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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.

h

b3

Section one concerns the study of the basic paraneters (cathqde
fall potential electric field, cathode fall width, n@gative glow length
and gas temperature) of the hollow cathode discharge. -

Section ‘two concerns the use of absorption, linewidth and laser
heterodyne techricues to measure the number densities of He (213) :

(238) states and He® ions (electrons) since these -species are involved
"in the pumping mechanisms (Penning and Duffendack) leading to
populaticn inversions.

Section three concerns the emission radial profiles of the excited
states of He I and He II so the influence of the high c—,;nerg'y electrons
which enter the negative glow fror;t the cathode fall region can be
studied as they cross the glow.

| Although the metastable r;mber 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 satu -ate with
respect to the dischaerge current. In the hollow cathode the singlets
satmx.te not only with respect to discharge currenc but also with respect
to pressure. On the other hand the triplcts increase linearly with the
discharge current and follow the cathode fall potential as a function of
pressure. In the positive column the saturation of the 1:101:3.5?.:15163

manber dénsities with current combined with the cadmiuwn ion drive-out to

cathode cadmium ion drive-out still occurs, however this can be
compensated by increcasing the metal atom number density since in this case

the cathode fall potential, and hence electron energy, is not thereby
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Stark broadening and laser hetorodyning were used to neasure
the ion mumber density and both téchniques aglree well. They show that
the ion muber density increases linearly with current and follows
the cathode fall potential as a function of pressure.. Al:o they show that
the electron (ion) number density in a hollow cathode is &bdout 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
- 3

receives a flux of electrons with energy derived directly from the

cathode fall potential. These electrons play an important Sart 34
the 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 mumber
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 the hollow cathode discharge.

Section two concerns the use of absorption, linewidth and laser
heterodyne techniques to measure the number densities‘of He (218),

(238) states and He' ions (electrons) since these species are involved
in the 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 differentlf. In
the positive column both singlet and triplet metastables safurate with
respect to the discharge current. In the hollow cathode the singlets
saturate not only with respect to discharge current but also with respect
to pressure. On the other hand the triplets increase linearly with the
discharge current and follow the cathode fall potential as a function of
~ pressure. In the positive column the saturation of the metastable
nunber densities with current combined with 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
the electron (ion) number density in a hollow cathode is about two
orders of magnitude larger than that in a positive columm 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
the collision processes in the negative glow. The correlation
bétween 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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CHAPTER I

INTRODUCTION
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Tn 1968 Silfvast! demonstrated contimuous 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

0
power can be extracted at 4416 A (5s2 2D5/2 - 5p 2P3/9') and
3250 & (52 2Dy - Sp 2Py, )2 y

/2 i

metal vapours (Zn, Se, Mg, Cu and Pb) were made to lase continuously

. Subsequently a large mumber of

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 alonez) . They can be made to lase
easily using well established teclmiqples4, giving lasér power outputs
of about 10 mw - 100 mw per meter of active 1er;gth.

The excitation mechanism creating population inversions between
levels of the metal ion can be either the Penning ionization

reactionl >

, for example

He (218, 23S) + X » He + X* + e,
or the charge exchange CDuffendack6j reaction, for example

He' + X+ He+ X,
where X represents the metal and X™ the upper laser level iﬁ the
metal ion.

In earlier metal vapour lasers, the active medium was the
positive colum of a conventional glow discﬁarge. The output power
~of these lasers is limited by the low densities of the particles
involved in the pumping process. It has been shown that the Penning
ionization reaction saturates with discharge current because the metastable

r Recently8 it has been found that a

densities saturate with current
more fundamental reason for power output limitation is the increasing

cadmium ion drive-out towards the tube wall with increasing discharge
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current. This 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’

6,10 (1e-cd, He-Zn ...).

many rare gas-metal vapour lasers
The hollow cathode discharge is particularly adva;ltageous due to
its non-Maxwellian électron energy distribution (see Chapters V .and
VI), which has a large muber 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 that 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. Another advantage of the hollow 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), the effect can be compensated by
increasing the metal concentration. Hence the power limiting effect
due to ion drivg—out in positive colum 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 cormon axis. Electrons are emitted from each cathode in

opposite directions. At large inter-cathode distances, each
cathode has its separate, well characterized negative glow which
behaves independently of the other (see figure 1.la). For a fixed

potential, as the inter-cathode distance is reduced, the two



1.4

hegative glows 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
nlan:er:ial11 232 ]

As the glows coalesce, the cathode current density increases by
several orders of magnitude. Simultaneously the emission intensity from
the negative glow increases dramatically. This is the hollow cathode
effect. 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 t_he-
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 ’i.ZO be
described. (The discharge of interest here is inside a metal tube,
and so has cylindrical geometry as shown in figure 1.l1c.)

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
fhe cathode surface where 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 the surfaceé by ions, photons, metastable atoms, etc.
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In ,the dark space immediately adjoining the cathode surface
there is a high electric field, resulting in a large potentiél difference
between the cathode surface and the negative clow (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 =

The origin of the field is a positive-ion space charge due to the
initial large electron flux from the region, because of the high.er
electron mobility. At the cathode wall the current is carried
predomiﬁantly by ions, and to a lesser extent by electrons released
from the wall 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 cathede and
from multiplication in the dark space. Becau.se of the higﬁer 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 Treceives a large flux of
electrons of high energy (up to the cathode fall potential).
These electrons are in two groups; primary electrons which
have energy derived from the cathode fall in potential V, and
secondary electrons resulting from ionization collisions in the
dark spéce. 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 incréased current
density and a lower cathode fall in potential.' The secondary électrons

cannot advance through the retarding field of the opposite cathode
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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 engrgetic electrons
from the dark space, and hence only a small residual electric fie1al*
is required in the glow to maintain the ionization against loss
procedses. 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 the distance over which high
energy electrons penetrate beyond the dark space decreases and
hence the glow contracts. Eventually electrons cannot penetfate
into the dark space of the other cathode. Further, because of the
changing glow geometry the efficien&y'with which photons and
metastables feed the secondary emission processes at either cathode
diminishes. Eventually a situation is reached when the two
cathodes act separately (ie normal cathodes). DBecause this is
less efficient a higher field is required to cafry 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.
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The present hollow cathode discharge consists of a long cylindrical
tube (35 cm long, 6 mm bore) surmounted by a number of anodes (1-4)
positioned at appropriate intervals along the hollow cathode
structure (see figure 1.1d and Appendix I). The dimensions are
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 | F
controlled independently. A flowing gas system was used to ensure a
continuous purge of the system impurities and aids the distribution of
metal vapour throughout the 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:
which is appropriate to the He-Cd laser discharge. It ‘covers mainly
the pure helium case while the He-Cd case will be considered whenever it

is necessary. This study will cover the following points:

"1 ° The negative glow length (Chapter II)

The hollow 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 glow resulting from a single anode was measured
as a function of the discharge parameters using a probe method. The
extent of the negative glow is also important in determining the metastable
nunber 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



densities are measured by an absorption technique. Using the measured
absorption E:oefficient, the measured gas temperature, the measured
plasma length and Einstein A coefficient the metastable mumber
densities were determined (Chapter II and :Appendix k) o |

The measured metastable mmber densities are comparable with those
of a pésitive column operating under the same discharge conditions
(v 1012 em~3),but unlike the positive column .they do not saturate-
with increasing discharge current, but continue increasing lineaxrly.

{3] Helium ion density

Because of theix" role in creating population inversions in the
upper levelé of Cd+, it is important to lknow the number density of
the helium ions. This was determined using two different techniques,
Stark broadening and laser heterodyning. |

It will be shown in Chapter III and Appendix III that the Stark
broadening of the Hg transition is predominantly due to the He' ion.
From the linewidth at half maximum, the He' density can be decuced.
However the Stark broadening was found to be comparable to the Doppler
broadening of the HR transition for the ion densities associated with
the hollow cathode, 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 the electron
density from the measured laser beat shift due to the change in the
refractive index of the discharge plasma.

| Both techniques give similar ion number densities in the range

of 1013 cm™3, and confirm the expected. two orders of magnitude
increase over the positive column discharge operating under the same
discharge conditions. Also they show a linear increase with current,

which promises the possibility of scaling the Duffandack reaction
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transitions to give larger laser output power.

[4]1 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 emission,_s of
He I and He II transitions are expected to Vaiy accordingly across
the ﬁegative glow. To study this effect the radial profiles of He I
and He II transitions were measured (Chapter V). Fu ~thermore the
dominant excitation mechanisms of the Cd II transitions 4416 R “nd
5378 X 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.

[S] The theoretical analysis of the hollow cathode discharge

The plasma diagnostic study will be followed in Chapter VI by
a theoretical study of the basic mechanisms taking place in a hcllow
cathode discharge. The measured parameters will be correlated with
these mechanisms through rate equations for the different particle
species, These equations show the dominant mechanisms in the hollow

cathode as a laser medium.
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CHAPTER 11

THE HOLLOW CATHODE DISCHARGE PARAMETERS



2.1 Introduction

This chapter considers the measurement of the cathode fall in potential,
the length of the negative glow and the gas temperature in pure helé‘i@charge}
The cathode region of the discharge is the source of the high enerpy
~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 incCreases 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 mmber
densities from the absorption experiment. Furthermore the extent of the
negative glow length is important in determining the condition for over-
lapping adj aceﬁt glows and in determining the operatirig regime of the
discharge.

Measurements of the axiél extent of the negative glow showed that it
increases with increasing-.discharge current for currents i 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. The negative glow length was
approximately constant for p > 4 Torr. 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.

ey

A detailed experimental description and theoretical analysis of cae
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discharge parameters will follow.

2.2 Cathode fall potential

The total voltage across the discharge was measured as a function of
‘current and pressure. These results can be seen in figures (2.la,b). The
total voltage is made up of the cathode fall in potential V and the potential
drop across the negative glow (there is no anode fall in potential, because
the anode is immersed in the negative glow). Pxrobe 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 hetween 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 Tqrr, and then
increases to reach -a maximum value at around.Q Torr, before falling again for
higher pressures. This characteristic behaviour was observed for all
discharge currents.

Similar results were found by Thachenko and Tyutyunnikls in a Kovar
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 maximm 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 and 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 fumction of the discharge current or
pressure did not change. However the value of the potential was increased
by about 15% ovef that for pure helium for a Cd oven temperature
range of 250-350°C. Thus the cathode fall in potential is insensitive to
the metal concentration, and hénce discharée limitations due to ion drive- .
out 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 mévable tungsten probe was inserted along the bore of the
tube. The probe is a sharpened tungsten rod envelopéd in a fused quartz
sheath except for the tip (see figure 2.2a). At about 7 cm from the probe
tip the quartz sheath diameter was increased é'radually to 5.8 mm to
facilitate vacuum sealing. Vacuum sealing was achieved by mounting a simplie
O 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 vacuum,atmospheric pressure will be exerted on:'l'he probe and
force it to slide forward. To prevent this, the probe diameter at the end
was 'incfeased to 11.5 mm (nearly twice the discharge tube diameter).

Mobility of the probe forwards and backwards was achieved by
fastening the probe end to a horizontal optical mount which was fixed
firmly on the working table. It was possible to move the 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 width assumes a minimum value of
about 0.20 cm at low pressures (P < 1 Torr), when the discharge is
contracted to the centre of the tube. This width is large comp:ared

to the probe diameter (0.08 cm) so the probe 1ay. inside the negative
glow. At high pressures the discharge (and hence the negative glow)
contracts towards the tube wall, so the probe may then be outside

the negative glow. 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 smali 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 pA; the
voltagé was measured with a voltmeter having an input impedance of

10 Ma ). 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). When the probe is inside

the negative glow it is screened from the wall, being approximately

at the plasma potential. Assuming that when the pz‘dbe 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 (the
starting point) 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 té 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 z 4 Torr this length becomes approximately independent
of the pressure. At a constant pressure the plasma length increases
slowly with increasing current and then it becomes approximately
constant for I » 80 mA.

These 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 Torr the negative glows associated with neighbouring anodes will
begin to overlap when several anodes are operating together.

The present probe is designed to measure the extent of the
negative glow lengih 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 magnitudc of
that field (few volts/cm).

2.4 The operating regime of the present discharge

Little and von Engell2 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 (2) is the intercathode distance
and (p) is the gas pressure. In the present case the tube boreiis
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.



At pressures less than 12 Torr, the glow emission is
continuous across the tube diameter reaching a maximum value at
the tube axis (see Chapter V). For pressures higher thar 12 Torr
the negative glow is discontinuocus across the tube cenire. The
condition of merging glows is one criterion identified by Little and
von Engellz as indicating the énset 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 1 to 20 Torr and at a current of
100 mA, J/p2 values range from 1072 A cm™2 Torr—2 to 10~% A am2 Torr=2
respectively. 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 J/p2 (corrected for the plasma length) are
plotted for different (ap) values and are compared with J/p2 to be
expected from a conventional cathode'® (Jo/pz]. It may be seen that
for pressures in excess of about 10 Torr, the behaviour of the 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. with.
the conventional cathode, 2529 , decreases by increasing the pressure.

The cathode dark space was measured using a small probe (its
design is similar to the probe desciibed in § 2.3) inserted across the
discharge with a radial resolution of O.1 mﬁ. These measurements
indicate that as the pressure decreases to about 1 Torr; the cathode
dark space width d increases to a value of 0.1 cm. This is comparable
in extent to the negative glow, indicating that the discharge may be

operating in an obstructed mode at low pressures.
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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 Linewidth measurements using a scenning Fabry-Perot interferometer

The Fabry-Perot is a multi-reflection interferometer with two
plane mirrors. A parallel beam of monochromatic light (with wavelength
A) incident normially on the interferometer will be transmitted with
maximum intensity when

x = &1
m

or

v = : | (2.5.1)

where L is the mirror separation, m is an integer, v is the
frequency and c is the velocity of light. In the scanning
Fabry-Perot interferometer one mirror is scanned t]u‘*oug}; one or more
half wavelengths when the frequencies of the transmitted maxima are
scammed through one or more free spectral ranges (c/2L). The linewidth
of the transmitted maxima depends on the flatness, the reflectivity and
the parallelism of the mirrors. l

The measured line profiles were analysed using the method of

17

Ballik™" to extract the Doppler and Lorentzian linewidths. The
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Lorentzian linewidth was taken as an indication of the finesse of the system,
since it was foind to be independent of plasma conditions. The value of the
finesse so deduced was 13.5 (the finesse was defined as the ratio between the
free spectral range and full width of the Lorentzian profile). The Eabry—Perot
interferometer has two plane ndirrors each with a flatness of 1%5 at 5000 X
and a reflectivity of 98%. One mirror was mounted on a piezoceramic transducer
which could be scanned over two free spectral ranges.

The-qptical systen can be seen in figure (2.6). A point x in the plasma is
imaged by lens L; on to the stop A which is positioned in the focal plane of
Lens L,. In moving off or along the tube axis frdm the point x the gathering
power of the optical systém 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, transforms the incident beam into a parallel
beam with diameter comparable to the mirror diameters of the Fabry-Perot
interferometer. The transmitted beam is focused symmetrically across a pin
hole of 100 um 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 scammed. A typical scan of
the 5016 X profile at 100 mA and 5.5 and 9.5 Torr can be seen iﬁ figure (2.7).

An upper limit of the instrumental width was obtained by measuring the
line profile of the 4880 K4Argon 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 width at half maxima (FWHEM) less then the measured linewidth
at 4880 K. The measured linewidth of 2 GHz giﬁes a minirwm value df

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
A v

o _ e o b ok
wem: = P10 20 30T 0 2) (2:6+.1)
(\)) M
where Y is the central frequency, Ay is Doppler full width at half

maxima and T and M are the temperature and the atomic weight of the
studied species respectively. The species temperature can be
calculated from the measurement of the line profilé providing that
natural, collisional and Stark broadenings of the studied transition
are negligible.

The natural linewidth is pronortional to the Einstein A coefficient

1 e w18 5 18
and for 5016 A is about 2.3 MHz™". Fugal et al

derived empirical
relations for the widths due to the collisional broadening and showed
that this broadening depends on the gas temperature and pressuré. This
broadening for helium transitions at the expected temperature of
600 R and 1 to 20 Torr ranges between 10-200 Milz. The Stark effect is a
function of the ion (electron) density in the plasmalg, and for 5016 X
is not significant for electron densities less than 10'® an™3. The
electron density measurements in our plasma (see Chapter III) give
electron density in the range of 103 em™3, which indicate that Stark
broadening in the present discharge can be ignored. We can conclude
that natural, collisional, and Stark broadening cffccts for the
transition 5016 !0\ can be ignored. The transition 5016 R arises from
singlet‘ s levels so there is no hyperfine structure complications.

Since the lower level of the 5016 R transition is the singlet
metastable state 218, self-absorp’t;_ion may be inpoztant
and may distort the line shape. IHence 1t is necessary to estimate the

0]
likely effect of self-absorption on the line profile at 5016 A and
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consequently on the gas temperature.

For a singlet number density of 3.2 x 101! a3 and a plasma
length of 6 am, the effect of selif“absorption 01{ the 5016 R line
profile is to increase the width by 8%. This means that if no
correction were made the gas tempeyature would be overestimated
by 16%, equivalent to 100 %,

~ The singlet metastable mumber density described in Appendix II
. reaches a maximum value of 3.2 x 10!! cam™3 at a He pressure of 1 Torr
and a discharge current of 100 mA. As the pressure or current increases
the 2!S number deﬁsity saturates for I > 40 mA or P > 2 Torr. Hence the
above effect of the self-absorption is the maximum value which it can
attain., Furthermore because of the saturation this effect does not
.change as the discharge current or pressure varies. Hence ignoring th
effect of the self-absorption on the line profile does not change
the behaviour of the gas ';:emperatwe as a function of the <¢ischarge
parameters, but leads to an overestimate in its magnitude by a
maximum of 16%.

The gas temperature of He I measured at 5016 K at theh tube centre
as a function of the discharge current and presstre can be seen in
figures (2.8&,b) respectively. Within the experimental scatter (12%)
there 1s no systematic change :;m temperature; with either pressure
or current. This conclusion is important in relating the neutral

particle density to pressure and in deducing metastable nunber

densities from the absorption experiment.
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CHAPTER III

ELECTRON DENSITY IN THE NEGATIVE GLOW
MEASUREMENTS USING STARK BROADENING TECHNICUE



%

3.1 Introduction

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 lasér heterodyne technique will be
considered, The pure helium discharge only will be treated.

The presence of charged particles in a gas leads to local electric

fields which produce Stark effects on the transitions of excited atoms.

When 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 chapter that the general theory of Stark broadering can
be extended to the low electron densities and temperatures encountered
in the hollow cathode laser. It was found éxperimentally 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 technique shows a linear
increase with the discharge current (see figure 3.4a) and follows the
triplet metastable number density as a function of the pressuz;e (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 3.4Db).
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3.2 The validity of the general Stark broadening theory in the

hollow cathode

The Stark effect in a partially lonized 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 vacying field of the ions (Holtsmark effect).
(2) The rapidly varying field of the electrons (electron effect).
(3) The electrons and ioﬁs 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. Their combination gives the general
tark broadening. Hence the relative contribution of ions and electrons
to the Stark broadening of the line profile must be estimated.

Charge particle densities (ibns and electrons) in 'tlﬁfe negative
glow of the hollow cathode discharge are expected to be less than
101% am~3, and as weil as this a considerable proportion of the
electrons are likely to be cold electro11520 {6CO ?\’ or 0.078 &V).
Theoretical treatments of Stark broadening by ions and electrons are not
usually extended to such low densities and temperatureslg’zj‘.
Accordingly the validity of the general theory of the Stark broadening
in the present hollow cathode discharge must be examined. In the
following the aforementioned phenomena will be considered explicitly
for the case of the Hg tramsition.

We first of all discuss the ion broadening (effects 1, 3 and 4).
Consider an emitting atom at point O (the origin). This atom

(emitter) is surrounded by a large nuaber of disturbing ions (Ni) i
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each of which produces an electric field at point O. If the ions
were at rest,a constant electric field at O . 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 with the ion field variation, hence this field (unlike the
electron field which is a sudden perturbation) will be static as viewed
by the emitting atom. If the field due to a single ion f@llowé a

Coulomb potential, then the field distribution due to the distribution of

: ; A 22
distances between the ion and the radiating atom can be shown to be
[ 4 F F 3 -
3 0 0 . o
BPE) = 5r () expl- G2) /21 & (3:2:1)
2F \F T )
where F is the electric field strength at O and FO is a mean electric
L5 4
field strength which is equal to %32 (Z is the number of charges on the
i .

ion and 2 is the radius of a sphere whose volume is equal to the mean
- s 1 1 '
4 z l"lr - — - “ o
- volume per ion and can be taken as (%—J 3 Ni 3). Replacing the above

value of T, in Fo we get

=2

F, = 2.60Ze N, 3 (dyne) (3.2.2)

Values of F  for ion (electron) densities in the vange of 1010 o 101% o™
can be seen in table (3.1a).

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 two modifications that must be investigated in relation to this
simple theory. Firstly, as the distance between the perfurbing ion and
the radiating atom increases, there is an increasing probability that the
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 effeét).

The field produced by an individual ion is shielded by the presence
of surrounding electrons and hence the field of a given ion penctrctes

only a limited distance into the surrounding plasma. If there is no
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emitter in the penetration range, the ion's ef Cact 1s completely

shielded out.

2’ o 2 :' 2 ) . = -,
Baranger and Mozer Sye4 found that the shielding effect cdue to the

electrons can be taken into comsideration if the Debye Hickel field (or

; . . . 4 & : - 2
its potential) instead of the Coulomb field is used 2

Zer
A [.J;.:..}; 1 e
k: '1"2 4 p

O |

L% o] s
D D 3 {J.a.a)

whére D is the Debye radius and is given by the reiation

KT 1
= (—=—)°F (cm) (3.2.4)

’D
4 I a2 .
™ N_ e

2

They also investigated two body correlation between ions using &
cluster expansion. High order correlations ‘were neglected. The
resulting electric field distribution can be seen in figures (3.1a,b).
(n figures(3.la,b,c) H(8) d3 is the probability of the clectric field
lying in the range 8 to 8 + d8). 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 tewm 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. The magnitude of the deviation depends on 8(= F/F ) and

1 1

P,
59 (0.0898 LA T ). Furthermore the deviation is meinly due to
D

the shielding of ions by electrons (see figure 3.1b). For small values

T oy s . =
of 8 and at constant value of EQ , the deviation is large (for example
D

at pig equal to 0.8 and B equal to 0.1, the correction teim is
about § times- larger than thatof Holtsmark (see figure 3:la )
while at large values of B the correction teﬁl‘ is small {(for
example for ';‘S equal to 0.8 and 8 equal to 10, the correction term
is about 15% of the original Holtsmark distribution (see figure
3.1b)). As B increases the deviation decrcases and the Baranger and

Mozer distribution approaches that of Hoitsmark. The pair correlation
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theory of Baranger and Mozer is valid only for values of (%%) < 1.
For higher values higher order temms in the cluster expansion have to
be incorporatedzﬁ. Calculations in table (3.2) show that for electron

o
densities of 1010 to 10'* cm~3 and electron temperatures of 600 K

0 T .
to 40000 K, 2 Joes not exceed 0.79 (ie on average there 1S at least

°p
an ion within the Debye radius of the emitting atom). This shows that

in a hollow cathode discharge the Baranger and Mozer treatment of the
1.
. e et oy o) : e
field distribution can be used. As o vaEies the full width at half
D
maximum of the electric field distribution in comparison to that of

.Holtsmark varies (see figure 3.1c). For the present case, for an
electron temperature of 600 g, and an electron density of 10%% e,
the variation of ;9- introduces 40% variation on the full width at half
D

maximum of Baranger and Mozer distribution in comparison to that of
Holtsmark. This variation must be taken into consideration when we
calculate the electron density from the full width at half maximum of
the measured H8 transition.

For a transition between two levels A and B, the ior; field lea_ds
to a perturbation of the Hamiltonian (H__\(’F) - HB('P ) which leads to a

shift in the frequency27 A v

_‘ HA(F) =3 HB(F)
- h

Av =7x109F, (Hz) (3.2.5)

for the case of the HR transition. WUhen this shift is averaged over.all
the atoms, it results in a line broadening. For electron densities
between 1010 and 10'% cm™3, the meen 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 B has been defined as F/ F,. From
figure (3.1la) it can be seen that for g8 < 0.1, the probability
distribution of “éhe electric field has fallen to 1% of its maximum
value, while for g > 10, it has fallen to less than 2% O£ ius wmaximm

value. In particular this indicates that the ion contribution at the



S57

line centre is very small and hence the influence of electrons on
the line broadening will be more nronounced 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 megnitude of the impact parameter for the

a4

collision p, compared with the Debye radius p, N and a limiting

- - 21
parameter p . given by

Pw = (3) mve) a? (cm) : {3.2.6)

where m and v o are the electroi mass and velocity respectively and
a is the principle quantum number of the studied level. Collisions
may be divided into three classes: (i) strong collision, which
completely disrupt the radiation process, and occur when p < Oy
(i.?'.) weak collisions when Py S0 < Pps and (iii) screenced collisions
when p > I which have no effcct on the cmitting systom.

The relative contribution to the Stark broadening of weak (é,\,)
. )

and strong (¢S) collision is given by‘z1
Pre P :
..li — 2 ﬁ]) (_.2) (3-2-7}
'S W ’

Evaluating equation (3.2.7) using equations (3.2.+) and (5.2.6)
we obtain

= =12 (0.46 TZ N, ZV) (3.2.8)

e &

In equation (3.2.8) both Ve and T, ocecur; the former is
introduced through the impact paramever p, which vefers to individuci
electrons, the latter comes from the expression for the Debye radius
Py which is based cn co-operative effects and we have asswred that the
average electron energy can be related to an electron temperature.

Calculztions based on equation (3.2.8) for Ne in the range

; - 5 .G Py 5 © e
1010 to 10M% cm™3, T, in the range 600 to 10° K and clectron velocity
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V. in the range 1.7 x 107 (0.078 &V) to 108 (200 éV) cm sec™! showed
that the ratio of strong to weak collision does not exceed 175%. Thé
" 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
P becomes comparable to the Debye radius P The contribution of
such electrons is usually neglected by terminating the electron
effect on the line broadening for electron 'velocitieis less than a mininm

velocity, given by equating (3.2.4) and (3.2.6) which gives

V

l -
min (8"Nc2/3kTg)2 (@a2/m). (cm sec 15 . (3.2.9)

For an clectron density of 1013 em™3 and an electron temperature of

o)
600 K, Yk does not exceed 106 cm s~!, which is smaller than the mean

velocity of 1.7 x 107 cm s~! corresponding to an electron energy of
9
6C0 K.

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 ﬁaxwellian,lparticularly
for high energy electronszs. In the case when the broeadening due to

electrons results from weak electron collision then the electron

ghi = s ot —l
contribution to the line profile e

can be written as
Ne %3 e =%
)2 3.2 'v* &Ln (O-AG Tez Ne " Ve) b (hz) (3.2.:‘_01
e

B#

_ 4
®ab T 3 (
where the symbols assume their usual meaning. From equation (3.2.10)
i 0
we can see that at constant electron temperature of 6C0 K and density

of 10'% an™3 changing the electron velocity from 1.7 x 107 cm sec™!
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(600°K or C.078 V) to 8.4 x 108 cm sec™! (about 105‘2 of 200 &V)
decreases $a1 by a factor of about 25. Also it is ciear that as
the energy of the electrons increases their contribution Zo t
weak collision decreases. Also since the demsity of the ensrgetic
electrons is 1073 less than the total density of the electronsz
then their total contribution to the weak collisions when averaged
over the electron energy distribution is negligible. The presence
of non-Mexwellian electrons does not significantly distort the
electronic contribution to Stark broadening.
From equation(3.2.10}we can see that for Ne in the range 10* to
1010 em~3 an electron temperature of 600 to 106 % and velocity of
1.4 x 107 to 8.75 x 108 cm sec™!, 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) B <1 (orF < Po): In this case we can szy that as p decreases the
electron contribution increases and it becomes comparable to the
ion contribution for g equal to 0.06 oxr (F= 0.06 Fo) at an
electron density of 101%* cm™3,
(2) &l oedk s FO): In this cese the electron contribution assumes
a maximum value of 6% of the ion contribution at an electron
density of 10'* cmn™3 (see tables 3.l1a,b)..
Since we are concerned with the overall linewidth we can say generally
that the ion Stark broadening is dominant and in this casc the ion
density N, is related to the full width at half maximum due to the Stark

broadening & A (FWEM) by the relation™

2
N, =C (aag) /2 (am™3) (52353
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The provortionality factor C can be deduced from the above

discussion as follows: we have defined earlier FO as a normal field
2 2
equal to 2.0e x Ni3 (or:1.25 x 1079 NF). The two third vower

relation between FO apd Ni is alwost true after Debye shielding and
ion-ion correlation effects. The broadening of the HB transition can be
derived from equation (3.2.5) and has a full width at half maximum

A Ay (FWEM) which is proportiomal to F, ie

o
" . 3.2.12
AX, =BF, A) : (3.2.12)

where B is the proportionality factor.

Introducing the value of F_ in equation (3.2.12) we get
=1 0 o

2
= Q
A Ag =B x 1.25 x 1079 N,3 A 3.2.13)
3

— 3
N, = 2.26 x 103 3" % (4 a) 2 (car3) (3.2.14)

Equation (3.2.14) is similar to equation (3.2.11) except that the
3

proportionality constant C is replaced by 2.26 x 103 B~ 2, Griem™

has calculated C for an electron density of 10% em™3 and an electron
-

temperature of 5000 K ( 5-9- = 0.274) assuming the Baranger and Mozer
D

electric field distribution. The associated value of B for this case when
A A in (3.2.13) is defined as the full width at half maximum intensity
is O.lSX (cgs)~?. ‘;\’_e have assumed in the present dischsrge that the expected
electron density is less than 10*"% cm™3, furthermore we have assumed that
most of the electrons are cool electrons with an electron temperature of
600 R. In this case ;9 assumes a value of 0.79. At .g;% of 0.79 the Baranger
D {0
and Mozer electric field distribution has a full width at half maximum
smaller than that at -EP- 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

s 19 ; ; . P Ko o
deduced by Griem ~, or in other words, in our case B is 0,113 A (cgs)7?.
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In this case equation (3.2.14) can be written as
3/9

a
N; = 5.9 x 10 (a2 / (cm™3) . (ERIE

Equation (3.2.15) will be used later o calculate the clectron density
from the measured full width at half maximum of the HR 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 =, liey end H'
(2 small quantity of H, of the order of 1 m Torr was introduced and this
will produce H by dissociation; &lso some E* comes from the tbe walls),
it 1s necessary to estimate the contribution of each type of ion
to the total ion- Stark broadening. This involves hlow:'mg the réspective
relative number densities of H' and He';_, He' ™ an& He' and He; and Ee in
the discharge. As soon as the hydrogen molecules enter the discharge they
will be dissociated to H atoms (see the following paragraph). This
suggests that ionization collisions between Hp moleculeé and electrons which
produce H are negligible . (see process IIl in the follo*.\fing paragraph).

Therefore the ionization collisions between H atoms and electrons are

W

dominant, In fact this is true even if the hydrogen molecule density i
larger than the hydrogen atom density. This is because the cross-section for
collisions between H and electrons is more than an order of

magnitude larger than the cross-section for collisions of .Hz with

% bt - Sre
electrons (see process III in section § 3.3).

Y L + - > - oge] L SPN SS g
The number density of H , N+ due to ionization of atomic hydrogen

a

_ P i e R g
by electrons can be compared with the number density of He', N};a-:- aue
AT

to the ionization of helium by electrons using

Nyt N (B2 18 &V) Ny 0_ 4
' H_ el (3.2.16)

NHe+ Ne (B = 24.5 eV) NHe AT

where Ny, Ny &re hydrogen and helium number densities and o's are
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the ionization cross-sections for hydrogen and heliwm yespectively.

g -

5 e-H : G § 430, 31 o . % ssacy

Since ( o He) is at most ecuali” °* to 3,'and since the muber
i

density of electrons which can make either ionization is almost equal,
Nyg+ Np: e
then / NH'\+ is determined by "hH/N.; o The operating heliuml pressure
=7 & Al
in the present discharge varies between 1 and 20 Torr, while the hydrogen
U
pressure is in the range of 1 m Torx, therefore j\I—I/N,r,e is less than
N+ T
1073 and hence ' /i * is not more than 1072. Because of the high
. e 5 el
electron energy (v 55 eV) required to produce He , using a similar

% Mg PP
.relation to (3.2.16) we find that He /Npe+ is about 1072, Moreover the

. . o + .
study of the decaying plasma (Chadter IV § 4.8.2) showed that "“'Hz in

the present discharge is negligible in the steady state situation.

Therefore the only ion which contributes significantly to the ion

. y + 5 AT N
broadening is He . Hence N,, + can be deduced from the measured (FilM)
iy

using eaquation (3.2.15).
(=]

3.3 The Doppler. brozdening of HB transition

The ion (electron) densities in the hollow cathode aisc}xarge
were determined by measuring the Stark full width at l-lalf soxinen of
the intensity of the Hg transition 4683 X (n=4~-2). Sincc H3 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 tramsition. It
is therefore important to know the temperature of the hydrogen atoms
in the upper state (n = 4) of the HB t‘raﬁsition', so that Doppler
contribution can be estimated. This estimate is conplicated by the
mechanism leading to the hydrogen atom production in the discharge.

The hydrogen molecules can dissociate as a result of collision
with helium atons (thermal dissociation) or electrons .(collisional

dissociation) &0 F




5.1

hydrogen molccules reguires

h

The themal dissociation o
4.5 V. The helium atom average energy is egqual to 0.078 eV(Tg = 600 ﬁ) A
If we assume a Maxwellian distribution for the holiun atoms, then the
fraction of helium atoms which have enargy 3n the range of 4.5 eV is
negligible (1072%), and so the thermal dissociation is negligible also.
The collisional dissociation occurs as a result of the following
processes.
(I) Collision with elec:trons16 which results in two hydrogen atoms
in the ground state. This Drccess occurs via the two following ways:
(a) The colliding electron with enerzy of 8.8 &V (at least) excites
he hydrogen molecule to 13 Eu state which has no potential minimum
and is repulsive, then the two atoms fly apart each carrying 2.1 &V.
This process has a maximum cross-section cf 0.62 x 10716 m?-.lé for an
electron enexgy of 12 eV. |
(b) The hydrogen molecule may be excited to hisher trislet levels, then

cascade dewvn to the triplet 13 L, state giving rise to UV enissicn eg

23 ¢+ 1% 3 (ro singlet-triplet transiticrns are observed in wyd'”O(reL’Z)
o =

The two hydrogen atoms then fly apart as zbove each with 2.1 &V, This
process has a cross-section much less than 0.2 x 10718 25
(II) Collision between electron and hydrogen molecule which may lead to -
excitation in a single step to higher levels (higher than 13 L, or
23 ¢ ) as follows
g .
(2) e+E+H +H+ e

®) e+Hy ~H (m, £i) + H(ng, 22)

v -
- ==

Processes (IIa,b) are negligivle #n comparison to (I) since ith

i
S L o 1 T ; jia .
excitation cross-sections are smaller ™ ané require a high energy fov
excitation. Furthermore,all the excitations according to (3.3.1) cascade to
ﬂz 23 :

the 13 8 s*atc"

amount to the excitation of process (I).

Jence excitation to higher levels only adds a small



w1
i-l
4

I1D)
iy oy 2 -
o +e+H +H+e (5.3.2)

This process has a cross-section of (0.4 - 3.2) x 10718 on?® for

electron energy in the range (22 -~ 50eV), so it is negligible
in comparison to (I). .
(IV) Collision between slow h; and H, by the process

H, + Hy + Hy + H (3.3

i v A 4 e 5 iy
This process has a cross-section 6equa1 to 1.7 % 1672 oo, but it

+3)

was found that it is small due to the low concentration oL 112.

From the above we see that most hydrogen molecules are likely to dissociats

by collision with electrons giving two hydrogen atoms in the ground s‘caLe

each with kinetic energy of 2.1 eV.
Thus, as initially created the ground state hydrogen aton 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, thernal-

izes with the helium gas before it is excited to the upper level of the
Ha transition. If this is the case then a Uoppler width determined by
the gas temperature cen be assumed for the H3 transition.

The energy of the hydrogen atom™will be lost by collisions with
electrons and helium atomws. The fractional loss of energy £ resulting
from the elastic collision of two ';‘Jetrt:'uzles33 with masses m;, m; and
energies E;, Ep is

2my; my
£=(m +m)2 -

By

by J (5.3.4)
Applying this equation to the H stom we find that it loses in each
collision with helium atom at least 0.4 of its energy, wiile it Toses
less than 10 3 of its energy in collisicn with electron Frem here we

see that tue hydrogen atom has to make at mosta few collisions to thermal

with the helium atoms.
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The elastic collision cross—-section between hydrogen and

54
helium atoms can be writien as

1- 1 »
o = ‘.2 (3.3.5)
H-He W TR X .
T Ty The (4

where the r's are the radii and V's ave the velocities of the perticles
resnectively. Using this equation (the helium atom radius was taken:

from reference 8 and is equal to 1.85 x 1078 cm), we find that O He

is 3.2 x 10716 am?, which gives a collision freguency equal to 2.2 x 107 ssc

a helium pressure of 1 Torr. Excitation from the hydrogen ground state
3‘.'

yxl

to the upper level of the H3 trensition has 2 maximun cross-section
of 2.22 x 10-18 ¢m? at an electron energy of 20 eV. A.stning that the
maximum mmber of electrons which can excite to the upper level
of HB transition is 10! eam™3, we get a colliision frequency less thar
102 sec™!. This shows that the hydrogen atom mekes at least 10° collisions
with helium atom before it makes any collisicns with electrons. This
suggests that the hydrogen atoms thermalize and assume a temperiture egual
to the helium temverature before the hydrogen atom is excited by elecirons
and radiates on the HB transition.

The diffusion coefficient Dy, for hydrogen atoms in & helium gas

at NTP can be calculated from Chapman and Cowling formila

& KT M+ M) 4 N
z 3 e A | I
Dy2 —-8';11\',_{0'1'22 ¢ w NNy ) (em® sec™) ; {3:5:6)
L.

% S

where N is the total mwber of etoms (helium in this case),k is Solzzman’'s
constant, M; ,-Mp are the masses cf }‘ydfogen ané relium atoms respectively
and oy, is the average sums of the hydrogen aton vadius (0.55 x 1079 e
and helium atom radius (1.85 x 1078 cm). The diffusion coefficient
calculated. from the above is 4.3 cm? sec™!. Its dependence on the
particlé's temperature can be calculated from the sizple gas kinetic

3 o & B ; S O
theory"G, For a gas temperature of GO0 i and 1 Torr this cociiicient

-1

-

e

e
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is 1.2 x 10% cm? sec™*, which gives a diffusion time of about 107° sec
for a discharge radius of 3 mnm.

This diffusion time is at least an order of magnitude larger
than the col'lJ_s:Lon tine between hydrogen and helium atoms ana at
least two orders of magnitude smeller than the collision i J between
electrons and hydrogen atoms which indicates thidt about 1% of the
hydrogen atoms are excited before they cdiffuse. Moreover cosparing
the diffusion time with the radiative 1i fetix 3”7 of He (3.4 x 1078
sec) we £ind that HB radiates before it diffuses.

From the above we can say that the hydrogen atoms assume & '
«.emperature equal to the helium temperature before they are excited
by electrons. So their Doppler profiles will be determined by 'i:he
helium atom temperature (600 1%) 5 Vhich gives a FWHM of 7.7 GHz fov
hydrégen atom.

-

3.4 Extraction of the Stark fulll width at half meximum from the

measured H3 profile

The measured line profile of Hp is a composite profile of
Stark (Sa), Doppler (D), ;,ore'rczla (instrumental profile), natural

vy o~
asT

o

e

t

and hyperfine splitting (hS) profiles. All these effects
considgred, before ‘ché Stark profile (full wicth at nalf merimm

can be deduced. The Hg profile was measured using the previocusly
cescrlbcd scanning Fabry-Perot interferometer which had a Zfree

spectfal range of 110 GHz. The instrunental profile of the
interferometer was estimated by assuming that it is equal to the measured

full width at half maximum of the 4880A argon tramsition (2 (=2

which was taken as the minimum measurable linewidth (see Chapter II).

(&3}
(=]

The M3 transition hes a natural line™ width of 0.3 GEz. In

addition it is split into two strong components (their

—e
\

ratio is 7.8:9) separated by 10.2 GHz °7, hence allowance must be iode

the calculation for these effects.
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As we have seen, the Stark broadening of the H3 transitic
is predominantly due to He'. The line profile due to this effect
is characterized by a Holtsmark div at its centre due to the
electric field cdistribution (this is true even after considering
the effect of shielding and correlation see figure 3.1c). TFor a
small ion field-(8 in the range of 0.05) the electron effect becones
comparable to the ion effect, hence at small eléc-tric fields the
depth of the dip is reduced by the electron e'fﬁect. When the

broadened transition due to ions and electrons is convoluted with

the above effects especially Doppler and hyperfine structure the Hs
profile results.
A computer progranme (IBM 360/144) was developed to generaie the

composite profile due to Doppler, Stark and hyperfine splitting effects
(Appendix III). A typical profile is.illustrated in figure (3.2). A
coilection of profiles were generated to investigate the influence

2

of the various broadening processes. From these it was found that the
Stark contribution (FWEM) could be extracted from the measured pz‘ofilé
(FWEM) Dby subtracting & constant width due to the other effects; this
having a value of _'_ZIOO.Z-'GI-EZ for a gas temperature of 600 Io(.

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 interferomcter 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 scamning time of two seconds.
The scanning time was chosen short to ensure that the themwel drift

of the interferometer was negligible. The output signal was small Cuc
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to the small excitation rate of hydrogen in our conditions.
This signal was amplified . by an IC amplificr with an anplification
factor of 100, and then it was displayed on the Y axis of an X-Y
recorder. The X-axis of the X~-Y recorder was connected to '.:hé Tanp oucput
to. plot the profiles automatically. The monochromator was set up
initially on the Hg t;‘snsition by using a hydrogen lamd. Following
this, the ©Hg signal was located precisely by bleeding K, into the
discharge and observing the variation of Hg as a fumction ot H, pressure.
A typical scan of Ha can be seen in figure(3.3). The line profiles
were measured as a function of the discharge current and pressure
at the tﬁbe centre.

The ion density was then computed from the Stark width using
equation (3-2-15). The extracted electron densities cen be seen in
figures (3.4a,b); the displayed points being averages taken over three
separate measurenents.

At a constant pressure the electron density increases linearly
with current. At a constant current it fo_llows the catlhode fall in noten-—
tial and the (23S)metastables in their dependence on the heliu: filling

pressure (Appendix II).



Table (3.1a)

N, (cm™3)

1040
1011
1012
1018

1014

Table (3.1b)

T, ®

6CO

10t

108

3010 |
1011

1012

319

L X 107 cm sec™?
0.00014
0.0012
0.C096
0.075
0.54
0.00016
0.0014
0.012
0.10
0.80
0.0002
0.602
0.035
0.14

1.2

ion broadening

Fo (egs) (Gitz)
C.0058 0.04
0.027 0.19
0.125 0.88
0.58 4.06
2,7 19.00
¢ 4, (GHz)
v, = 25 v, =

8.4 x 108. cm sec™t
0.C00004
0.0C304
0.C003
0.CG3
0.025
0.CC0G343
0.CCo04%
0.C00&0

\;.Cﬁ)Sl

0.030

0.C00005

©.0CC05

0.0004

0.004 -

0.04"
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Table (3.2)
(0]

Te(l() 600 20C0 10000 £0000

2 X 5 g T
N{cm™3) ; e S 2 9 —
& pD pD O f-“D
1010 0.17 0.09 0.04 C.023
1011 0.25 0.14 0.06 0.033
1012 0.37 0.20 0.09 0.044
1013 0. 54 0.29 0.13 .0.0730
101k 0.79 0.43 0.19 0.110
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Table (3.3)

T, (%) N, (cm™3) Weak to Strong Collision Ratio
v, = 1.7.x 107 e sec™l ve = 8.4 x 108 cn sec™!
600 1010 i5 22.9
101 13 20.6
pistes 10.5 18.3
s 8.2 16.0
1014 5.9 . 13.7
10t 1010 17.9 - 25.7
1011 15.6 23.4
102 L35 74l g §
1013 '11.0 18.8
pleth 8:7 16.5
106 1010 22.5 30.3
1011 20.2 28.0
1012 17.9 257
1013 15,6 23.4

N
unt
;.l

1014 3.8 &
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Figure 3.4a. The electron nunber density measured at the tube centre as
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CHAPTER IV

ELECTRON DENSITY MBASUREMENTS USING
LASER EETEROCDYNE 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. Hence the method
was not particularly sensitive. It was therefore decided to measure
the electron nunber 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. This is useful in understanding the

Penning and Duffendack reactions in the hollow cathode (see Chapter VI). -

Information about the decay and loss mechanisms can also be obtained by
comparing the measured electron density and the spontancous emisSsion.

The technique 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 with that 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
photonultiplier. Typically, the area of mixing is greater than 10COA
(A is the wavelength) usually around 1 mm2. Each element of the
photodiode gives rise to a small current which must be in phase with
other currents to get maxinum response. This means that the two lasers

must have the same phase relation over the photodiode area.
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The heterodyne method is much more sensitive foxr detecting
refractive index changés than interferometric procedures. For example,
as will be 5110\;41 in (§ 4.2),with a typical laser cavity length a beat
frequency change of 1IMHz (which is easily measufable) 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 technique the dischaige cell is
locateci outside the cavity where it modulates the output power of the
laser. This modulation is proportional to the species densities which
can be measured from the interference fringes. Electron densities. in
the range of 105 cm™3 corresponding to 15 fringes were measured. This

1 and Baker et a142 who

technique was improved by Gerardo and VerdeyenA‘
were able to measure electron densities of 10'* am™3. The greatest
improvement for interferometric techniques was brought about by Gerardo
and Verdeyen43 who suggested locating the discharge cell inside the
laser cavity and hence increasingAthé technique sensitivity. It. was

44-46 11 the range of 1013 cm™3,

possible to measure electron densitles
In all of the above techniques the interference fringe pattern is
measured.

The aforementioned beat frequency shift technique was suggested by
Malamud47 and it was studied experimentally by Verdeyen et 13148. Due
to its high sensitivity this technique is used instead of the inter-
ferometric method for low electron density plasmas ie densifies49’50
in the range of 10'! an™3 and less (see 4.5).

4.2 Heterodyne techniques as plasma diagnostic methods

The beat frequency obtained on mixing light from two lasers dzr - ..
on the effective (optical) cavity length of the lasers. If cic of ooy
of the optical lengths changes by some means then the beat frequencies
shift by an amount which is proportional to that change. The change in

the optical cavity length can be brought about by operating a discharge
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S

cell within 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

species by the following relat:?.on51
°p
n-1=-} (w 12 + 2% iaa (w) Na + 2m i ay (w) Ni’ (4:2:1)

where by is the plasma oscillation angular frgquency which depends on
the electron density N, and is equal46 to (5.6 % 10% Ne%) , w is the
angular frequency of the laser used, N g is the nunber density of atoms
in the neutral state of polarizability « a(m) 5 and Ni is the number
density of ions in the ion state i of polarizability.ai(m)sz. The sums
are over all atomic and ionic states,respectively. From equatién
(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 technique can be summarized in the following: if we have
two cavities with length L, and L, these cavities oscillate on two
frequencies v, e‘md vy, when they are mixed they.give a beaﬁ frequency
v_. equal to47

sig
2 cmnmm—— -
vsig i Il 12 .(Il L2 I2 Ll) (4'2'2)

where Py, P, 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 L, + (n - 1)t, (see figure 4.1) and

hence the beat freguency changes by

- - t(n - 1) -~ .
6 Vsig rlra-n! @ (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 coﬁlpafison
to electron and ground 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 w) and wy. Equation (4.2.3) is replaced by two equations solvable
in N, and N?_-
2. If we have a low electron density plasma, so that oy << @ then
equation (4.2.3) can be used to deduce neutral atom number densities.
3., If the electron density is high enough and the cﬁange in N, is small
equation (4.2.3) can be used to deduce the electron densities.

Generally én (= n- 1) is very much less than unity and %1 is in the
range of 0.1. In thislsituation we can see from equation(4.2.3)that the

shift in frequency due to the plasma cell is

: ot :

S Vi v T, (Hz) . , (4:2.4)
In the previous treatment it was assumed that there is only a single

longitudinal mode oscillating in each laser. When there are m longitudinal

modesoscillating in each laser simultaneously, similar analysis shows that

Gvsigwill be given also by equation (4.2.4). The difference is that we have

:numerous53 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

J.Jl
with refractive index changes of 6n = 1078 we can see that the beat shift

is around 1 MHz and this is easy to neasure. If an interferometric

technique was used the corresponding fringe shift would be
Ll : .
N =-Z snt=-— 6.\_)§>ig . (4.2.5)

R o - v Uk 5 AR
Taking L; equal to 100 cm,Gvsig equal to 1 MHz we find N is 0th of a fringe.
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-

The minimum detectable frequency in the heterodyne technique
is limited by the laser stability and the duration of the discharge.
These aspects will be discussed in § 4.5.

In practice, the beat frequencies are first monijcored in the
frequency mode usiﬁg 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 change in beat frequency on a time scale
comparable to one cycle of the beat frequency can be moni.tored.

4.3 Laser heterodyne technique for species measurement in the hollow

cathode discharge

We have seen that the change in the refractive index is due to
electz;‘ons , atoms, ions and excited states. This change is represented
by equation (4.2.3). This equa'ition shows the potentiality of the
techf;ique for plasma diagnostiés where it is evident that electrons,
atoms, ions and excited states number densities can be measured. .

The technique can be used to measure changes in several number
densities simultaneously provided beat shifts are measured on the
appropriate nmber of frequencies (wy, Wy, +.+), namély the same number
as the number of unknowns. In this case a set of simultaneous eguations
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
beét shift measurement. The technique can be generalized to measure
nunber densities of impurities (such as air, H, N, in a helium plasma),
mixtures (such as He-Ne, He-Ar ...) and additives (such as Cd, Zn, Sr,
Na . ..-), by following similar proceédures.

In this present work, the relative contribution of electrons, atoms,
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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

i (wp/w)z in equation (4.2.1). In table (4.2a), Fhe electron effect
on the refractive index for electron densities of 10'3 and 10! cm™
and for various laser transitions from 0.488 to 10.6 um is presented.
In table (4.2b) the electron effect for electron number densities of
1010 to 1015 cm™3 and laser transitions at 0.6328, 1.15 and 3.39 um

is presented. It is worth noticing that at an electron number densiéy
of 1013 am™3 the electron effect is%1.77 x 1079, at 0.6328 R,

5.84 x 1079 at 1.15 ym and 50.7 x 1079 at 3.39 um.

(II) The gffect 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

2 and is equal to 2.05 x 10725 cm3.

measured by Dalgarno and Kingston
This gives a contribution to the refractive index (2 o Na) equal to

4.5 x 1078 for a pressure changé of 1 Torr at 300 ﬁ. However the gas
density decreases as the neutral gas temperature increases, so the above
effect is equal to 2.25 x 1078 at 600 ﬁ. 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 um
due to an electron density of 10'3 cm™3,

(III) The effect of the ions: The effect of He' is proportional to
the nuber density of He® and the polarizability of He' ion (which is

1

equals4 to 5.95 x 10725 am3). At a nunber density of 10!3 cm=3 the
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lle® effect is equal to 5.95 x 10-12. This is at least two orders of
magnitude smaller than the electron effect at an electron number density
of 103 cm~3 and at the laser transition 0.6328 um.

Other ions such as HeH, H' and He; may be present in the discharge.
However the nmumber density of each of the above species is at least an
order of magnitude smaller than the numbexr density of He™ (see & 3.2
and 54.8.2.).Hence their effect on the vefractive index change can be
neglected.

(IV) The excited states effect: The effect of the excited states of

atomic helium can be estimated from the polarizability due to t]ﬁe transitions
adjacent ‘cé the laser transitions at 0.6328 um, 1.15 um and 3.39 uym. This
polarizability (e¢) and hence the excited states effect (2w o N*) (N* is

\J
I\Jl gﬂl

Nm(l ‘g where Ny and Nn are lower and upper levels of the
nt 11
transition and B and g, are thelr statistical weights) can be written (in the
!

absence of damping, which is small for off resonance transitions) as

followsSS " L
: X2
21 o N*¥ = £ e? m ? N* (4.3.1)
M oor me2 a2 - a2

“m

where fnm is the oscillator strength of the transition A e, mt are the

n’
electron charge and mass and X is the wave length referring to the laser
transition. |

We now require to estimate helium excited state populations in the
discharg;a. The measured value of the (238) metastable density is typically
5 x 101! am?(sec Appendix II). Pumping rates to more highly excited states
will be smaller because more energetic electrons are recguired. This,
combined with the rapid radiative decay of these states, inplies that
their number densities arve smaller than the metastable number
density uﬁder comparable discharge conditions. Browne and Dunn7

have shown experimentally that the populations of excited

helium states in the positive columm do not exceed 30% of the metastable
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populations. In table (4.2c¢) the effects of the tramsitions adjacent to

the laser transitions at 0.6328 ym, 1.15 ym and 3.39 um have been estimated
assuming N* values of 5 x 10'! an3. The maximumm contribution to the refract-
ive index is éromld 35% of that due to an electron density of 1013 ca-3.

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 o’chef excited atoms such as H* (especially from the H trans-
ition at 0.6563 um) and Hj can be neglected since H* number density is expected
to be less than 10'0 cm~% and also He® number density is at least one 6r4er of
magnitude smalier than (23S) (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 two orders of magnitude less than that due to an electron density of
1013 -3,

(V) The effect of infpurities: Impurities such as I and N may be present in the
discharge due to desorption from the discharge tube walls. The nuber density
of the atoms resulting from this effect is in the range of 10'* am~3. The
effect of say the H atom (its polarizability is 5.93 x 10725 cm®) at this PTesSSUT)
does not exceed 10712 which is three orders éf magnitude smaller than that of an-
electron density of 1013 cm~3 at 0.6328 uym. Similar analysis applies for N atoms
Therefore the relative contribution of the impurities under our discharge
conditions‘ to the change in the refractive index can be neglected.

The above discussion shows that in the present discharge conditions and

for an electron number density of 1013 cm~3, the relative contribution of the

helium ion number density and the excited state number density ‘td the change
in the refractive index is at least one order of magnitude smaller than that o
of the electron contribution at 0.6328 um, so their effect can be 'neglected.
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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(8§ 4.5.2) and (5 4.8.1) by measuring the beat shift at 0.6328 um and 1.15 ym.
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 following paragraph the theory of laser heterodyning will
be develoﬁed. 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 t\vo
different modes from two different lasers. Eacﬁ laser' generally
oscillates in n longitudinal modes. These modes propagate outside the
cavity in the Z direction (along the cavity axis) and each has an
electric field amplitude equal to En' 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 diyergence (ie the wave front
curvature of the individual electric fields is effectively infinite)
the total electric field can be written a556

n) (4.4.1.1)

E (z,t) = ;_‘llgn E sin (an * L o
where gn is a wnit vector defining the polarization of the modes,
o, is an arbitary phase factor, X " is defined as the wave number and
Wy 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 [ .
It is now assumed that both the signal and the reference lasers are
polarized in the same way (ie the same U n). 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 ER of the reference laser (Laser 1
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in fig 4.1) can hence be written as

P, S W R ' A
ER—iEnsm (K Sg~w, T 6 . (4:4.1.2)

where SR is an equivalent optical path length traversed 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 s then the electric field of the signal laser can be written as

M

ik (4.4.1.3)

e I g T =
Ex\i_iEnSIn[KnSM (wn'i*ws)x,“i'e

~ where S 1s defined similarly to Sp. 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 E2). So we can write the current

at the photodetector57 I(t) as

I =5=[/n & B2 dA (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
B2 = (ER + EM)2 ‘ (4.4.1.5)
If we assume that each laser oscillates in one longitudinal mode then the
M R

above equation can be written in terms of E?, E1, wi, , and mll1 by

substituting equations (4.4.1.2) and (4.4.1.3) in equation (4.4.1‘5} to get

: . M . ' 3
B2 = ()2 sin? (&) §; - (Wb + w)t + )+ ED? sin? (& - u} © + o))

. I N .
+ ZEllebfsm (K‘fS\,- (mIf-r w.) T+ 9111] sin (I(II{S —mrft + 6112]
M S R
(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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JEN? + 1 @ED2, L (4.4.1.7)

The components at the double frequency being eliminated by th
photodetector because of the averaging. The third term of equation
(4.4.1.6) gives the sum and difference frequencms ‘The st 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

B} By cos [KY S = Ki ) +w e+ (61 ~e)) 1 (4.4.1.8)

If we assume the power of the reference laser is PR’ the power of
the signal laser is PS and the powef of the backgroundl radiation is PB,

then the generated dc and intermediate frequency currents are

<Ig. >= (@) (g +Pg+Pp), 0N (4.4.1.9a)
and
< (Ip)2 > = 2 o2 Pg Py = 2(E92 P Py (A) (4.4.1.9b)

respectively. On the latter average we have assumed that the terms

N

'*I S\{ - K1 SR) and (61 - 81) do not change in value in moving across the
detectors surface. The conditions necessary for this to be the case are

discussed: in (§ 4.4.2).

The shot noise accompanying the direct c:ur:c‘entss’59 is given by
2ne?b .
2 5 = &N
< Upoised” > hv (Pr * Pg + Pp) (A) (4.4.1.10)

where b is the bandwidth of the photodetector. From here we can see
that the dc current detemmines the S/N ratio according to

)% 5. By Pam
o (PR + PS + PB) bhw

Q@ = (4.4.1.11)

<[t noise .
The bandwidth of the photodiode limits the beat frequencies to those

of low 'frequencies (v few Miz). If we consider the case where the
bandwidth of the photodetector is of theé order of 10 Mz and reference

signal bemam powers are around 1 mW, then the signal to noise ratio
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given by (4.4.1.11) is about 107.

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
redﬁndant 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. Hence the two beams must have the same spot size on the photo-
detector. Also it is preferable that the beams are in single transverse |
modes.(and preferably TEMOOq 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.

The second requirement is that phése match betweéen the interfering
beams is preserved across the photodetector. This ensures that the
beat signals from different parts of the detector are in phase aﬁd add
together constyuctively. 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 match is discussed
in (§ 4.6.4). 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 1asefs lead to
fluctuations in the beat frequency when the two 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 the 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 relation60

7 h v

A vy' = (Hz) (4.5.1)

.2
(a \’camty)
where h is Planck's constant, v is the laser frequency, p the laser output

power and A v is the width of the cavity oscillation. Taking the

cavity
He-Ne laser transition 0.6328 um, which has a Iaser output power of a
few-iaw"in a cavity of 70 an, 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 thé potential energy
dnvolved in  the Brownian motion creates a qhange in the laéer cavity
length AL, which results in a change A vo' in the laser frequency given by

} Brh, 2
A aip" e [ ] (Hz) (4.5.2)
al?2y :
where Y is Young's modulus, which assumes a value of 7 x 10} g am™2,
For (L) of 70 am, (a) of 100 cm?2, and an aluminium mount height’ (hy) of

A vo!
is about 1075 at 0.6328 um.

10 am we find A v,'is about 0.1 Hz or
This value represents the ultimate achievable He-Ne laser stability in
ideal conditions. However; in mnommal laboratory conditions due to
environment, heat, pressure, humidity,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 'I‘EMOOq modes, then the cavity

resonant frequency vq for each laser can be written as
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X Y

o,
q ¢ Z2nkL
where q is an integer which assunes a Jarge value, n is the refractive

(Hiz) (4.5.3)

index of the medium and L is the cavity 1ef1gth. The optical path nL
(in laser 2 in figure 4.1) can be written as follows

nl =2 np+n t+n, (L-2;-t) (cm) (4.5.4)
where 2;, t, (L - 23 -~ t) are the discharge laser, the plasma discharge
and the remaining space lengths and nb s Ty and n g are “cheir respective
refractive indices ‘reSpectively. Since we w\ill 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 2q, I;D’ n; and
(L - 2; - t) will be presented. The magnitude of these changes and hence
the 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
0.06328 um and 1.15 ym and oscillating in two separate ca\}ities which have
mirror'separations of 42 cm and 72 om respectively. They will be compared
with the expected change in the beat frequency due to the electron number
density which was considered in (§ 4.3). |

The laser frequency Vg At 0.6328 um is 4.47 x 10'* Hz while it is
2,61 x 101* Hz at 1.15 um. Since we expect the beat shift to be in the range
of 10° - 10% Hz (see § 4.8.2) then the experiment should be sensitive enough
to measure changes in the resonant frequency equivalent to a (4a'v O/v 0} ratio

L 3

of about. 1079, Since A vq[vq is equal to ﬁ—L then we should Dbe able to

measure change in the cavity length L equivalent to 4.2 R at 1cast.

4.5.1 Factors contributed by the lasers and their cavities

(I) Internal factors: We have seen in (§ 4.2 and § 4.3) that changes
in the nuber 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 the laser discharge itself. Since the
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laser is a sealed off laser, then changes in the neutral denéity are
negligible.. The changes 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 that the He-Ne discharge
has an electron density of 1012 cm™3, then 4 N, is 10'? am™, which

gives a frequency shift less than 1 K Hz (see § 4.2 and table

Av
" 4.3a). Consequently ;—9- is in the range of 5 x 10712, 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 aforementicned
effect is mnegligible, but it puts an upper limit on the ;tabilify of
a laser. |
(II) External factors:

i) Atmospheric effects such 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 measufementé of the room
temperature and pressure for four hours by a themmometer and a barometer
showed that the temperature changes by 0:2°%¢ per hour or 5.5 x 1073
degree per second while the pressure changes by 0.1 Torr per hour or
2.8 x 107% Torr/sec.

The change f;ﬂdue to changes AT and AP in the atmospheric

4 6

temperature and pressure respectively is given by L

(3 )y = o By AT, 8y = 9.3 x 1077/, (4.5.1.1)
q

Awv

(=2 )p = o Bp AP, Bp = -3.6 x 10°7/Torr (4.5.1.2)

q
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where o 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 1075 %C sec™l) and AP (2.8 x 10™* Torr

. A v A v
sec™l) we find that (—;—Cl)T is 1.2 x 10710 sec™! and (——v-—g-)P is -~ 2.4 x
q q

L

10710 gec1,
The rise in temperature also leads to expansion of the granite block

(see § 4.7). The resulting shift in beat frequency is given by

4 v
S G bl gAT . (4.5.1.3)
vq L
If we take g equal to 10~¢ (°C)71 and underline a rate of 5.5 x 10-5°C sec~l

A v
in the temperature we find that —»\7—9’- is about 5.5 x 10711 sec”™l. A

comparable expansion effect 2lso 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 changeé 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 (5§ 4.7). In a typical laboratory envi-ronnzent the residual |
jitter due to airborne vibrations was of the order of 0.1 Miz in the
frequency range 200 - 1200 Hz (see table 4.3Db). |

(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 that the incident angle on a Brewster window of thickness (b)

and refractive index n is & and the refraction angle is 6!, then the net
contribution of the window to the optical path is ’

b

T [n-cos(e ~8') 1 . o (4.5.1.4)

S &=
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A change in this contribution creates a shift in the beat

frequency A\)q,\\rhich can be written for the case of (6 + 0') equal

% and for ¢ = 03 (Brewster angle 63 orientation) as

1
2]
4

fﬁg_ . _f’ _ nkéoy  sin 6 [n - 2 (sin 6) (1 - sin2 o)
’q g . 2 - sin? eB)°/2
(4.5.1.5)
Av :
FOI‘Cb)Of 3 I, aeB of 107% rad SeC—1’ -\-;-ﬂ is 2.21 x 107° and
q

3.79 x 1079 g7},

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. This draught causes the beat frequency to jitter
by about 0.1 MHz. Hence in the present system all the open parts are
fitted with sliding nylon bushes which prevent the draught.(see figure |
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 ard will be described in the following.
I] The effect of the pressure change: In this case there is no

discharge, hence equation (4.2.5) can be written as

- Tt 8
Vsig ® TR (@, /Zme s Ny T 1 (4.5.2.1)
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This equation gives in a discharge length of 20 cm, 6.3 MHz/Torr
for He,52 49 MHz/Torr for.Ar53 and 51 MHz/Torr for NZGZ. The exper-
imental values for He, Ar and N, 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 u) the relative contributions of bressure.and‘
electron density clhanges can be estimated. This is diséussed fully
inG 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 with an external heater while pumping
on the tube to keep the gas pressure low (< 1 m Torr). On switching
off the heater a drift of sbout 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

(s 4.5.1 (iii)).

4.6__The study of the laser heterodyne in a decaying plasma

The expected drifts in beat frequency due to envirommental 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 1013 am=3, the measurement time nust be
less than 1 sec. Hence the discharge must be switched on/off in a time
less than this. Jitter of the beat frequency also occurs for a variety
of'causés, these are summarized in table (4.3b). Again if shifts are
to be measured without recourse to averaging to eliminate jitter, the

measurement time nust not exceed 1 sec.
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In order to achieve a rapid switching of the discharge a c1*ox-:5ar
system incorporating a thyratron was used. This is described in
(s 4.7.3). After crowbarring the current was found to decay over a time
interval of 200 u sec, being followed by the electron density. Over
this time interval drifts and jitters due to the various causes are
all individually less than 10-12 (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 switching, there are two remaining effects that influence the
beat shift during the decay of the plasma, namely the ch_ange in
electron density, which it is required to determine, and changes in the
ground state atom density resulting from pressure chang'e;c,. The two
effects can be separated experimentally by carrying out measurements at
two wavelengths (0.6328 and 1.15 wm}. Here we consider the likely
magnitude of the latter effect.

The gas temperature and pressure changes, which may produce gas
nurber density changes during the decay time of 200 p sec;are now
considered.

If we assume that the power dis;héipation after switching the discharge
off is equal to the initial power input and that this power 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

Vie = /2 % N_aT (4.6.1)
where V 1s the cathode fall potential, I the discharge current, v the
decay time, k is Boltzmann constant and z\?ais the total number of atoms
initially supplied with the electrical -energy.

For.a plasma with I =150 m\, V= 200 V and v = 200 y sec

and of 0.3 cm radius and 10 cm long, AT is equal to 4.8 x 103 &,
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Since the initial gas temperature is about 600 1% (see Chapter II)
aﬁd the final gas temperature camnot be less than the room temperatuye
which is 300 1%, then we can see that 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 change is significant. This change in
the gas temperature (cooling in this case) takes less than 15 u 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 u s a significant gas temperature
and accompanying pressure change may dccur at the beginning of
the decay. These in themselves will not lead to a number density
change. However, if the flow of the gas can readjust the gas pressure
on the time scale involved, the nunber density will change. The
temperature and pressure change during the decay results in a gas
number density change only if the pumping time t of the gas is short
compared to the decay time.

The punping time can be estimated by treating the discharge as
a volume (V) connected via the pumping line to a pumin of speed 3.
The time required to change the pressure in the volume from P, to P,
is given by63

7 Pl
log (5; 5 (4.6.2)

where S; is the pumping speed of the system. This is given by

s, = l/sO oW - (4.6.3)
where W is the resistance of the connecting pipe. For the case of
a pipe diameter comparable to a mean free path we ha\re()4

a'l
Y= 0.5 . ) (4.6.4)

L
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where a' and 2 are the tube radius and length respectively measured in
.mm, and W is in sec/litres. Although in the present case the mez;n 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 rotary pump
of pumping speed 2 litre sec™!(Leybold)we find that S; is about 0.2
litre sec™!. 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 diange of 10 m Torr) is about 130 u s. This time is more than
one half of the decay time, A pressure change of 10 mi Torr changes the
beat frequency by about 60 KHz at 0.6328 um, and this shift is about
“half the minimum expected beat shift (due to s'm electron density of
l1013 an=3). Pressure changes could therefore become important at the
lower densities. Beat shifts were measured at both 0.6328 and 1.15 pm
so that the relative contribution of electrons and gas atoms could be
estimated.
| The above study showed that laser hetecrodyne can be used for plasma
diagnostic measurements without the need of servo electronic stabilization.
However, precautions must be taken to ensure that beat frequency arift’
and jitter are negligible during the plasma decay time. The precautions
taken to ensure this will be described in the following section.

4,7 Description of experimental arrangement

We now consider the design of the experiment.. In particular we
are concerned with the construction of an. anti-vibration mounting
(s 4.7.1) the laser system (§ 4.7.2), the discharge cell (5 4.7.3),
wave front matching for optimum heterodyne signal (§ 4.7.4) and the

signal dctection system (8 4.7.5).
I
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4,7.1 The anti-vibration 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 (fi‘equencies
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—wa‘.cer 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 1b) so that the themmal 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 XHz, A
stable beat frequency échievéd 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~I3i/5T)
operating at both 0.6328 um and 1.15 um with output powers of 3 and
S5 mw respectively were used. Thése lasers were mownted in Sandanio
hoiders, fixed to aluminium blocks which provided good bedding onto
the granite block.
The cavity mirrors were mountéd on the piezoceramic cylinders to allow

cavity tuning over a range of about O to 100 MHz.
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The open spaces in the cavities were screened by sliding nylon

Thi
e

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 causeé air borme jitter of 0.1 Mhz. .Under the normal
laboratory conditions we have seen that the jitter is reduced to about
5 ktiz.

The photomixing of the two lasers was achieved by combining the light
of the local and the signal cscillators. The light from the loca
oscillator reflected by an adjustable mirror M and t.le}l combined with
the other beam at an adjustable beam splitter BM. The two beams are
mixed at the photo-diode D. The resulting beat frequency was
displayed on a spectrum analyser. Full details of the detection

system will be described in (5§ 4.7.5).

4.7.3 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 figuré 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 p sec (see figure 4.5).

4.7.4 The optical arrangement for optimum heterodyne signal

In this paragraph the conditions mentioned in (§ 4.4.2) will be
discussed in detail. The conditions for wave.curvature, spot size
and intensity matches will be considered. This study will follow

Maitland and Dumn” for a description of the Gaussian beam.
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A Gaussian beam is characterized by the location Z 5 and diameter Wo of
its beam waist. The beam waist diameter WO is given in terms of the
radius of curvatures Ry and Rp of the cavity mirrors and their
separation d by the relation

o d(RA -~ d)(RB = d)(RA + Ry - d)

WY = (3 (4.7.4.1)
(¢] N\ . i 2
(Ry + Ry - 2d)

The distance of the waist from the cavity mirror of radius of curvature

R L 1S

e Ry - )
i B (4.7.4.2)
AR R - - Ko

Values of WO and Z A 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 B; (see figure 4.1) were calculated as fA = - 200 cm

4

and fA2= - 400 cm respec"cively.

- The width 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 fA) and propagation through
free space fron; cavity to detector, the radius .of curvature (R) and beam
width d\") are respectively

% k2 Wo"f (Z/fA - 1)2 + 4(Z + ZA - Z .ZA/fA)Z

B i : (4.7.4.5)
K2 WY @IE - DIE, + 40~ LIEJE + T, ~ L L)

W= W2 [ @/, - D? ¢ (/K2 W@+ 2, -2 Z /6071 (4.7.4.4)
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where Z; is the distance from output coupling mirror to detector and
|ZA| and W ave 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 cm) and laser (2)
(where Z = 23 cm) are tabulated in tabple (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 R, respectively then the coherence
‘distance X across the photo-diode (ie distance over whicil a phase match

is preserved) can be calculated from figure (4.6b) and is given by
(4.7.4.5)

For the present case the above relation gives a minimum coherence distance
of 1.75 mm, which 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 matched to give an adequate coherencé_
length at the detector. However, the 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 wave curvatures and
beam diameters at the photodetector.
This was accomplis‘hed by inserting two lenses (L) and L,) of focal
lengths £; and f, respectively into one of the beams as shown in figures
(4.3) and (4.6a). If the beam diameters at the photodetector .witﬁ this
new arrangement are le and WDz and the wave front curvatures -are RD1 and
respectively, then the wave match condition is
h, = Y,
RD1 = RD2 .

RD2

(4.7.4.6)
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"

These conditions can be found by using the complex beam
parameter as indicated previously. The solution of equation (4.7.4.6)
depends ony(=Z,,/231),a(= £;/£,) and the distance between the two
focal points § (sge figure 4.6 ). For each value of y there are values
for o and & which define the appropriate lens system for beam matching.
In the present case y is 5, o is 1.5, hence from equation (4.7.4.6) we find
a value for § of 1.15 cm at 0.6328 ym and 2.2 cm at 1.15 un(see teble 4.4).
The above arrangement has many degrees of freedom enabling complete
co-linearity between the two laser beams to be achieved. Co-linearity
is a necessary condition for a good beat signal. Thi$ can be shown as
follows: We assume thé two laser beams are being mixed at the surface
of a photo-diode such that they are inclined at an angle of & 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,
is ~2—;\1Z sin 8. This optical path difference makes the beat frequency
change across the photodiode according to the relation (see § 4.4.1).

cos[mS t+§;‘1zsine 1, (4.7.4.7)

The phase depéends on y and hence changes with position across the
photo~-diode. These variations are equivalent.to ‘Anterference fringes being .
formed. 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 between
their respective beams. It was impossible to detect a beat frequency with
this arrangement becausc of the above mentioned effect.

The minimum allowable angle 9, between the two lasers for the
appearance of a beat signal can be calculated by putting

E;IX sin 8; < 2n ) ' 4.7.4.8).

For a value of 1.75 mm, we can find that 8; must be less than 2.4 x 1072
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and 4.4 x 1072 for 0.6328 and 1.15 um respectively.

The beam intensity matching can be achieved by using a bean
splitter which has an appropriate reflectivity coefficient which can
adjust the intensity misihatch of the lasers.

From the above we can see that this optical arrangement allows
a complete match between the 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 A

The chosen beat frequency was detected by a photodiode (silicon
for 0.6328 um and Ge for 1,18 um) of bandwidth 10 MHz a}xd gai of 100.
This beat was displayed on the spectrum analyser.

Tuning of the cavities by the piezoceramic cylinders brings the
beat frequency towards low frequencics so it can be displayed in real
tim¢ on an oscilloscope (see figure 4.7). A pﬁlse generator triggers
the scope and the . discharge with an adjustable delay time between
them. This allows the beat frequency before and after the plas;na decay
to be displayed and hence the beat shift can be measured directly. The
resulting beat signal was stored in a storage menory for later display
on another scope or on a chart recorcer (figure 4.8). |

4.8 The experimental results

Electron nurber densities measured by the above discussed technique
will be presented. Before these are considered the effect of ground state
helium atoms will be deduced from the beat shift measurements at 0.6328 and
115

The electron number density measured at the tube centre can be
compared with that measured using the Stark broadening technique.

Besides these neasurements, electron number density as a function of the
plasma decay time will also be presented. This study will of:l.'er an

insight into the electron loss mechanisms in the discharge.
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.

The species densities were measured from the measured beat
shifts. This was achieved by comparing the beat shift before the
decay of the plasma and measuring how the beat frequency changes as
a function of time. Effectively we are following the electron decay
with time in the plasma.

4.8.1 Estimation of the ground state atoms eifect on the beat shift

As we have calculated in (8§ 4.3) and demonstrgted experimezitally
in (s 4.5.2) a change in the helium pressure of 1 Torr causes a beat
shift of 6 Mz at 0.6328 um. This is ébout one order of magnitude
larger than that expected due to en electron number density of
1013 cm™3, which is the minimum we require for detection.

In the decaying plasma of interest here we have seen in (§ 4.6)
t.hat 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 10'3 cm3 electron at 0.6328 wum. However
by comparing the beat shift on two transitions (0.6328 and 1.15 wm)
where the relative beat shifts due to both effects are different, it
is possible to deduce both the electron density and ground state helium
density.. |

The beat shift on two transitions w; or v; (at 0.6328 um) and
wp O vy (at 1.15 um) can be written respectively. .

= 2
41rocaANa (w_p/wl 3

§ ‘VSi =V (4.8-1.1)
&1 (2L1/%) + [4mogNy = (o /01)? ]
Age AN - l Jwn)?2
8V = vy — "l o s (4.8.1.2)
82 (2L1/t) + [ 4no AN -~ (w_/wp)? ]
: a a P

where ANé and AN & (implicit in wp) are the change in the atom and electron

nunber densities respectively. The polarizability of He changes by less

52

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).



EBvaluating the parameters in equations (4.8.1.1) and (4.8.1.2)

taking ratios we obtain

®Vsigi v; 0.0129 N, - 1.76 AN, B
e T e o~ - - - (4.8.1'3)
3 |
S Vgig, vz 0.0120 AN - 5.85 4N,
. 5 . ~ = = i G :
This equation shows that for AN 0, (6 Ve gl/A v sigz) 0.55, while
J = -
for Al\e 0, (8 \)Sigl/a vsigz) 1.482. |
As;umlng that (¢ vsigl/c's vsigz) is A and with some algebraic
operations we get
AN ' '
- 0,85 = X ¥
H—ANG 452.62 x G ) (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 um are estimated (see
table 4.5a).

The measurement of A was performed by ;omparing the beat shift
at 0.6328 pym and 1.15 ym under similar disdmarge conditions. For heliwm
pressure of 1 to 20 Torr and current of 10 to 150 mA, A varie.s between
0.50 and 0.54 (see table 4..Sb) ; Compariﬁg the values of 4 in table
(4.5§1_,b) we find that the atom effect does not exceed 12% of the
electron effect at 0.6328 um. Hence we can take the beat shift at
0.6328 ﬁm 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 Kz 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 with that of the deduced electron number density (see
next paragraph). The decay of the electron number 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 um, the electron number density Ne

is related to the measured beat shift § Vi by equation (4.2.4) which

g
can be written as

T

5\)-=—\)r15n="‘\)

e

(o_/w)? (Hz) (4.8:2.1)
1 P

The active length of the~p1asma is 10 cm, while the cavity mirror
separation is 72 cm. Substitution into equation (4.8.2.1) gives. for A
egual to 0.6328 um

N, = 8.582 x 107 & Vsig ~ (ecm—3) (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.%a,b). The measured electron number density at thé tube
centre by this technique is compared with that deduced from the Stark
broadening technique. These can be seen in figures (4.10a,b). It is
evident that the electron mmber 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 mumber 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 with the electron number density

following the discharge current on the time scale involved. We must first

consider the cooling of the electrons in the decaying plasma.
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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. For electron
energies in excess of about 20 eV (ve > 108 cm sec™!) inelastic
collisions can occur with ground state helium atoms, for which the
total cross-sections is around 10“1‘8 an?. The time between inelastic
collisions is therefore around 3 x 1077 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 u sec. The
energy gain 'due to superelastic collisions during this ‘time will be
negligible since the metastable mumber density is 1075 of the neutral atom
density and the cross-section for the two ﬁrocesses 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
d U(t T 2m 12 a .
(t) - _HI__ FULE). = U ] \,? (4.3:8.1)

where m and M are electron and atom mass respectively, U(t) is the
electron energy, Up is the atom thermal energy and v is the collision

frequency. If we assume v to be constantés, then the energy decay 1is

given by
U(t) - Up = AU, exp tlv); (4.8.3.2)
where .
T = M/ (2nw). : ‘ (4.8.3.3)

and AU is the initial energy difference between the electrons and
the gas. Substituting for v in temms of the electron mean free path
at 1 Torr, Lo, Ve obtain for the time taken for the electrons to cool

to within 10% of the gas temperature T
o
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€ = 3.4 x 3078 & ; tn (6—0-) (4.8.3.4)

where A is the molecular weight and p &s the pressure (Torr) of the
gas.

For electrons initially at 20 eV, for a gas temperature of
0.04 eV (300 I%) and assuming an electron mean free path at 1 Toxr of

0.055 cmd®

, then we obtain a characteristic time of about 140 u 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 u sec at 1 Torr. This shows that throughout ;nost of the
plasma decay time, the energy loss is due to elastic collision.

We now consider the two loss processes for the electrons, ‘na.mely
diffusion and recombination. In the latter proéess, recombination can
be with the helium ion already present in the discharge or with the He';
which 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 He;_’. The HeZ is created basically as a result of the

following two processes®’ 02

v
() He' + 2He - Hep + He, v_'= 65p% sec”}

(b) He(23S) + He(23S) > Hel + e, =2 x 109 and sec™?
‘where v - @nd & are the reaction conversion freduency and rate coefficient
respectively. For a gas density of 3.5 x 10'6 w3, a metastable density
of 5 x 10'! an3 and an ion number density of 10'3 cm~3 the above two
reactions give reaction rates of 6.5 x 101* cm™3 sec™! and
5 x 10 cm™3 sec™! respectively.

The Hez is lost as a result of diffusion (the diffusion coefficient

: ; :

g 5 ‘ ; i . g
is about 650 p am? sec~!where p is the pressure in Torr6")

' 70,71

and recombination

which occurs .mainly through the processcs
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1.1 x 1078 cmd sec™!

i

(c) He, + e 0 Her + e, o
(d) He, + 2¢ ¥ Hes + e, k,=2x 10720 b sec™!
(e) He; + e + He 13\18' He* + 2He, RN, = 2 x 10727 cmb sec™.
For an electron density of 1013 cm3,and at an k, of 3.5 x 1016 cm~3,
we find that the collision frequencies for the above reactions are
1.1 x 103, 2 x 106 and 7 x 102 sec™! respectively. Furthermore the
diffusion time is about 1.4 x 10" sec which is about one order of
magnitude smaller than reactions (¢) or (d), so. it can be ignored.
Comparison between the total -creation’ ra.te of Hez (1.15 x 1013
cm“3 sec™!) with the recombination collision frequency indicates that
He, population in the discharge is about 109 cm™3, which is about
four orders of magnitude smaller than the measured He' density in the
steady state case. Hence the number density of I-Ie;' in the discharge can
be neglected.
The He' is lost in the discharge as a result of awbipolar
diffusion (its ambipolar diffusion coefficient . is about 550 p cm?

g2 ), reaction(a)and the following reactions®’ 273,74

+ %
(f) He +e + He* + e

- K @
(g) He' + e+ e 3 He* + e, kg = 7.6 x 10720 cmb sec™!,

h) He + e+ He 3P He* + He, k__ = 10711 p am® sec™!
P

ep
Process(f)has a rate coefficient which is several orders of magnitude
smaller than the others"/"’. In fact it was neglected in most of the

74

o7 and process (g) was regarded as the dominant mechanism’ .

published work
The above reactions give collision frequencies of 7.6 x 106 and 102
sec~! for an ' electron number density of 1013 and at 1 Torr of He. Again

n ) o
sec and can be ignored in

the diffusion time is 1.6 x 10
comparison to reaction (g).
From the above it may be seen that the dominant recombination

process is process (g) which gives reaction rate of 7.6 x 1019 an™® sec™!.



4.35

This is five orders of magnitude larger than the recombination rate

-+
of He,.

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 sfeady state
condition with respect to the current.

Late ih the decay of the current, after say lQO u sec when
the electron density has fallen to about 25% of its initial value,
the characteristic time for recombination will have increased by a
factor of 16. Eventually it will become comparable to the characteristic

times for diffusion loss (160 u 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 b, separated by distance d is
v=szlg+ (L+m+n) £] (Hz) @

where " 5 a g
£ = =k igos=l [i(1 E})(l - Bé) ] ‘ (2)

For each value of (m + n) there is a set of frequencies with common separation
(c/2d) corresponding to Aq = 1. This frequency is a longitudinal frequency
and has a transverse mode set. The frequency difference between the mode

sets is
AV =53 £fa (m+n) (Hz) 3

If there' are many modes oscillating simultaneously ﬁany beat frequencies
will result and these are sumarized as follows:
Laser (1) by =100 cm, b, =200, d =72 cm, A(m+n) =1, £ =0.44
From equation (3) we get avy = 91.7 MHz

possibie beat frequencies

A(n + n) frequencies whose sum is A vq frgquencies at left +4a vy
vy ! Avy = vy
1 40.35 o155 132.05 145.05
2 80.7 11.0 172.4 102.7
3 29.3 62.4 121.0 154.1
4

69.7 22.0 161.4 1313.7
Laser (2) b; = 100 cm, by = 100 cm, d = 42 cm, A(mn + n) = 1, £ ='0.39.

From equation (3) we get Av, = 139 MHz

A(m + n) frequencies whose sum is ay, » frequencies at left + 4 v,
4 Vot Avy = vp!
1 54.2 84.8 193.2 176.5
2 108.4 30.6 247.9 169.6
3 23.6 115.4 162.6 254.4
4 77.8 61.2 216.8 ‘ .+ 200.2
vil,zF [£Aam +n) - s ] Av; where s is an integer necessary to make

the results less than Avy,
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Table (4.22a)

N, = 1013 em~3 N, = 1015 em™3
A pm ,
I Wprw)? x 109 1 (Wp/w)? x 107
0.488 1.05 1.05
0.515 Vi LA7
0.6328 177 | 1.77
FAS s 5.84 5.84
3.39 | 50.7 , 50.7
10.6 ' 496 | 496
Table (4.2b)
N, (cm=3) I (“p/wo,e328)° i (Wp/wy,15)? I (“p/us, 39)?
1010 1.77°% 1512 5.84 x 10712 50.7 x 10712
1011 1.97 x 10-12 5.84 x 10711 50.7 x 10711
1012 1.77 x 10710 5.84 x 10710 50.7 x 10710
1013 1.77 x 1079 5.84 x 1079 50.7 x 1079
1014 1.77 x 1078 5.84 x 108 50.7 x 1078

1015 177 & 1077 5.84 ¥ 1077 - 50.7 x 1077



Table

A = 0.6328 um
A () £
0.5016 0.1514
0.5048 0.00834
0.5876 0.609
0.6678 G 71T
0.7065 0.0693
0.7281 0.0480

A =1.15 um
11013 0.0521
1.1045 0.0553
13225 0.0069
-1.1969 0.123
1.2528 - 0.0429

A = 3.39 um
2.7600 0.0274
2.8542 0.046S
3.3299 0.1510
3.7026 0.4420
4.0053 0.0240

. % = 0.6528 um

0.6563 (Hu) 0.6407

(4.2c)
(N*= § x 1011 cm™3)

o (cmd) ‘2maN*
7.2 x 10724 2.3 x 10711
9.3 x 10724 2,9 x 10711
1 XdgTes 3.4 x 10710

-1.96 x 10722 -6.2 x 10710
-8.7 % 10-2% | 2.7 x 107
~5.18 x 102 -1.63 x 10711
5.44 x 10723 1.71 x 10710
5.98 x 10723 1.95 x 10710
1.31 x 10723 4.1 x 10711
-1.54 x 10722 -4.8 x 10710
-2.57 x 10723 -8.1 x 10711
4.4 x 10723 4.4 x 10711
9.3  x 10723 2.9 x 10711
3.4 x 10721 1.1 x 107e
-2.2 x 10721 -6.9 x 1079
~6.9 x 10723 2.2 x 3ol
N = 10*0 cm3)
2.59 x 10723 1.63 x 1012
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Table (4.4)
Laser 1 * Laser 2

Afim) W Zy Wy Ry W, Zp Wy Ry, 6 X
il m cm mm cm mm = cm cm cm cm B
0.6328 0.286 21 0.46 100 0.31 3 0.34 175 CL.54 1.75
1.15  0.38 21 0.62 95 0.42 13  0.45 170 2.1 2.2
Gaussian beam parameters: Laser L, RAl = RB =1m, d = 42.cm,

1 ,

Laser 2, R, =2R, =2m, d = 72 tn, see figure (4.1).
Ay B,

Wi, Wo, Ry, Ry 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 a( ANe

Ratio of atom to electron

‘effects at 0.6328 um

0.23
0.12
0.09
0.07
0.05
0.025
O'.

- 0.025

~ b8

-~ 0.076

- 0.103

= 0.13

- 0.42

- 0.78

= .81

- 1.79

-~ 4.57

- 9.41

-198




Pressure

3 Torr

§ Torr

12 Torr

4.44

Table (4.5b)

Time (u sec)

15

0.525
0.54
0. 500

0.512

0.524
0.523
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Figure. 4.2 . The beat drift as a function of the gas pressure for
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air mount

sCharge

cli

tailed diagram of the system construction and the

A de

laser set up on it.

Figure :4,3 .




Figure 4.3. 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. Horizontal
50 u sec/cm.
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Figure 4.6a,b. Figure a is to illustrate the optical systaom uscd
for beams diameters and wave curvatures matching. b is to show the
coherence between the two wave 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 & Stark

technique and \J by laser heterodyne technique.
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Figure 4.10b . The electron number density as a fumction of the
pressure at a constant current of 100 mA measured by (& Stark techmique
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Nx1013(C )

I

3_...

After 100 y sec,for initial

current of 150 mA.

o
4

{ F b 1

¢)

T00

Figure 4.11 . The electron nuber density as a function of the
-discharge current at any time during the decay for different initial

currents ) 150 mA,

L3
pressure of 5 Torr.

7 100mA and ()

50 mA , and a constant




Sl

CHAPTER V

THE EMISSION RADIAL PROFILES

IN THE NEGATIVE GLOW




552

5.1 Introduction

In a hollow cathode discharge, most of the excitation occurs ia the
negative glow as a result of collisions between electrons and helium

atoms and ions. 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 eléctrons.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 thé tube centre. Furthemmore, as the electrons move in
the diséharge they interact with other particles, hence changing the
shape of the total electron energy distribution. In this chanter the
emission radial profiles of 3889 X (3p3P - 2535), S016°A (3plP - 2s1S), s

(see figure 5.la)
5876 A (3d@°D - 7D3P)/ 4686 R (He II, n = 4-3) and 6560 A (He II, n = 6-4)
will be presented. The radial profiles reach a maximum at the tube
centre at low helium pressures while they reach a maximm value at the
edge of the negative glow at high pressures.

The dependence of the emission on the electron number density and.energYE
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 emissioﬁ on the
cadmium ion transitions at 4416 A (SSZD‘/2 5p2P3/2)and 5378 &

(4f2F7/2 2 SdzDs/z)J(See figure 5.1b)

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 5.1d). If the neters of the
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two diaphragms are equal, their images in the discharge tube will
approximately define a cylinder with radius r, from which light passés
through the diaphragms. Any ray of light passing through the two
diaphragms and so collected by the monochromator must have originated
from atoms in the above cylinder defined by'their images. Howev'c-:r, the
monochromator will only receive light emitted by these atoms over a small
range of angles. This may be looked at as a disadvantage in the
gathering power of the system, but a second look shows that 1f we allow
the monochromator 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 S; and S, are located in the planes P; and P,
respectively, their image planes in the discharge are Pl' and P;
respectively (see figure 5.1d).

Light from the diaphragm image in Pll is collected by S,, since S,
is less than the tube diameter (6mm), then diffraction at S; must be
considered. If there is diffraction a‘c‘ S, , then the light diffracted
may pass through S; and the field of view is no longer cylindrical. To
preserve a cylindrical field of view the radius of S; must be less than

=g
the end image of the cylinder by an amount’ >

2 .
_-_:_ O.gl)\D (5.2.1)
L
where £; and 2,1' are the conjugate distances to P; and P;, D is the
length of the cylinder and A is the wavelengt]‘L

To study the radial profiles, the discharge tube was imaged by a
plane laser mirror positioned at the discharge tube end and.inclmed' at
45°. The laser mirror was mounted on a cradle, which could Be driven

by a micrometer (see figure 5.1¢). The radial movement of the tube

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

PERSS
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This in effect scans the discharge image in front of the two diaphragms
and along its axis by 0.5 an. The latter leads to a change in
magnification value by 4% which is negligible. The micrometer was
comnected to the X-channel of an X-Y recorder, so the micrometer movement
scans the recorder.

In the studied discharge the length of the plasma colurm is dependent
on the discharge parameters. To do this experiment the image of the
plasma colum must always lie between the two diaphragms S; and S,,
for only in this case will there by a cylindrical field of view in the
plasma and will the light collection efficiency be consfant along the
axis. From Chapter II we can see that the maximum value of the plasma
colum 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 column reaches
a maximum value of 10.5 cm, which should be taken as the minimum distance
between the images of the two diaphragms S; and S, in the discharge.

The diameter of the diaphragm S, is determined by the resolution
required. A 100 u pinhole was used, and for the presént magnification
(3.6) this, gives approximately eighfeen resolvable points across the
discharge tube.

5.3 Factors affecting the radial profiles

I ] The effect of achromaticity: the lens used is a UV achromat of

20 cm focal length. Since the focal length depends on A, so does ﬁhe
axial extent of the field of view. .McKénzies showed that for an optical
arrangement similar to this changing X between 2200 R and 5900 changes
the field of view by 8%. In our case A varies between 3889 R and 6560 X,
hence the change in the axial field of vicw 1s expected to Bo iess than

8

o
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21 The instrumental distortion: the instrumental distortion of the radial
profiles was studied by Webb75, and it was found that it depends on the ratio
Z, of the aperture image to the tube radius. For Z = 0.2, the distortion -
is negligible ;t 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%.

31 Self-absorption: some of the above transitions such as 3889 X and

5016 R, terminate-on a metastable level, so their radial enﬁssion profiles
are distorted by self-absorption. The self-absorption was corrected by
using the measured (23S8) and (2!S) number densities which are presented in
Appendix II. It was found that for maximun metastable mumber 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 taken the system was aligned, first coarsely by
a He-Ne laser and finally by a collimating telescope with focal length
between zero and infinity.

5.4 The emission of helium neutral and ion transitions

In the following the emission of the aforementioned tramsitions as
a fimction of the discharge parameters (current and pressure) and their
radial profiles will be presented.

5.4.1 The emission as a function of ithe discharge current and pressure

The emission of 5876 X, 3889 X, 5016 .LO\ and 4686 X at the t}ibe'centre
as a function of the discharge current and helium pressure can be seen
in fiéures (5.2a,b, in these figures and throughout this chapter the
spontaneous emission intensities (SEI) are in arbitary units (AU)). A‘t-
a constant pressure, the emission increases linearly with the discharge
current for the current ‘range of 0-150 mA. This' was observed

at every radial point in the discharge. The results plotted
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in figure (5.2a) are not corrected for chunges in the 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 aﬁd ionic state populations follow the behaviour
of triplet metastable density and electron number densify with current.
The singlet metastable density is anomalous in its behaviour as a function
‘of current, saturating for currents higher than 40 mA.

Purthetinore, hoth the He transitiens (5016 %, 3880 R and 5876 &)
which require electron energy in the range of 20 €V and ‘the Hef transitions

76to be

(4686 R) which require electron energy in excess of 50 eV
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 chenges but
even if this is done the monotonic decrease is still observed.

The behaviour of excited neutral and ionic state densities with
pressure is to be contrasted with that of the electron and triplet
metas%able densities. Whereas the 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 afteér

2 Torr.

5.4.2 The emission radial profiles

. 1) ; o o
The radial profiles of 3889 A, 5016 X, 5876 A, 4686 & and 6560 A

are presented in figures (5.3a,b).
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At low pressures the radial profiles reach 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 minimun 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 curfent.

Profiles of the excited ionic states are proportionally greater towards
the edges of the discharge compared to those of the excited neutral states.
This difference is observed at all pressufes. This difference is perhaps due
to the large difference in energy required to excite ionic (75 eV, seec 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.

The presence of emission on the 4686 .?\ transition at the centre of the
discharge is an indication of high energy electrons there with energies of 50 |
or 75 eV, depending on the process populating the upper level of 4686 .i‘)\(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 (23S) state. The
cross-section for the direct electron excitation from the neutral ground state
assumes maximm value of 10720 en2?® 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 23S state. However the direct electron
excitation cross-section from the helium ion growd state can be comparec with
the cross-section for excitation from 'g}meiie+grom1d state to the
1s2P of He" which reaches a maximum value of 7.5 x 10718

97 _, g s
at an electron energy of 50 eV. If we assume that this is the cross-

cm?
section for direct electron collision from the helium ion ground state to the

» O -‘ . 3 L ey > Al ] o s | -
upper level of 4686 A(n=4), we find that for an ion number density of 1013om™3,

and an electron mumber densities with energies greater than 75 and 50 ¢V of
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1018 and 10'! am~3 respectively (see Chapter VI § 6.4) and at 1 Torr the
excitation rates. for direct electron excitatiocn from the heliun ground sfate' and
from the ion grownd state are 2 x 1015 and 3 x 101% a3 sec™) respectively.
Hence we can say that direct electron excitation from the neutral ground state
is dominant. This conclusion has been reported by many \\'orkersgs"loo. It agrees
with the experimental results, since excitation from the ion ground state or the
(238) state would lead to a super linear dependence of 4686 K emission on the
current, since both the number densities of ions and (23S) increases linearly

with current.

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

negative glow 2

The excitation in the negative glow depends on, among othér 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 potehtial did not sj:abilize inmediately but monotonically increased or
decreased over periods of the order of 10-15 minutes before reaching its original
stable value. Using this property it was possible to heat the cathode surface
using the discharge current. While the cathode fall potential was decreasing to
its original stable value, the spontanecous emission as a fumction of the cathode
all potential was monitored. The result can be seen in figure (5.4). It is
evident from the figure that the emission of 3889 X decreases as the cathode fall
potential increases. ’}‘lle same effect was observed when the triplet metastable
deﬁsity werc monitored (see figure 5.4 and Appendix IT).

- —~ - 9 - O - ’
5.5.2 The effect of transverse magnetic field on 3889 A emission

This effect was studied by applying an axial magnetic field, variable betwcen
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O and 600 G. With this geometry, the magnetic field is everywhere perpendicular
to the electric fieid. The cathode fall potential decreases with increasiné
magnetic field at all pressures (fig 5.5a). It was fownd that the cathode fall
potential decreased by increasing the magnetic field to about 600 G.

As the magnetic field increased from O to 300 G to 600 G the radial profile
of the emission at 3889 ] was monitored. It is clear that as the magnetic field
ﬁzcreases, the emission of 3889 R increases. The increase 1s over all of the
radial profile (see figure 5.5b). This effect is consistent with the previcusly
observed dependence of cmission on cathode fall potential when current and pressm‘c:
are kept constant. The decrease of the cathode fall potential and the increase in
77

the emission seem to apply to many species in the hollow cathode discharge’’ and it

may be that it is a fumdamental feature of the hollow cathode. ‘

It is interesting to compare 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 R It was observed that introducing

Cd to the discharge (see Chapter II) increases the cathode fall potential and g

that leads to a decrease in the emission at 3889 X This suggests that the

>0

magnetic field and the introduction of the Cd affect the emission at 3889
through their effect on the cathode fall.

(e}
5.6 The emission of 4416 & and 5378 A

0

We have examined two transitions of Cd II, one at 4416 A, the other at i

5378 R The excitation mechanism of the former has been suggested as being i
el

predominant  through Penning excitation™ while that of the latter through ;

: :

Duffendack excitation”.

- - - . o & e O
At constant current and pressure, the enission intensity at 4416 A

as a :
function of the Cd partial pressure reaches a maximum value at an oven temperature
0 o o - s . o~ S
of 290°C and then it decreases for any further oven temperaturc increase (see
figure 5.6a).
o) * . O - O
At constant current and oven temperature the emission at 4416 A and 5378 A

at the tube centre behaves in a similar way with pressure as the iwetastablice
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number density and the ion number density (figure 5.6b). This
shows the strongrelation between the emission at 4416 X and 5378 X
and the metastable and ion (or electron) number densitics.

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 helium pressure higher than 12 Torr, which suggests that its appearance
is due to the geometry of the discharge. However, the dip depth is
smaller for the cadmium trensitions 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:
11 The emission of He I and He II transitions increases linearly with
the discharge current and decreases monotonically with helium pressure.
21 At low pressures the radial profiles of He I and He II transitions
reach a maximum at tube centre. As the pressure is increased the
negative glow moves towards the tube walls and the radial profiles reveal
two sep.arated maxima. The ionic transitions show proportionally greater
emission towards the negative glow edge than the neutral transitions.
31 The radial profiles of fhe Cd ion transitions at 4416 X and 5378 .g\
show similar behaviour with pressure to that shown by tﬁe He transitioms.

4 1 The effect of conditioning the cathode surface may lead to increase

: S . o = Ky = 5
or decrease in emission at 5889 A according to circumstances. The correlation

between changes in the cathode fall potential and excitation at 3889 R
wvas observed by heating the cathode surface, by increasing the magnetic
field and by the introduction of Cd.

51 One of the most important features of the negative glow at high
pressures (p 3 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. e
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Figure 5.2a. The spontaneous emission intensity (SEI) at a pressure
of 1 Torr and different discharge currents for different He I and He II
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Figure 5.2b. The spontaneous emission intensity (SEI) at discharge n
current of 100 mA and different pressures for different he I and He II
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transitions: | 5876 A, {7 5016 A, @ 3889 A and O 4686 A.




“SUOTATSURIY II S} PUB I 9] JUSIOIFTP 10F IL0] §°8 Pue Vut COT 28 sortyoxd jetped 9yl ‘g

P 0 L-
| i E

5.15

¥9897

¢ aandtd

-

e e st g e A s N+ 1 A ———————ry P




0
-
3
i
5y
y o
Uy
frart
(41
ot
S |
H
-
@
=
B
&
s
-y
3
=
[
=
(o)
Uy
C e
e
o]
b
o
w
o

¢

The radial profilc

Figure 5.3b.

)

0
5
0




g 17

10

ul

i ) ] I i i l\ 3 i H i H {
" N\ l
- _ 9 -
\ \
- s ‘ 1.5torr g
=
_ -~ |
o o ~65torr
H

\i s .

5 ~t10torr .
\ .
~sUS torr -
i ! ! { 1 =" ;

Figure 5. 4.

200

220

) Viv)

The spontaneous emission intensity as a function of the

cathode fall potential. The dashed parts of the curves refer to unstable
regions of the cathode fall potential, and the solid curves refer to the
stable regions.
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CHAPTER VI

MECHANISMS OF THE HOLLOW CATHODE DISCHARGE
AND THE SPECIES RATE EQUATIONS




6.2

6.1 Introduction

In this chapter we discuss the observed behaviour of the nwber densities of

the various particles studied (ions, electrons, metastables, excited states)

in relation to the basic mechanisms taking place in a hollow-cathode. The :
approach is to draw up rate equations describing the steady state mumber densities, l
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

model into-which they f£it will then be considered in relation to the hollow cathode '

as a laser medium. . ;
t

First of all we summarize the principle experimental findings of the
previous chapters. )
(1) As the discharge current increases, tr;plet 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 number density saturate with increasing current (see figures 2.la, 2.4Db,
2.8a, and A2.1D). ‘

(2) As the discharge pressure increases, the cathode fall potential (see figure
2.1b) behaves distinctively (decreases to a minimum (20§ V) at low pressures

(3 Tore), then increases with increasing pressure to a maximum (220 V) at 9 Torr,
then decreases for further pressure increase) and is followed in this behaviour by
the triplet metastable and electron (or ion) nwlber‘densities (see figures A2.2b,
3.4band 410B). On the other hand the gas temperature, the negative glow length
and the singlet metastable number density saturate with incréasing pressure

(see figures 2.8b, 2.4a and A2.la). 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 R 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
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emission réach a maxinmun value at the tube centre at low pressures and
a minimum at high pressures (see figures A2.4a, A2.4b, 5.3a 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

We now consider the basic mechanisms taking 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 mechanisms taking place in the 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 determdne 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 into 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 cathode surface. The latter process
requires an energy source to overcome the work functlion of the surface.
In the case of the cold cathode this is achieved through secondary
emission processes due to the 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, . V;gq where N and Vid are the ion nunber density and drift Velnocity
at the cathode surface. Therefore the electron current density at the
cathode surface due to the ions is y; e I\'i X Vid’ where Y1> is the secondary

emission coefficient for the ions. ‘
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Tﬁe flux of photons to the cathode surface per unit area per second
depends on the excitation in the discharge. If we assume that Noas Véd
aﬂd.Ne and V, are the electron number density and veldcity 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
d - ; .
NaNedfd<oVed> > Y2 aJLdNal\efgxoVe>GY2.
In the above fd and fg are the fraction of photons which arrive at the
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

g 24 = P2 .
G is a geometrical factor which is equal to (R R R ) where R and R' are

the radii of the discharge tube and the negative glow respectively and
vo 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

M,  QM; ~ .

surface is Cf;; + ;;—9 v3 where M; and Mz are the singlet and triplet
netastable number densities respectively in the negative glow and y3 is
the secondary enission coefficiénf for the nmetastables.

The ratio of the electron current density J_. to that of the ions J .
at the cathode surface is given by the relation

. G\Il GMs
]Yze"(;l-** ;;") Y3 e

=R

qN P Al

>
aed d ed

N AN s o+
3 . NiCVide ¥y o+ [f\af\efg<c\feg>c N

J

™)

+ N .
S N Vld e

ic
(6.2.1)

2 . g
2,16 and since the flux

Equation (&.2.1) suggests that since y; << yo < o
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.
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The individual effects of ions, photons (from the dark spacc 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 bambardment depends on the ion flux and
the secondary emission coefficient yj (see equation 6.2.1) which in turn depends on

the energy of the bombarding ions. The ion energy at the cathode surface is not

known precisely, but it is estimated to range between 10 to 50% of the cathode

fall potential or 20 to 100 eV in our case (an ion velocity of 2.2 x 108 to
! T

7 x 10%cm sec™!), This gives y; a value in the range of 0.05'%, For an iom

density of 1012312

, N. V..ey, does not exceed 5 x 1072 A cn™2.

€ “ad
; L
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 y,, which is a '

function of the wavelengthlé. Most of the excitation in the dark space leads
to the cmission of UV and vacuum UV radiation (such as the 584 ?\(Hcl 2piP-1s18) 4
transition, that is why the dark space is dark) while most of the excitation in
the negative glow emits visible radiation. Hence y, varies between O.1 for f

photons from the dark space and 1073 for photons from the negative glow

2 1 o, 5 o o
respectively ®, For an electron nuber density in the dark space of 5 x 10!%cm3

(in the dark space Ne << Ni) , an electron nurber density in the negative glow

of 5.5 x 101! (see table 6.1) and electron velocities of 8.4 x 108 and

a
22

2,96 x 108cm sec™! respectively we find (assuming f_ = £y = 1"7) that for
o

a discharge tube of 6 nm diameter and dark space width of 0.1 mm that the effect

of photons from the dark space and the negative glow are 2.4 x 1073 and i
2.7 x 1073 A an™3 respectively. The effect of the metastables, assuming that |
vo equals y3 and a diffusion time of 1.9 x 107%sec (see table 6.1), does not L

exceed 5 x 1075 A am-2, ' i

).-
47

From the above we can see that the effect of ions is dominant (J _S/J g 1
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.
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.

As a result of the positive ion, photon and metastable bombardment of
the cathode, new electrons are released. Electrﬁns leaving the cathode
sur:(:"ace are accelerated across the dark space. They excite and ionize the
gas which results in multiplication of their nmumber by a factor M'.

Suppose that for eéch electron formed in the gas ther;a are ultimately

v123 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™>

yi23 (M' - 1) = 1. (652:2)

As a result of the multiplicdtion a large number of ion-electron pairs are
created. However, because of the large mobility of the 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 pc;sitive ion l
space charge which leads to the creation of the large field in that regicn.

If the generation of the positive ions is uniform across the dark space i
region then this leads to a linear electric fieldlz. The above discussion :
shows. the relation betwéen the multiplication processes in the cathode dark
space, the processes at the cathode surface and the cathode fall potential.
(It shoﬁld be noted that in a normal cathode equation (6.2.2) holdsbut in dn
case, only ion bombardment is important.) The form of this relation

can be deduced as follows. Assume that each electron forms o ion pairs’

per unit length of the dark space, then the total number of ions created
across d (the multiplication M') is16

exp (fSa &), - 3 (6.2.3)
Defining n', the mmher of ion pairs formed per electron per volt
potential, then we have fg o dx =qn'V,

From equations (6.2.2) and (6.2.3) we can see that

V=

= =

e +Y% ) (6.2.4)

23
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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
we can see one of the basic differences between the hollow cathode discharge

and a normal cathode. In a hollow cathode, as well as secondary emission

due to ion bombardment contributing to the release of electrons, other
processes such as photo-emission play a role as well. Consequently

Y123 is larger and sc a smaller cathode fall potential is requited to

sustain the discharge.

The electric field (created as a result of the accumulation of the
positive ion space charge) transfers the ions to the cathode surface so
that a current flows.  This field decreases linearly as the distance fron

the cathode surface increases. By applying Poisson's equation, and

remenbering 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 Vic by the relation «
A 3
oAt ¥ : o "
- = 2..1?_. 8.2. (0.2.5)
The electron current density at the cathode surface as a result oi the
various processes is expressed in equation (6.2.1) and can be written as

the sum of four currents which result from the bombardinent of ions,

photons from the dark space, photons from the negative glow, and

netastables as
* G (6.2.6)

TS &

i = -~ o+ 1
Jg®= N1 dy+DJT  +GJ
where J, is the ion current at the cathode surface, J g  and J g &Te

the electron currents at the cathode surface and in the negative glow

respectively and D,'G' and G"' are yp fd Ngs Y2 fg n, and y3 (4 + M)
o

respectively where ny and n are the number of photons bombarding the
N o

cathode surface from the dark space and the negative glow respectively.
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Assuming that in the negative glow J_ g is ecqual to J and remembering
that (J i J, ) is equal to J at any point in the discharge, then with
some algebraic manipulation

J‘*‘S__l"D"G‘"G” . (627)

J ™ 1 - Yl B D o dew
From equations (6.2.5) and (6.2.7) we get

_ll.__: ViC \f 1 - D 2 G' "" G” i (6 s 8)
p2 2 (Pd)2 L% v =2 L

This equation'shows directly that the total current density depends on

(Pd) and the various emission processes at the cathode surface.

It is known that when in equilibriwm with a wiform electric field
positive ions have a drift velocity which is proportional to the electric
field or to its half power, depending on its magnitude. licwever, in the
dark space of a hollow cathode discharge there are doubts about the
equilibrium becagse of the high magnitude of the field. Hence it is
necessary to look for a relation between V i and the cathode 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 cnerrfy at the cathode surface. If the

charge transfer mean free path at umit pressure is Ao then the potential

Con

V' at a point 4o from the cathode 1512

2 :
vVt =V L . ?\22 (6.2.9
{ Pa (Pd) 6.2.9)

The energy of the ions arriving at the cathode is equal to V', and
hence we obtain
: 2x,

. , o X
o we P Mo, g
Vog =k pee g o™ 1 4 (6.2.10)

where M is the ion mass. If we insert eguation (6.2.10) in eguation

w

. 5
(6.2.8) we get (‘1%*2) as a function of V 2 and (Pd) 2 respectively,
Furthermore we can sce also the difference between a hollow cathcde and

a normal cathode where 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
eguation (6.2.2) is satisfied. It can be shown that this equation can be

expressed in terms of the secondery emission processes at the surface

by the relationlz
i

(ri +v2 £5+ v fg +y3) b'n'Vexp @d (1~ (WE)%) = (6.2.11)
where b' is the fraction of electrons which have energy higher than the
ionization energy and V ¢ 1s the electron energy in the dark space.
Equation (6.2.1i) can be used to deduce the width of the cathode falil region
(Pd) which is : :

Pd = b bty ] (6.2.12)
(/Y - (/WY (yp *y2 £d + y2 fg + y3) ' a' V b

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 & result of multiplication and so they dominate the current
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
cbmpared to the discharge bore, so the energetic electrons make 6n1y a few
collisions losing a small fraction of their energy in that region. This
results in a large number o‘f electrons entering the negative glow from the
darl% 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 lcvels. Hence they are a determining factor in the

creation processes leading to the population of (2!'S); (23S), 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

Thé behaviour of each particutar species is coupled directly to
the discharge parameters Ly the rate eguations. In the following we shall
My, Mj, Na and N3 are the number densities of cool

- )2 ‘ ]
assume that l\eg’ '\eh’

electrons (Ee < 19 ¢V), hot electron; (Ee > 19 eV, this mecans that this growp
includes the beam eiectrons ) singlet metastables, triplet metastables,
helium atoms, and the upper level of 3889 X (3p 3Po) respectively. All these
nunber densities refer to the negative glow. From the point of view of the rat
- equations we shall assume that the electron energy distribution cam be
replaced by two grbups of electrons; cool and hot as defined above. The hot
electrons are responsible for the excitation and ionization processes, while
the cool electrons aré responsible for de-excitation processes. This will be
discussed further in § 6.4.

The processes which determine ’ché ién (electron) nmumber density are:
ionization by electrons, ionization by collisions Letwecen two metastable
(mainly triplet~triplet, since 2~3-—S—'is about 4 and since ihe 1.‘ate coefficients

2ls
for these reactions are comparable®7, then the 21S - 215 reaction is small

in comparison to 23S - 23S reaction, so it will be ignored) diffusion,
recombination (three body recombination, two electrons and an ion as we
have shown in Chapter IV). Hence the ion (electron) rate equation can be

written as follows

A » %

2 Ner' : ‘ '
t : 4+ - S 6.3
a) Neh I\a ap M T a3 1\eg 0 (6:3.1)

where oc-l' , 09, ag and Te are the rate coefficients and the diffusion time
respectively.
The processes which detemmine the singlet metastable number density

are: direct excitation from the grownd state, conversion from (239),
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cascade from above, diffusion, ionization, de-excitation to (1!S),
de-excitation to (23S), excitation to the higher levels and collision
with one or two helium atoms. However it was found that de-excitation

: 16,7881

to the ground state is negligible conpared to ionization or

conversion to (23S). Further collision between (21S) and one or two

helium atoms is also negligiblesz. Hence the (2!S) rate equation is

l 4 4 —
(5, * (8 * 85 * 86) Nog 1 My = 0
i ‘ (6.3.2)

i I =
81 I\eh Na + By M3 heg + B3 Na Neh
where B1,> Bos B3, By, Bs, Bg and t; are the rate coefficients and the
diffusion time of (218).

Similarly the rate equation of (23S) can be written as follows:,

Y] Ny N+ 8 M Neg * 14 Ny Np ;~[%é+ (3 + v+ 82) Nog 1 My = o " =
(6:3.3)

where y;, yé, Y 3‘, v3 and 13 are the rate coefficients and the diffusion
time for (239).

The processes which determine the population of the upper level
(3p 3P) of the 3889 R transition are: direct excitation from the ground
state, excitation from (235), diffusion, radiative decay, ionization,
de-excitation to (11S) and conversion to (23S). Here again the |
"de-excitation to (1'S) is at least one order of magnitude smaller than

16,79,83 : - 5
> ’8“’, so it can be neglected and the rate equation can be

ionization
written &as

. 1 ; : ' »
Ty Ny keh + vy Ms Neg - [—T--!+ + A+ (87 + 65) Neg] N3 =0 (6.3.4)

whefe 83, 8o and T, the rate coefficients and the diffusion time for Ng
respectively and A is the Einstein A-coefficient.

The above cquations describe Nc—:g’ N ah My, Mg and N3. These are four
equations with five unkuaowns. The solution of these equations camnot be

found unless Neh is calculated (by considering the flux of electrons from

0
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the dark space and by considering also all the de-excitation processes

in the discharge) or by knowing the ratio Neh/N 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 il we
remember that the effect of the upper levels are small since their number
densities are expected to be not more than 3)0%7 of My or By. Further, if
we look at the measured parameters we £ind that at a constant current and
in the pres‘sure‘ range of 3 to 10 Torr (where the hollow cathode effect is
observed), My/N a’ Neg/N s and Ne g/M3 vai"y at the most by 20%. This
indicates that the behaviour of the discharge is deteimined strongly by
variations in the rate coefficients or in other words by the eleétr011 energy
distribution variation especially with respect to the hot eioctrons.

The various rate coefficients in the above egquations 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
N . /N
\en/

of all consider previous investigations on electron energy distriluticns

eg and to its variation with the discharge parameters. We first
in hollow cathodes, to see if data are available to calculate the rc:ttio
(Neh/Neg) under our discharge conditions. 'Alsé it is very important to
see if we can calculate from the measured electron energy distribution the
relative proportion of beam electrons (Neb ) and their contribution to
excitation and ionization in the discharge compared to the total due to all
the hot electrons.

84,85 e ; :1
2% and Kagan and TaroysnSO have measured the

Borodin and Kagan
electron energy distribution for a variety of discharge parameters and

discharge dimensions and geometries. Lowever, a close look at these
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measurancnts show that these results cammot be used in our case because

of the following:

(1) RBorodin and I\’agangb

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 Neh/Ne g This was shown by
Borodin and Kaganss who found that at & constant current (20 mA)

N h/Ne g reached a maxirum value at approxima;ely 2 Torr for a discharge
tube bore of 1 an, while this ratio reached its maxinwum value at a
pressure of 1.2 Torr for a discharge bore of 2 cm.
(2) The study which was done by Borodin and KaganSs or Kagan and
'l“auroyan8 < is over a very small range of currents and pressurés(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 Kaganss

with those of Kagan and TE.D:oyanS6 we find that even those measurements
taken for similar geometries and for similar discharge COIlditiOl.lS do not
agree. For example, according to Borddin and Kagmss at a pressure of
0.9 Torr the ratio of electrons with energy at 24 eV to those at 2 &V
decreases from 7.7 x 1072 to 3.3 x 10~2 in géing from 20 to 40 mA while
according to Kagan and Taroyaz186

In conclusion, the extensive measurements of Borodin and K:a.gsras5
and Kagan and 'L‘eu*oy:::n86 are not consistent enough nor systematic enough
to be useful in our case.

Recently Gill and Tebb?S measured the electron energy distribution
in a planar hollow cathode discharge using a differentially pumwed
retarding ficld analyzer. The published electron cnergy distribution is
for a current of 3.5 mA, a pressure of 10 Torr and a cathode dark spuce

width of 1 mm. No systematic study of the variation of the distribution

it increases from 2 x 1072 to 6.5 x 10-2.
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with discharge parameters was undertaken, which is what we reguire in this

discussion. In spite of the limited information given in that publication
=] =

E

the measured electron energy distribution for the above conditions can be wed

to dedauce the relative importance of N ob? Ngpy to the excitation

" <
and ionization at the edge of the negative glow and at its centre, as i
will be shown later (see table 6.1).

2 c @
28,85,86 oy

In spite of the above criticisms all the measurements
that the electron energy distribution in the negative glow of a hoilow
cathode is characterized by two fundamental properties.

@8] Its shape is markedly non-Maxwellian and its dev:i.a*éion from that
distribution depends on the discharge current and pressure.

(2) There is a Beam electron component in the. distribution which enters
the negative glow from the dark space. This beam electron component has
a role to play in excitation and ionization. For example, Gill and Webbzs
found that for the above conditions this component is about 1% of the
total number of electrons.

Since measurements by pr.evious investigations camnot be used in our
case, it is necessary to deduce soe gualitative 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) (which require an
electron energy in excess of 20 &V for excitation) also increase linearly
under the same discharge conditions, then we cen say that the ratio of hot
t0 cool electrons does not change as the current increases. Since this
ratio does not change as we change the discharge current , themn it is
probably safe to use the electron energy distribution measured by Gill and

b e

= 28 ... - A o : ;
Webb“™ at a pressure of 10 Torr and currvent of 3.5 mA in our study at the

-

same pressure value and curvrent range of 10 - 150 mA.
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(2) We have seen in Chapter V tim-t 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 f‘\) , then the above
indicates that the number density of the hot electrons decreases as the
pressure increases.

(3) 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 edage than the

He I transitions. Since the He II levels require 75 eV for

excitation compared to around 20 eV for the He I tramsitions, the

radial emission profiles indicate that there is a source of high energy
electrons in the dark space, and that these high energy electrons lose
energy as they move across the negative glow.

(4) With increasing pressure the range of the high energy electrons
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 particie nunber densities

In the following paragraphs the behaviour of the electron and singlet
and triplet metastable nunber densities as a function of the disc‘;’.arge
parameters will be discussed.

In table (6.1) typical valuss of the gain and loss rates associated
with the cominant processes determining the electron (ion), singlet,
triplet and 33P number densities are listed.

6.5.1 The magnitude of the electron mumber density

As we can see in table (6.1) the dominant creation process of

fou

electrons in the glow is ionization. This ionization is counterbalunce
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by losses due to recombination and diffusion. The recombination rate in
fact is ebout five orders of magnitude larger than the ambipolar
diffusion rate which 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

S

R

body collisions (two electrons and one ion). This recombination 1oss
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 the discharge
current I and the electron drift velocity VeD by the relations
o N, =AjeuP ® © (6.5.1)

where AD is the cross-sectional area of the discharge and u is the

*

I=AjeV

mobility of the electrons.

Because electron loss in the glow is small and also because of the
beam component from the dark space, the electric field required to
maiﬁtai_n the 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 nuber density is also large. This is confimed by
the experimental. measurements on electron and ion number densities, and
explains the superiority of the hollow cathode over the positive .
colum’*® a5 a mediun-for charge exchange excitation.

The calculations in table (6.1) confimm that the expected electron
‘munber density at the tube edge is about 5 x 103 cm™3. *Xt the tube
centre the calculations (table 6.1) indicate that the electron muber
density must be in the range of 2 x 10!3 an™3, which is comparable to
the measured one. The difference between calculated and measured values
at tube centre is perhaps due to underestimating the muwber density of

beam electrons, which play a significant paxt in the ionization. These
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.

calculations also indicate that the electron number density at 10 Torr
readws a maximum value at the tube edge. That is in écneral agreement
with the behaviour of the radial profiles of metastables and excited
states.

6.5.2 The dependence of the metastable nunber densities on the dischar.e

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 number density of the metastable triplet at the tube centre
differs from the measured one by a fdactor of five while the maber density
of the singlet metastables differ by about two orders of magnitude. At -
the tube edge the difference between the calculated and the measured
values for (2!S) and (23S) number densities are cven larger.

The behaviour of (2!S) and (23S) as a functjion of current and pressure
can be. discussed as follows:

We have seen before that as the discharge current inci‘g:esés, the
ratio of hot to cool electrons stays almost constant. Since direct
excitation from the ground state is the dominamt process in populating
(21S) and collisional ionization is the dominant destruction process
(see equation 6.2.2 and table 6.1) then the constant value of Neh/Neg
explains the observed saturation of the singiet 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 wili be
studied carefully.

(1) A look at the cross—secti011516’78 for direct excitation to (ZiS) and
(23S) from (1S} by; electrons shows that while the cross-section for the
process 118 to 2!S increases continuously with electron energy, the
excitation cross-section to (23S) decreases for electron energies higher
than 25 eV. Further the composite cross—section78 for excitation to
(238), which takes into account cascade from higher levels, rises sharpiy
in the vicinity of an electron energy of 20. eV and decreases for en_ergies
above 50 eV. The composite cross-section for excitatio-n to (2!8) changes

much more slowly with electron energy reaching a broad maximun 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 the singlet

and triplet metastable number densities with discharge conditions'.

However the excitation cross-sections to excited singlet and triplet

states show a similar behaviour with electron ehergy to the

cross~sections for excitation to the metastable states. For example ;

the cross-sections for electron excitation to the 3!P and 4P ‘

states are .almost flat for electron energies in excess

of 100 eVSS, and this is markedly difffarent from the behaviour of the a
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 whether they are

singlets or triplets (Chapter V). | ; g

(2) If we look at table (6.1) we find that electron induced conversion

from 21S to 23S or vice-versa is important. However the estimated values

for conversion rate coefficients differ from one investigator to arlotherSl"87

by one to three oxders of magnitude for 1 eV electrons making a large =

degree of uncertainty in estimating this effect. Further this gain :
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mechanism to 2!S is about an ordexr of magnitude smaller than the
electron direct excitation from the ground state. This means .tha"c
there is not complete mixing between (21S) and (23S) otherwise they
wouid behave similarly as a function of current and pressure.
(3) If we compare the radial profiies of the excited states (e I and
He II) .and the metastable nunber densities (2!S and 23S) we find that
they are similar suggesting that diffusion 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 fhan the ionization loss. -The diffusion time fo;* the triplet
or singlet metastables in a discharge of 3 mm bore and at 10 Torr is
about 1.9 x 10~3 sec. On the other hand the lifetime of 23S or 21§
as a result of collisional destruction by electron conversion from one
metastable staﬁe to the other and ionization ié about 1 p sec (the radiative
lifetime of the excited states is in the range of 9.1 x 10~8 secss).
So during 1 p sec metastables created at the edge of the negative glow
diffuse less than 10"2 mm. On the other hand, as we increase the gas
pressure the hot electrons at the tube centre are décreasing, so they
cannot make any excitation at the tube centre which 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. Lowever,
the ionization c:ross-sec:tions79’80 for both singlets and triﬁlets are
similar. This suggests that the ionization loss cammot be used to
explaih the differencein the behaviour of (21S) and (23S) as a fimction
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 numwber densities, nor

can they explain the markedly different behaviour between singlets and
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triplefs as 2 function of the discharge parameters. The appearance at
high-er pressures of a dip in the radial profiles of the mumber demsities
is however consistent with decreasing éxcitatibn towards the tube centre,
because of the loss of beam and hot electrons, in fhe presence of
jonization as the precionﬁnant loss mechanism.

A more satisfactory explanation of the behaviour of the metastable
nunber density must probably await a more detailed knowledge of the
electron energy distribution and its dependence on current, pressure,
position in glow, etc than is available at present.

The relation between metastable number density and cathode fail
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
cathode fall potentialv must then increase in order to maintain the
discharge current by increasing the other seéondary enmission processes.

¥hen the.cadmium is ,introciu(:e& to the discharge another 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 A2.5).

6.6 The excitation in the negative glow

We have seen that in the negative glow, all thermeasured e I and
le II transitions behave similarly as a function of the discharge current .
anci pressure. On the other hand the 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 X transition (an Ie I
transition) as a function of discharge paramcters.

: " 2 i i O TR o T
‘ The excitation of the cadmium transitions 4416 A and 5378 A behave

.
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O 2
quite differently from that of 3889A transition so they will be treated

in a separate 'section (6.6.2).

Q S
.6.6.1 The excitation of the 38§S9A transition

The upper level (SSP) of the 3889,‘(3)\ transition may be populated by
direct excitation from 1S or 25S. The loss mechanisms for this transition
are diffusion (the diffusion time in a discharge of 3 mm bore is 1.9 Xx 16*4
sec87) radiative decay which has a rate of 9.1 X 1078 sec88, electron ’
ionization (which has a rate coefficient of 3.5 x 10—8 sec"l) and de-excitation
to the ground state (which is negligible compared to the ionization) or to |
235 (sce table 6.1). '

The 33P level can also be destl‘d;ed by excitation transfer or associative
ionizationml. At> an He helium pressure of 1 Torr these processes are
negligible compared to the radiative decay. At a helium pressure of 10 Torr |
the associative ionization process is about a factor of two larger than tl%e |
radiative decay rate while the excitation transfer becomes comparable to the .
radiative decay.

Table (6.1) shows that direct e>'ccit'ation from the ground state is the
dominant mechanism followed by excitation from 233, As the pressure increases
the hot electrons in the discharge deécrease and that leads to the decrease in
the emission. Also as the pressure increases the associative ionization
process increases which makes the decrease in the emission more pronounced.

'The decrease of the emission with the cathode fall potential can be explained
in tenﬁs of a decreasing electron energy.

The dominance of direct excitation from .the ground state is consistent
with a linear dependence of emission on discharge current. If excitation to
the 3°P state were predominantly through the ot state, which increases linearly'
with discharge current, then th¢3433l? state emission would show a super

linear dependence on current.

; 0] 3 0
6.6.2 The excitation mechamisms of 4416A and 5378A

v Q S £ o o - -
Emission at 4416A may arise as a result of Penning ionization (which has
< 3 . . s
a reaction rate per cm” per sec,PI), electron excitation from the cadmium atom

ground state (which has a reaction rate per‘cn13 per: sec, EG)



6,22

and excitation from the cadmium ion ground state (which has a reaction rate
per cm® per sec, EI). Emission at 5378 R, may afise as a result of cascade
(which has a reaction rate per can® per sec, DI) from the transition 6360 R
(6 g2Gy, , 7, -4£f2F,, , s, ) (which is excited through the Dilff@ﬂd%k
f27 '/2 /2° °/2 ;
reactionG) , electron excitation from the cadmium ground state (BG.,) and
electron excitation from the cadmium ion ground state (EI > In the
following the reaction rates of all the above processes will be compared
with each other to determine the dominant process.
(1) The ratio 01":' the excitation rate to the uppér level of 4416 K resulting
from electron collisions with the cadmium ground state to-that of Penning
excitation is 1 Ve1 5 Ne N_

<0
o
&

d

(6.6.2.1)

ek
I

<GP -V12> M3 ch

where o ., cp are the excitation cross-sections from the cadmium grounca state

81
0
to the upper level of 4416 A, and Penning ionization respectively, and they .are
equal to 2.4 x 10717 290 and 4.5 x 10715 2?1

respectively, and Vel and Vy»
are the velocity of the colliding electron and helium metastable respectively
and they are equal to 2.48 x 108 cm sec™! and 3.85 x 10° am sec™! respectively.
For an electron number density of 101! cm3 and a metastable mmber density of
5 x 10! cem™3 equation (6.6.2.1) gives (EG/PI) a value of 7 x 1072,
(2) The ratio of the excitation rate from the cadmium ion ground state
to that from Pemning ionization is

5 Ve % Ne ch+

EI _ 2
T = _ (6.6.2.2)
<0’p Via >.M3 ch

where G51 is the cross for electron excitation from the cadmium ground state
o : :
to the upper level of 4416 A and Ve is the velocity of the colliding
2
electron. The above equation camot be assessed because of the lack of

information about the value of o.. . However, we can say that for a

i
“ e o 11 -3 \ N 13 n=3 & ‘.
ch+ value of 10** aw™3, a N i value of 109 au e, Ve2 of equal to

2.84 x 108 cm sec™!, then for %y%‘ to cqual wnity, o must be at least




1.45 x 10'° am?, In other words i) mst be comparable to O and this
is unlikely. -

The above suggests that in the present cése the population of the
upper level of 4416 R occurs as a result of Penning ionization. The
experimental observations are consistent with these calculations as can
be seen in figure (5.7b) where the behaviour of the 4416 R emission as a
function of the pfessui*e follows that of the metastables. If the
electrons were responsible, then the 4416 R 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

is &r ¥ - 2
<g_ V >Nel\;cd

' 82 €3 (6.22.3)

< op Vio > Ni ch

where ¢ gy and op are the cross~sections for electron excitation from thé
cadmium ground state and charge transfer to the upper levels of 5378 ?\
respectively and are equal to 10717 cm? (this value is approximated £rom
the value of the total ionization cx“oss-section from the cadmiuwn ground
state by electron impact which is equal to 7 x 1017 c111292) and

7.7 x 10716 2?3 respectively. The velocities V » .and V;, are the electron
and helium ion velocities and equal to 1.73 x 108 cm sec™ and

3.85 x 10° am sec™! respectively. For N; equal to N, we find that

—g—% is about 9.6 x 1072, which suggests that the excitation from the
cachi_limn 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
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;E‘I S84y Velf Ng Negt
——D']‘:'—= - (().2.2.4)
< GD V12> Nl ch :

where 95, is the excitation cross-section from the cadmium ion ground
state and Vo is the electron velocity. An assessment of the above
B '

ratio is not possible because of the lack of information about G

However, for a value of Veli of 2.22 x 108 cm sec™!, then for ]_r_),_%_ 1}0

equal wnity it requires that o, be equal to 1.34 x 10-1% cem?, This is
about two orders of magnitude larger than the Duffendack cross-section
for the upper level of 5378 X. This value of the cross-section is highly
unlikely. This suggests that the upper level of 5378 .?\ is populated by
the Duffendack reaction. Again, the experimental observations are

consistent with these calculations as can be seen in figure (5.7b). The

(o) -
emission at 5378 A follows the ion number density as a fumction of pressure.
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Table (6.1)
3.5 mA - The relative contribution of beam, hot and cool
10 Torr electrons to the processes in the hollow
1.5 mm cathode discharge

The unit is (cm=2 sec™1)

ggaz diéeg?gzw hot electrons cool electrons
o b
energy ~ 200 eV* ' 25 eVl 6 eV
V = 8.4 x 108 V = 2.96 x 108 V = 1.03 x 108
cm sec™! can sec™! cm sec™l
N, =5 x 1011 N, = 2.2 x 10¥2 N =4.730 x
eb "3 s cm—3 €8 1013 card
‘Processes
ionization?’o 5.15 x 1021 2.0 x 1020 , -
three~body i . _ - ' aADl
recombination 8 -0 x 10
Diffusion 87 - - : - 3,0 x 1016
118 - 23878 1.47 x 1020 ' 1021 "
235 - Het 79 " | 2.52 x 1015 ; 2.6 x 1017 3.9 x 10'8
235 - 33p 89 4.2 x 1016 3.3 x 1017 ' 3.8 x 1018
235 - 11510,78| 4.2 x 1013 1015 1017
1is - 33p83 7.35 x 1020 | 3.5 x 1019 | -
39 vadiative®d| - S ' 3 x 1017
; ; 87 ‘
leglélglon of N _ 1.9 x 012
988 = 21881916 i ] w 4.6 x 101°
115 - 115%0 2.94 x 1020 6.8 x 1020 . =
918 - He™0 | g x 10% 1.6 x 1017 1018
2lg -~ 118 | 1.9 x 1015 1.7 x 1034 1.6 x 1015
Jls - 31pt6,89 1 1 & x 1014 8.3 x 1015 2.4 x 1017
1lg - 31p83 4.1 x 1020 2.1 x 1020 o
115 - 41p83 2 x 1020 7 x 1018 "

glg - 23881 - ' - 3.9 x 1017




APPENDIX I

THE CONSTRUCTION OF THE HOLLOW CATHODE DISCHARGE
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Al.1 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 dist.ributing the metal vapour atoms (when the metal 1is
used) and opérates with current density in the range of 3.5 x 107% -

7 x 102 A an~2, This was achieved by employing a multi anode system with
a common hollow cathode.

The discharge tube consists of a long cylindrical stainless steel
tube (6 nm bore). Stainless steel was chosen because of its go;nd thermal
conductivity (this ensures an even temper:etture distribtition) 5 3t8
mechanical strength, and its easy handling. Thié 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 1.1d).

A nunber- of ‘cimgsten rods (3 mm dia) Ipos'itioned .at appropriate
intervals (7.5 cm) along the catholde 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. Bach anode was ballasted
separately by 60 W (250 V) lamps 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 O-ring placed around the quartz tube and compressed
aga‘inst the end of the tube with a threaded ring.

'A side arm (7.5 cm long, 6 mm bore) through which the gas fl'ox-.'s 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 (cadmium) atoms in
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the diséharge. The evolution of the metal atoms into the discharge was
controlled by controlling the side arm temperature by a Cr-AL thermocouple.
The thermocouple was 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 the oven. The output of thé 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 i_1°c by the temperature controller.
The cadmium vapour enters the discharge tube from the oven through a hoi:. .
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 metal in the side oven and pumped out from the tube end. The
heliﬁm.filling pressure was measured by a Bourdon gauge which had been
calibrated against a capacitance monometer in the raige (0-20 Torr). The
tube was driven by a smoothed unregulated DC ﬁower supply (5 KV, 1000 mA).

For the tube described above the required voltage to initiate the
dischafge is nearly 600 V in the~above pressure range. The.running voltage
of the discharge is in the range 200-220 V.

Al.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 hollow
cathode discharge used in the heterodyne experiment. However 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).
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The rapid switching of the discharge was achieved by employing
a thyratron system. This system can be used for crowbarring the
discharge. The crowbar system can be seen in figu_re (Al.1b). It
consists mainly of the thyratron (English Electric CX1164) which

© switches the discharge off during a time of about 200 u sec.
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APPENDIX II

METASTABLE NUMBER DENSITIES IN
A HOLLOW CATHODE He DISCHARGE
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A2.1 Introduction

Metastable nunber 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 (23S) and He (2!S) levels

Metastable populations were investigated using two variants of the
standard line absorption 1:echni<:1u‘:e94’9~5 to measure the.absorption iﬁtro'&uced
by the hollow cathode discharge at 5016 R (3p!P - 2s18), 3965 A
(4plP - 2s1S) and 3889 A (3p3P - 2s3S).
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 technique due to Harrisongs. In both
cases the effect of different discharge lengths was examined by running J
different numbers of anodes. The absorption per unit length, and hence ‘
the population densities, were found to be independent of the number of
anodes for those conditions where the negative glows of adjacent anodes
do not overiap (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). Allowance was made for the
hy;ierfine splitting of the triple’c7 transition at 3889 X and‘for_ the different
linewidth.of the illuminating éource 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 ratie of the
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absorption coefficient at 5016 R with that at 3965 R - these two
transitions share a common lower level - when no systematic deviation
from the value of 3.7, expected in the absence of upper level
populations was found” .

In figures (A2.la,b), the singlet metastable density at the tube
centre is shown as a function of discharge curgent and discharge 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 - 15 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 approxima;ely 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 with 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, away 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
méasuremen;s are shown in figure (A2.3) where the dotted curves refer to
unstable regions of the cathode 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 igcreasing

cathode fall potential. The characteristic pressure behaviour associated
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with the triplet densities arises because of the varying locations
of the stable regions of the discharge on the curves of figure (AZ.S).-

A2.3 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,i'a,b)
the radial profiles for the singlet and triplet densities are sﬁo»m for
a constant -current of 100 mA and for a range of pressures from 1 to 30 Torr.
The radial rescolution is about * 0.25 n'lm. Both singlet and triplet
densities show a broad maximum at the tube centre at low preésures (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 peaks in density having now moved towards the
tube wall. The different variation in singlet and triplet densities
- 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- iptroduced into the discharge at constzint current and
helium pressure, by increasing the temperature of the cadmium oven at
the gas inlet, the cathode fall in potential increases. At the same time
.the triplet metastable number density decreases. This behaviour is
shown in (A2.5). The cathode fall potential increases with the increasing
cadmium neutral density, while the triplet metastable density increases.
The dependence of triplet metastable density on cathode fall is
the:c.'efore similar to the case where the discharge is operated in an
unstable region (§ A2.2). At constant discharge current and pressure

the triplet metastable density appears to be determined by the cathode

fall potential.
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The Radial measurements of the singlet metastable

Fig A2.4a .
number density (amn~3) at a current of 100 mA and pressure values of
& 30 Torr.
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Figure A2.4b. Radial measurements of the triplet metastable number
density (an~3?) at a current of 100 mA and different pressure values of

£ 1 Torr, A 3 Torr, @ 6 Torr, X 10 Torr, + 14 Toxr, o 20 Torr
and {J) 30 Torr. Tube bore 6 mm.
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APPENDIX III

CONVOLUTION OF LINE PROFILES DUE TO
STARK AND DOPPLER BROADENINGS
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The 1line 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 constait
value of 10.2 GHz.

Stark and Doppler profiles depend on the electron nmni)er density
and temperature and the gas temperature, while the Lorentzian profile
depends on the finesse of the interferometer.

A computer programme (IBM 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) (o is the reduced wave
length and is defined by the relation o = .-l%z‘-;figure 3.1a) was .taken from
Griem]‘?, for a range of electron number densities and electron temperature
of 5000 % (;9 < 0.247). The values of S(a) were calculated by Griem19
using Baranger and Mozerzz’24 electric field distribution. Since this
distribution depends on -:-g- then as ;’% varies, so does the width of the
Baranger and Mozer electric field distribut_ion vary. It was shown in
Chapter III (figure 3.1c) that as Z—; varies from 0.2 to 0.8 the full width

T ;
at half maximum varies only by 44%. In our case 52 is about 0.54 (see

table 3.2) hence the full width at half maximum folll3 the Iine profile S(c%)
which was calculated by Griem™® differs from the line profile expected in
our system by less than 20%. Furthermore in both cases the general

line shapes are similar. Hence S(d) 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

0 ’
600 K. An example of the generated profiles can be seen in figure (3.2).

These profiles are convoluted with the hyperfihe 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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1 §# TFor

* JOCS (CARD, TYPEWRITER).

LIST j# SOURCE PROGRAM

27

DIMENSION # AM(70), SAM(70), F(3), A(70), P(100),
READ (2.24), SAM (I = 1.35) |
READ (2.25), F, DW, D,

DO 3T = 2.35

SAM (J + 34) = SAM (J)

SAM (70) = 0.086

A (1) = 0.0

DO 4J = 2.35

A (T + 34) = ~ AM(J)

AM (70) = - 0.35

DO 83 = 1.3

WRITE (1.27), F(J)
Do 6I = 1.70
A(I) = F(J) *AM(I)

- P(1) = 0.0

D0 7K.= 2.100
P(K) = P(K - 1) + ((2 *DW + A(35))/50.0

DO 8L = 1.50
CON = 0.0
CO 9K = 1.70

CON = D *EXP (-((P(L) -~ A(K))/DW) **2)
*SAM(K) *E(J) *0.01 + CON
WRIT (1.26) P(K), CON

FORMAT (1F 10.5)
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24  FORVMAT (8F 10.5)
25 FORMAT (SF 10.5)
26 FORMAT (2F 10.5)

CALL # EXIT

Fioure A3.1. Listing of the program used to generate the composite
g g prog

profile of HB.
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