharge current.

There is no evidence of an atom effect, which
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would lead to the beat shift increasing as the current decays.
4.8.2

The electron number density

Neglecting the ground state atom effect, which does not exceed
12% of the beat shift at 0.6328’ym, the electron number density N
is related to the measured beat shift 6 "^sig

equation (4.2.4) which

can be written as
6 V •

6n - - V ^

Slg

Lj

(o) /w)^
p

(Hz)

(4,8.2,1)

The active length of the plasma is 10 cm, while the cavity mirror
separation is 72 cm.

Substitution into equation (4.8.2,J) gives, for X

equal to 0.6328 ym
= 8.582 X 1Q7 6

(cm''^)

(4.8.2.2)

Electron number density at the tube centre deduced from the measured
beat shift for different pressure and current values can be seen in
figures (4.9a,b).

The measured electron number density at the tube

centre by this teclmique is compared wdth that deduced from the Stark
broadening teclmique.

These can be seen in figures (4.10a,b).

It is

evident that the electron ntunber density shows the same characteristic
behaviour as a function of current and pressure.
In figure (4,11) electron number density as a function of current
during the decay is plotted with initial current as a parameter.

This

graph shows the same linear dependence of electron density on current
as figure (4.10a). This suggests that the electron number density at
any particular time during the decay is the steady state value
corresponding to the current at that time,'
We now consider the loss processes for He* and electrons in order to
demonstrate that they are consistent wdth the electron number density
following the discharge current on the time scale involved,
consider the cooling of the electrons in the decaying plasma.

l\e must first
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The electrons can lose energy through elastic and inelastic
collisions, but can also gain energy as a result of superelastic
collisions with metastable or other excited states.
energies in excess of about 20 eV (v

For electron

> 10® cm seC^) inelastic

collisions can occur with ground state helium atoms, for wliich the
total cross-sections is around 10“

cm^.

The time between inelastic

collisions is therefore around 3 x 10"? sec at a pressure of 1 Torr.
Even the high energy electrons (primary electrons with energies around
200 eV) will cool to around 20 eV in times less than 3 y sec.

The

energy gain due to superelastic collisions during this time will be
negligible since the metastable number density is 10"® of the neutral atom
density

and the cross-section for the two processes are comparable

(see Chapter VI).
The electrons can only cool below 20 eV by elastic collisions.
In elastic collisions the electron looses its energy according to the
relation
^

[U(t) -

1 V ,

(4.3:8.1)

where m and M are electron and atom mass respectively, U(t) is the
electron energy,
frequency.

is the atom thermal energy and v is the collision

If w^e assume v to be constant^^, then the energy decay is

given by
U(t) - Uy = AUg exp C-t/T),

(4.8.3.2)

where
T = M/(2my).
and AU
the gas.

(4.8.3.3)

is the initial energy difference between the electrons and
Substituting for v in terms of tire electron mean free path

at 1 Torr, & , we obtain for the time taken for the electrons to cool
o

to within 10% of the gas temperature T
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t

(j

A
Aün
= 1.4 X 10"® ----1 An (n~iTT—)
p

T

^

(4.8.3.4)

'' '

where A is tlie molecular iveiglit and p is tire pressure (Torr) of the
gas.
For electrons initially at 20 eV, for a gas temperature of
0

0.04 eV (300 K) and assuming an electron mean free path at 1 Torr of
0.055 cm^^, then we obtain a characteristic time of about 140 y sec
at 1 Torr,

The majority of electrons will initially be much cooler

than 20 eV (around 0.1 eV) and will hence have a characteristic time
around 60 y sec at 1 Torr.

This shows that tliroughout most of the

plasma decay time, the energy loss is due to elastic collision.
We now consider the two loss processes for the electrons, namely
diffusion and recombination.

In the. latter process, recombination can

be with the helium ion already present in the discharge or with the Heg
whidi is created during the decay of the plasma.

In order to assess

the importance of this recombination mechanism we must consider the
production rate of HeJ.
following two processes
(a)

He^ + 2He

(b)

He(23S) + He(2®S)

The KeJ is created basically as a result of the

67-69

HeJ + He, v '= 65p^ sec“^
He^ + e, E = 2 x lO"® cm® sec"!

where \) and t are the reaction conversion frequency and ratecoefficient
respectively.

For a gas density of 3.5 x 10^® cm~®,a metastable density

of 5 X 10^1 cm"® and an ion number density of 10^® an"® the above two
reactions give reaction rates of 6.5 x 10^^ cm"® sec"^ and
5 X 1 0 ^ cm"® sec"i respectively.
The He2 is lost as a result of diffusion (tlie diffusion coefficient
is about 650 p cm- sec"^where p is the pressure in Torr^^) and recombination
\\hich occurs .mainly tlirough the processes

70 71

'

'
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(c)
(d)

He, + e S
!
u
He2 + 2e

(e)

He2 + e +

He* + e, a

= 1.1 x 10"® cm® sec"!

He^ + e,

= 2 x lOT^o cm® sec"!

He

He* + 2He,

= 2 x lO'S? cm® sec"i.

For an electron density of 104® an"®,and at an!H of 3.5 x 104® cm"®,
we find that the collision frequencies for the above, reactions are
1.1

X 10®, 2 X 10® and 7 x 10^ sec"i respectively.

Furthermore the

diffusion time is about 1.4 x 10^ sec which is about one order of ■
magnitude smaller than reactions (c) or (d), so, it can be ignored.
Comparison between the total

creation' rate of He^ (1.15 x lOd®

cm"® sec"i) witli the recombination collision frequency indicates that
HeJ population in the discharge is about 10® cm"®, which is about
four orders ofmagnitude smaller tîian the measured He^ density in the
Hence the number density of HeJ' in the discharge can

steady state case.
be neglected.

The He"^ is lost in the discharge

as a result of ambipolar

diffusion (its ambipolar diffusioncoefficient . is about 550 p cm^
77
o7 73 74
sec"!
reaction(a)and the following reactions ' '
+

+ e

He* + e

(f)

He

(g)

He' + e + e

(h)

He' + e + He

k

He* w e, k i = 7.6 x 10"^® cm® sec”!,
He* + He, k

= 10"!! p ^mS sec"!

Process(f)has a rate coefficient which is several orders of magnitude
smaller than the others

73

.

In fact it was neglected in most of the

published work^^ and process (g) was regarded as the dominant mechanisnJ^.
The above reactions give collision frequencies of
sec"! for an • electron number density

7.6 x 10® and 10® •

of 10®® and at 1 Torr of He.

Again

the diffusion time is 1.6 x 10^ sec and can be ignored in
comparison to reaction (g).
From the above it may be seen that tlie dominant recombination
process is process (g) which gives reaction rate of 7.6 x ICd® cm"® sec"!.

4.35

Tills is five orders of magnitude larger than the recombination rate
of H62.
The above study shows that the recombination process initially
has a characteristic time less than

1 y sec.

During the decay of

the current the electron density is therefore in a steady state
condition ivith respect to
Late in the decay of

the current.
the

current,

after say 100 y

secwhen

the electron density has fallen to about 25% of its initial value,
the characteristic time for recombination wall have increased by a
factor of 16.

Eventuallyit will become comparable to the characteristic

times for diffusion loss

(160 y sec at

1

Torr) and current decay.
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Table (4.1)
The resonant frequency of an optical cavity consisting of two spherical
mirrors with radii b^^ and b2 separated by distance d is
V =

[q + (1 + m + n) f ]

(Hz)

(1)

where
,
f = TT-! cos-1 [(1 _ - ) ( i _ E ) ]
Û2
For eacli value of (m

.

(2)

n) there is a set of frequencies with common separation

(c/2d) corresponding to Aq - 1.
and has a transverse mode set.

This frequency is a longitudinal frequency
The. frequency difference between the mode

sets is
° fî ^

+ n)

(Hz)

^

(3)

If there* are many modes oscillating simultaneously many beat frequencies
will result and these are summarized as follow^s:
Laser (1)

b^ = 100 cm, b2 =

200, d = 72 cm, A(m+n) = 1, f =0.44

From equation (3) we get Avi = 91.7 MHz
..
Vi*

1

40.35

3

29.3

2

4

Laser (2)

b^

From equation
+ n)
1
2
3

4

Avi ~ vi '

■«

51.35

132.05

62.4

121.0

80.7

11.0

69.7

22.0

143.05

172.4

102.7

161.4

113.7

= 100 cm, b 2 =100 cm, d = 42 an,A(m

+ n) =1,

154.1

f - 0.39.

(3) we get Av^ = 139 MHz
frequencies whose sum is Ayi
V2^

54.2

108.4
23.6
77.8

^=[f A.(m + n) - s ] Avx
the results less than Avi, ' ■ •

Avj - V2'

frequencies at left -i- a

84.8

193.2

176.5

115.4

162.6

254.4

30.6

61.2

247.9

216.8

169.6
200.2

where s is an integer necessary to make

-
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Table (4.2a)

A

urn

N

I

= IQi® an"® '

e

N

(Wp/w)2 X 109

e

= 10^® -an ®

a (Wp/w)2 X 10?

0 .4 8 8

1 .0 5

1 .0 5

0 .5 1 5

1 .1 7

1 .1 7

0 .6 3 2 8

1 .7 7

1 .7 7

1 .1 5

'5 .8 4

3.39

5 0.7

1 0 .6

5 .8 4
.

496

5 0.7
496

Table (4.2b)
N^(cm"3)

2 (“p/wo,6328)^

2 (Wp/Wi,i5)2

2 (^p/w3,3g)^

iQio

1.77 X 10-!2

5.84 X lQ-!2

50.7 X 10-!2

IQil

1.77 X 10-!!

5.84 X 10-!!

50.7 X 10-!!

1012

1.77 X lO"!0

5.84 X 10-!0

50.7 X 10"!8

10! ®

1.77 X 10-9^

5.84 X 10-9

50.7 X 10-9

IQ! 4

1.77 X 10~8

5.84 X 10-8

50.7 X 10-8

IQ! 5

1.77 X 10-7

5.84 X 10”?

50.7 X 10"7
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Table (4.2c)
A = 0.6328 yni

(N*= 5 X IQii an“3)

f•

pjïï

a (a?®)

2TraN*

0.5016

0.1514

7.2

X 10"2^

2.3

X 10-11

0.5048

0.00834

9.3

X 10-2^

2.9

X 10-11

0.5876

0.609

1.1

X 10-22

3.4

X 10-10

0.6678

0.711

-1.96 X 10-22

-6.2

X 10-10

0.7065

0.0693

-8.7

-2.7

X 10-11

0.7281

0.0480

-5.18 X 10-24

-1.63 X 10-11

1.1013

0.0521

5.44 X 10-23

1.71 X 10-10

1.1045

0.0553

5.98 X 10-23

1.95 X 10-10

1.1225

0.0069

1.31 X 10-23

4.1

X 10-11

-1.1969

0.123

-1.54 X 10-22

-4.8

X 10-10

1.2528

0.0429

-2.57 X 10-23

-8.1

X 10-11

X 10"24 _

A — 1.15 yïïï

A

= 3.39 ym

2.7600

0.0274

4.4

X 10-23

4,4

X IQ-ll

2.8542

0.0468

9.3 .X 10-23

2.9

X 10-11

3.3299

0.1510

3.4

X 10-21

1.1

X 10^8

3.7026

0.4420

“2.2

X 10-21

-6.9

X 10-9

4.0053

0.0240

-6.9

X 10-23

“2.2

X 10-11

= 0.6328 ym
. A :
0.6563

0.6407

(N* = lOlO cm-®)
2.59 X 10-23

1.63 X 10-12
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T a b le (4 .4 )

Laser 1

XCwm)
pm

Wg

'

Wi

mni

cm

mm

0.6328

0.29

21

0.46

1.15

0.38

21

0.62

Ri

cm

Laser 2

Wg

IV2

a

X

mm

cm

cm

cm cm

100

0.31

13

0.34

175 1.54

1.75

95

0.42

13

0.45

170 2.1

2.2

Gaussian beam parameters : Laser L,

mm

= 1 m, cl = 42^ cm,

Laser 2, R. = 2Rp = 2 m, d = 72 cm, see figure (4.1).
^>■2
-“2
Wi, W 2 , Ri, R2 are the beam diameters and radii of curvatures at the
photodiode, which is 65 and 23 cm from Laser (1) and Laser (2) respectively.-
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Table (4.5a)
AN /AN

Ratio o£ atom to electron
'effects at 0.6328 pm

0.45

33

0.23

0.50

17.4

0.12

0.51

13.8

0.09

10.4

0.07

0.52

'

0.53

7.0

.

0.05

0.54

3.5

0.025

0,55

0

0

0.56

-

3.59

~ 0.025

0.57

-

7.2

- 0.05

0.58

-

10.9

- 0.076

0.59

-

14.7

- 0.103

-

18.5

- 0.13

0.70

-

60.6

' - 0.42

0.80

-

111

-

0.78

0.90

-

172

-

1.21

1.00

-

248

-

1.79

1.30

-

653

“

4.57

1.50

-

1344

-

9.41

1.80

- 28289

0.60

.

-198

4.44

Table (4.5b)

Pressure

3 Torr

8 Torr

12 Torr

"

Time (y sec)

A

15

0P 3&

25

0.510

40

. 0.525

55

0.540

63

0.505

76

0.525

82

0.516

10

0.526

25

0.54

33

0.500

43

0.512

12

Ô.524

24

0.523

38

0.526
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Figure, 4.2 . The beat drift as a function of the gas pressure for
different gases, Q He, Q Ar and Q Ng.
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rXdi
-'ê

Qirmourn

Figure :4,3 . A detailed diagram of the system construction and the
laser set un on it.

Figure 4.3.

h-

I'.',

The laser heterodyne system.
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Figure 4.4.

A typical beat signal on the spectrum analyser.

Figure 4.5. A typical current decay.
50 y sec/cm.
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Figure 4.6a,b. Figure a is to illustrate the optical system used
for bcnans diameters and wave curvatures matching, b is to show the
coherence bet\\feen tl\e t\m wa.vo fronts.
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Figure 4.10a . The electron number density as a function of current
and a constant
\ pressure of 5 Torr measured by O Stark
teclmique and Q by laser heterodyne teclmique.
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Figure 4.10b' . The electron number density as a function of the
pressure at a constant current of 100 mA measured by O Stark technique
and Q laser heterodyne teclmique.
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r-i

•ri
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A 11 . The electron nuinber density as
as a function of the
Figure
Figur
e 4.11
-discharge current at any time during the decay for different initial
currents O 150 mA, [3 100 mA and (j 50 nA , and a constant
pressure of S Torr.

5.1

CHAPTER V
THE EMISSION RADIAL PROFILES'
IN THE NEGATIVE GLOW

5.2

5.1

Introduct ion
In a hollovj cathode discharge, most of the excitation occurs in the

I

negative glow as a result of collisions between electrons and helium

!

atoms and ions.

I

The colliding electrons are; primary electrons which

have energy derived from the cathode fall potential and secondary electrons

;

which result from collisions between primary electrons and atoms,

:

The primary electrons are created in the cathode dark space.

As they

enter the negative glow they lose their energy,continuously along their
path towards the tube centre.

The study of the emission radial profiles

'
?

gives information about the primary electron energy variation as a function
of distance from the tube centre.

Furthermore, as the electrons move in

the discharge they interact with other particles, hence changing the
shape of the total electron energy distribution.

'

In this chapter the

emission radial profiles of 3889 S (3p^P - Zs^S), 5016 A (3pTP - 2s^S),
^
* (see figure 5.1a)
^
5876 A (Sd^D - 2p3pj^ 4686 # (He II, n = 4-3) and 6560 A (He II, n = 6-4)
wall be presented.

;

The radial profiles reach a maximum at the tube

centre at low helium pressures w^hile they reach a maximum value at the

•

edge of the negative glow at high pressures.
The dependence of the emission on the electron number density and .energy •
will be studied by conditioning the,cathode surface using the discharge
current and by using-a transverse magnetic field.
Adding a metal to the discharge may change the electron energy
distribution.

This will be checked by studying the emission on the

cadmium ion transitions at 4416 X (5s%Cy^-5p^Pgy^)and 5378
(4f2P7

/2

T Sd^Ds,

/2

.

R

figure S.lb)

5.2 Apparatus
The essential optical arrangements can be seen in figure (5.1c).

A

converging lens images two diaphragms into two circles in the near and
far ends of the discharge tube (see figure 5.id).

If the diameters of the

5,5

two diaphragms are equal, their images in the discharge tube will
approximately define a cylinder with radius r, from which light passes
through the diaphragms.

Any ray of liglit passing through the two

diapliragms and so collected by the monochromator must have originated ,
from atoms in the .above cylinder defined by their images.

However, the

monochromator will only receive light emitted by these atoms over a small
This may be looked at as a disadvantage in the

range of angles.

gathering power of the system, but a second look shows that if we allow
the monodiromator to receive light at large angles, this leads to the
system accepting light from anywhere in the tube and the whole advantage
will be lost.
The two diaphragms

and

are located in the planes

respectively, their image planes in the discharge are
respectively (see figure 5.Id).

t

and ?2

r

and Pg

I

^

Light from the diaphragm image in Pj is collected by S^, since S2
is less than the tube diameter (6mm), then diffraction at S2 must be
considered.

If there is diffraction at S2 , then the light diffracted

may pass tlirough

and the field of view is no longer cylindrical.

preserve a cylindrical field of view the radius of
yc
the end image of tlie cy'-linder by an amount
0.61AD

—
wliere ii and

— u
I

£1

To

m s t be less than

'

fc ^ T,

(S.2.1)

are tlie conjugate distances to

I

and P^, D is the

length of the cylinder and A is the wavelength.
To study tlie radial profiles, the discharge tube was imaged by a
plane laser mirror positioned at the discharge tube end and inclined at
45°.

The laser mirror w'as mounted on a cradle, whicli could be driven

by a micrometer (see figure 5.1c).

The radial movement of the tube

was achieved by moving the mirror on the cradle across the discharge tube.

5.4

This in effect scans the discharge image in front of the two diaphragms
and along its axis by 0.5 cm.

The latter leads to

magnification value by 4% wliich is negligible.

a. change in

The micrometer was

connected to the X-channel of an X-Y recorder, so the micrometer movement
scans the recorder.
In the studied discharge the length of tlie plasma colmmi
on the discharge parameters.

To do this experiment the image

plasma colrum must always lie between the two diaphragms

is dependent
of the

and S2 ?

for only in this case will there by a cylindrical field of view in the
plasma and will the light collection efficiency be constant along the
axis.

From Chapter II w^e can see that the maximum value of the plasma

column is less than 10 cm.

Adding to this 0.5 cm introduced from the

radial movement of the mirrors, we can say that the plasma coltum reaches
a maximum value of 10.5 am, wüiich should be taken as the minimum distance
between the images of the two diaphragms

and S2 in the discharge.

The diameter of the diaphragm S2 is determined by the resolution
required.

A 100 y pihliole was used, and for the present magnification

(3.6) tMs. gives approximately eighteen resolvable points across the
discharge tube.
5.3 Factors affecting the radial profiles
I ] The effect of achromaticity: the lens used is a UV aciiromat of
20 cm focal length.

Since the focal length depends on A, so does the
q
axial extent of the field of viewu McKenzie showed that for an optical
O

Q

arrangement similar to this changing A betw^een 2200 A .and 5900 A dianges
the field of view by 81.

In our case A varies between 3889 X and 6560 X, ■

hence tlie change in the axial field of view is expected to be less than
8 %.

5.5

2 ]

The instrumental distortion: the instrumental distortion of the radial

profiles was studied by Webb

75

, and it was found that it depends on the ratio

Zp of the aperture image to the tube radius.

For Z = 0.2, the distortion •

is negligible at the tube centre and reaches a value of 7% at the profile
edge.

In the present case Z is 0.1, so the instrumental distortion is not

expected to exceed 7%.

o
Self-absorption: some of the above transitions such as 3889 A and
o
5016 A, terminate -on a metastable level, so their radial eniission profiles
3 j

are distorted by self-absorption.

The self-absorption was corrected by

using the measured (2^S) and (2^S) number densities wliicli are presented in
Appendix II.

It was found that for maximum metastable nunber density the

self-absorption effect does not exceed 14%.
The above considerations suggest that the presented radial profiles
should represent the true behaviour of the excitation across the negative glow
Before any results were talcen the system was aligned, first coarsely by
a He-Ne laser and finally by a collimating telescope wâtii focal length
between zero and infinity.
5.4

The emission of helium neutral and ion transitions
In the following the emission of the aforementioned transitions as

a function of the discharge parameters (current and pressure) 'and their
radial profiles will be presented.
5.4.1

The emission as a function of the discharge current and pressure
O
0
o
o
The emission of 5876 A, 3889 A, 5016 A and 4686 A at the tube centre

as a function of the discharge current and heliuii pressure can be seen
in figures (5.2a,b, bi these figures and throughout this chapter the
spontaneous emission intensities (SEI) are in arbitary units (AU)). At
a constant pressure, the emission increases linearly with the discharge
current for the current range of 0-150 mA.
at every radial point in the discharge.

Tliis w^as observed

The results plotted

5.Ü
ill figure (5.2a) are not corrected for changes in tlie plasma
length.

If this is done the emission intensity .shows a -slight sublinear

dependence on current.

However, the length correction assumes that the

plasma is uniform axially and hence there is an over correction.
The above linear dependence was seen on all the He and He’
transitions investigated, indicating that the populations of the upper
levels of the three transitions depend linearly on the discharge current.
Hence excited state and ionic state populations follow the behaviour
of triplet metastable density and electron number density with current.
The singlet metastable density is anomalous in its behaviour as a function
of current, saturating for currents higher than 40 mA.
Furthermore, both the He transitions (5016

3889 R and 5876 A)

which pequire electron energy in the range of 20 eV and the He^ transitions
(4686 A) which require electron energy in excess of 50 eV

to be

excited behave similarly as a function of the discharge current.

At a

constant current the spontaneous emission of the above transitions
decreases monotonically with increasing helium pressure.

This decrease

occurs at current values of 0-150 mA and at any radial point in the
discharge.

These results are not corrected for plasma length changes but

even if this is done the monotonie decrease is still observed.
The behaviour of excited neutral and ionic state, densities with
pressure is to be contrasted witli that of the electron and triplet
metastable densities,

hhereas tire former decrease monotonically with

increasing pressure, the latter follow the cathode fall potential in
its variation with pressure.

The behaviour of the singlet number density

is again anomalous in that it saturates with increasing pressure after
2 Torr.
5.4.2

The emission radial profiles

The radial profiles of 3889 A, 5016 A, 5876 A, 4686 A and 6560 A
are presented in figures (5.3a,b)

5,7

'

At low pressures the radial profiles readi a maximum value at the tube
centre and at high pressures (p > 12 Torr) the radial profiles reach a maximum
value at the negative glow edge while they reach a minimum value at the tube
centre.
It is interesting to notice that radial profiles of excited neutral and
ionic states are similar in shape to those shown by the singlet and triplet
metastable states for all values of pressure and current.
Profiles of the excited ionic states are proportionally greater towards
the edges of the disdiarge compared to those of the excited neutral states.
This difference is observed at all pressures.

This difference is perhaps due

to the large difference in energ)'' required to excite ionic (75 eV, see below)
as opposed to neutral (20 eV) states.

The proportion of high energy electrons

will decrease in moving towards the tube centre, since these originate in the
cathode fall region.

Hence ionic excitation will be favoured closer to the

cathode fall.

o
The presence of emission on tlie 4686 A transition at the centre of the

discharge is an indication of high energy electrons there with energies of 50
o
or 75 eV, depending on the process populating the upper level of 4686 A(n-4).
This level may be populated as a result of electron excitation from the helium
neutral ground state, the helium ion ground state or the (2^S) state.

The

cross-section for the direct electron excitation from the neutral ground state
assumes maximum value of lO^^^ cm^^^ at an electron energy of 150 eV.

There

are no data available about the direct electron cross-sections from either
the helium ion ground state or the 2^S state.

However the direct electron

excitation cross-section from the helium ion ground state can be coimared v:ith
the cross-section for excitation from thelle ground state to the ls%P of He^ which
oif
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readies

a maximum

at an electron energy of 50 eV.

value

of

7.5 x 10“^®

If we assume that this is the cross-

section for direct electron collision from the helium ion ground state to the
o
upper level of 4686 A (n=4) , we find that for an ion number density of 10-^aii"^,
and an electron number densities with energies greater than 75 and 50 cV of

5.8
IQlo and IQll air^ respectively (see Chapter VI § 6.4) and at 1 Torr the
excitation rates* for direct electron excitation from the helium ground state and
from the ion ground state are 2 x ICd^ and 3 x 10^^ ciir^ sec"i respectively.
Hence we can say that direct electron excitation from the neutral ground state
is dominant.

This conclusion has been reported by many workers^^

It agrees

with the experimental results, since excitation from the ion ground state or tlie
0

(2^S) state would lead to a super linear dependence of 4686 A emission on the
current, since both the number densities of ions and (2^S) increases linearly
with current.
5.5

The effect of the cathode surface conditioning on the excitation in the

negative glow^
The excitation in the negative glow depends on, among other things, the
electron number density.

The electron density in the negative glow has a

component originating in the dark space.

The flux of these electrons to the

negative glow affect the excitation in that region.

This effect will be studied

by studying the effect of heating the cathode surface by the discharge current and
by applying a transverse magnetic field relative to the cathode electric field.
o
5.5.1 The effect of cathode heating on the excitation of 3889 A
We have seen before (§ 2.2) that if the discharge was initially operated
under high current conditions (> 150 mA) , then on reducing the current the cathode
fall in potential did not stabilize immediately but monotonically increased or
decreased over periods of the order of 10-15 minutes before readiing its original
stable value.

Using tliis property it was possible to heat the catliode surface

using the discharge current.

Vdiile'the cathode fall potential was decreasing to

its original stable value, the spontaneous emission as a function of the cathode
fall potential was monitored.

The result can bo seen in figure (5,4). It is
o
evident from the figure that the emission of 5889 A decreases as the cathode fall
potential increases.

The same effect was observed when the triplet metastable

density were monitored (see figure
5.5.2

5.4 and Appendix II).
o
The effect of transverse magnetic field on 3889 A emission

This effect was studied by applying an axial magnetic field, variable between

5.9
Ü and 600 G.

With this geometry, the magnetic field is eveiyidiere peiipendicular

to the electric field.

The cathode fall potential decreases with increasing

magnetic field at all pressures (fig 5.5a).

It was found that the cathode fall

potential decreased by increasing the magnetic field to about 600 G,As the magnetic field increased from 0 to 300 G to 600 G the radial profile
of the emission at 3889 X was monitored. It is clear that as the magnetic field '
o
increases, the emission of 3889 A increases. The increase is over all of the
radial profile (see figure 5.5b).

This effect is consistent witli the previously

observed dependence of emission on cathode fall potential when current and pressure
are kept constmit. The decrease of the cathode fall potential and the increase in
tlie emission seem to apply to many species in the hollow cathode discharge
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and it

may be that it is a fundamental feature of the hollow cathode.
It is interesting to coup are the above effect with that of introducing Cd intc
the discharge.

The magnetic field decreases the cathode fall potential which

results in an increase in the emission of 3889 A.

It was observed that introducing

Cd to the discharge (see Chapter II) increases the cathode fall potential and
that leads to a decrease in the emission at 3889 X.

I

|

This suggests that the

|

magnetic field and the introduction of the Cd affect the emission at 3889 A

j

through their effect on the cathode fall.
o
o
5.6 The emission of 4416 A and 5578 A

|
I
;
j
i

-

o
We have examined two transitions of Cd II, one at 4416 A, tlie other at
o
5378 A. The excitation medianism of the former has been suggested as being
predominant

tiirougli Penning excitation* while that of the latter through

ÛLiffendack excitation^.

o
At constant current and pressure, the ends sion intensity at 4416 A as a

function of the Cd partial pressure readies a maximum value at an oven temperature
of 290°C
290°C and
and then it decreases for any furtlier oven temperature increase (see
figure 5.6a)

o
o
cons'
At constant
current and oven temperature the emission at 4416 A and 5378 /\

at the tube centre behaves in a similar way with pressure as the metastable

!

i
;
!
:

5.10
number density and the ion number density (figure 5.6b). This .
o
o
shows the strongrelation between the emission at 4416 A and 5378 A
and the metastable and ion (or electron) number densities.
The radial profiles of the above two transitions can be seen in
figure (5.7).

These radial profiles are similar to those of the He I

and He II transitions, for all values of helium pressures and oven
temperatures in the range of 270 - 350°C.

The dip in the discharge occurs

at helitmi pressure higher than 12 Torr, which suggests that its appearance
is due to the geometry of the discharge.

However, the dip deptii is'

smaller for the cadmium transitions than that for the helium I and II
transitions.
5.7

The general features of the emission in the negative glow
From the aforementioned study we can conclude the following:

1 ]

The emission of He I and He II transitions increases linearly v/ith

tire discharge current and decreases monotonically with helium pressure.
2]

At lowr pressures the radial profiles of He I and He II transitions

readi a maximum at tube centre.

As the pressure is increased the

negative gloiv moves tow^'ards the tube r\^alls and the radial profiles reveal
two separated maxima.

The ionic transitions show proportionally greater

emission torvards the negative glow edge than the neutral transitions.
0
o
3 ] The radial profiles of the Cd ion transitions at 4416 A and 5378 A
show: similar behaviour wdth pressure to tliat shown by the He transitions.
4 ]

The effect of conditioning the cathode surface may lead to increase

or decrease in emission at 3889 X according to circumstances.

The correlation
o
between dianges in the cathode fall potential and excitation at 3889 A
was observed by heating tlie cathode surface, by increasing the magnetic
field and by the introduction of Cd.
5]

One of the most important features of the negative glow at high

pressures (p > 12 Torr) is the persistant appearance of the dip.

These

conclusions will be used in Chapter VI section § 6.6, .when the excitation

mechanisms in the hollow cathode will be discussed.
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6.1

Ca/\PTER VI

mci-mis^is OF THE HOLLOW CATHODE DISCHARGE
AND THE SPECIES RATE EQDATIONS

6.2
6.1

in tr o d u c tio n

In this chapter we discuss the observed behaviour of the nicher densities of
the various particles studied [ions, electrons, metastables, excited states)
in relation to the basic medianisms talcing place in a hollow-catiiode.

The

approadi is to draw up rate equations describing the steady state number densities,
and to evaluate the various parameters in these equations using a model of the
hollow cathode discharge.

The implications of the observed behaviour and the

I

j

I

i

j
Î

model into’Which they fit will then be considered in relation to the hollow cathode ;
as a laser medium.

,

First of all we summarize tlie principle experimental findings of the

;
f

previous chapters.
(1)

As the discharge current increases, triplet metastable, electron (or ion)

and excited state (neutral or ionic) number densities increase linearly with
current‘(see figures A2.2a, 3.4a, 4.10, and 5.2a).

On the other hand the cathode

,

fall potential, the negative glow length, the gas temperature and the singlet
metastable mmiber density saturate with increasing current (see figures 2,1a, 2.4b, :
2.8a, and A2.lb) .
(2)

As the discharge pressure increases, the cathode fall potential (see figure

2,1b) behaves distinctively (decreases to a minimum (203 V) at low pressures
(3 Torr), then increases with increasing pressure to a maximum(220 V).at 9 Torr,
then decreases for furtlier pressure increase) and is followed in this behaviour by the triplet metastable and electron (or ion) number densities (see figures A2.2b,
3.4b and 4.10b) . On the other hand the gas temperature, the negative glow length
and the singlet metastable number density saturate with increasing pressure
(see figures 2.8b, 2.4a and A2.1a),

Densities of excited neutral and ionic

states decrease monotonically as the pressure increases (see figure 5.2b).
(3)

As a function of the cathode fall potential, with both pressure and

discharge current constant, the triplet metastable number density and the
emission at 3889 X behave similarly in increasing as the cathode fall
potential decreases (see figures A2.3 and 5.4).
(4)

The radial profiles of the singlet, triplet and excited states

6.3

emission readi a maximum value at the tube centre at low pressures and
a minimimi at high pressures (see figures A2.4a, A2.4b,, 5.5a and 5.3b).
The radial profiles of the ionic transitions rise sharply at the edge of
the negative glow compared to those of the excited neutral states (see
figures 5.3a,b),
6.2

The mechanisms of the hollow cathode discharge '
he now consider tlie basic mechanisms talcing place in a hollow

cathode discharge, and examine how they differ from those in a
conventional cold cathode discharge.

In particular we are concerned with

how the medianisms talcing place in tlie dark space affect the negative
glow.

On the basis of this study we will then be able to draw up the

rate equations which in turn determine the populations of the states.
The basic function of the cathode region is to facilitate the
transfer of the current from the external electrical circuit iiito the
discharge.

This can be brought about by positively charged particles

(ions)‘moving to the cathode surface where they are neutralized or by
electrons being ejected from the catliode surface.

The latter process

requires an energy source to overcome the work function of the surface.
In the case of the cold cathode this is achieved tlirough secondary
emission processes due to tlie bombardment of the surface by ions,
photons, metastables, etc.

The relative contributions to the current

at the cathode surface of the above processes depends upon the relative
particle fluxes and their secondary coefficients.
The ion flux per unit area per second to the cathode surface is
N.

iCr

V- 1 where NILCl

2.C

and V. . are the ion number density and drift velocity

at the cathode surface.

ILCL

Therefore the electron current density at the

cathode surface due to the ions is
emission coefficient for the ions.

e

where y^ is the secondary

6.4

The flux of photons to the catliode surface per unit area per second
depends on the excitation in the discharge.
and

and V

If we assume that N ^,

,

are the electron number density and velocity in the

cathode dark space and the negative glow regions respectively then the
fluxes from each region to the cathode surface per unit area per second and
consequently the contribution of the photons to the electron current at
the surface is
^ed %

' ° ^ed "

I^2

'^'e fg < °

^ Tz-

In the above f. and f are the fraction of photons which arrive at the
d.
g

cathode surface from the dark space or the negative glow

respectively,

o is the excitation cross-section, d is the width of the dark space and
r>2 „ pi2
G is a geometrical factor which is equal to (— ^ — — -) where R and R* are
the radii of the discharge tube and tlie negative glow respectively and
Y2 is the secondary emission coefficient for the photons.
Similarly the flux per unit area per unit time and consequently
the contribution of the metastables to the electron current at the cathode
surface is

+ -— ) y 3 where

and M 3 are the singlet and triplet

metastable number densities respectively in the negative glow and y 3 is
the secondary emission coefficient for the metastables.
The ratio of the electron current density J -S to that of the ions J '•■,’ S^
at the cathode surface is given by the relation
^icRd® 'fi
bs

d^ f ÎY2 e +

f

~ )

ya e

be bd ^

(6 .2 ,1)

Equation (6.2.1) suggests that since y^ « yp_ < 0.1^^'^^ and since'the'flux
of the metastables is less than the flux of the ions to the cathode surface
then the ions carry the greater part of the current at the cathode surface.

6.5
The individual effects of ions, photons (from the dark space and the negative
glow) and metastables now will be estimated, so the ratio of electron to ion
currents at the cathode surface can be estimated.
The secondary emission due to the ion bombardment depends on the ion flux and
the secondary emission coefficient yi(see equation 6.2.1) which in turn depends on
the energy of the bombarding ions.

The ion energy at tlie cathode surface is not

loiOMi precisely, but it is estimated to range between 10 to 50% of the cathode

j

fall potential or 20 to 100 eV in our case (an ion velocity of 2.2 x 10®

•
;

7 X 10®cm sec"i).
density of 10^

I

to

This gives yi & value in the range of 0,05 . For an ion
19
,
N. V - . e yi does not exceed 5 x 10“^ A cm"^.
/ 1C la

•
{
;
{

The secondary emission due to the photons from the dark space or the negative!
glow depends on the number of photons from

each region and on y2 ? whidi is a

:

function of the wavelength^^. Most of the

excitation in the dark space leads
0
to the emission of UV and vacuum UV radiation (such as the 584 A (HeI 2p^P"ls^S)

i
!
;

transition, tliat is why the dark space is dark) while most of the excitation in

:

the negative glow emits visible radiation.

;

Hence y2 varies between 0.1 for

photons from tine dark space and 10"® for photons from the negative glow
respectively^^.

■

For an electron number density in the dark space of 5 x iO^®cm“® ^

(in the dark space N

« KH ) , an electron number density in the negative glow

of 5.5 X 10^^ (see table 6.1) and electron velocities of 8.4 x 10® and
2.96 X 10® an sec~^ respectively we

find

(assuming f^ - f , == T"") that for
to
^
a discharge tube of 6 mm diameter and dark space width of 0.1 mm that tlie effect
of photons from the dark space and the negative glow are 2.4 x 10"® and
2.7 X 10"® A cm"® respectively.

The effect of the metastables, assuming that

Y2 equals y 3 and a diffusion time of 1.9 x 10"'+sec (see table 6.1), does not

. -,

exceed 5 x 10"® A cnr^.
From the above we can see that the effect of ions is dominant (J _/J\ is
^ -s +s,

about 0.05).

However the effect of the photons from the dark space and the

negative glow are very important.

It must be emphasised that the above conclusion

is purely an estimate and there are no experimental results to verify it.

6.6

As a result of the positive ion, photon and metastable bombardment of
the cathode, new electrons are released.

Electrons leaving the catliode

surface are accelerated across the dark space.

They excite and ionize the

gas which results in multiplication of their number by a factor M'.
Suppose that for each electron formed in the gas there are ultimately
Y 223 electrons formed at the surface as a result of the various processes.
Then for the discharge to be self-sustained the following condition must be
satisfied^^
Y123

- 1) ~ 1.

(6.2,2)

As a result of the multiplication a large number of ion-electron pairs are
created.

However, because of the large mobility of tlie electrons their

flux from a certain point in the cathode dark space is initially larger than
that of the ions.

This leads to the accumulation of a large positive ion

space charge which leads to the creation of the large field in that region.
If the generation of the positive ions is uniform across the dark space
17
region then this leads to a linear electric field
The above discussion

i

shows.the relation between the multiplication processes in the cathode dark

j

space, the processes at the cathode surface and the cathode fall potential.

;

(It should be noted üiat in a normal cathode equation (6.2.2) holds but in thi:
case,

only

ion bombardment is important.)

can be deduced as follows.

The form of tliis relation

Assume that each electron forms a ion pairs ■

per unit length of the dark space, then the total number of ions created
across d (the multiplication M') is^^
exp (/^ a dx).

(6,2,3)

Defining n '? the mmber of ion pairs foimed per electron per volt
■a
potential, then we have J a dx = n ' V.
From equations (6.2.2) and (6.2.3) we can see that
V = 1
n

.. /
n +; 1
An
(1

Y123

)

(6.2.4)

:
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This equation shows that as the secondary emission at the cathode
surface increases the cathode fall potential decreases slowly.

From here

WT6 can see one of the basic differences between the hollow cathode discharge
In a hollow cathode, as well as secondary emission

and a normal cathode.

due to ion bombardment contributing to the release of electrons, other
processes such as photo-emission play a role as well.

Consequently

Yi23 is larger and so a smaller cathode fall potential is required to
sustain the discharge.
The electric field (created as a result‘of the accumulation of the
positive ion space diarge) transfers the ions to the cathode surface so
that a current flows. • This field decreases linearly as the distance from
the cathode surface increases.

By applying Poisson’s equation, and

remembering that the ion number density in the dark space is larger than
the electron number density, then it can be shown that the ion current
density at the surface is related to the cathode fall potential V, the
width of the cathode region d and the ion drift velocity at the cathode
surface

by tlie relation
ts

h e ■V

- 2“

32-

(0.2.5)

The electron current density at the cathode surface as a result of the

:

various processes is expressed in equation (6.2.1) and can be written as
tlie sum of four currents wliicli result from the botibarcbnent of ions,
photons from the dark space, photons from the negative glowq and

•.1

metastables as
= Yl J+s + D J_s + G' J_g + G"

' (6.2.6)

where J,t S
^ is the ion current at the cathode surface, J -s^ and J ~g are

the electron currents at the cathode surface and in the negative glow

respectively and D, G ’ and G" are y?
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f

Mg)

respectively where n. and n are the number of photons bombarding the
^
to
cathode surface from the dark space and the negative glow respectively.
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Assuming tliat in the negative glowr J
that

is equal to J and remembering

) is equal to J at any point in the discharge, then wdth

some algebraic manipulation

t3_l-D-G'-G"
J

'

1

4.

(6.2.7)

. D

From equations (6.2.5) and (6.2.7) we get
J..Ac_V_,
p2

2n

1 - y : G' - 21

(6.2.8)

1 + Yi - D

This equation’shoves directly that the total current density-depends on
V. , (Pd) and the various emission processes at the cathode surface.
It is loiowQi that when in equilibrium with a uniform electric field
positive ions have a drift velocity which is proportional to the electric
field or to its half powder, depending on its.magnitude. However, in the
dark space of a hollow^ cathode discharge there are doubts about the
equilibrium because of the high magnitude of the field.
necessary to look for a relation between V-

Hence it is

and thecathode fall

region

parameters by other considerations. This can be done by considering the
charge transfer in the cathode dark space region.

The existence of this

process is indicated by the ion energy at the cathode surface. If the
charge transfer mean free path at unit pressure is X
1?
V at a point \
from the cathode is
V

= V [ . ^ - '(^)2

tlien the potential

(6.2.9)

The energy of the ions arriving at the cathode is equal to eV’, and
hence we obtain
=

cî/ri

d

(6.2.10)

where M is the ion mass. If w’e insert equation (6,2,10) in equation
T
1
1
(6.2.8) we get (^) as a function of V 2. and (Pd) 2 respectively.
Furthermore we can see also the difference between a hollow cathode and
a normal cathode wliere the' effect of the photons and the metastables are
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negligible.
We have seen before that the discharge is self-sustaining if
equation (6.2.2) is satisfied.

It can be shown that this equation can be

expressed in terms of the secondary emission processes at the surface
by the relation

12

Cyi + Y2 fa + Y2 fg + Ys) b' n' V exp (a d (1 -

V'

1

= 1

(6.2.11)

where b' is the fraction of electrons which have energy higher than the
ionization energy and V'

is the electron energy in the dark space.

Equation (6.2.11) can be used to deduce the width of the cathode fail region
(Pd) which is
Pd = — —
T — T7--- —
,(a/P)(l - (^®/V)t

tn [---------------------(ti + Y2 fd + Y2 fg + Y 3 ) b' n' V

)(5.2.12)

Here again we can see that the width of the cathode dark space is also
determined by the multiplication in that region and by the various processes
at the cathode surface.
As the electrons move across the cathode dark space, their number density |
becomes larger as à result of multiplication and so they dominate tlie current i
at the edge of the dark space.

This leads to a decrease in the electric field ;

intensity which defines the boundaries of the negative glow.

:

Farther from the cathode surface, though the electric field becomes
weaker, the electrons are more energetic and their-ability for ionization
is stronger.

However, the thickness of the cathode dark space d, is small

compared to the discharge bore, so the energetic electrons make only a few:
collisions losing a small fraction of their energy in that region.

This

results in a large number of electrons entering the negative glow from the
dark space with energy well above the excitation or the ionization energy
of the helium or the metal atoms.

Since the energy of these electrons is

high, then they are largely responsible for the excitation to metastables
or excited or ionizing levels.

Hence they are a determining factor in tlie

creation processes leading to the population of (2-S)j (2®S), ions or the

=
;
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excited states levels.

This can be shown clearly by writing the rate

equations of the different species particles.
6.3

The general species rate equations
The behaviour of each particular species is coupled directly to

the discharge parameters by tlie rate equations.
M%, M 3,

assune that
electrons (E

In the following wo shall

and N 3 are the nutibor densities of cool

$ 19 c;V), hot electrons (E

> 19 eVy this means that this group

bean electrons ) singlet metastables,triplet motastables,
o
helium atoms, and the upper level of 3889 A (3p ®P ) respectively. All these
includes the

nuiiber densities refer to the negative glow.
equations we

From the point of view of the rat

shall assume that the electron energydistribution can be

replaced by tivo groups of electrons; cool and hot as defined above.

The hot

electrons are responsible for the excitation and ionization processes, while
the cool electrons are responsible for de-excitation processes.

This will be

discussed further in § 6.4.
The processes which determine the ion (electron) number density are:
ionization by electrons, ionization by collisions between tvro metastablc
is about 4 and since the rate coefficients
2lS
for these reactions are conparableb7, then the 2^S - 2^S reaction is small
(mainly triplet-triplet, since

in comparison to 2®S - 2®S reaction, so it will be ignored) diffusion,
recombination (three body recombination, twe electrons and an ion as we
have shown in Chapter IV). Hence the ion (electron) rate equation can be
written as follows
“1 '"'eh h

+ «2

where ct', 0,2 , ag and

- ^ 5 6 - aa

= 0

(6.3.1)

are the rate coefficients and the diffusion time

respectively.
The processes whicli determine the singlet metastable number density
are: direct excitation from the ground state, conversion from (2®S),
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cascade from above, diffusion, ionization, de-excitation to (l^S),
de-excitation to (2®S), excitation to the higher levels and collision
wdth one or two lielium atoms.

However it was found that de-excitation

to the ground state is negligible

^

' compared to ionization or

conversion to (2®S).

Further collision between (2^S) and one or two
07
helium atoms is also negligible , Hence the (2^S) rate equation is
M 3 N^g * ^3 ^a. ^eh "

Gi Neh

+ Gs + Gs)

= 0
(6.3.2)

where Si, S2 , S3 , S4, S5 , Se and xi are tlie rate coefficients and the
diffusion time of (2^S).
Similarly the rate equation of (2®S) can be written as follows :.

Ngh

^'eg

^2

A h ""d/ (^3 + Y-» + Bz)

] M3 - a; M3 = 0
(6.3.3)

where yj, y^, y), yg and X3 are the rate coefficients and the diffusion
time for (2®S).
The processes whidi determine the population of the upper level
(3p ®P) of the 3889 A transition are: direct excitation from the ground
state, excitation from (2®S), diffusion, radiative decay, ionization,
de-excitation to (1^8) and conversion to (2®S). Here again the
'de-excitation to (idS) is at least one order of magnitude smaller than
1A 7Q
ionization ^ ' , so it can be neglected and the rate equation can be
written as
-f A -i- (81 + 8%)

^eh
where

8%,

89

] N3 = 0

(6.5.4)

and xi^ the rate coefficients and the diffusion time for N 3

respectively and A is tlie Einstein A-coefficient.
The above equations describe

N^|^,

, M 3 and N 3, These are four

equations with five unlciowns. The solution of these equations cannot be
found unless

is calculated (by considering the flux of electrons from
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the dark space and by considering also all the de-excitation processes
in the discharge) or by knowing the ratio

However, even if

this is theoretically possible, because of the lack of information about
the various coefficients a systematic study of the particle densities is
not possible.

Nevertheless this study can be simplified further if we

remember that the effect of the upper levels are small since their number
densities are expected to be not more than 30%

of

or M 3. Further, if

we look at the measured parameters we find that at a constant current and
in the pressure range of 3 to 10 Torr (where the hollow cathode effect is
observed), Mg/N^,

and

vary at the most by 20%.

This

indicates that the behaviour of the discharge is determined strongly by
variations in the rate coefficients or in other words by the electron energy
distribution variation especially with respect to the hot electrons.
The various rate coefficients in the above equations will be
considered after.we have discussed the form of the electron energy
distribution in the hollow cathode.
6.4

The electron energy distribution in the hollow cathode discharge
Many of the rate coefficients in the rate equations discussed in the

previous section are sensitive to the ratio of hot to cool electrons
and to its variation witli the discharge parameters.

We first

of all consider previous investigations on electron energy distributions
in hollow cathodes, to see if data are available to calculate the ratio
(N^-^^/N^^.) under our discharge conditions. Also it is very important to
see if we can calculate from the measured electron energy distribution the
relative proportion of beam electrons (N^^) and their contribution to
excitation and ionization in the discharge compared to the total due to all
the hot electrons.
Borodin and Kagan^^'^^ and. Kagan and Taroyaif^' have measured the
electron energy distribution for a variety of discharge parameters and
discharge dimensions and geometries.

However, a close look at these
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measurements show that these results cannot be used in our case because
of the following:
(1)

Borodin and Kagan^^ did their measurements in two separate

cylindrical tubes both 10 cm long and 1 cm and 2 cm bore respectively, while the bore of our discharge is 0.6 cm.

The difference in the bores

leads to different values of the ratio of

This

ivas shov/nby

Borodin and K a g a n w h o found that at a constant current (20 mA)
reached a maximum value at approximately 2 Torr for a discharge
tube bore of 1 cm, while this ratio reached its maximum value at a
pressure of 1.2 Torr for a disdiarge bore of 1 cm,
(2)

The study which was done by Borodin and Kagan^^ or Kagan and

Taroyaai^ is over a very small range of currents and pressures (less than
60 mA and less than 4 Torr).

It is also not systematic enough to allow

interpolation in the range studied.
(3)

Comparing carefully the measurements of Borodin and Kagan
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wdth those of Kagan and Taroyan^^ we find that even those measurements
taken for similar geometries aid for similar discharge conditions do not
agree.

For example, according to Borodin and Kagan

85

at a pressure of

0.9 Torr the ratio of electrons with energy at 24 eV to those at 2 eV
decreases from 7.7 x 10"2 to 3.5 x 10"^ in going from 20 to 40 mA while
according to Kagan and Taroyan^^ it increases from 2 x 10"® to 6.5 x 10"^.
In conclusion, the extensive measurements of Borodin and Kagan
and Kagan and Ta.royan^'^ are not consistent enough nor systematic enough
to be useful in our case.
Recently Gill and Vvebb" measured the electron energy distribution
in a planar hollow cathode discharge using a differentially pumped
retarding field analyzer.

The published electron energy distribution is

for a current of 5.5 iiA, a pressure of 10 Torr and a cathode dark space
wddth of 1 mm.

No systematic study of tlie variation of the distribution
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w ith discharge paraüîsters was u n d e rta ke n , w hich i s what we re q u ire in this

discussion.

In spite of the limited information given in that publication

28

,

the measured electron energy distribution for the above conditions can be used
to deduce tlie relative importance of N

to the excitation

and ionization at tlie edge of the negative glow and at its centre, as it
will be shown, later (see table 6.1).
In spite of the above criticisms all the measurements^^ ^^

^ show

that the electron energy distribution in the' negative glow of a hollow
cathode is characterized by tivo fundamental properties.
(1)

Its shape is markedly non-Maxwellian and its devi.ation from that

distribution depends on the disdiarge current and pressure.
(2)

There is a beam electron component in the distribution whidi enters

the negative glow from the dark space.

This beam electron component has

a role to play in excitation and ionization.

?g

For example, Gill and Webb"

found that for the above conditions this component is about 1% of the
total number of electrons.
Since measurements by previous investigations cannot be used in our
case, it is necessary to deduce some qualitative information about the
electron energy distribution from the previous chapters.
(1)

Since the total electron density increases linearly with increasing

discharge current (§ 3.5 and § 4.8.2) at a constant pressure and since
the emissions of He I and He II transitions (§ 5.4.1) (whidi require an
electron energy in excess of 20 eV for excitation) also increase linearly
under the same discharge conditions, tlien we can say that the ratio of hot
to cool electrons does not change as tlie current increases.

Since this

ratio does not change as we change the discharge current , then it is
probably safe to use the electron energy distribution measured by Gill and
Webb

28

at a pressure of 10 Torr and current of 3.5 mA in our study at the

same pressure value and current range of 10 - ISO mA.
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(2)

We have seen in Chapter V that the emissions of He I and He II

transitions decrease as the pressure increases and this occurs across
the whole of the discharge.

Since the upper levels of the He I transitions

decay radiatively (see table 6.1 for example for 3889 X), then the above
indicates that the number density of the hot electrons decreases as the
pressure increases.
(5)

The existence of the high energy component originating from the

dark space, which has been reported previously, can be seen by comparing
the radial profiles of He II and He I transitions (§ 5.4.2),

It was

found that the He II transitions rise more sharply at the edge than the
He I transitions.

Since the He II levels require 75 eV for

excitation compared to around 20 eV for the He I transitions, the
radial emission profiles indicate that there is a source of high energy
electrons in the dark space, and that tliese high energy electrons lose
energy as they move across the negative glow.
Witli increasing pressure the range of tlie high energy electrons

(4)

originating from the dark space decreases.

This can be seen by comparing

radial profiles of He II and He I transitions at high and low pressures
(Chapter V).
6.5

The particle number densities
In the following paragraphs the behaviour of the electron and singlet

and triplet metastable nurber densities as a function of the discharge
parameters will be discussed.
In table (6.1) typical values of the gain and loss rates associated
with the dominant processes determining the electron (ion), singlet,
triplet and 3®P number densities are listed.
6.5.1

The magnitude of tlie electron number density

As we can see in table (6.1) the dominant creation process of
electrons in the glow is ionization.

This ionization is counterbal:uiced
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by losses due to recombination and diffusion.

The recombination rate in

fact is about five orders of magnitude larger tlian tlie ambipolar
diffusion rate whidi diminishes as the helium filling pressure increases.
Also, total electron loss from the glow by diffusion is prevented by
the retarding field in the dark space.

The recombination is due to three

body collisions (two electrons and one ion).

This recombination loss is

replenished by ionization within the glow, the flux of electrons to the
anode being balanced by the flux of electrons from the dark space.
The electric field in the negative glow is related to die disdiarge
current I and the electron drift velocity
; = *0 e VgD \

by the relations

= Aj3 e y P (|)

■ (6.5.1)

where Aj^ is the cross-sectional area of the discharge and y is the
mobility of the electrons.
Because electron loss in the glow is small and also because of the
beam conponent from the dark space, the electric field required to
maintain tlie ionization is also small (see Chapter II and reference 14).
Hence under given discharge current conditions, the electron number
density is large.

This of course means that because of charge neutrality

in the glow, the ion number density is also large.

This is confirmed by

the experimental measurements on electron and ion number densities, and
explains the superiority of the hollow cathode over the positive
7 8 colunai 9 as a medium-for charge exdiange excitation.

The calculations in table (6.1) confirm that tlie expected electron
nunber density at the tube edge is about 5 x ICd® an“®.

At the tube

centre the calculations (table 6.1) indicate that the electron nunber
density must be in the range of 2 x lOd® an"®, whidi is comparable to
the measured one.

The difference between calculated and measured values

at tube centre is perhaps due to underestimating the nunber density of
beam electrons, wliidi play a significant part in the ionization.

These .
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calculations also indicate that the electron nunber density at 10 Torr
readies a maximum value at the tube edge.

That is in general agreement

wdth the behaviour of the radial profiles of metastables and excited
states.
6.5.2

The dependence of the metastable nunber densities on tlie discharge

parameters
It has been shown in Appendix II that the metastable singlet and
triplet number densities are different and that they behave differently
as a function of the discharge current and pressure.

We now discuss

these results.
The calculations in table (6*1) show that excitation to the
metastable levels is done by both the beam and hot electrons.

The

predicted iiimber density of tlie metastablc triplet at tlie tube centre
differs from the measured one by a factor of five while the nifiber density
of the singlet metastables differ by about two orders of inagnitude.

At ■

the tube edge the difference between the calculated and the measured
values for (2^S) and (2®S) number densities are oven larger.
The behaviour of (2^S) and (2®S) as a function of current and pressure
can be. discussed as follows :
We have seen before that as the discharge current increases, the
ratio of hot to cool electrons stays almost constant.

Since direct

excitation from the ground state is the dominant process in populating
(2^S) and collisional ionization is the dominant destruction process
(see equation 6.2.2 and table 6.1) then the constant value of
explains the observed saturation of the singlet metastable number
density.

However this does not explain the linear behaviour of the

triplet metastable with current.
The explanation of the different behaviour as a function of current
and pressure may lie in examining in detail the collisional processes
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responsible for populating each of them, so these processes will be
studied carefully.
(1)

A look at the cross-sections^^for direct excitation to (2^S) and

(2®S) from (l^S) by electrons shows that while the cross-section for the
process l^S to 2^S increases continuously with electron energy, the
excitation cross-section to (2®S) decreases for electron energies higher
Further the composite cross-section

tlian 25 eV.
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for excitation to

(2®S), which takes into account cascade from higher levels, rises sharply
in the vicinity of an electron energy of 20 eV and decreases for energies
above SO eV.

The composite cross-section for excitation to (2^S) changes

much more slotdy wdth electron energy reaching a broad maximum around 50 eV.
This suggests that changes in the form of the electron distribution above
20 eV may therefore account for the different behaviour of tlie singlet
and triplet metastable number densities with discharge conditions'.
However the excitation cross-sections to excited singlet and triplet

Ï

{

states show a similar behaviour with electron energy to the
cross-sections for excitation to the metastable states.

For example

:

the cross-sections for electron excitation to the 3^P and 4^P

j

states are .almost flat for electron energies in excess

;

of 100 eV

i
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, and tliis is markedly different from the behaviour of the

cross-sections associated with the corresponding triplet states. Yet these
3lp, 4lP, 33P
^ '
.
excited states / 'number densities are found to behave similarly as a

:

function of discharge current and pressure regardless of whetlier they are

:

singlets or triplets (Chapter V),
(2)

'

If we look at table (6.1) we find that electron induced conversion

from 2^S to 2®S or vice-versa is important.

However the estimated values

for conversion rate coefficients differ from one investigator to another^^*^^ ;
by one to three orders of magnitude for 1 eV electrons making a large
degree of uncertainty in estimating tliis effect.

Further this gain

;
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mechanism to 2^S is about an order of magnitude smaller than the
electron direct excitation from tlie ground state.

This means that

there is not complete mixing betiveen (2^S) and (2®S) otherwise they
would behave similarly as a function of current and pressure,
(3)

If we compare the radial profiles of the excited states (He I and

He II) and the metastable nunber densities (2^S and 2®S) we find that
they are similar suggesting that difAision loss of the metastable can
not be dominant.

This is confirmed by the calculations in table (6.1)

where the diffusion loss at 10 Torr is about five orders of magnitude
smaller than the ionization loss. -The diffusion time for the triplet
or singlet metastables in a discharge of 3 mm bore and at 10 Torr isabout 1.9 X 10"® sec.

On tlie otîier hand the lifetime of 2®S or 2^S

as a result of collisional destruction by electron conversion from one
metastable state to the other and ionization is about 1 y sec (the radiative
lifetime of the excited states is in the range of 9.1 x 10"® sec
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).

So during 1 y sec metastables created at the edge of the negative glow
diffuse less than 10"% mm.

On the other hand, as we increase the gas

pressure the hot electrons at the tube centre are decreasing, so they
cannot make any excitation at the tube centre wliicli leads to the
appearance of the dip (see table 6.1).
(4)

.

From table (6.1) we can see that one of the dominant loss mechanisms

is ionization for both the triplet and the’'singlet metastables.

However,

the ionization cross-sections'^^for both singlets and triplets are
similar.

This suggests tliat tlie ionization loss cannot be used to

explain the differencein tlie beliaviour of (2^S) and (2®S) as a function
of the discharge current and pressure.
In conclusion the estimated rate coefficients in table (6.1) are not
consistent with the magnitudes of the metastable number densities, nor
can they explain the markedly different behaviour between singlets and
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triplets as a function of the disdiarge parameters.

The appearance at

higher pressures of a dip in the radial profiles of the number densities
is however consistent with decreasing excitation towards the tube centre,
because of the loss of beam and hot electrons, in the presence of
ionization as the predominant loss mechanism,
A more satisfactory explanation of the behaviour of the metastable
number density mus t probably await a more detailed Icnowledge of the
electron energy distribution and its dependence on current, pressure,
position in glowq etc than is available at present.
The relation between metastable number density and cathode -fall
potential under conditions of constant discharge current and pressure
(Appendix II) is probably due to a dependence of cathode fall potential
on metastable number density rather than vice-versa.

If for any reason

the metastable number density decreases, then this leads to a decrease
in the corresponding secondary emission process at the cathode.

The

catliode fall potential must then increase in order to maintain the
discharge current by increasing the other secondary emission processes.
Vdien the cadmium is-introduced to the discharge'anot’
ner loss process
namely the Penning ionization is introduced.

This would lead to the

observed fall of the triplet metastable number density as the cadmium
increases (see Appendix II, figure A 2 . 5 ) .
6.6

The excitation in the negative glow
We have seen that in the negative glow, all thermeasured He I and

He II transitions behave similarly as a function of the discharge current
and pressure.

On the other hand tlie radial profiles of He I and He II

differ by the sharper rise of He II radial profiles at the negative glow
edge.

We now consider the behaviour of the 3889 A transition (an He I

transition) as a function of discharge parameters.

0
Q
The excitation of the cadmium transitions 4416 A and 5378 A bcnave
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quite differently from tliat of 3889A transition so they will be treated
in a separate‘section (6.6.2),
•6.6.1

The excitation of the 5889A transition
3

O

The upper level (3 P) of the 3889A transition may be populated by
direct excitation from l^S or 2^S.

The loss mechanisms for this transition

are diffusion (tlie diffusion time in a discharge of 3 mm bore is 1.9 x 10 ^
sec^^) radiative decay which has a rate of 9.1 x 10 ^ sec^^, electron
ionization (which has a rate coefficient of 3.5 x lO”^ sec ^) and de-excitation
to the ground state (whidi is negligible compared to tlie ionization) or to
2^S (see table 6.1).
The 3"¥ level can also be destroyed by excitation transfer or associative
ionization^^^.

At an He helium pressure of 1 Torr tliese processes are
At a helium pressure of 10 Torr

negligible compared to the radiative decay.

tlie associative ionization process is about a factor of two larger than the
radiative decay rate while the excitation transfer becomes comparable to the
radiative decay.
Table (6.1) shows that direct excitation from the ground state is the
dominant mechanism followed by excitation from 2 S.

As the pressure increases

tlie hot electrons in tlie discharge decrease and that leads to the decrease in
tlie emission. Also as the pressure increases the associative ionization
process increases whidi makes the decrease in the emission more pronounced,
Tlie decrease of the emission with the cathode fall potential can be explained
in terms of a decreasing electron energy.
Tlie dominance of direct excitation from the ground state is consistent
wâth a linear dependence of emission on discharge current.

If excitation to

• ■

3
3
tlie 3 P state were predominantly through the 2 S state, which 'increases linearly
■3
with discharge current, then the 3 P state emission would shoiv a super
linear dependence on current.
6.6.2

0

,

0

The excitation mediamisms of 4416A and 5378A

Emission at 4416A may arise as a result of Penning ionization (whidi has
a reaction rate per cm^ per sec,PI), electron excitation from the cadmium atom
ground state (whidi has a reaction rate per cm^ per sec, EG)

6.22
and excitation from the cadmium ion ground state (wliidi has a reaction rate
per cm® per sec, El).

Emission at 5378 A, may arise as a result of cascade
o
(which has a reaction rate per cm® per sec, DI) from the transition 6360 A

(6 g% Gg . , 7
- 4 f2 Fy , 5 ) (which is excited through the Duffendack
/Z
/Z
/z
/z
reaction^), electron excitation from the cadmium ground state (EG ) and
electron excitation from the cadmium ion ground state

(El )

In the

following tlie reaction rates of all the above processes will be compared
with each other to determine the dominant process.

o
The ratio of the excitation rate to the upper level of 4416 A resulting

(1)

from electron collisions with the cadmium ground state to- that of Penning
excitation is

«,
V > N N
pe
Si
^
pj = --------------<cfp .Vi2> Ms

(6.6.2.1)

where a.., a

are the excitation cross-sections from the cadmium ground state
o
to the upper level of 4416 A, and Penning ionization respectively, and they .are
equal to 2.4 x 10"!?

and 4.5 x 10“^® aif

respectively, and

and Vi ?
'^1
are the velocity of the colliding electron and helium metastable respectively
and they are equal to 2.48 x 10® an sec"^ and 3.85 x 10® an sec"i respectively.
For an electron number density of ICdi cm"® and a metastable irumber density of
5 X IQii cm"® equation (6.6.2.1) gives (EG/PI) a value of 7 x 10"%.
The ratio of the excitation rate from the cadmium ion ground state

(2)

to that from Penning ionization is
py

^

=

'^^ii ^62 ^ ^e ^cd"**

(6.6.2.2)

<a^Vi2>M3N^^

is the cross for electron excitation from tiie cadmium ground state
o
'
to the upper level of 4416 A and V^ is the velocity of the colliding

where

electron.

The above equation cannot be assessed because of the lack of
. However, we can say that fora

infonnation about the value of
value of IGdl cm"®, a
2.84 X 10® an sec"i, tlien for

value of lOd® an"®, V^
ET

to equal unity,

of equal to
must be at least

6.23

1.45 X 10^® aii^.

In other words j

must be comparable to o , and this

is unlikely.
The above suggests that in the present case the population of the
upper level of 4416 A occurs as a result of Penning ionization.

Tlie

experimental observations are consistent with these calculations as can
0

be seen in figure (5.7b) where the behaviour of the 4416 A emission as a
function of the pressure follows that of the metastables. If the
o
_
electrons were responsible, then the 4416 A emission would fall with
pressure as the number density of the high energy electron decreases.
(3)

The ratio of the excitation rate by electrons from the cadmium

ground state to the upper level of 5378 R to that of Duffendack excitation

^

DI" < «0 Viz ->Ni
where a

g2

and

D

'"'cd

(6.2.2.3)

are the cross-sections for electron excitation from the
0

cadndum ground state and charge transfer to the upper levels of 5378 A
respectively and are equal to 10“

cm®- (this value is approximated from

tlie value of the total ionization cross-section from tlie cadmium ground
state by electron impact whicli is equal to 7 x 10“^’^ cm7.7

X 10“ï® cnf

respectively. 'The velocities

92
) and

-and V 1.2 are the electron

and helium ion velocities and equal to 1.73 x 10® cm sec”^ and
3.85 X 10® cm sec"^ respectively.
~

is

about

For N. equal to N

we find that

9.6 X 10“%, which suggests that the excitation from the

cadmiun ground state to the upper level of 5378 R is negligible in
comparison to Duffendack pumping.
(4)

The ratio of the excitation rate by electrons from the cadmium ion

ground state to that of Duffendack pumping is

6.24

= ------------ ---- < a^ Vi2>N.N^^

(6.2.2.4)

where 0 ^^ is the excitation cross-section from the cacbiiitmi ion ground
state and V

is tlie electron velocity.

An assessment o£ the above

ratio is not possible because of the lack of information about a
.
..L i
•

However, for a valueof V

of 2.22 x 10® cm sec"^, then for
Oi|
•

equal miity it requires that

T

™ to
ui .

be equal to 1.34 x 10~^^ an^.

This is

about two orders of magnitude larger than the Duffendack cross-section
for the upper level of 5578 A.
unlikely.

This value of the cross-section is highly
o' _
This suggests that the upper level of 5378 A is populated by

tlie Duffendack reaction.

Again, the experimental observations are

consistent with these calculations as can be seen in figtrre (5,7b). The
o
emission at 5378 A follows the ion nuiiiber density as a function of pressure.

6.2!
Table (6.1)
3.5 mA
10 Torr
1.5 mm

The relative contribution of beam, hot and cool
electrons to the processes in the hollow
cathode discharge ,
The unit is (air A sec"l)
beam electrons
cool electrons
hot electrons
at edge of glow
6 eV25 eVenergy 'v 200 eV*
V = 8.4 X 10®
cm sec"i

N , = 5 X IQii
0-1-3

•processes
ionization

30

5.15 X 1021

three-body
recombination
87
Diffusion

V = 2.96 X 10®
cm sec“i

N , = 2.2 X 1Q12
01,-3

1.47 X 1020

2®S - 3®P^^

4.2

Ils - 33pG3

7.35 X 1020

2.52 X IQi®

2®S - He"^

4.2

2®S -

X, IQl®

X 1013

1021

3.0 X lOiG

2.6 X IQi?

3.9 X lOl®

iQis

1017

3.3 X 1017

3.5 X 1019

Diffusion of
2®S

3.8 X iQi®

3 X 1017
1.9 X 1012

-

2lS -

= 4.730 X
101® cm-®

2.0 X 1020

3®P radiative

lis - lis16

N

1.03 X 10®
on sec~i

8.0 X 1021

l^S -

Z3S

V

2.94 X 1020
'

2iS - llglG
giS - 3lplG'B9
83
lis - 3lP
83
Ils - 41P
81
2lS - 2®S'

8

6.8 X 1020

X IQi"^

1.6 X 1017

X 1014

8.3 X lOi®

X 1020

7 X 1019

1.9

X lois

1.7 X 1014

4.1

X 1020

2,1 X 1020

1.8
2

4.6 X 1019
IQi®

1.6 X 1Q15
2.4 X.1017

3.9 X 1017
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APPENDIX I
THE CONSTRUCTION OF THE HOLLOW CATHODE DISCHARGE

Al. 2

Al.l

.

The construction of the hollow^ cathode discharge for the steady

state case
The objective is to develop a stable hollow cathode discharge
capable of evenly distributing tlie metal vapour atoms (when the metal is
used) and operates with current density in the range of 3.5 x 10"4 7 X 10“2 A cm-2, This ivas achieved by employing a multi anode system wdth
a common hollow cathode.
The discharge tube consists of a long cylindrical stainless steel
tube (6 mm bore).

Stainless steel was chosen because of its good thermal

conductivity (this ensures an even temperature distribution) , its
medianical strength, and its easy handling.

This tube was terminated

at each end by a Kovar tube acting as a condenser to prevent the metal
(cadmium) from reaching the Brewster angle windows (see figure l.ld).
A number-of tungsten rods (3 mm dia) positioned at appropriate
intervals (7.5 cm) along the cathode acted as anodes. Preliminary
experiments suggest that this distance is good enough to ensure a uniform
discharge by allowing a certain degree of overlapping between the
discharges associated with adjacent anodes.

Each anode was ballasted

separately by 60 W (250 V) latips to ensure equal division of the total
current among them.

The anodes are sleeved with quartz and inserted in

stainless steel tubes positioned along the hollow cathode structure (see
figure Al.la).

The end of each anode is recessed from the bore to reduce

the possibility of arcing.

Vacuum sealing at the extreme end of the anode

was achieved by an 0-ring placed around tîie quartz tube and compressed
against the end of the tube with a threaded ring.
A side arm (7.5 cm long, 6 mm bore) through which the gas flows on its
way into the tube was placed mid-way between the two anodes' and was used as
an oven.

This ensures even distribution of the metal (caclmiimi) atoms in

Al.3
the discharge.

The evolution of the metal atoms into the discharge was

controlled by controlling the side arm temperature by a Cr-Aa thermocouple.
The thermocouple w^as tied around the oven .and covered with a thin sheet of
asbestos.

Care has been taken to ensure good thermal contact between the

thermocouple and tlie oven.

The output of the thermocouple was connected .

to temperature controller (Ether-Digi). This oven structure proved
to be effective in eliminating the instabilities in the discharge which
result in uncontrolled metal vapour partial pressure.
Cadmium wire of natural isotopic composition is placed inside the oven
whose, temperature is stabilized to ^ l^C by the temperature Controller.
The cadmium vapour enters the discharge tube from the oven through a holt •
drilled in the tube.
In order to maintain the gas purity a flowing gas system was
employed.

Helium of 99.995% from a high pressure cylinder, was premixed

with the mietal in the side oven and pumped out from the tube end.

The

heliumi filling pressure was mieasured by a Bourdon gauge whicli had been
calibrated against a capacitance monometer in the railge (0-20 Torr), The
tube was driven by a smioothed unregulated DC power supply (5 KV, 1000 m.4).
For the tube described above the required voltage to initiate the
discharge is nearly 600 V in the"above pressure range.

The running voltage

of the discharge is in the range 200-220 V,
A1.2

Description of the hollow cathode discharge and its circuit which is

used, in the laser heterodyne experiment
Basically the description given above also applies to the hollowcathode discharge used in the hetei'odyne experiment.

How^ever in the latter

case it was necessary to shorten the length of the discharge, to facilitate
fitting inside the laser (2) cavity (see figure 4.1).

A l.4

,

The rapid switdiing of the discharge was achieved by employing
a thyratron system.
discharge.

This system can be used for crowbarring the

The crowbar system can be seen in figure (Al.lb),

It

consists mainly of the thyratron (English Electric CX1164) which
switclies the disdiarge off (Airing a time of about 200 y sec.

Al, 5

3l
rr7:rr~n ./ / n r v 7%cïzj-r-r ^ t :r:tjz^mki
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Figure Al.la.
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oring

The anode structure inserted inside the steel sleeve.

, ballast
resistor
■■“VW./.AAA^CA'#"

Discharge
power
supply
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I
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Figure Al.lb.

Current probe

Discharge anode

The circuit of the croidrar discharge
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APPENDIX II
MBTASTABLE NUMBER DENSITIES IN
A HOLLOW CATHODE He 'DISCHARGE

A2.2

A2,1

Introduction
Metastable nuniber densities are important in assessing the role of

the Penning ionization process.

Number densities deduced from absorption

experiments (which were done by I A McIntosh and M H Dunn) , plasma
length and Doppler profile measurements described in Chapter II will be
presented here because of their relevance to the hollow cathode,studies.
In the following the results of the above work will be summarized only.
A2.2

Populations of He (2^S) and He (2^5) levels
Metastable populations were investigated using two variants of the

standard line absorption technique^4,95

measure the.absorption introduced

by tlie hollow cathode discliarge at 5016 A (3p^P - 2s^S) , 3965 A
(4plP - 2slS) and 3889 A (3p3p - Zs^S).
In the first method a separate helium discharge was used as an
illuminating source, while in the second the self-absorption of the
discharge was measured using the teclinique due to Harrison

In both

cases the effect of different discharge lengths was examined by running
different nunbers of anodes.

The absorption per unit length, and hence

tlie population densities, were found to be independent of the number' of
anodes for those conditions where the negative glows of adjacent anodes
do not overlap (see § 2.2).

The results to be discussed below apply

to the case of only one anode operating.
Population densities were deduced from the measured absorptions
using the plasma length measurements (see § 2.2), and the measured
linewidths of the transitions (see § 2.6).
7

Allowance was made for the
O

hyperfine splitting of the triplet transition at 3889 A and for the different
linewidth.of the illuminating source used in the first method.
In deducing populations from the. measured absorptions, we have
assumed negligible populations in the upper levels of the transitions
monitored.

This assumption was confirmed by comparing the ratio of the

A2.3
o
o
absorption coefficient at 5016 A with that at 3965 A - these tivo
transitions share a common lower level •" when no systematic deviation
from the value of 3.7, expected in tlie absence of upper level '
populations was found .
In figures (A2.1a,b), the singlet metastable density at the tube
centre is shown as a function of discliarge current and discliarge pressure
respectively.

The singlet density saturates with increasing discharge

current at currents above about 40 mA.

The singlet density is

independent of pressure in the range 2 - 1 5 Torr, after initially
decreasing with increasing pressure below 2 Torr.

In figures (A2.2a,b)

the dependence of triplet density on discharge current and discharge
pressure respectively is shown.

Unlike the singlets, the triplet density

increases approximately linearly with the current up to the maximum
currents used (150 mA). This behaviour was found to occur over the whole
pressure range investigated.

Also comparison of figure (A2.2b) and

figure ( 2.1b) shows that the triplet density has similar behaviour to
the cathode fall in its variation witli pressure.

Likewise this behaviour

occurred over the whole current range investigated.

So in both cases

the singlet and triplet densities behave quite differently with discharge
parameters.
We have already pointed out that it is possible to vary the cathode
fall potential, at constant current and pressure, aw^ay from its usual
stable value.

We have measured the variation of triplet metastable

density (at tube centre) as a function of the varying cathode fall.

These

measurements are shown in figure (A2.3) where the dotted curves refer to
unstable regions of the catliode fall potential, and the solid curves to
the stable regions.

It can be seen that at constant current and pressure

the triplet metastable density decreases monotonically with increasing
cathode fall potential.

The characteristic pressure behaviour associated

A2.4
with thé triplet densities arises because of the varying locations
of the stable regions of the discharge on the curves of figure (A2.3).
A2.5

Radial profiles of metastable densities
The radial distribution of metastable densities was investigated by

measuring the variation in line absorption across the hollow cathode
using the optical arrangement described in Chapter V.

In figures (A2.4,a,b)

the radial profiles for the singlet and triplet densities are shown for
a constant current of 100 mA and for a range of pressures from 1 to 30 Torr.
The radial resolution is about 2 0.25 mm.

Both singlet and triplet

densities show a broad maximum at the tube centre at low pressures (around
2 Torr) ; are approximately constant across the bore in the intermediate
pressure range (2 - 10 Torr) ; and show a minimum at tube centre for high
pressures (> 10 Torr), the pealcs in density having

now movedtowardsthe

tube wall.

triplet densities

The different variation in singlet and

with pressure, already discussed in (§ A2.2), is also apparent in these
radial profile measurements.
A2.4

Influence of cadmium on metastable densities
As cadmium is introduced into the discharge at constant current and

helium pressure, by increasing the temperature of the cadriium oven at
the gas inlet, the cathode fall in potential increases.
.the triplet metastable number density decreases.
shown in (A2.5),

At the same time

This behaviour is

The cathode fall potential increases wdth the increasing

cadmium neutral density, wiiile the triplet metastable density increases.
The dependence of triplet metastable density on catliode fall is
therefore similar to the case where the discharge is operated in an
unstable region (§ A2.2).

At constant discliarge current and pressure

the triplet metastable density appears to be determined by the cathode
fall potential.
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Fig >2.la . The singlet metastable number density (oir^) as a function
of pressure for different current values
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Figure ,A2.1b . The singlet metastable number density (an~3) as a
fmction of current for different pressures
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10 Torr.
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Fig A2.2a . The triplet metastable nunher density (cm~^) as a
function of current at different pressures
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Fig A2.2b . The triplet metastable number density (cm“^) as a function
■ of pressure at a constant current of 100 mA.
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APPENDIX III
CONVOLUTION OF LINE PROFILES DUE TO
STARK AND DOPPLER BROADENINGS

A3.2

The line profile of the Hg transition is a composite profile
of Stark, Doppler and Lorentzion (instrumental) profiles.

It is

also affected by the hyperfine splitting which assumes a constant
value of 10.2 GHz.
Stark and Doppler profiles depend

on the electron number density

and temperature and the gas temperature, wliile the Lorentzian profile
depends on the finesse of the interferometer.
A coJiputer programme (IKM 360/144) was run to study the convolution
of the Stark and Doppler profiles (see figure A3.1),
The values of the Stark line profile S(a) (a is the reduced wave
length and is defined by the relation a = p^^figuire 3.1a) was talcen from
Griem^^, for a range of electron nuniber densities and electron temperature
of 5000 K (— f 0,247). The values of S(a) were calculated by Griem^^
Pn
23 24
using Baranger and Mozer ' electric field distribution. Since’this
r
r
distribution depends on *— then as — varies, so does the width of the
PD
PD
Baranger and Mozer electric field distribution vary. It was shomr in
r
Chapter III(figure 3.1c) that as — varies from 0.2 to 0.8the fullwidth
"D
r
.
at half maxhnumvariesonly by 44%. In our case — isabout 0.54 (see
PD
table 3.2) hence the full width at halfmaximum for the fineprofile 8(a)
which was calculated by Griem^^ differsfrom the line profile expected in
our system by less than 20%.
line shapes are similar.

Furthermore in both cases the general

Hence S(a) which was calculated by Griem can

be taken to represent the Stark profile

in our system.

The Doppler profile was calculated for a gas temperature of
d
600 K. An example of the generated profiles can be seen in figure (3.2).
These profiles are convoluted with the hyperfine structure effect to produce
the overall profile (see figure 3.2) which is similar to the measured
profile (see figure 3.3).

:
:
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f #

For

* IOCS (CARD, TYPEWRITER).
LIST #

SOURCE PROGRAM

DDŒNSION # AM(70), SAM(70), F(3), A(70), P'(lOO)
READ (2.24), SAM (I = 1.35)
READ (2.25), F, DW, D,
DO 3T = 2.35
3

SAM (J + 34) = SAM (J)
SAM (70) = 0.086
AM (1) = 0.0
DO 4J = 2.35
AM (J + 34) = - AiM(J)

4

AM (70) = - 0.35
DO 8J = 1.3
WRITE (1.27), F (J)
DO 61 = 1.70
6

A(I) = F(J) *AM(I)
P(l) = 0.0
DO 7K = 2.100

7

P(K) = P(K - 1) + ((2 *DW+ A(35))/50.0
DO SL = 1.50
CON = 0.0
CO 9K = 1.70

9

CON: = D *EXP (-((P(L) - A(K))/DW)
-

8
27

'

*SAM(K) *F(J) *0.01 + CON

WRIT (1.26) P(K), CON
FORMAT (IF 10.5)

**2)

A3.4

24

FORMAT (8F 10,5)

25

FORMAT (5F 10.5)

26

FORMAT (2F 10.5)
CALL # EXIT
END

Figure A3.1.
profile of Hg.

Listing of the program used to generate the composite
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