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Positive-column metal-vapour lasers are important because of the many 

visible and ultra-violet c.w. wavelengths attainable. In many such systems 

population inversion among the metal ion states is produced in charge-exchange 

reactions with helium ions. Although the power of such lasers should 

apparently increase linearly with the helium ion density and, hence, with 

the discharge current, several observers have noted a power saturation. This 

work describes a phenomenon which will account for this.

The spontaneous emission from laser states in a helium-selenium discharge 

is observed across the tube, and the radial profiles of intensity show a 

central dip which deepens with discharge current and helium pressure. This 

axial depletion of laser states sets a limit to the achievable power. The 

dip effect is shown to be due to the removal of metal atoms from the centre of 

the tube by ionisation followed by a build-up of the vapour at the walls where 

the metal is neutralised. States excited from the axially reduced neutral 

population will reflect the depletion to some extent in their own distribution.

The helium-cadmium discharge is selected as representative of metal-vapour 

systems for further study using the dip effect. By comparing the radial 

profiles of different excited states under the same discharge conditions, 

it is shown that electron collisions probably contribute to the excitation 

of levels which are normally assumed to result from charge-exchange and 

Penning collisions. Radial profiles of helium and cadmium metastables are 

examined. The behaviour of the helium profiles at high cadmium partial 

pressures is consistent with an electron temperature which depends upon the 

local cadmium concentration. The shape of the cadmium metastable profile 

indicates that this species is being destroyed in the discharge - either by 

electron collision or collisional mixing with the cadmium neutral resonance 

state.



Observations of cadmium ion profiles at various cadmium partial 

pressures indicate that electron collisions are the principal source 

of cadmium ionisation. From the magnitude of the radial dip, the 

ionisation rate constant is calculated (1 - 5 x 10 ^ cm^ s ^). This 

varies with E/N, the reduced axial electric field. The ionisation rate 

is found another way, by modulating the discharge current and observing 

the phase lag of the profile dip. This experiment yields a value sim

ilar to the above.
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ABSTRACT

Radial profiles have been measured of emission from upper 

laser levels in the positive columns of He-Se and He-Cd discharges.

In both systems the lasing states show an axial depletion which is 

aggravated at higher currents and pressures.

The process responsible for this effect - diffusion of metal 

vapour from the discharge tube walls to replace atoms lost by 

ionisation - 'should be a feature common to all such metal-vapour 

lasers,

The He-Cd discharge is selected as representative of such 

systems for a more detailed study of the radial profiles of some 

of the states, including the helium and cadmium metastable states 

and the cadmium ion ground and excited states. From the radial 

profiles and cross-section calculations it is apparent that 

some states, pumped by cascade from levels excited by charge- 

exchange and Penning reactions with helium ions and metastable atoms 

respectively, are also excited, in part, from the metal ion ground 

state by electron collision. About a third of the pumping of the 4f 

states is shown to arise from such a process.

The cadmium ionisation rate constant is deduced by two 

separate techniques. The first involves observing the dip 

behaviour with varying discharge conditions and the other uses current 

modulation of the discharge to determine how quickly, in effect, 

the neutral cadmium can diffuse inwards from the tube walls.



The principal cadmium ionisation mechanism seems to be electron ionisation

from the neutral ground and metastable states, rather than by

Penning or charge-transfer collisions, with an ionisation rate
-8 3 -1constant of 1 - 5 x 1 0  cm s . The phase behaviour of the 

signals from excited states in the current - modulated discharge 

is also explained in terms of the excitation mechanisms of the 

states.

The significance of the dip phenomenon is that the power output 

of positive column metal vapour lasers may not be raised 

indefinitely by increasing the discharge current, even if the 

lasdr levels are pumped by Penning or charge-transfer reactions.
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1.1

CHAPTER I

INTRODUCTION
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Since the first demonstration of c.w. laser light in a helium- 

cadmium discharge in 1968  ̂much effort has been directed 

towards the development of positive-column metal-vapour lasers.

This work describes a power-limiting effect in which there is a 

depletion of the lasing species along the axis of the laser tube. 

This is shown to be a property of the discharge configuration 

of such lasers.

In these' devices the active medium is the positive column 

of a discharge in a binary mixture of a buffer gas, such as helium 

or neon at several Torr, and a metal vapour at a partial 

pressure of a few milli-Torr. Among the attractions of these 

systems are the many visible and ultra-violet laser wavelengths 

attainable, and the simplicity of the design and construction of 

the discharge tubes. Output powers of the order of tens of 

milliwatts are typical*

Most metal-vapour lasers today follow the design proposed
2 3independently by Sosnowski and Goldsborough in 1969. Their

idea was to introduce the metal vapour into the anode end of the
4positive column, the process of cataphoresis then driving it 

along the tube towards the cathode, so building up a reasonably 

uniform vapour concentration.

Excited laser levels of the metal ions are generally 

populated by one of two mechanisms. Penning ionisation or charge- 

exchange. For example, in the He-Cd  ̂ , He-Sn  ̂ , He-Zn  ̂ and
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He-Mg ^ systems, excited states arise from the Penning ionisation 

process,
* .j. * —X + M -> (M ) + X + e + AEg g

Here X and M are the buffer gas and metal vapour atoms. The

subscript g denotes the ground state, the asterisk * represents

an excited state (often a metastable level in the case of the

buffer gas) and AE is the excess, kinetic energy of the reaction.

Alternatively the laser levels may be excited by charge
7exchange with, for example, helium ions as in the He-Se ,

8 9He-Zn and He-Hg systems:

(x"*") ■> -> + (M*)* + AE

(This reaction may be referred to as a Duffendack reaction 

following Green and Webb

In the Penning-excited lasers it is not expected that 

powers will increase mon^pn.ically with discharge current - for
11example, in the He-Cd system the observations of Browne and Dunn 

have shown that the helium metastable populations (and, hence, the 

laser-level pumping rate) saturate with increasing current. (The 

term "saturation" is used throughout this work to indicate that 

a quantity ceases to be explicitly dependent on a given parameter, 

such as current in this case.) On the other hand, in the case of' 

Duffendack-pumped lasers, since the helium ion density increases 

with current, the power output should rise with current.



1.4

9This latter behaviour was not observed either in the He-Hg 
7or in the He-Se system

We have observed a power saturation with respect to current 

and a sub-linear current dependence of the sidelight emission in a
12He-Se laser. These effects were also noted by Klein and Silfvasfc 

and were attributed by them to cataphoretic sweep-out of the 

selenium vapour and suppression of the helium ion population by 

increased fractional ionisation of the metal atom population.

However, using a He-Se laser, we found that power was not fully 

restored by increasing the oven temperature, the .remedy suggested 

by the cataphoresis argument, and the sublinearity with current of 

the upper laser level sidelight emission persisted even at very low 

selenium partial pressures, which suggests that competition of 

selenium ions with helium ions does not completely explain the noted 

behaviour.

In an attempt to examine more fully the power saturation, we have 

examined the radial distributions of the upper laser level ions in two 

helium-metal“vapour discharges.

Chapter II describes observations of an axial dip in the upper- 

laser-level profiles in a He-Se discharge and proposes a model to 

explain this power limiting phenomenon. The profile dip of the laser 

states is due to a dip in the metal neutral ground-state density.

This arises from the relatively high ionisation rate of the metal in 

the discharge : to balance the loss of neutral atoms in the centre
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of the tube, metal atoms must flow inwards from the walls down a 

diffusion gradient. The metal atom population is replenished 

at the walls by the recombination of metal ions which have drifted 

to the wall under the influence of the radial electric field.

The dip should be a feature of any metal - rare-gas discharge 

where the metal ionisation potential is far enough below that 

of the rare gas to provide a sufficiently high metal ionisation 

rate.

The subsequent chapters deal in greater detail with the study 

of the spatial population distributions in a He-Cd discharge. This 

system v/as selected because it is well documented and because a 

comparison is afforded between states excited by the two different 

pumping mechanisms. The general features of the system are 

common to all positive-column metal-vapour lasers.

Using emission and absorption techniques, radial profiles are 

obtained of excited cadmium ion states, cadmium metastable and ion 

ground states and helium metastable states. From the different 

degrees to which the various cadmium states are dipped under similar 

discharge conditions, the nature of the different pumping mechanisms 

is investigated. An important result is that, apart from cascade 

from Duffendack or Penning-pumped levels, many of the excited ion states 

are pumped by electron excitation from the cadmium ion ground state.

From the behaviour of the dip with cadmium partial pressure it is 

shown in Chapter V that cadmium is ionised principally by electron 

processes, rather than by Duffendack or Penning reactions. From a 

detailed study of the dip behaviour at 6360% with changing discharge
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parameters, the ionisation rate constant is found in Chapter VI to
“8 3 -1be typically 1 - 5 x 10 cm s

Chapter VII describes an experiment in which the discharge current

is modulated and the phase of excited cadmium ion states on the axis

is compared with the current phase. Cadmium which is driven to

the wall in a high-current half of a cycle has less time to diffuse 

back to the centre in the low current half as the modulation 

frequency is increased, which introduces a phase shift between the 

cadmium signal and the current. The observed behaviour of different 

cadmium lines is explained in terms of the different pumping 

mechanisms. From the phase behaviour of the 5378% signal the above 

ionisation rate is confirmed to within a factor of 2.

Appendix I lists a computer program to evaluate the instrumental 

distortion of the radial profiles observed with the optics described 

in Chapter III. Appendices II - V describe the computation of the 

absorption curves required in Chapter III, and Appendix VI gives an 

example of a calculation to find the fractional contribution to the 

5378% transition of pumping by electron excitation from the 

cadmium ion ground state. Finally, Appendix VII explains the 

computer program used to predict the behaviour of the cadmium states 

in the current-modulation experiments.



2.1

CHAPTER II

RADIAL PROFILES OF EMISSION IN A 
H E L I U M -SELENIUM DISCHARGE
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Abstract

A dip has been observed in the radial profiles of upper-laser- 

level emission in a He - Se discharge. Possible complications in 

interpreting the profiles are discussed. A model to explain the 

dip phenomenon is proposed. It is shown by a physical argument 

and by comparison with the case of a flat ionisation profile 

that the dip is not strongly dependent on the detailed shape 

of the electron density distribution.

2.1 Introduction

This chapter describes the investigation of the radial

distribution of upper-laser-level populations in a helium-selenium

laser discharge. The population densities are determined by

emission spectroscopy, the densities at any point being taken

as- proportional to the light emitted from the states in question 
13at that point . A model is proposed which explains the observed 

axial depletion of the metal ion species.

2.2 Apparatus and Experiment

Experience of typical lasing conditions was gained through 

the use of the laser mentioned in Chapter i . This had an active 

medium of length 50 cm and diameter 2.4mm. An optimum power of 

15 mW for 6 lines was achieved using mirrors coated for 98% 
reflectivity at 5000 %. The system lased at currents above 

'300 raA with an oven temperature of 150^0 at helium pressures of 

between 5 and 20 Torr.
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In order to examine the radial profiles under these 

conditions a 5mm bore quartz capillary discharge tube of active 

length 10 cm was built with a tungsten rod anode and a 3cm 

diameter, 15cm long cylindrical aluminium cathode. A quartz 

side-arm containing selenium pellets (5N purity) was heated by 

passing current through "Nichrome" ribbon wire wound around it 

and the temperature was stabilised to +,1C° by an Ether "Digi" 

temperature controller. The fused silica end-windows of the 

discharge tube were seated on rubber "O" rings on stainless steel 

mounts and held in place by atmospheric pressure so that they 

could be removed and cleaned when necessary.

The filling pressure of the helium (4N5 purity) was monitored 

with a Wallace and Tiernan capsule gauge which had been calibrated 

against a JMcLeod gauge. A lOkV, lA smoothed power supply provided 

the discharge current.

The end-light from the capillary discharge was focused' by a 

UV achromatic lens in the plane of a 35pm diameter pinhole 

set at the entrance slit of a prism monochromator (Carl Zeiss SPM2) 

Scanning was effected by moving the lens with a micrometer screw 

perpendicularly to tlie tube axis, so tracking the image across 

the pinhole (see Pig. 2.1).

The output of the monochromator was detected by a photo

multiplier (either EMI type 9594 QUB or type 9558 QB) which was 

operated so that its response was linear to within 5%.
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The apparatus was aligned at first coarsèly with a He-Ne 

laser and then finely with a collimating telescope with a focal 

range from zero to infinity. The optical parameters of the lens 

focal length (150mm) , lens diaphragm width (1.5mm) and pinhole 

diameter were chosen so that the radius of tlie field of view in 

the discharge determined by ray optics was about the same size 

as the radius of the Airy disc in the discharge. The pinhole 

was conjugate* with an image of 76pm radius in the near-end of the 

discharge (see Pig. 2.2), Light is accepted from a circle of 

180pm radius at the far end of the capillary tube. Moving 

the lens off-centre when scanning inclines the axis of the 

acceptance cone to the tube axis introducing a parallax of up to 

280pm in the discharge. Thus any point in the radial profile 

receives contributions to the signal from other points up to 

(180 + 230/2)pm = 300pm distant. Since the Airy disc radius 

in the discharge is 320pm it may be seen that 300pm represents 

the lower limit to the effective field of view of the system.

A 50pm illuminated slit situated in the discharge space produced
i

a profile with a half-width equivalent to less than 350pm in 

agreement with the above calculation.

2.3 Results

Radial profiles were taken of the emission from the upper
■7levels of the six strongest selenium lasèr transitions which
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7 12 17are pumped by Duffendack reactions with helium ions ’

at 5305&. (5p  ̂* 5s 2p^^2),5227% (5p » Ss

5176% (5p 2 ^ 5s 5069% (5P + 5s ^P^ya)'

4993% (5p S ^ y 2 5s ^P^yg) and 4976% (5p ^^^yg '> 4s 4p^ ^^3/2^’
The filling pressures of helium ranged from 2 Torr to 20 Torr, 

discharge currents of up to 600 mA were used and the sidearm 

temperature was set at 150°C which had been found appropriate 

to optimum lasing conditions for tlie 50cm laser (see Section 2,2).

For helium pressures above about 6 Torr a significant central 
dip appears in the radial profiles. The ratio of the maximum 

intensity to the axial intensity for 5227% emission is presented 

in graphical form in Figs. 2.3 and 2.4 and complete profiles 

for some discharge conditions appear in Pigs. 2.5 and 2.6.

Since the intensity of the selenium lines exhibited a long-term 

drift after a change of current (caused, perhaps by a combination 

of the wall-temperature change and the change in the cataphoretic 

sweep-out rate of ions down the tube) it is not useful to compare 

absolute intensities and so the profiles have been normalised at the 

centre to facilitate comparison of the dip. The symmetry of the profiles 

showed the system was well aligned. The "kink" on the right side of the 

profiles is attributed to reflection from the tube walls. The

corresponding reflection from the opposite wall is obscured by a
)

slight constriction at the end of the capillary tube.
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From the graphs it may be seen that, at constant current, 

the dip deepens with increasing pressure and at constant 

pressure it deepens with increasing current. All six lines inves

tigated showed a similar behaviour.

2.4 Possible Complications in Profile Interpretation

We wish to be able to say that the emission at any point across 

the profile is proportional to the pumping rate at that point.

No detectable'distortion of the profiles should occur due to gain
7on tlie transition as this will be only 10% per metre . The 

contribution to the observed profiles of the light from the end- 

stubs of the discharge tube is very small, the stubs totalling 

only 10% of the capillary discharge length and being 16 times 
greater in cross-sectional area. Also, the metal ion profile 

may be expected to be very low and flat in the centre of a wide 

discharge tube. The signal detected by scanning outside the capillary 

diameter was only a few percent of the average signal inside the 

capillary. Distortion of the capillary discharge profiles is there

fore considered negligible within the errors of the experiment.

No complication is introduced by the motion of the ions in the 

radial electric field. Taking an electron mean-free-path of 0.05mm 

and an electron temperature of 4eV the potential difference between

the axis and the wall sheath is about 14V which sets an upper
5 —1limit to the average ion radial velocity of 3 x 10'cm s . Thus,

-8in a typical lifetime of 10 s the ion travels only 1% of the tube 
radius.
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In view of the high radiative loss-rate reported by Ferrario

it is assumed that electron colllsional destruction of the laser

states is negligible. This assumption is consistent with the observa-
75tions of Green & Webb for cadmium states of similar lifetimes.

2.5 Discussion
7 12It was proposed by Silfvast and Klein ’ and confirmed by

17Turner-Smith, Green and Webb that the upper lasèr levels of

selenium are pumped by charge-transfer collisions with helium ions.

Turner-Smith points out that some selenium laser levels may be

excited as a result of three-body collisions with a neutral

helium atom as the third body. However, as the helium atom

concentration must be uniform across the tube apart from a slight

depletion at the centre due to heating caused by elastic collisions

with electrons, the pumping rate of the upper laser levels may be written

Pump rate ~ N , .He4- Se

where , and are the concentrations of helium ions and seleniumHet Se
atoms respectively. Assuming that the selenium is ionised by charge- 

exchange and electron collision then the ionisation rate is given 

by

Ionisation Rate = N N <o' C > + N N <c C >Se He+ t + Se e e e
where N and N are the electron and helium ion density, a and a ,'G He+ -Î- e
are the cross-sections for charge-transfer and electron collisional 

ionisation and C^, are the appropriate relative velocities.

Assuming that the helium ion density and electron density are equal, this 

becomes

Ionisation Rate = N N fe Se
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where

f = <a C > + <a G >+ H' e G
If there is no volume recombination (see section 4.2.4), the

diffusion rate of selenium atoms towards any point in the discharge

will be balanced solely by their rate of loss by ionisation. It

is assumed, following section 4.3.7, that conditions for 

ambipolar diffusion hold. Thus we have 

ÔN '
V.J - N fd t ’ e Se

where the vector J is the selenium particle current density given

by
J = - DVNSe

with D as the diffusion coefficient of selenium atoms in helium. 

Thus, in steady state,

- N N- f = O (2.1)5e e Se
Since the selenium sidelight intensity is approximately constant

along the length of the tube only the radial variation of the

vapour density need be considered. Thus we have 
2rd N d N rN N f

= 0  (2.2)
dr d.r D

ÂFollowing Schottky , with an arrbipolar-diffusion-controlled 

discharge, is described by a zero-order Bessel function with the 

first zero at r == R (the tube radius). Hence, expanding the Bessel 

function, we have
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N = N /i-iîillL . ii'2.4 \e GO 1 2 9 I\ (II) (21)- /
where N is the axial electron density. With this substitution eo
the series solution of equation (2.2) is

= V o  U  + %  ÿ + ï i  - 1-44») ÿ  ) (2.3)

where is the axial selenium neutral concentration and a isSeo
given by

(N f R^)D ”  ̂ (2.4)eo -
Thus the model predicts that the selenium vapour concentration

increases monotonically outwards from the axis.

Now it is important in later discussion that the magnitude

of the dipj^can be assumed fairly insensitive to the detailed

shape of the electron density profile. That this is so may be

made physically plausible by the following argument. The destruction

term in equation (2.1)^may be thought of as comprising a ŷ,.(

destruction term 0 which has a flat profile and a/creation l.orin 01 'V z
which is zero at the axis but rises towards the walls. In this way 

we may construct any ionisation function which decreases towards the 

walls, including a zero-order Bessel function. It will now be 

shown that the dip resulting from the flat-profile part of tlie 

ionisation is not seriously modified by the competing^creation process.

Assume for the moment that the neutral ground state selenium 

profile has been dipped by the process 0  ̂and is described by a



2.10

2constant term plus a term varying as r . (In general there will also

be a dependence on higher order powers but the essence of the argument

is unchanged by truncating the series). Now if N^f is a parabolic
2function decreasing to zero at the walls, then 0. varies as r .

, 4
For large dips in the selenium density profile the constant term 

in the series expansion for the selenium profile may be neglected
i ( / '

as a first approximation and so the total creation rate,V0«N ,A 2 Se
will be proportional to r̂ . Hence most of the selenium "created"

4by 0  ̂appears near the tube walls - for an r dependence half of the 

selenium is produced within 0.1 R of the tube walls. Even if the 

selenium profile has such a small dip that its radial dependence 

is entirely neglected, half of the metal vapour comes from within 

0.15R of the walls. There is no source term in equation (2.1) as this 

is implicit in the solution - the source of the metal vapour is at the 

tube walls. The boundary conditions affect the total amount of 

metal vapour in the system, but not the profile shape- Thus, 

inasmuch as the creation term 0 merely increases the flux of metal 

atoms from around the wall, the shape of the profile is unchanged 

from that established by 0 j.

While the foregoing argument merits closer treatment of 'the 

higher powers of r in the ionisation process, this second-order 

argument shows that deviation from a flat-profile ionisation process 

does not greatly distort the metal vapour profiles, justifying the claim ' 

that the dip is fairly independent of the detailed shape of the 

electron density profiles.

*7
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It is interesting to compare equation (2.3) with the solution

to equation (2.2) derived for a flat ionisation profile. Equation

(2.2) becomes
r^d^N^ rdN^ r^N^ N f Se . Se Se eo - ̂ ------ ---------- = O
dr dr D

The solution is a modified Bessel function:

“se ' “seo 'f
which may be 'expanded:

1 r^ 1 2 r^
“se = “seo 64 “ '

This differs from (2.3) only in small terms of the fourth order 

upwards.

The profiles of upper-laser-level emission will be less dipped than

those of the neutral ground state density because the pumping species,

helium ions, is less concentrated at the walls than at the axis.

However, multiplication of the zero-order Bessel function assumed

to describe the helium ion density (if the selenium ion density

is small in comparison) by the expression for the ground-state dip'

described by (2.3) shows the dip will still be evident at high

enough values of a.

To calculate a typical value of a, equation (2.4) is used.

We will assume here that only electron ionisation contributes to f.

At a current of 400mA and a helium pressure of 10 Torr the axial
13 -3electron density is taken to be 10 cm and the energy-averaged 

cross section for the electron ionisation of selenium is taken to be 

10 With an electron random velocity of lO^cm s  ̂and a
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diffusion coefficient of 300 cm^s  ̂ (see, for example. Table 6,1), 

a is about 20 which means the ratio of the intensity of emission 
from excited states observed at 0.7R divided by the axial intensity 

is about 2, This is of the order of the size of dip observed 

(see Fig. 2.5 or Fig. 2.6).

From .the model the "hole" will be deeper at larger values 

of N^, corresponding to greater discharge currents, and at 

smaller D corresponding to greater pressures. Thus the model 

predicts the observations both in magnitude and in dependence on 

discharge parameters.

There are limitations to this simple model. An increase in 

the metal atom concentration at the sides of the tube will lower the 

electron temperature so reducing the value of f. Similarly at the 

walls the metal ion concentration may become comparable with the 

helium ion concentration which would affect the shape of the upper - 

laser-level pumping profiles.

2.6 Conclusion

The dip phenomenon depends, in the final analysis, on the high 

fractional ionisation of the metal which arises because of the 

relatively low ionisation potential of selenium compared with that of 

helium. If the metal were only slightly ionised the neutral 

diffusion gradient would not need to be high to balance the small 

radial ion flux. Since the buffer gases tend to have much higher 

ionisation potentials than the metal atoms in metal-rare-gas mixtures , 

the dip should be a feature of such discharges in general and not 

confined to helium-selenium systems.
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The implications of the model and the experimental observations are that 

the power output of both Duffendack-and Penning-pumped positive - 

column metal-vapour lasers will saturate with current because, as the 

electron density is increased, a greater fraction of the metal is 

found near the walls where a smaller fraction of rare gas ions 

or metastables exists to populate the upper laser levels. Hence 

the total number of laser level ions increases sublinearly with 

current and the axial concentration, in the most sensitive 

region of the tube for zero-order mode laser oscillation, will 

saturate and even decrease at sufficiently high a. The onset of this 

sidelight sublinearity and laser power saturation with current was 

found to be coincident by Klein and Silfvast (12) which is in 

accordance with the model.

Unfortunately the efficacy of the solution of increasing the 

.oven temperature is limited because the axial density of metal 

vapour will be maintained only at the expense of creating a very 

dense metal-vapour sheath. Since electrons ionise more easily in the 

sheath, the axial electric field will decrease so reducing the 

overall production rate of rare-gas ions or metastable atoms near the axis.

A similar situation will exist for any such positive-column system where 

a radial electric field can drive the highly ionised metal vapour to 

the wall.

Owing to tlie complicating effect of molecular selenium which
7probably exists in such discharges , the possible involvement of

17selenium metastable levels in He-Se Duffendack reactions and 

the incomplete spectroscopic literature available on selenium, 

the remainder of this work describes a more detailed investigation
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of the hole effect using a hélium-cadmium discharge. Cadmium

was selected because the system is simple in design and construction and is

well-documented and because a comparison is afforded between the Penning

and the Duffendack pumped levels. (There is no disadvantage in

observing charge-exchange levels which have not in fact been made

to lase in the positive column because the general features of

such a discharge are common to all such systems, and so He-Cd serves

as a model for all positive-column metal-vapour lasers.)
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CHAPTER III

DESCRIPTION OF EMISSION AND ABSORPTION 
EXPERIMENTS TO OBTAIN RADIAL PROFILES IN A 

HELIUM-CADMIUM DISCHARGE
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Abstract

The apparatus used to measure radial profiles by emission 

and absorption techniques is described. The axial dependence 

of cadmium vapour density is investigated.

-3.1 Introduction

This chapter outlines the principal techniques used in 

this work to obtain radial profiles. The first part describes 

the optical system used to examine emission from the capillary 

discharge. The second part describes the additional apparatus 

required to perform absorption measurements. The final section 

deals with an experiment to test the variation of cadmium‘vapour 

density down the tube.

3.2 Emission Experiments

Two main features of the optical system described in Chapter II . i;

require improving. To reduce the effective field of view the

discharge tube may be moved relative to the complete optical ;:.i

system hence eleminating the parallax incurred by tracking the 

lens perpendicularly to the optic axis. Secondly, the light 

collected, and, hence, the system sensitivity, for a given field
19of view may be increased by using the technique employed by Webb-_

to measure radial profiles of excited species in an argon capillary discharge.

3.3 Apparatus

In this arrangement, the essential features of which are schematically ■ 

represented in Pig. 3.1, a converging lens images two diaphragms
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mounted in planes Z , into two circles in the conjugate 

planes Z , Z^ at the near and far ends of the capillary discharge.

If the circles are of equal radius, the diaphragms define a 

cylinder of radius a in the discharge from outside of which 

no light may pass through both diaphragms to enter the subsequent 

detection apparatus. That tliis is so may be seen by considering 

light passing through two arbitrary points in the apertures in 

Zg and Ẑ . Such a ray must also go through conjugate points situated 

within the end faces of the discharge cylinder defined above, and, since 

a straight line in the image space is conjugate with a straight line 

in the object space, no light ray, projected backwards if necessary, 

which cuts the curved cylindrical walls between the end faces, 

may pass through both diaphragms. This geometry defines not only 

those atoms which are in the field of view but also the amount of 

light accepted from each atom, because light leaving an atom at too 

large an angle to the optic axis may not, when projected backwards, 

pass through both of the cylinder end faces. At first this restriction 

on the solid angle of light detected may seem to be a disadvantage, 

but, if the system admitted light at such large angles to the optic 

axis that the rays cut the curved surface of the cylinder, then 

again, light from atoms outside the cylinder would also be detectable. 

Thus geometrically this is the most efficient light-gathering arrangement 

possible from a cylindrical object and as such it was adopted to . 

examine the radial profiles in a He-Cd discharge.
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Since the near end of the cylinder is imaged through the

diaphragm in and since, in practice, the diaphragms are less

than 0.5mm in diameter, the effect of diffraction on an image

in the plané Ê  must be considered. With the criterion that

a point is included in the effective field of view if its Airy disc
19overlaps tlie exit diaphragm, Webb has shown that, in order to 

preserve a cylindrical field of view, the radius of the aperture 

in Z must be less than the geometrical image of the cylinder end face 

by an amount

Vg 0.61XD

where (Fig. 3.1) and are the conjugate distances of the 

plane from the lens and D is the length of the discharge 

cylinder.

The problem of translating the discharge tube sideways 

across the field of view was approached by fixing a front-aluminised 

mirror on a' laser mirror mount set at one end of the discharge 

and inclined at 45^ to the optic axis (see Fig. 3.2). The mount 

was cradled on an aluminium plate supported by a bifilar suspension 

so that the mirror could be displaced perpendicularly to the rube 

axis by a micrometer screw. It was verified with a collimating teles

cope and by observing a He-Ne laser beam reflected from tlie mirror 

that there was no tendency for the plate and the mirror to rotate while 

they were being displaced sideways. The lens and the two apertures
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were positioned on an axis parallel to that of the reflected image

of the discharge tube so that scanning was effected by adjusting the

micrometer screw to track the imago sideways parallel to itself.

In travelling a distance of 5mm (the tube diameter) the

mirror not only shifts the image 5mm sideways but also displaces

it 5mm in the direction of its axis. To keep the flux-collecting

efficiency of the optics constant, the diaphragms were arranged

to define a cylinder 5mm longer than the capillary discharge,

overlapping the mean position of its image by 2.5mm at either end.

The success of this arrangement depends upon the flux collection

per unit length of the cylinder being constant along its length.

This may be seen using Fig. 3.3 by considering light entering

the detection optics through the element dS in the near end of the

discharge. Since only light rays cutting the end-faces of the

cylindrical field of view may be detected, light passing through

dS is accepted only from elements within a cone of base B and apex

at dS in A. A and B are the images of the apertures in , Ê .

The flux gathered from any element is proportional to the volume of the

element and the total solid angle of light accepted from it

by the optical system. The solid angle subtended at corresponding
2elements in the cone by dS will be proportional to 1/U where U

is the distance of an element from A. However, the area of a
2disc in the cone contributing to the flux varies as U where U is 

the distance of the disc from A. Hence the total flux detected
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through dS from any given distance down the cylinder is cons ban I:.

Since this is true for any element dS in A, we have established 

the property tliat the total flux detected from any given length 

of the discharge is constant.

Two 1engtins of 5mm bore capillary discharge tube are used in this

work, one 3cm long and the otlier 10cm long. In these two tubes 

the optics define a field of view of 0.025cm radius (=0.1R) and 

0.030cm radius (—0.12R) respectively. The corresponding resolution 

limits - where the radius of the Airy disc in the plane of the exit

diaphragm becomes larger than the geometric image of the field

of view “ are at 0.04R and 0.07R. Fig. 3.2 indicates the 

positions of the optical components for each system. The lens used in 

conjunction with the 10cm tube was of fused quartz with a focal length of 

20.7cm at 530oS.

A 15cm UV achromat was used with the 3cm tube to detect 

profiles of various wavelengths. A change in focal length of this 

lens will result in an axial displacement of the field of view 

defined by the aperture stops. From the data supplied with the 

lens the profile distortion resulting from the slight wavelength dependence 

of the focal length was calculated using a computer program similar 

to that in Appendix I. Let us define here a "dip ratio" which, 

throughout tliis work, will mean the height of the profile at 0.7R 

from the axis divided by the central value. In all cases the computed 

distortion was less than 8% for dip ratios of up to 5 over a 
wavelength range of 220oS - 590oS. The distortion is small because
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even if the discharge overlaps one end of the diaphragm-defined 

cylinder, the radius of the field of view in this section of 

the plasma outside the cylinder increases only slowly with distance 

from the end of the cylinder. Indeed the above figures represent 

an "at worst" situation since the radius of the exit diaphragm 

was calculated for diffraction at the longer wavelengths of those 

used in this work and so the radius of the field of view will be 

correspondingly smaller at shorter wavelengths.

As before the resolution was tested by placing an illuminated 

slit in the discharge space and was found to be within the predicted value 

for both tubes.

The diaphragms in both cases were Ealing pinholes each 400pm 

in diameter on mounts adjustable in two dimensions. The 

complete optical system was again positioned with the aid of 

a laser and a collimating telescope.

Light from the exit diaphragm was directed through the entrance 

slit of the monochromator by a 5cm focus quartz lens. The output 

of the photomultiplier was connected to the Y amplifier of a 

Bryans Series 26000 XY recorder, the X input being taken from a 

5kfi helical potentiometer driven by the cradle micrometer.

The potentiometer brush tapped off a fraction of the constant voltage 

applied to the potentiometer proportional to the number of turns 

of the micrometer. Hence radial profiles could be plotted
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directly bÿ the recorder.'

3.4 Possible Complications in Emission Profile Interpretation

As in Chapter II we wish to assume that the radial profiles 

are proportional to the pumping rate across the tube. It was 

verified using the absorption technique to be described later 

in this chapter that there was no detectable absorption for any 

profiles taken of lines pumped eitlier by Duffendack reactions 

(directly or by cascade) or by Penning ionisation, with the 

exception of the ionic resonance transitions at 2144^ and 2265^.

Allowance is made for absorption on these lines in Chapter IV.

The measured gain on the Penning-pumped transitions is greatest 

at 4415^ being only 6% m ^

The design of the 10cm tube was similar to that used in the 

selenium experiments and again the contribution to the detected signal from 

the end-stubs is small. The 3cm tube which was used in certain 

cases to avoid excessive absorption was similar to that used by 

Browne and Dunn The boundaries of the 3cm discharge are well

defined by forcing the discharge into the capillary through a l/2mm. 

gap at the anode end and making it turn sharply out of the capillary 

at the cathode end. The cadmium enters the tube through a 2mm slit 

in the capillary wall 2mm from the anode end of the column, the 

reservoir of cadmium being contained in a heated outer jacket coaxial 

with the discharge. Thus the end-stubs are eliminated in this design
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and tlie discharge and the metal vapour are arranged to enter

and leave the capillary tube on a diameter perpendicular to the

scanning direction to minimise possible asymmetries at the ends.

Under similar conditions the profiles taken from both tubes were alike.

Details of a computer program to evaluate the instrumental

distortion of the profiles appears in Appendix I. The limiting

case of geometric optics is used: diffraction effects are neglected.

For an apertupe of O.IR the profile distortion is small as may be verified

from Fig. A cl.2,3 .At a given wavelength the dip ratio for an instrumantally

distorted profile is always within 9% of the undistorted value even for

ratios as large as 13. Because the finite-apertured optics cannot

faithfully reproduce the extremes of peaks or troughs, the true

ratios for dipped profiles tend to be higher than indicated by

experiment. Ratios for undipped profiles are accurate to within

2% and signals described by a zero-order Bessel function are unaltered
19as has been demonstrated by Webb ' .

Movement of the ionic states from their point of creation during 

their finite lifetime is discussed in Chapter IV.

3.5 Absorption Experiments

Because of their role in the pumping of the 4416% and 3250%
24upper levels it is important to investigate the radial profiles of the 

3helium triplet 2s S metastable population. Since no spontaneous 

emission can be detected from the metastable levels the measurements 

must be done using absorption techniques. The number densities of
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the neutral and ionic ground states and metastable states of 

cadmium must be similarly determined.

The following transitions are examined in this work to determine 

number densities:

3889% (3p ^ 2 ^ 2s for the helium triplet metastable state,

3261%' (5p -> 5s for the cadmium neutral ground state,

2144% (5p 5s for the cadmium ion ground state and

3404% (Sd^D^ ■> 5p P̂̂ ) for the cadmium metastable state 5p

For a given length of discharge the concentration of a species 

goay be determined from the degree to which it absorbs light from 

a radiative transition of which it is the lower level. (Strictly,

it is the reduced number density, n, which is observed, where this is
. 54given by

g N
% = u  )

where N ,. are the upper and lower states of the transition and
g
1 is the ratio of their statistical weights. The reduced nunber

g
density, n, is generally close to the value of but upper level

effects may become noticeable in helium The broad features of the

behaviour of the metastables should still be well represented by n.)
54Ladenberg and Reiche employed a technique in which the light 

to be absorbed came from a source separate from the test-cell. To use

this method the line profile of the source light must be known as

well as that of the test discharge. The absorption is found by shining
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source light through the test-cell and comparing the signal from' 

the source when the absorption cell is switched off to that when it is 

running. The same optics is used to define a field of view in the 

absorption cell as in the emission experiments.

In all measurements involving the 3261% cadmium neutral 

resonance line, care had to be taken that the absorption cell was 

cold before taking measurements when switched off, otherwise cadmium 

vapour from the hot walls would have produced misleading results.

Under the present discharge conditions spectral lines are

broadened principally by Doppler and Stark effects, collisions with

other atoms and by the finite natural radiative lifetime of the 
54states . Of these the Doppler effect is the most significant 

broadening mechanism producing a linewidth of 5.2GHz for 3889% 

at 600*̂ K. The source discharge is run at a low current producing a 

temperature of 500%K as determined by Doppler and wall temperature 

measurements described in Chapter VI, and so the linewidth is 

generally less than that of the absorbing discharge. Pig A2.2 

shows the results of a computer program written to evaluate the absorption 

on the 3889% line assuming a Doppler-broadened source with no self

absorption. Details of the calculation of these absorption curves, 

including the structure of the triplet 3889% line, appear in Appendix II.

The Doppler effect is also the most significant source of line-broad

ening for the other wavelengths examined in this work. Cadmium
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of naturally-occurring isotopic composition was used and so it is 

necessary to take into account the hyperfine structure of the 

cadmium lines due to the isotopic shift and also the hyperfine 

splitting on the two odd-numbered isotopes. These shifts are 

well documented for 3261% but the structure of 2144% has not 

been completely analysed. However, sufficient information is available 

in the literature to allow a reasonable estimation of the structure, 

details of which appear in Appendix III. Using this structure,- 

absorption curves have been computed and are described in Appendix IV.

3.5 Apparatus

To ensure that the light entering the absorption cell is 

hot detectably self-absorbed, ■ sidelight from a 3mm diameter He-Cd 

capillary discharge is used as the source. This was set at the far end 

of the test cell perpendicular to its axis (Fig. 3.4). To verify 

that no self-absorption occurs in this optically thin source, this 

capillary discharge was placed across the entrance diaphragm of the 

detection optics with the test cell then acting as source. No 

absorption was detected in this configuration. For the-measurement 

of the cadmium ion ground state densities a 5mm bore He-Cd 

discharge was run as a source cell and under the same conditions 

of current and pressure as the absorption cell, but this time the 

two discharges were coaxial and not perpendicular as before. The axial 

electric field was in the same direction in both tubes so that -üie
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Doppler shift of each line profile due to the axial ion drift 

was the same. The transverse Doppler effect introduced by
-5radial ion drift for the present range of velocities (~10 x velocity 

of light) is orders of magnitude smaller than in the longitudinal case, 

and may be neglected. Again, the concentration of cadmium in the 

source tube was kept low enough to avoid self-absorption.

Because the source light signal was usually an order of magnitude 

weaker than that of the absorption cell, detection was facilitated 

by modulating the source light at 1600 Hz with a toothed chopper wheel 

driven by a synchronous motor. In this way the source light was 

distinguished from the emission from the absorption cell by connecting 

the output of the photomultiplier to a Brookdeal 4oi lock—in 

amplifier. (The chopper wheel also interrupted light from a 

photodiode which provided the reference signal for the phase-sensitive 

detector. ) The output from this was fed into the Y amplifier of tlie %Y 

recorder and so radial profiles of the absorption could be found 

directly by taking the ratio of the absorbed source-signal to the 

nnabsorbed. In the case of 2144% absorption a U.V. converging lens was 

placed between the two discharge tubes to ensure the diameter of the 

test cell was completely illuminated. The 3cm long tube was used as 

the test cell in all the absorption experiments.

3.7 The Axial Dependence of Cadmium Vapour Density

To test the assumption in equation (2.2) of the axial independence 

of the ground state cadmium neutral concentration, the sidelight of the
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Cd I level at 4799% (6s 5p P̂ ) was measured along the

length of the discharge. (The 10cm discharge tube, which does not
2have an outer jacket, was used.) Following Sosnowski this

signal was normalised to the intensity of the helium line at 4921%

also taken along the tube length. In order to maintain the same

light-collecting efficiency at all points along the tube and to

save moving the monochromator, the discharge was imaged into the

focal plane of a lens by a mirror inclined at 45° to the tube

axis and the two components were moved together to scan down the

tube (Fig. 3.5). This way, the angle subtended by the lens as seen

by the discharge was constant and the emergent parallel light was focused

at the entrance slit of the raonochroraetor. The axial distance

was traced directly on the HY recorder by arranging that a helical

potentiometer was turned by a toothed track running in a groove

in the optical bench carrying the mirror and lens. The track

was fixed to the lens and mirror mounts. Absorption on the 4799%

line as viewed in the sidelight is small at the oven temperature

used in this experiment (245°C). For given discharge conditions

the normalised cadmium sidelight signal is taken to be proportional

to the neutral ground state density. Results are shown in Fig. 3.6 for

extreme conditions of 2.5 torr 100 mA and 10 torr 400 mA. In no case

does the fractional change of cadmium density exceed 3% cm  ̂which

justifies neglecting the axial dependence compared with the radial

dependence in equation (2.2).
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CH A PTER IV

RESULTS OF RADIAL PROFILE EXPERIMENTS IN A 
H E LIUM-CADMIUM DISCHARGE



4.2

Abstract

Results are given of absorption measurements to determine 

cadmium ground state ion and neutral density profiles and cadmium 

and helium metastable profiles. Emission profiles of excited 

cadmium ions are described. There seems to be a significant 

amount of electron pumping of some of the latter states from 

the cadmium ion ground state.

4.1 Introduction

The first part of this chapter describes the results of the 

absorption measurements of cadmium ion and neutral ground state 

profiles and cadmium and helium metastable profiles. The second 

part describes emission profiles of cadmium and helium transitions. 

4.2. Results of Absorption Experiments

4.2.1 Profiles of Helium Triplet Metastable Species

The reduced triplet metastable density was obtained for various

discharge conditions and in all cases the profiles were flatter in

shape than the zero-order Bessel function which is expected for the

electron and helium ion density profiles (section 4.3.7).

An example for the pure helium case is given in Fig. 4.1. Such

behaviour was expected since the lifetime of the metastable atoms

near the tube axis is determined by electron collisional destruction

rather than diffusion to the walls with the currents and pressures

used in these experiments. Using the diffusion coefficient found 
56by Phelps for helium metastable atoms, the diffusion rate per atom
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4-1 ofrom the axis to the wall is ~ 10 s at 5 Torr, 850 K.

This is much smaller than the destruction rate of helium metastables

by electrons which Browne and Dunn have estimated to be 
-8 -1^ 6 X 10 N s . For the present discharge this gives G

5 -1an axial destruction rate of 3 x 10 s .and so the local 

metastable population is saturated with respect to electron 

density. However, the diffusion loss rate increases towards 

the walls and the electron destruction rate decreases radially 

with electron density which means the metastable population 

becomes dependent upon the electron concentration near the walls.

,This axial saturation explains the flattened appearance 

of the radial profiles.

In the same Figure, two further profiles are shown for the same 

discharge parameters except that cadmium has been introduced at 

oven temperatures of 245*̂ C and 265^0. Besides decreasing the overall 

metastable density the addition of cadmium also suppresses the 

profile near the walls.

Two explanations of this suppression may bo proposed. Either the 

saturation condition has been relaxed to some extent or the 

peripheral build-up of cadmium lowers the electron temperature which 

in turn lowers the metastable production rate near the v/alls.

As we have just seen-, saturation occurs when the metastable 

atoms cannot diffuse appreciably from their point of creation before 

they are destroyed by electron collisions. As the cadmium 

partial pressure is increased, and the electron temperature lowered
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as a result, the loss of metastables by electron ionisation 

(the principal electron destruction mechanism will fall with 

the electron temperature. Thus diffusion becomes an increasingly 

competitive, loss process and the saturation region withdraws 

towards the centre of the discharge leaving a progressively 

more peaked metastable distribution as the cadmium oven temperature 

is raised.

The other viewpoint is that the production rate of metastables 

(involving electrons of h 19 e V) will be more sensitive to electron 

temperature changes than the ionisation rate of metastables 

(requiring about 5 e V). Thus, even before the saturation 

condition may be noticeably relaxed, the production rate of the 

metastable species may be reduced, especially near the walls where 

the electron temperature is lowered by the high metal concentration. 

This would also result in the lower peripheral metastable 

densities observed.

To see whether it is reasonable to speak of an electron 

temperature which varies across the tube, we must consider whether 

a newly produced electron diffuses appreciably towards the tube 

walls before it reaches its equilibrium temperature. This may 

be determined roughly as follows.

Assume that each electron loses a constant fraction k of 

its energy each time it collides with a neutral helium atom. It 

may be shown that an electron which starts from rest under an

applied electric field reaches about 94% of its final random speed,
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c , after a time t where

T "KC (4.1)

and X is the electron mean free path (assumed, like k , to be e
independent of the electron energy for the purposes of the

30approximation). The fraction k may be estimated from the relation

where v is the steady-state electron drift velocity (see Table 6.1) .

Since both the numerator and the denominator of equation (4.1) 

decrease with increasing number density, the time required for the 

electron to reach its ultimate speed is fairly constant and is -about 

10 ^S. The radial distance which the electron has diffused by this 

time is given by V'D f' where D. is the ambipolar diffusion coefficient. 

Calculating this from the expression

the maximum distance which an electron diffuses in the present 

experiments is 700ym at 3.5 Torr filling pressure and 500mA 

discharge current. This distance becomes less at greater number 

densities.

This analysis has neglected the variation of k and X with 

electron energy and cadmium concentration. However, the result 

that the electron achieves its ultimate temperature within 

a distance of less than the tube radius suggests there is a case 

for assuming that the electron temperature may vary radially.
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The suppression of the metastable densities near the wall

with increasing cadmium partial pressure is also apparent in the

profiles of 4416% emission (Fig. 4.2), the upper level of which is

pumped predominantly by Penning collisions with helium metastable 
1atoms . However, any reduction in the dips of the neutral 

cadmium ground-state profiles through reduction of the cadmium 

ionisation rate with lower electron temperatures will also 

contribute to the suppression of the 4416% profile wings. (It is 

shown in Chapters V and VI that cadmium ionisation proceeds mainly 

by electron collision rather than by Penning or charge-transfer 

processes.)

4.2.2 Profiles of Cadmium Neutral Ground-State Density

It was not possible to measure unambiguously the profiles of the 

neutral ground-state cadmium atoms because of the metal vapour present 

in the "dead space" between the observation windows and the discharge 

column.

The ground state neutral dip ratio determined by absorption 

measurements at 3261% never exceeded the excited state ratio, and, 

at higher pressures and currents, was only about half the value.

This result was unexpected since all profiles of excited states should 

be less dipped than the ground state (the densities of electrons, 

helium ions and metastables which pump the excited cadmium levels 

being greatest at the axis). It was noticed however that the neutral
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ground-state density increased monotonically towards the walls under 

all conditions, as expected for the ground-state profiles,

A significant deposit of cadmium was noticed on the 

condensing bulb at the cathode end of the discharge. This means 

that there must be cadmium vapour absorbing the source light between 

the end of the capillary discharge and the bulb. The rate of deposit 

seems to be less here than on the bulb surrounding the cathode 

itself (out of the line-of-signt of the detection optics.) However, 

the transport velocity of cadmium down the positive column will be 

very much greater (owing to cataphoresis) than the diffusion 

velocity in the buffer volume at the end of the positive column. 

Therefore the amount of cadmium in the absorption path outside the 

discharge may well be comparable to that in the discharge. This 

extra contribution to the absorption will be nearly constant across 

the tube diameter and will therefore have the effect of reducing 

the observed dip ratio. In order to investigate properly the 

shape of the gound-state profiles it would be necessary to design 

a discharge tube where there was no "dead space" between the windows 

and the positive column, perhaps using the heat of the discharge 

to prevent cadmium condensation on the windows.

4.2.3 Profiles of the Metastable Cadmium State 5p^Po

If the only loss process of the long-lived metastable cadmium 

atoms is by diffusion to the walls, the radial profiles should not 

be dipped. However, we see in Fig. 4.3 that absorption of 3404% 

radiation (terminating on the Sp^P^ metastable state) is lowest on
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the axis and increases monotonically with radius. This indicates 

that volume destruction processes are competitive with diffusion 

losses. One possible process is electron ionisation of the 

metastable states and this is discussed further in section 6.4.

4.2.4 Profiles of the Ion Ground-State Density

The oven temperature in the absorption cell was adjusted so that 

the fractional absorption of the 2144% emission was about 0.5 

(at 235°C). "The dips in the ion density profiles were generally 

smaller than those in the charge-exchange-pumped emission lines for 

the same discharge conditions. Examples of profiles appear in Figs.

4.4 and 4.5.

It may at first be surprising that the ground state ion profiles 

should be dipped at all because volume recombination is unimportant.

(With a typical metal ion recombination coefficient of less than

10 crâ  s  ̂ 57, 28 lifetime against volume destruction is ;;
”"2  ̂̂~ 10 s which is much longer than the ion lifetime of ~ lys) , 1y

The cause of the dip is the radial electric field. At any point

the aggregate number of ions crossing unit area in unit time in travelling

radially to the walls is equal to the rate at which cadmium atoms

diffuse across unit area back from the walls. Since the bulk of the ion

population is in the ground state (by lifetime considerations) we have

-D <3*'+ D+ ^  - o ~  = O

The first term represents diffusion of ground state ions, the second 

is the ion ground state current density due to the radial electric 

field and the third term is the neutral diffusion. Therefore,
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differentiating,

2 ^ 2  dr drdr dr

Thus, near r = o

. *'o A +  ''+ N (r-K))

r->o r->-o r->-o

The two terms'bn the right are of the same order and it will be seen 

that if the radial field rises steeply enough or if the ionisation 

is great enough the curvature of will be positive, which indicates 

a profile dip. Such conditions presumably prevail when a dip is 

detected in the ion ground state population.

4.3 Results of Emission Experiments

Profiles were taken for various discharge parameters of lines with 

wavelengths between 2000% and 6500%.

As was to be expected from the He-Se experiments it was observed 

that the dip deepens with increasing pressure and current. Because 

of gas heating effects, the dip is deeper if the pressure quoted is 

the tube filling pressure than if the discharge has been run open 

to the vacuum system. Similarly if the tube is lagged with aluminium 

foil (to avoid cadmium condensation on the capillary walls at currents 

less than 150mA) the dip is shallower than is observed without lagging.

(The depth of the profile may be increased dramatically if the 

aluminium foil is stripped away while the discharge is running.
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A calculation in Chapter VI shows that the gas temperature is not 

very much higher than that of the tube wall.) Where necessary, 

the state of the discharge, isolated or open to the vacuum system, 

lagged or uncovered, is emphasised.

Pig. 4.6 shows a typical set of axially-normalised profiles for 

various wavelengths at 5 Torr filling pressure of helium (with the 

tube then isolated from the vacuum system) at a discharge current 

of 300mA. Thg 3cm .tube was used for this experiment. The cadmium 

oven temperature was 235°C but, as we shall see in Chapter V, the ■ 

profile depth was fairly insensitive to cadmium partial pressure 

over a wide range of oven temperatures. It was necessary to centralise 

these curves by up to 5% to correct for the slight horizontal displacement 

found at different wavelengths because of the Brewster-angle mounting 

of the quartz observation window.

To explain the appearance of the profiles we consider where 

appropriate five processes which might affect the profile shapes, viz. 

Duffendack pumping. Penning pumping, electron excitation from the 

cadmium ion ground state, electron collisional destruction of states 

and the movement of ions from their point of creation during their 

lifetime.

Because of the uncertainties in the cadmium neutral ground-state 

profiles (section 4.2.2) it is not possible simply to calculate the 

excited-state profiles from a knowledge of the ground-state profiles 

together with those of the helium ion or metastable densities and to 

compare the predictions with experiment. The relative appearance of
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profiles of different states must be explained in terms of the

relative pumping processes which we now discuss.

The profiles of the helium ion population will take the form
4of a zero-order Bessel function which is the Schottky solution

for the electron density in the positive column (see section 4.3.7).

The Penning levels arise from collisions with helium metastable

atoms. These, we have seen, have a flatter profile than that

assumed for the helium ions. Thus the Penning pump-rate profiles

will be higher near the walls than those due to Duffendack

reactions (see Fig. 4.7).

The ground-state cadmium ion populations have generally shallower

dips than either the Duffendack or the Penning pump-rate profiles

(see, for example. Figs. 4.4 and 4.5). Hence the profile of electron

excitation rate from these levels will be markedly less dipped

than for the other two processes.

Electron collisional destruction of a state would deepen a

profile dip since the high axial electron population would raise

the destruction rate at the centre of the tube.
2 2 2With the exception of the 5s D and P levels, lifetimes of the

ionic states investigated in this work are generally 20 ns or less.

It is likely that such short-lived levels are not significantly
75depopulated by electron collisions and so this process is considered 

negligible for such states.

It was shown in section 2.4 that levels with lifetimes of around
-810 s move a negligible distance from their point of creation before 

radiating. Again the only states with significantly long lifetimes
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2 2studied in this investigation are the 5s ^3/2 5/2 states which are the 

upper levels of the 3250% and 4416% transitions, with lifetimes 

of 0.3ys and O.Sys 2%' 23 respectively.

The consequence of these extended lifetimes is discussed in 

section 4.3.2.

The profiles for each wavelength will be described in turn, 

with reference to Fig. 4.6 as a typical set of results. An energy 

level diagram appears in Fig. 4.8 which shows some of the 

transitions examined in this work.

4.3.1 6360% (6g .g + 4f 6355% (6g + 4f

The signal from these transitions was weak and a background

signal about 20% of that of the 6360% transition was detectable.

This signal, which seemed to be molecular in origin, was subtracted

from the total to obtain the 6360A and 6355% profiles.

The profiles for these wavelengths are identical to each other

for all discharge conditions. This is to be expected since the

upper 6g levels of these transitions are both pumped directly
17by Duffendack reactions with helium ions . A dip ratio of 

greater than unity appears for nearly all conditions for these levels.

We are going to treat the profiles of these transitions as being 

representative of the Duffendack pumping-rate profiles to which profiles 

of states pumped by other processes will be compared. The 6g states 

are not significantly depopulated by electrons in an environment of an 

electron density of lO^^cm  ̂ having a lifetime of only 23ns, and

so this should not distort the profiles. There is a possibility that
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the 6g levels are pumped by electron excitation from the cadmium 

ion ground state, which would produce a less dipped contribution than 

that of the Duffendack pumping. However, there is insufficient data to 

estimate the size of the contribution, and, since a threshold of over 

15eV is involved, electron excitation of such levels is considered 

small for the purposes of this work with the reservation that any 

interpretation based on this assumption be treated with caution.

4.3.2 325oS (SsE ^ 5p (5S^

4416% <5sE ^Dgy2 -> 5p ^Pgyg)

2 2The profiles of the ^2/2 ^5/2 states are fairly similar

to each other. These levels are excited by Penning collisions with 

helium metastable atoms  ̂and it was expected that the Penning-excited 

profiles would exhibit higher wings than those pumped by 

Duffendack reactions (see Fig. 4.7). However, in general the 

Penning levels are less dipped than the 5g levels as may be seen, for 

example, in Fig. 4.6.-

One explanation for this discrepancy concerns the long lifetimes 

of these states mentioned earlier. Both levels live long enough to be 

affected by the sweep-out action of the radial electric field and 

by the tempering effect of ordinary diffusion. The qualitative 

effect of the finite lifetime may be judged by considering the situation 

to be intermediate between the extremes of a zero lifetime which would 

result in a profile identical to that of the Penning pump rate, and 

a long lifetime such as that of the ion ground state. An example of such 

a profile is shown dotted in Fig. 4.7. The combined effect of diffusion
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and the radial electric field on the ions is to smooth out 

the profile dips. In fact there is a tendency for the 4416% 

profile to be less dipped than the 3250% and 3536% profiles

which may be a consequence of the longer lifetime of the
2 2 2 2 5S ^5/2 states compared with that of the 5S ^3/2 states.

Attendant with the long lifetime is the possibility that 
2 2the 5S D states have a significant chance of being destroyed 

by electron collisions. As we have remarked earlier, electron 

depopulation of such states will tend to deepen the profile 

dips. The effects of the two processes, electron destruction 

and diffusion, will tend to cancel each other. As we see from 

Fig. 4.6, the experimentally observed profile is not very much 

shallower than that of the 6g levels, which, in turn, will not be 

much less dipped than the Penning pumping-rate profile. Therefore 

it is possible that the effect of smoothing by diffusion is 

greater than the observed profiles would suggest, but that 

these are deepened by electron destruction. The fact that the
2 25S D states are less dipped than their pump rates suggests

diffusion is the stronger of the two loss mechanisms.

At the pressure of 10 Torr, in an average radial field of 
-150 Vcm (section 6.3) the cadmium ion velocity is about
4 - 1  2-1 -1 747 X 10 cm s (using a mobility of 20cm V S  at 760 Torr ).

In the lifetime of the 4416% upper level this represents a distance

of about ^mm. From this we see that the diffusion effect may be

significant although it is difficult to estimate quantitatively

the resulting profile smoothing. This would require a detailed
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consideration of the radial behaviour of the electric field.

Consequently it is difficult to determine the electron collisional

depopulation rate although a rough upper limit may be given.

The non-radiative destruction rate cannot be very much greater

than the radiative loss rate otherwise the profiles would not have

time to flatten out by diffusion and so the observed profiles

would be more dipped than the Penning pump-rate because of

the electron destruction.

A further explanation for a dip shallower than the Penning

pumping rate profile may be that electron excitation from the ion

ground state contributes to the pumping of these levels. Such

an additional electron-cadmium ion excitation has also been proposed
69by Janossy, Itagi and Csillag

4.3.3 2144% (5p  ̂+ 5s 2265% (5p + 5s

To correct for self-absorption effects on the 2144% resonance 

line, a graph is computed (see Appendix V) of I^/I^ vs Nd. is

the intensity which would have been observed had there been no self

absorption and is the measured intensity (cf. ref-^^). For a 

given discharge, Nd, the product of the number density of the 

absorbing species and the discharge length, d, is found from 

absorption measurements and Fig. A4.1.

Correction for self-absorption does not change the character 

of the ion resonance lines - they still exhibit shallower dips than any 

other cadmium transitions observed, under given discharge conditions.
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To investigate this effect, radial profiles were taken for both

2144% and 2265% and also for all the transitions terminating

on the upper levels of these lines which were intense enough to

give an acceptably low noise-signal ratio. These were, (Fig. 4.8)

for the 5p ^P^/2 state (upper level of 2144%), 27 <B%, 2313%,

2321%, 4416%, and 3536% and, for the 5p state, 2573%, 2195%

and 3250%. The relative photon flux from each transition was

estimated by calibrating the entire optical detection system

including the quartz window of the discharge tube with a quartz

deuterium lamp which had been calibrated at the National Physical

Laboratory. Measurements were taken at 25 different discharge

conditions in the 3cm tube at an oven temperature of 235%C.

The ratio of the axial photon rate from the observed transitions 
2contributing to the 5p ^ 2/2 divided by the photon rate from

the 2144% transition is graphed in Figs. 4.9 and 4.10. The dip

ratios of 2144% and 2313% are compared in Figs. 4.11 and 4.12.

At both higher helium pressures and discharge currents the axial radiative

decay from the observed upper levels accounts for a diminishing fraction

of the pumping of the 2144% level. The contribution from transitions

in the vacuum U.V. is discussed presently. The difference between the

dip ratios of the contributing transitions and of 2144% is also greater

at higher pressures and currents with the result that at 10 Torr
2400mA all five detectable transitions cascading into the 5p P^/2 

state have more than twice the dip of 2144%. The radial profiles
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of the lines concerned are presented for these discharge parameters 

in Fig. 4.13. The 2265% system is similar in behaviour to that 

of the 2144% system and the results of the latter may be generalised 

for the former.

Suppose for the moment that we treat the 2144% upper level as 

being pumped only by radiative cascade from Penning and Duffendack 

levels together with any non-radiative contribution arising from 

electron collisional destruction of higher levels. Any other 

mechanism such as electron excitation from the cadmium ion ground state 

is excluded.

We have seen in section 4.3.1 that we may represent the Duffendack 

pumping-rate profile by that of the 6g levels. (These profiles 

are very much more dipped than the profiles of the ion resonance 

transitions.) Thus, assuming that all levels pumped by charge transfer 

cascade either radiatively or non-radiatively into the 5p states, the 

total Duffendack contribution to these levels should be dipped as 

much as the 6g levels.

This assumes that, in cascading into the 5p level, the profiles 

are not smeared out by diffusion in the time taken to reach the 

resonance states. For lifetimes of most of the states concerned there 

will be no significant diffusion effect. For example, in the 6360% - 

5378% - 2313% chain the total time is about 35ns (Pig. 4.8) which 

represents only 30pm of travel in the discharge. The only exceptions 

to this are the long-lived upper P states, but any profile smoothing 

on these will be masked by pumping from the S, D, F and G states.
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(The only way in which the shallow dip in the ion resonance

lines could arise from the charge-transfer levels is for one of the 
2long-lived P states to radiate predominantly into the ground state

and at the same time to pump the 5p levels by electron destruction,

resulting in a shallow-dipped contribution. Such a process appears

unlikely.) In any case the profiles of the contribution from electron

collisional destruction will, in this particular case, follow the radial

Duffendack pumping rate, since the lifetime against electron destruction
2is only 5% of the radiative lifetime of the 9p P states at

= lO^^cm  ̂ . This is not long enough to admit significant

smoothing.

A similar argument could show that the total radiative and non-

radiative contribution from the Penning levels should follow the

Penning pumping-rate profile which should be even more dipped than

the Duffendack profiles (Pig. 4.7). However, the picture is more
2 2complicated because the long lifetime of the 5s D states allows

them to diffuse appreciably in the radial electric field before

radiating. Hence we cannot apply the argument that the contributions

from the Penning levels should be deeply dipped and we consider instead

the effect of electron collisional destruction acting upon the

observed profiles of the Penning levels. If such a process is

important then the shallow dip of the resonance levels could indeed

by explained by such a mechanism. The 4416% transition is the largest
2contributor to the 5p P^y2 state (Figs. 4.9 and 4.10) and electron 

depopulation, being strongest at the axis, would substantially fill in
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the profile dip of the resonance state.

However, if such a process is operative it cannot be the only

one as may be seen from Figs. 4.9 and 4.10. The axial helium metastable

density saturates or even decreases at the higher pressures and

currents shown in these two graphs, while the axial helium ion density ;

must increase with pressure and current, through charge quasi-neutrality.

Therefore the total axial radiative plus non-radiative contribution

from the Penning levels to the 2144% upper level must diminish

compared with the Duffendack contribution with increasing current

and pressure. Since the 2313% transition itself (resulting from

cascade from Duffendack levels) contributes a diminishing fraction
2to the pumping of the 5p P^.g state at higher pressures and currents, 

we conclude that there must be another process which increases 

in importance compared to Duffendack and Penning reactions at higher |

pressures and currents. A

This conclusion will not be invalidated by the 2313% 4

transition being partially pumped by electron excitation from the 1
Icadmium j.on ground state, provided its fractional contribution |

to the total pumping of 2313% does not decrease with current. As we shall see. .1

with 5378% (section 4.3.4), electron excitation from the cadmium 

ion ground state represents a fairly constant fraction of the total '|

pumping of the transition and does not decrease with current and -i-j

pressure. Any electron pumping of the 2313% transition will follow :\J

a similar pattern. This means that the pure Duffendack pumping rate ^

must still decrease compared to the 2144% pumping and so the above !

conclusion still holds.
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The axial contribution from the Penning levels may come from

ions which diffuse inwards from regions nearer the walls. However,

this does not alter the argumenu. This is because the back-diffusion 
2 2of 5s D states to the axis will not increase with pressure and so 

still we have not accounted for the relative axial increase of the 

2144% signal with pressure.

The other process which could contribute to the pumping of the
25p Pgy2 levej. is electron excitation from the cadmium ion ground state.

As we have seen the profile of this excitation rate will be much

shallower than the other pumping-rate profiles. Moreover, as we

shall see in Chapter VI, the fractional ionisation of cadmium

increases at higher pressures and currents. The increase in the
2dip ratio of the observable transitions contributing to the 5p P^yg

levels compared with the dip ratio of 2144% (Figs. 4.11 and 4.12)
2may indicate that the electron-cadmium ion pumping of the 5p P^yg 

levels is also increasing. The increasing axial signal at 2144% 

compared to that of the observable contributing transitions may be 

due to the same effect.

Referring to Fig. 4.13, when the visible transitions contributing 

to the 5p ^^2/2 are subtracted from the 2144% profile,

the remainder of the profile is still dipped. However, the electron 

pumping contribution, the product of the cadmium ion ground state 

profile (Fig, 4.4) and a Bessel profile, will be convex at 10 Torr 

400mA. The discrepancy is probably due to vacuum U.V. contributions 

which have not been included in the subtraction.
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It would be expected that vacuum U.V. transitions cascading 
2into the 5p ^3/2 would be dipped at least as much as the

observable lines, since such U.V. transitions, arising from 

levels high above the ion ground state, would be less accessible 

to electron pumping than the lower states. Thus, although we have 

not specifically accounted for these lines in the interpretation of 

Figs. 4.11 and 4.12 the essence of the argument is unaltered, 

that electron .pumping from the cadmium ion ground state is increasing 

at higher pressures and currents.

Similarly, the discrepancy between the axial signals of the 

observable cascading transitions and the 2144% transition (Figs. 4.9 

and 4.10) cannot be accounted for by the vacuum U.V. lines contributing 

more than their share at higher pressures and currents. This is 

because such a situation would result in a far deeper dip than is 

observed.at 2144% at higher pressures and currents.

Hence the observations in Figs. 4.9 - 4.12 may be explained 

in terms of electron pumping of the ion resonance levels from the 

cadmium ion ground state.

The cross section for this process may be calculated using 

the equation

2 =  I h / 3  ""its TT

Here AE and E are the excitation energy and the energy of the incident

electron in atomic units and f is the oscillator strength of the

transition. The effective Gaunt factor, g has not been tabulatedeff
for this transition but is generally of the order of unity . The 

results of this calculation averaged over the electron energy
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distributions in a helium discharge at E/p = 5 V cm Torr ^
-16 2give a cross section of 7 x lO cm . (The cross section in the 

present circumstances will bo somewhat lower because of the

influence of cadmium on the electron energy distribution.) This
-  8 -1 2 gives an excitation rate of 7 x 10 M N s ‘ for the 5pe cd+ J/2

state. The corresponding rate by Duffendack or Penning processes
-9 -1 -9 -1 24. 35is about 10 , N  ̂s or 10 * N ^ s ' . With aHe+ cd He* cd

typj.cal figure of 5% ionisation of cadmium, the rate of the electron

excitation process is evidently comparable with that of Duffendack

or Penning reactions which is necessary if electron excitation is to
2compete with Duffendack and Penning pumping of the 5p P^.g state.

4.3.4 5337% (4f ^  5 3 ^D^yg), 537^2 ^F^yg ^  5d ^D^yg)

The radial profiles are identical to each other for all discharge 

conditions. Although these levels are pumped in part by radiative 

cascade from the 6355% and 6360% transitions, the dips on these lines 

are consistently shallower than those of the 6g levels. Observations 

show that for any given dip ratio of the 6g levels there corresponds 

a unique ratio at 5337% and 5378%, regardless of the discharge 

conditions. The relationship between the dip ratios is plotted in 

Fig. 4.14 for 20 widely differing conditions - the experimental 

points are fairly collinear.

Again the reason for the shallower dip is probably electron excitation 

from the ion ground state. It is also possible, of course, that there 

is pumping of these levels by electron collisional destruction processes 

populating them at the expense of some higher, longer-lived states.
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2One such notably long-lived state is the 9p Isvel with

a computed lifetime of about 400ns However, a transition

from this level to the 4f levels is radiatively forbidden and so 

high non-radiative cascade seems unlikely.

Because'the departure from the directly pumped Duffendack profiles 

is greater, as we shall see presently, at lower energy levels 

(where more electrons have energies above the excitation threshold) 

we accept electron-ion collisional excitation as the more likely 

explanation in the absence of evidence to the contrary.

It is possible to estimate roughly the extent of the electron 

pumping of the 4f levels. It is assumed that all the radiative 

transitions cascading into these levels are not themselves excited by 

electrons (which is the assumption already made for the 6360% and 6355% 

transitions). The profiles of the electron pumping will result from 

the product of the cadmium ion ground state profiles (see, for 

example, Figs. 4.4 and 4.5) and a Bessel distribution of electrons. 

Having found this, we ask the question: what weight must be given to 

the electron pumping profiles when added to the 6360% and 6355% 

profiles in order to produce the dips of the 5378% and 5337% profiles? 

Analysing the latter transitions into their components (see Fig. 4.15 

and Appendix VI), it turns out that, at the axis, very roughly a third 

of the pumping of the 4f levels is from electrons at discharge 

conditions ranging from 5 Torr 100mA to 10 Torr 400mA. This fraction 

must be regarded as a lower limit since the actual electron pumping
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of levels above the 4f states is unknown. The similarity of the 5337% 

profile to that of 5378% reflects the fact that the 4f levels are 

separated by less than 0.002eV which results in a similar electron 

contribution to both these states.

The situation in the case of the ion resonance lines is more 

complicated since seme of the cascading contributions to the states 

are themselves electron-pumped to different degrees. However, the 

fractional eagitation by electrons is evidently significantly greater 

than for the 4f level case.

4.3.5 2313% (5d ^ ^  5p 2195% (5d ^ 5p

2321% (5d 2 +  5p ^Pg/g)

The profile dips of these transitions which are pumped by 

cascade from charge-exchange levels are less again than those 

of the 4f levels. The cause is once more attributed to additional 

electron excitation from the ion ground state. The 5d upper levels 

of the transitions are separated by only 0.02 eV which explains the 

similarity of the profiles to each other.

The smoothing of the profile dips on these transitions is unlikely 

to be due to pumping from a sraoothed-profile P state, because the 

contribution from the P states will not be particularly great, and, 

as we have seen, the lifetime of the P state is shortened by electron 

destruction which reduces the effects of diffusion.

4.3.6 2749A (6s ^  5p ^P^/g)' 2573& (6s +  5p ^Pi/?)

The common upper level of these two transitions is more' 

dipped than the 5d states even though it is almost leV lower in 

energy. Presumably this is because it is pumped not only by cascade
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from Duffendack-excited levels but also directly by Penning reactions 

which would have a deeper pumping profile. Again, contributions from 

P states should not result in a serious departure from a pure 

Duffendack profile.

4.3.7 4713% Helium Transition (4s ->• 2p ^P^ ^

This neutral helium line has been included in Pig. 4.6 for comparison 

with the cadmium lines. The profile shape follows reasonably well 

that of a zerô-order Bessel function with the first zero at the tube
4walls. This is Schottky's solution for the electron density profile 

using the ambipolar diffusion model of the positive column of the 

glow discharge. For such a model to be applicable to the present 

situation it must be shown that and Â , the mean-free-paths 

of the electrons and ions, are much less than the tube radius, R, 

so that diffusion to the wall is the important process rather 

than free fall. Also volume recombination should be negligible 

compared to wall recombination so that all ions and electrons produced 

in the discharge may be considered to diffuse to the walls.

The number densities of helium neutral ground-state atoms in
16 -3 17 -3the present discharge range from 5 x 10 cm to 3 x 10 cm

(Table 6.1). The cross section for charge-transfer in pure helium,
“1Ô 2 26 26a,p, is about 20 x 10 cm . From the relation (ref page 376)

where is the momentum-transfer cross section for an ion in its
-16 2parent gas, is 40 x lO cm . Therefore the ionic mean-free-path
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—  ̂ —'3varies from 8 x 10 cm to 5 x 10 cm which is evidently much less

than the tube radius. Similarly, with an electron collision

cross section of 5 x 10 ^^cm? the mean-free-path varies
-3 -2from 6 X 10 cm to 4 x lO cm. The condition that X . X << R is*r e

satisfied.

The rate of volume recombination of helium ions with electrons

is negligible compared to the loss rate by ambipolar diffusion of

ions to the walls. The recombination coefficient, a (ref Chapter 7),
- 9/2decreases sharply with increasing electron temperature (a ~ T^ )

—11 13 28 29and is less than lO for N = 10 at T = 0.3eV ' . Thise e
2 -1implies a recombination rate of 10 s for a helium ion at the

above electron concentration. With a characteristic diffusion

length of a = 0.1cm this is to be contrasted with the ambipolar
2 6 - 1diffusion loss rate, D^/a , of 10 s . This assumes for the

ambipolar diffusion coefficient,

D = '̂ ^e (from refa --- V1+e
,^4 2 -1= lO cm s

Therefore the loss rate by volume recombination is insignificant compared

with the wall recombination rate. It is also of interest to note

that the volume destruction of helium ions by Duffendack reactions

is a competitive process only at relatively high values of cadmium
5 -1concentration. With an average relative velocity of 2 x 10 cm s
-15 2 24and a cross section for the charge-exchange process of 4 x 10 cm “ ,

the destruction rate is only comparable with the wall loss rate at metal
15 -3vapour concentrations of lO cm which is an order of magnitude
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greater than typical vapour densities in such systems.

It is also possible that there may be stepwise ionisation of

helium via the metastable levels. Near the axis where there

is a tendancy for the metastable population to be saturated v/ith

respect to electron density the ionisation rate would still be

essentially linear rn N , but nearer the walls the quadratic

dependence on N^ would become more important. However such

a mechanism has little effect on the Schottky solution for the

electron density as may be seen by considering the case of complete

stepwise ionisation throughout the whole tube. This problem was treated 
31by Spenke who showed there was only a slight departure here

from a Bessel solution for electron density.

The above conditions being satisfied, it is reasonable to assume

Schottky's solution for the electron concentration and it is assumed

that the cadmium ion densities are not large enough at low oven
11 -3temperatures (~ 2 x 10 cm - Figs. 4.4 and 4.5) to upset seriously

the profiles of the helium ion or electron concentrations 
12(S: 2 X 10 - Chapter VI). The Bessel-shaped radial dependence of the

electron population should also be found for excited levels of helium 

assuming a direct electron excitation process and a radially- 

independent electron temperature.

The profile of 4713% in Fig. 4.6 is a reasonable approximation 

to a Bessel function. Departure from this shape may result from 

absorption on the 4713% line, a non-uniform electro^ temperature



4.28

distribution across the tube and the possible involvement of long-lived 

excited and metastable helium states in a two-step excitation process.

4.4 Conclusion

In this chapter we have studied radial profiles by emission and

absorption techniques in a helium-cadmium discharge. As was

expected from the helium-selenium experiments, a significant dip is

present in the profiles of cadmium states. Not only do charge-

exchange transitions suffer this axial depletion as was the case with

the selenium system, but the Penning-pumped levels, too, are dipped.

Because the Penning levels are excited by collisions between cadmium
11atoms and helium metastables which are saturated with current ‘ , 

the laser lines originating from these levels will be especially 

sensitive to the behaviour of the cadmium neutral ground-state 

density at the axis.

Profiles of the cadmium ion ground state are noticeably less 

dipped than those of the excited ion and, hence, the neutral ground 

state profiles. Because of this, contributions to excited states 

arising from electron excitation from the ion ground state are much ■ 

less dipped than the cascade contributions from Duffendack and 

Penning levels. This is taken to be the explanation for the decrease 

in dip depth of levels progressively nearer to the ion ground state.

We have also considered as an explanation for this, the pumping of 

excited ion states by electron collisional destruction from the long 

lived P states. While such a process might account for the profile
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of any one state, it is not likely that the effect would remain so

marked when distributed amongst all the states which exhibit

shallow profiles. In any case, we have seen that the lifetime of

the P states is greatly reduced by electron collisional destruction,

which will prevent significant smoothing of the profile dips.

Therefore we conclude that pumping of excited ion states from the

cadmium ion ground state is an important process inHe-Cd laser discharges.

Profiles.of the helium metastable densities are shown to be flat-

topped as expected from electron saturation processes. However, although
2 2this should lead to the 5s D Penning-pumped levels being

more deeply dipped than the Duffendack-pumped states, this is not

found to be the case. The shallow dip of these Penning levels is 

attributed to diffusion of these long-lived states.

It has proved impossible to obtain unambiguous profiles of 

neutral ground state cadmium densities with the present apparatus.

The cadmium metastable profiles exhibit dips which indicate 

that volume destruction processes are active (including electron ionisation).■
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CHAPTER V

OVEN T E M P E R A T U R E  DEPENDENCE OF 
RADIAL PROFILES
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Abstract

The dip in the radial profile of 635oR remains reasonably 
unaffected by increasing the cadmium partial pressure in the 

dishcarge. This suggests that the principal ionisation species 

of cadmium cànnot be helium ions or metastable atoms, the overall 

density of which must decrease with increasing oven temperature.

5.1 Introduction

In this chapter we examine the dependence of the radial profiles 

on cadmium partial pressure. These experiments will enable us to 

decide which of the three processes, electron ionisation. Penning 

or Duffendack reactions is the most important in ionising the cadmium.

In Chapter II we showed that the dip in the neutral metal atom 

ground state profile was similar whether the ionisation profile was 

flat or Bessel-shaped. The size of the dip depended on a which 

was defined to be proportional to the ionisation rate constant, f, 

and the electron (or helium ion) density.' (In the case where Penning 

reactions are considered to be a significant ionisation process, 

a term varying as the helium metastable density would be added to 

the electron density term in the definition of a.)

Although the density of cadmium may be increased in the discharge, 

the radial distribution of the neutral ground state species should 

remain unaffected, apart from the change of scale, provided that the 

ionisation rate and, hence, a, stay constant. Should either the 

helium ion density or the triplet metastable concentration be 

observed to decrease before the neutral dip ratio decreases, then that ■
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particular process is ruled out as an important ionisation mechanism.

5,2 Results and Discussion

Fig. 5.1 shows measurements of the dip ratio in the 10cm tube 

at 6360%, the ratio of the sidelight intensities of 6360% and 3261% 

and the axial electric field derived from probe voltages by the 

method described in Chapter VI. For a given cadmium atom density 

the sidelight of the 6360% and 3261% transitions are taken to vary 

as the radially-averaged helium ion and electron densities respectively. 

The effects of any electron pumping of the 6360% upper level from 

the ion ground state will be minimised by observing the sidelight 

rather than, for example, the axial intensity. This is because the 

sidelight covers emission from right across the diameter of the 

plasma, including the wings where the cadmium neutral density 

(and, hence, the Duffendack pumping) is high, but the cadmium ion 

ground state population (and, hence, the electron pumping) is low.

The effect of self-absorption on the 3261% line is discussed presently 

but it does not upset the argument.

Measurements are made at 10 Torr, 300mA for various values of 

oven temperature. The upper limit to the temperatures used is fixed 

by the onset of discharge instabilities.

As the oven temperature rises, the increased cadmium density lowers 

the electron temperature which will reduce the pumping rate of helium 

ions. The electron excitation of cadmium neutral atoms will be much 

less affected since all neutral cadmium excited levels are less than 

9eV above the ground state. (States of lower energy are.much less
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sensitive to a change in the electron temperature than levels such 

as those of helium which lie more than 19eV above ground.)

The radial electric field will depend much less sensitively on 

electron temperature than the ionisation rate of helium and so the 

lifetime of helium ions in the discharge will not change fast

enough to prevent a drop in the helium ion population. L:

From the decreasing sidelight emission ratio of 6350% and 

3251% with increasing oven temperature, the helium ion population 

has dropped by a factor of 2.5 relative to the electron density 

when an oven temperature of 275°C is reached. Any increase in the 

absorption on the 3261% neutral resonance line means that the true 

6360% - 3261% emission ratio is decreasing still faster with

increasing oven temperature. Similarly, at higher cadmium densities, '' "

a smaller fraction of the electron population has sufficient energy 

to excite the 3251% transition and so the reduction in the helium 

ion - electron ratio will be even greater than implied by the ratio 

of intensities.

In order to check that this fall in the helium ion - electron ratio is ' 

a consequence of a drop in the helium ion density and is not 

attributable to an increase in the average electron density, we consider 

the drift v e l o c i t y , o f  electrons in the discharge. Vokaty and 

Masek have computed the electron drift velocities in a He-Cd 

discharge. At 10 Torr, 300mA, the discharge parameters in our 

experiment are (Table 6.1) E/N = ID ^^Vcm^ and N = 14 x lo^^cm 

where E and N are the axial electric field and the helium atom density.
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The average electron density, normalised to the helium atom density,
-5 -5 46is about 3 X 10 (x = 3 x 10 in the notation of ref. ).e

14 -3The cadmium density probably does not exceed 4 x 10 cm (0.01 Torr)
-3in this series of measurements which corresponds to n^^ < 3 x 10 

in the scheme of Vokaty and Masek. The authors do not calculate 

the drift velocity for these particular parameters but it is 

evident that v^ varies little with cadmium partial pressure at a 

given E/N value. For example, at E/N = 10 ^^Vcm^ and x^ = 10 ^,

increases by only 20% when the cadmium density is increased from
-5 -2= lO (virtually pure helium) to n^^ = 10 . Again, at

E/N = 5 X 10 and x^ = 10 v^ rises by a similar fraction in
-5 -2going from n = lo to n = lo . Hence we may conclude that

the electron mobility is virtually independent of the cadmium

density for the oven temperatures used in this experiment.

The axial electric field does not change significantly before

the oven temperature of 275°C is reached, and so, along with the

mobility and the drift velocity, the electron density may be

assumed to stay virtually constant. Such a conclusion, that the

electron density remains reasonably unaffected at high (> 7.5 Torr)

helium pressures over a wide range of oven temperatures, is supported 
33by Dunn from microwave measurements in a He-Cd discharge.

Although we have measured neither the helium ion nor the electron 

density directly, our conclusion that the helium ion density is 

decreasing is reasonable when the metastable density is considered.
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Absorption measurements and Chapter III) show that the helium metastable 

population is also reduced at higher cadmium partial pressures. If 

the helium ions are populated by two-step excitation with the 

metastable levels as an intermediate stage then the production rate 

will fall with that of the metastables and the electron temperature.

If the ions are produced directly from the ground state, the pumping 

rate will be even more sensitive to the electron temperature.

So there is strong evidence that the helium ion density drops 

while the graphs show that the dip ratio of 6350% remains relatively 

high.

Although the helium ion donsify has decreased, the departure from 

a zero-order Bessel-shaped radial profile will not be serious. It might 

be suspected that the wings of the cadmium ion ground state profile 

would, through the requirements of charge quasi-neutrality, result in 

a severe depletion of helium ions near the walls. However the probability 

that an electron makes an ionising collision will be greater near the 

walls where there is a high concentration of cadmium vapour than near 

the axis. So a radial profile of electron density will tend to be 

higher at the wings than for the pure helium case, which will help to 

accommodate the higher peripheral cadmium ion concentration. In any 

case, absorption results (Chapter iv) show that the cadmium ion ground 

state profile is much less pronounced at the wings than the excited 

species.

In the light of the constant dip ratio of 6360%, any suppression 

near the walls which the helium ion density does suffer simply 

emphasises that the ground state neutral cadmium dip does not decrease
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with increased oven temperature.

From the apparent lack of dependence of the ground-state neutral 

dip on the helium ion and metastable populations we may conclude 

that the ionisation rate of cadmium depends not on the density 

of helium ions or metastable atoms but largely on the electron 

population. It may be imagined that the reduction in electron temperature 

at higher oven temperatures would result in a smaller ionisation rate 

of cadmium, but, just as with the excitation of neutral cadmium states, 

the ionisation of the metal atoms will not be so greatly affected as the 

helium ion production. It is important to notice that the radial 

variation of the ionisation probability per cadmium atom may change 

slightly as the metal vapour pressure is increased, owing to the 

possible electron temperature non-uniformity. However we can

'S

I
see from Chapter II that the dip is dependent on the average 

ionisation in the discharge rather than the particular radial 

dependence.

The theoretical ionisation rate per cadmium atom may be estimated 

using an approximate value of 4 x 10 ^^cm^ for both the
5 ~iPenning and the Duffendack cross sections and 2 x 10 cm s for 

the relative velocity of cadmium atoms and helium ions or metastable
12 -3atoms. With a rough figure of 5 x lO cm for both the helium ‘

ion and metastable densities, the ionisation probability per cadmium
3 -1atom for each process is 4 x lO s . The corresponding result for

electrons, using an energy-averaged cross section of 10 ^^cm? and an
8 - 1  4 - 1  Ielectron velocity of 10 cm s , is 5 x 10 s . Thus order-of- '3

I
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magnitude calculations bear out the experimental suggestion that 

electron collision is the most important process in the ionisation 

of cadmium.
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CHAPTER VI

THE IONISATION RATE CONSTANT OF 
CADMIUM IN A  H E LIUM-CADMIUM DISCHARGE
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Abstract

The model for the dip effect is tested by using it to predict 

values for the ionisation probability of cadmium. These values 

are collinear when graphed against E/N for widely differing discharge 

conditions and show a behaviour consistent with that expected for 

an electron ionisation process. A typical ionisation rate constant 

(at E/N = 1.5 X lO ^^Vcm^) is 3 x 10 ®cm^s Estimations of

the electron ionisation of, cadmium from the ground and 

metastable states agree with this figure. The fractional ionisation 

of cadmium is shown to increase with current and pressure.

6.1 Introduction

This chapter examines quantitatively the behaviour of the 

profile dips with changing discharge conditions.

The parameters on which the dip depends, electron density (N^), 

and the binary diffusion coefficient (D) of cadmium in helium, 

cannot be varied independently of each other for a given discharge 

tube. D depends strongly on gas temperature which in turn is 

determined by the current (and the convection losses to the 

atmosphere which depend on the diameter of the tube and whether it 

is lagged or not). N^ also changes with helium pressure for a 

given current and so too, of course, does D. One way to circumvent 

this would be to treat a as ci discharge parameter and to graph

1

Î

:ï|

values of the dip against a instead of pressure and current explicitly,
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under various discharge conditions. If the expression for the 

profiles is valid then not only should the graph be of the correct 

scale and shape but also the experimental points would be 

collinear, justifying the use of a as a parameter.

Unfortunately this is not feasible because the form and 

magnitude of f, the ionisation rate constant, is not known. If 

the principal mechanism is electron ionisation, f may change 

appreciably with different discharge conditions. Nevertheless 

the status of a as a parameter may be investigated by rearranging 

equation (2.4) to give
GO

2N ;R eo
and then examining the dependence of f on the specific electric 

field, E/N, where N is the helium atom density. E/N is a measure 

of the electron temperature (ref. Chapter 0) provided the 

fractional energy loss per electron collision is not affected' 

by-the varying cadmiim concentration. This indicates that we should 

work at low oven temperatures for this experiment. If a is to be 

meaningful as a discharge parameter, there should be a functional 

relationship between f and E/N, since f will be an explicit function . 

of the electron temperature.
6.2 Experiment

Observations are made with the 10cm tube at an oven temperature 

of 225^0 for 25 conditions of filling pressure and current (Table 6.1). 

Values of the neutral ground-state dip are derived from measurements of 

the dip at 636oS by dividing this by the dip ratio, 0.4, for a zero-
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order Bessel function with the first zero at the tube walls (Table 6.1).

(This assumes that this transition is excited mainly by helium

ions in Duffendack reactions as discussed in Chapter IV. The

ionisation probabilities derived from this experiment would need
2to be increased slightly if electron pumping of the 6g level

from the ion ground state were significant.) The assumption of the 

Schottky solution for the helium ion profiles has been justified 

following the discussion in section 4.3.7. The value of a corresponding 

to a particular dip (Table 6.1) is assigned from a computed 

graph of the neutral ground-state dip vs. a (Fig. 6.1) using equation

2.2 (see Appendix I).

6.3 Determination of Dishcarge Parameters

The axial electric field was found from the voltage measured 

by a valve voltmeter between two probes in the discharge. The probes 

were sharpened tungsten rods enveloped in fused quartz sheaths except 

for the exposed tips. Because of the symmetry of the arrangement 

it is assumed that the readings give a true indication of the 

plasma potential difference between the two tips. The electric 

fields found with various probe separations agreed to within 10%.

To find the gas temperature, a calibrated iron-constantan thermo

couple was placed in contact with the discharge tube and the tube 

was then well lagged with asbestos tape and aluminium foil.

In this way the thermocouple gives a reasonably accurate indication 

of the outside wall temperature (see Table 6.1). The inside wall 

temperature was calculated from the thermocouple results, the 

thermal conductivity of fused quartz and the power input to the
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discharge. Neglecting heat transfer by radiation, this gives an

expression 0.0353W C°for the temperature drop across the wall
-1where W is the power input in Watts m , found from the electric 

field and the discharge current.

Conditions inside the discharge tube are well removed from 

thermal equilibrium and the gas temperature at the wall is not 

necessarily that of the wall itself. Assume that for every helium
3atom which strikes the wall with energy -^kT^, where is the 

peripheral gas temperature, an atom leaves the wall with energy
3—kT where T is the temperature of the inside quartz surface.2 W  W
Since this occurs with frequency ■^c. 2 tt R per unit length (N is the

atom density and c is the average speed of the atoms) the total
3 1power per metre conducted by atoms to the walls is ^k(T^ - T^) •^c2ïï R.

Energy transfer by radiation and ion recombination at the walls are

separate processes. The above power loss is balanced solely by the

energy derived by gas atoms from elastic collisions with electrons

and from collisions with helium ions. Inelastic processes lead ultimately

to radiation or ionisation - cross sections for second-kind collisions

between metastable atoms and unexcited atoms with the release of heat
36are small enough to be negligible . The above expression must be

equated to the elastic power loss of electrons and the power losses

of the helium ions which will now be estimated.

The fractional energy lost by an electron of energy E„, mass
“̂ m ®1m, in colliding with atoms of average energy E^, mass M, is (l-~)

per collision 

simplified to

37

2m
M"

Under the present conditions this may be 

Thus the total power per unit length given by

I
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electrons to gas atoms in elastic collisions is

~  <E„\) ><N >irM 2 e
Brackets < > denote averaged quantities. The electron density

is spatially averaged here. v is the momentum transfer collision

frequency of electrons with helium atoms. Using the momentum -
38transfer cross section for electrons in pure helium , the collision

16 -3frequency for an atom density, N^, of 3.54 x 10 cm rises to a
9-1plateau of about 3.2 x 10 s above 5eV. Treating v/N^ as a constant

(3.2 X lO^ -r- 3.54 X 10^^) for all electron energies (which will lead
-1to a slight over-estimate) the power in Wm derived from elastic

collisions is O.33NN <E„>. N is the axial electron density in unitseo 2 eo
of lO^^cm  ̂assuming a zero-order Bessel distribution. <E > is the

15 -3electron energy in eV. The quantity N (in units of 10 cm ) 

arises because the collision frequency is proportional to the number 

density.

Results of the power calculations are given in Table 6.1. Values 

for <E2>, N and N had to be estimated before the power could be 

calculated. To do this, discharge temperatures slightly higher than 

those of the tube wall were assumed. This gave values for N and N 

from simple kinetic theory and electron drift velocity measurements, 

using the calculations described presently. The corresponding electron

is reasonable at very low cadmium concentrations. The final values 

calculated for N and N are close to the estimated values (see Table 6,1) 

justifying their use in the first instance. The electron energies

energies were deduced from the T^ vs pR curve of von Engel and Steenbeck
30 I(ref. page 243). This assumes a pure helium discharge which ,
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originally assumed are similar to those tabulated by Schmit for the

corresponding E/p ratios listed in Table 6.1. Comparison from Table 6.1

of the elastic power with the input power shows that the fractional

loss through electron elastic collisions, 0, is exceptionally large
at 20 Torr, ,100mA, 200mA. This is probably due to our over-estimation in v at

low electron energies, but an error of even 50% here results in only

a 4% difference in the average discharge temperatures obtained later.

This is because we are dealing here only with corrections

to the temperature estimated from the wall measurements.

Electrons moving within a Debye length of an ion transfer energy i

to the ion as a result of the long-range Coulomb interactions. The

total power given to an ion by electrons of given density and
72temperature is derived by Glasstone and Lovberg . The power trans

ferred to the helium ions in the present discharges is less than |
-1 :|3Wm and is therefore neglected in comparison with the elastic loss , .J

1to the neutral particles (which is greater by one or two orders of 

magnitude) . ..Tl
IHelium ions move under the influence of the radial and axial • ĉ

electric fields in the discharge. The calculated axis-sheath ' ^

voltage is fairly constant over the range of discharge parameters |

used in this experiment. This is because the effects t

of electron mean free path and electron temperature with changing '--j

helium pressure tend to cancel each other out. The radial voltage

is around 12V. , 1
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Since the discharge is diffusion controlled (section 4.3.7) the

velocities of the helium ions may be estimated from their mobility.

The temperature dependence of the mobility of helium ions in their
70parent gas has been examined by Chanin and Blondi and is slowly 

varying in the gas temperature range of the present discharges.

The mobility may be written 

W =

where, as before, N is in units of lO^^cm ^.

Just before it recombines at the wall a helium ion is unlikely
5 -1to be travelling any faster than 3 x 10 cm s from consideration 

of the mobility and the radial voltage. This sets an upper limit 

of 0.2eV to its kinetic energy. Hence its kinetic energy is generally 

negligible compared with the energy it has acquired in travelling 

in the radial field direction from its point of creation.

This energy must have been transferred to the plasma either 

through elastic collisions with helium atoms or by charge-transfer 

collisions producing fast neutral helium atoms and slow helium ions.

Hence the helium ions contribute to the heating of the plasma. |

Because the exact expression of the radial variation of the
71electric field is complicated (for example, see Fowler ) we make 

the assumption that both the field and the helium ion density are constant 

across the radius. This will lead to a radially-independent power loss 

from the ions. Although in fact the helium ions are more concentrated 

near the axis, the radial field goes to zero there, by symmetry,
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leaving only the weaker axial field. The decrease in density

with increasing radius will tend to be balanced by the increasing

radial field and so the assumption of a constant power loss is

reasonable in this respect. As in the case of electron heating, the

effect of errors here is small in the gas temperatures determined
1 -1ultimately. The assumed radial field will be therefore 12 -r- — = 48Vcm

in the discharges in the investigation. The vector sum of the radial
-1field and the. largest axial field found in this experiment (20Vcm )

-1is 52Vcm and so the axial field is neglected for the purposes of 

calculating the ion power loss.

As we have seen, the helium ions derive their energy from the

electric field (the energy then being lost again as heat). The 

power given to a helium ion (and, hence, the power given to the

discharge as heat by a helium ion) is
2 2 2 power = eEV = epE = epV /R

where v is the ion drift velocity and V is the voltage (12V) from the

axis to the edge of the sheath. The total power produced per metre

IS
-■a 

;|
V ^  2 I

e p  — 7T R <N +>
;

2 i= e 7t pV <N >

= 85 ”eo „ -1
I T

where is in units of lO^^çm  ̂as before. The estimated ion power {

loss is listed in Table 6.1. '
't]From the equivalence of the gas heating and the power loss by j

gas transport at the walls considered earlier, the temperature of the ij
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gas at the walls, T^, is calculated. This exceeds the inside wall 

temperature by a few degrees only.

Since there is heat flow outwards there will be a temperature 

gradient in the discharge. The fraction of electrons within 

r of the tuüe axis is

I
^ (1 - r^ ) 2 r dr R^
) R^

assuming a parabolic radial distrubution. Thus, with a uniform 

electron temperature across the tube and a constant value of v 

for given discharge conditions, the power derived by the gas from 

elastic collisions with electrons within a unit-length cyclinder of 

radius r coaxial with the tube is .q

 ̂w (^4 - 4
R R \

where 0 W is the elastic power per metre already calculated. Since  ̂]

we have assumed that the helium ion power generation is uniform across i

1the discharge, the corresponding power gained from the ions in '
-1this cylinder is

(p w (^) I
I

where is the ratio of the helium ion heating to the total electrical 

input power, W. ^
V*This gas heating is conducted through a thin coaxial cyclindrical 1
■-.r'flshell of radius r and thickness dr. Therefore I
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2 4 2/4T> y* y» y- 2 TT r K(r) ^  = ÿ w (2 ^  + ,j, W (-ir)
R* R^

where K(r) is the gas conductivity at a radius r. Values for K
39at various temperatures are described well by 

h'
K'= K T ' o

where = 0.011 Wm  ̂ This temperature dependence is
40predicted by simple kinetic theory . Thus

- 2  i r r K  T 1/2 dT ^ ^ ( 2 ^ _ . £ _ )  + ^ w  (£-)
r '*

and so

I  -  ^2 ^4' -  - 2.K^ I
To

2

where the limits of the left-hand integral are temperatures on the ri

axis, T^, and at r, T^. Therefore
M

2 (T 3/2 _ T 3/2) ^ - A «  A  . JLW (_Z)
3 ^ ° r 3 4R< 2R2 |

and *
I

T^^/^ - T =16.3 0 W + 10.9 0 W n

where T^ is the gas temperature at the wall calculated earlier. i

This equation is used to derive the aXial gas temperatures which may ^

be up to 200 K° higher than the wall temperature. Results are given 

in Table 6.1.

If we define an average temperature for any set of discharge K{

parameters as indicating the average atomic number density, N, we have I
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/R

^ ^av % /o

2 7r r dr 
T(r) per unit length

whence

y

r dr 
T(r) 

o

"’'7where k is the Boltzmann constant, V is the volume of unit length 

of the discharge and p is the discharge pressure. Using a parabolic 

distrubution of temperature (which approximates very well to the 

conductivity-calculated profile) and integrating,

T - T
^av - - (6.2)

In _o

This expression is in fact very close to the arithmetic mean of T^

and T where these are not very different from each other. For g
example, at 10 Torr 300mA, the value given by equation (6.2) is 890^K

in close agreement with the mean 889^K. The column in Table 6.1

for T has therefore been taken simply as the arithmetic mean of T av o
and T . i

These temperature measurements were within 20% agreement with 4

those obtained using a scanning Fabry-Perot interferometer with a ^

reflection finesse of 50 to examine the linewidths of the 5016&
11helium singlet transition. It was assumed, following Browne and Dunn , 

that the Doppler effect is the most important line-broadening
* '74)0mechanism at these discharge conditions. The measurements were i

4taken of sidelight emission to minimise absorption effects on the line JIshape. Although this provided a useful check on the gas temperature
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calculations, it was decided to use the values derived from wall temper

atures in preference to the Doppler values because of the probably smaller 

errors involved.

The number density N (Table 6.1) is found from the expression

N =î 2.69 X 10^^ X ~ ^ )  cm ^
av

derived from simplekinetic theory using Loschmidt's number.

The pressure p (in Torr), which must be used is the operating

pressure and nbt the filling pressure.

The electron drift velocity, v^, was found from the results 
33of Dunn at high E/P values and, at low E/P values, from the

73results of Nielsen which fit well the accurate measurements

of Crompton, Elford and Jory in this region. We use the

values of N found above to calculate the appropriate E/P values

where p is the pressure at 293°K corresponding to the particular

number density in question.

In order that the results of the low electron density 
38experiments of ref may be applied to the present high electron

density case, we must check whether the momentum loss process of

electrons is affected by the long-range Coulomb interaction between
72the electrons and ions in the plasma. The relaxation time in 

which an electron suffers a momentum change comparable to its 

initial momentum is about the same whether produced by the electrons 

or the ions in the discharge. This period is no less than about
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1.3 X IO~^s in the present: dinchaircu's, which is evidently much greater 

than the collision time for electrons with neutral helium atoms

0.3ns at 1 Torr). Hence we may use the results of ref for the 

lower E/P values in this experiment.

With a -zero-order Bessel function radial distribution 

of electron density and axial concentration the current is

given by

/R
J (2.4 4) 2 ÏÏ r dr o R

Integrating gives

N = 73.5 X 10^3 I. cm 3

-1where I is in amps and v^ in cm s

Published values for the binary diffusion coefficient of cadmium

in helium, are not found in the literature. An estimate

will be made here first of the magnitude of D at N.T.P. andCd He
then of its temperature dependence- For rigid elastic spheres of

41diameter a^. Chapman and Cowling give the diffusion

coefficient as

3 | k Tjm^+mg)̂  ̂ (6 .3)
8 N0^2 . m^ Mg

where N is the total number of atoms per unit volume,  ̂are the 

masses of the two atomic species and

0^2 " ^ + Ug) (6.4)

The equation (6.3) will be applied only to experimental results 

to derive a value for the He-Cd case which will then be
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re-substituted into the equation to find cadmium in

helium. In this way the error incurred by using this simple model 

will be minimised.

It is important to establish that will not vary much with

the change in cadmium concentration across the tube. Chapman has 

derived an expression for the concentration dependence of which 

shows (ref. page 245) that variation with extremes of concentration 

is less than about 10%. This is in agreement with the results of 

a series of doctoral dissertations by R. Schmidt, R. Deutsch and 

A, Lonius reported by Chapman and Cowling (ref. page 248). Also, 

atomic collisions of cadmium atoms with other cadmium atoms, which 

are the cause of any variation with concentration, will be so rare 

at the partial pressures used in these experiments that treatment J

of the binary diffusion coefficient as a constant for given discharge 

conditions is a very good approximation.

From the diffusion coefficient of cadmium vapour in nitrogen at 

N.T.P. equation (6.3) gives a value ^ = 3.21 x 10 ĉra. ••■{

It seems to be characteristic of this equation that the atomic J
diameters predicted by it are smaller by ~ 10% (ref. page 252) |

than those derived from viscosity measurements (ref. page 229). -JIHowever, it is useful to check the results with these figures where

possible. If for nitrogen obtained from diffusion measurements ,

(as opposed to viscosity results) can be found t h e n w i l l  be given by

equation (6.4). Taking the value of a for hydrogen to be equal to
2

_ for a hydrogen-deuterium mixture gives a value for a ofrl- D-
-8 412,53 X  10 cm. from the table in ref. page 252. Thus, from
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-8hydrogen-nitrogen results of the same table, d is 3.49 x lO cm,, 2 Iwhich, as expected, is lower than the viscosity-derived figure

of 3.8 X 10 ^cm (ref. page 229) . „;|
-8 ^From equation (6.4) is now calculated to be 2.93 x lO cm.

The results,of Walker and Westenberg for diffusion in He-N^ mixtures /
-8 -8 imply = 1.85 x 10 cm which again is less than the 2.17 x 10 cm '-i:

predicted by viscosity measurements. The resulting value of 2.39 x lO cm

where

for d^^ is now used in equation (6.3) to give

 ̂ ■ 2 -3 I0 - ,, “ 0.74 cm n u I: N.'J'.P. ■-?Cd He

Equation (6.3) predicts, for constant number density, N, a square- .,4|
%

root dependence of od the gas temperature. This model was

constructed for rigid atomic spheres of infinite repulsive potential 

inside their diameters. In general the temperature dependence for a 

force varying inversely as the th power of the distance is 

given (ref. page 248) as

T^
°12 ^  F ” %*

1 2 '1
; ■« 1 'q

To assign a value to v ̂ „ use is frequently made of the repulsive

term of the Lennard-Jones potential which varies inversely "
a'as the twelfth power of the distance (v = 13). (At high temperatures12

collisions are more penetrating and the attractive term becomes • h,
Xless important.) For lack of more specific experimental data s is 

calculated for = 13 and so '
•h

i
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Sinc(

we have

^Cd He ^  N

£

^Cd He OC p

where p is the operating pressure. The values of (simply

written as D from now on) may now be calculated from the expression

760 TD = 0.74 p 2 / j
where p is in Torr and T is in K^.

It is appropriate to consider here whether the effects of

thermal diffusion due to the temperature gradient in the gas are

large enough to affect the concentration-diffusion explanation of

the axial dip in cadmium density. The tendency in this process
45is for a concentration gradient to be set up such that 

d N1 cd 1 dT
N dr T dr

where N is the total atom density (here, effectively the helium

density). If id written

where 3 is here the thermal diffusion factor, then 
dN1 ° C d  1 dT

Ned dr T dr

For the collision diameters of helium and cadmium and for their 

atomic masses, 3 is of the order unity (ref. , Chapter 2). For 

the worst case of a 200K° difference in the axis-wall temperatures
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(at 20 Torr, 500mA), the fractional increase of cadmium in going from 

the axis to the wall will be only 0.15 which is negligible compared 

with the factor of 20 for the 0.7R - axis ratio in the concentration 

diffusion case. At lower values of the dip the temperature gradient 

is correspondingly less and so we may conclude that thermal 

diffusion is not a complicating factor.

6.4 Results

From equation fe.l) the calculated values of the ionisation rate con

stant, f, in the Table are graphed against E/N in Fig. 6.2. Three 

features emerge from the graph and the tabulated values of f:

(1) In view of the wide variation of discharge conditions 

and considering the number of experimental values and assumptions 

required to calculate each value of f, the points are remarkably 

collinear, which is a necessary requirement for a to be a meaningful 

and useful parameter.

(2) The ionisation rate constant, f, increases with E/N which is 

consistent with the proposition (Chapter V) that cadmium is ionised 

principally by electron collisions. Such an explicit dependence 

of f on E/N is unlikely in the case of either Penning or Duffendack 

reactions.

(3) In general the ionisation rate of cadmium is higher than would

be expected if the principal process were Penning collisions with

helium metastable atoms. The experimentally deduced ionisation rate, -1
■ 7%)

N f (= 0.43 N f), ranges from 2.5 x 10^ s  ̂at 100mA to 14 x 10^ s  ̂e eo ' ]

at 500mA and is fairly independent of pressure. On the other hand, |

I
f'j
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the metastable densities in a pure helium discharge lie between
12 "“3 12 “3 114 X 10 cm and 8 x 10 cm in conditions similar to

those in the present cases. Thus with a Penning ionisation cross
-15 2 34 4-1section of 4.5 x 10 cm , the rates lie between 0.4 and 0.7 x 10 s

Clearly electron ionisation is the dominant process, although at low

currents the Penning contribution is becoming important, especially

if other excited helium states apart from the metastable levels

participate in the Penning reactions.

The rate constant, <av>, for Duffendack reactions is around 
-9 3 -1 241.2 X lO cm s which is generally less than f by more than

an order of magnitude. Again electron ionisation seems to be 

the dominant mechanism.

We now calculate whether such a large electron ionisation rate I/ *’;i
46 .1constant is reasonable. Vokaty and Masek have graphed the ^

1 + ^ionisation cross section of cadmium (5s S Cd ) using semi-empirical ’o t
i

formulae. Using this, and the electron energy distribution functions
47, 48, 49 4for helium discharges operating under the present conditions

the energy-averaged cross section is about 0.7 x 10 ^^cm?. This
-1 -1gives an ionisation probability, <av>, at E/P = 5 V cm Torr,

of about 0.7 X 10 ^cm^ s  ̂with an average electron velocity, c, of 
8 -110 cm s . There will also be a contribution from the ionisation

3of the metastable species 5p P^ ^ present in the discharge.
50Savchenko has calculated cross sections for the excitation of

these two levels from the ground state, and averaging with an

electron distribution as above at E/P = 5 V cm  ̂Torr,  ̂gives a
-16 2total cross section of 1.5 x 10 cm . Savchenko points out that

;,ÿ.i
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51his results are about twice those found by Penkin and Redko but

that the latter authors' cross sections are not in the ratio of the

statistical weights of the levels. (However this argument may be

suspect considering that the L - S coupling is broken in these

singlet-triplet transitions.)

If the metastable population is considered to be nearly

saturated as a result of the high loss rate by electron ionisation

compared with'other loss processes, then Savchenko’s figures imply a 
-8 3 - 1further 1.5 x 10 cm s to the ionisation probability in

addition to that, for ionisation directly from the ground state.
52

A  classical calculation of the cross section for ionisation

of a cadmium metastable state yields an energy-averaged
“16 2 -1 -1 value of 2.5 X 10 cm at E/P = 5 V cm Torr . The variation

with energy of this classical cross section compares well with
•53the calculations of Penkin and Redko at near-threshold values of 

electron energy but the comparison may not be extended to high energies 

since their work assumes an electron temperature of only 1 or 2eV.

With this classical cross section the ionisation rate of the cadmium ;
5 -1 12metastables is 1.3 x lO s in an environment of 5 x 10 electrons

-3 4 “1cm . This is greater than the diffusion rate which is 2 x 10 s '
2 - 1  3for D = 200 cm s . Since the 5p P^ystate (the upper level of the

3261% transition) lies only 0.07eV above the 5p ^P^ state there

may be considerable mixing of the two states as a result of

collisions with normal helium atoms. In the limit this introduces
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an effective radiative lifetime to the metastable state (via the
22 5 “1resonance state) of 3tjs , Such a radiative loss rate of 3 x 10 s

would mean that the metastable states are not completely saturated

with respect to electron density. Nevertheless, the electron

ionisation rate is competitive even in this limit of complete

thermalisation and we regard our earlier estimate of the contribution

of the metastable states to the ionisation of the cadmium ground

state population as an upper limit. (Another consideration which

will reduce our estimate is the fact that electronic collisions

with motastables lead not only to ionisation but also to the

(ma:itation of neutral levels. A 1 though most ol! these excited si a tes
will radiate back into the metastable levels, some will decay into the

upper levels of the 3261% transition.) If, however, the departure from

the saturation condition were serious, while, at the same time,

ionisation from the metastable states continued to be an important

process, equation (2.2) would need to be modified to accommodate a term
2in which would introduce an electron density-dependent term into 

the ionisation rate constant, f. Since the results of Fig. 6.2 show 

no explicit dependence on electron density we conclude that either 

the metastable contribution to the ionisation process is not large, 

or that the metastable populations are in a condition of near

saturation with respect to electron density. Nevertheless, we have 

shown that both the processes of direct electron ionisation from the

cadmium ion ground state and of ionisation of the cadmium metastable
— 0 0 "*1 *“8 3 *"*1atoms have rate constants (0.7 x 10 cm s and 1*5 x lO cm s )
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“1 —at a given E/P value (5 V cm Torr ) which are of the same order
-8 3 -1of magnitude as the corresponding f value (3 x 10 cm s )

derived from the dip ratio;

One further check on the order of magnitude of the ionisation

probability is provided by calculating the average fractional

ionisation of cadmium, 7 . At 3.5 Torr, 100mA the cadmium ion
-5lifetime is about lO s. With a creation rate, of

4 - 3 - 1~ 2 X 10 cm ‘ s , the cadmium ion density is

4 “*6N . , = 2 x 1 0  N X  10 cd+ cd

which gives

7 = 2 %

for the percentage ionisation. This is of the same order of magnitude
2as Sosnowski’s result of 0.7% at 60mA and 2.7 Torr in a 4mm 

bore discharge. For a given current the ionisation rate at the centre 

of the tube is almost independent of pressure. (This is deduced 

by multiplying by f in Table 6.1.) However for a given current

the ion lifetime increases with pressure and so, therefore, must 

the fractional ionisation at the axis. Similarly, for a given 

pressure the ionisation rate increases with current. Hence, in general, 

the fractional ionisation of cadmium on the tube axis increases with 

current and pressure. This p o i n t  is relevant to the discussion of the 

radial profiles of 2l44% emission (section 4.3.3).

6.5 Conclusion

It has been shown in this Chapter that the behaviour of the radial 

profiles is consistent with electron collisional ionisation of the

Î
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metal as the main ionisation process in the He-Cd discharge where 

the metal vapour concentration is kept low. Since the dip 

changes little with a wide variation in oven temperatures (Chapter V) 

and since the Penning and Duffendack reactions can contribute 

only a few percent to the ionisation rate, it is expected that 

electron ionisation will continue to be the most important process 

at oven temperatures upto the region of discharge instability.
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filling
pressure
_(Torr)

discharge
current
(mA)

running
pressure
(Torr)

dip ratio 
at 6360 %

implied 
Cd neutral 
ground-state 
dip ratio

dip
parameter
a

3.5 100 3.9 0.80 2.00 7.7 ■'i

200 4.3 1.15 2.88 12.6

300 4.5 1.35 3.38 15.2

400 4.7 1.45 3.63 16.4

500 4.8 1.65 4.13 18.4

5.0 * 100 5.9 1.20 3.00 13.4
IT 200 6.3 1.70 4.25 18.9
ir 300 6.5 2.05 5.13 22.2
M 400 6.9 2.30 5.75 24.2
fl 500 7.3 2.90 7.25 28.6

7.5 100 8.1 1.35 3.38 15.2

200 9.2 1.95 4.88 21.2

300 • 9.6 2.65 6.63 26.9

400 10.0 3.25 8;i3 30.9

500 , 10.3 3.65 9.13 33.3 1

10.0 100 11.5 2.00 5.00 21.7

200 12.5 3.40 8.50 31.8 1
300 12.8 5.45 13.6 42.2

400 13.5 6.50 16.3 46.4.. • i
A

500 13.9 7.50 18.8 49.8 'i?ta
20.0 100 22.6 4.00 10.0 35.3

î4

200 24.8 7.50 18.8 49.9

300 25.8 9.20 23.0 55.0 3
400 27.0 10.15 25.4 57.7 ;g

500 27.8 10.15 25.4 57.7 S
4

Table 6.1 Observed and calculated discharge parameters 3
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outside
wall
temp. ( K)

inside
wall

axial
electric

temp.,T field
(°K) " -  >

input
power
per
metre (W)

guessed 
electron 
energy. 
Eg (eV)

guessed
helium
number
density,

-16 -3N (x 10 ) cm

498 502 12.1 121 7.1 7 . 5

64 8 655 12.1 242 8.0 6 . 3

793 ' 807 13.1 393 8.1 5 . 3

88 8 906 1 2 . 9 516 8 . 5 4.8

973 995 1 2 . 6 630 9.0 4 . 3 >1'
508 512 1 2 . 6 126 5.7 11.0

653 66 2 12.6 252 6.2 9.1

783 79 6 1 2 . 6 3 7 8 6 . 3 7 . 5

883 901 1 2 . 6 504 6.5 7 . 0

963 985 12.5 625 7 . 1 6 . 8

523 528 14.3 143 5.3 1 4 . 0 ''ŸV

673 68 3 13.7 274 5 . 7 12.5

803 817 13.5 405 5.7 1 0 . 7
-

i
%898 916 1 3 . 2 528 5.7 9 . 7

983 1006 : U L 9 645 5 . 7 9 . 2

558 5 6 4 1 6 . 7 167 4.8 1 8 . 8

6 9 8 708 14.6 29 2 4.8 1 6 . 0

818 833 1 4 . 2 42 6 5.1 13.9

923 943 14.0 560 5.4 ' 1 2 . 8

1003 1027 13.6 6 8 0 5.7 1 2 . 0

613 6 21 2 1 . 3 213 3 . 9 3 3 . 0

773 78 6 18.4 3 6 8 4 . 2 2 8 . 0

898 917 17.8 53 4 4.3 2 5 . 0

99 8 1022 1 6 . 9 67 6 4.4 2 3 . 0

1073 llOl 1 6 . 1

Table 6.1

805:

(continued)

4 . 4 2 2 . 0
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guessed electron helium total gas temp. axial
axial elastic ion electron at tube gas temp.,

T ( ° K )oelectron 
density, Neo
(K 10-12) ^^-3

power loss 
per metre 
(W)

power loss 
per metre 
(W)

and ion gas 
heating per 
metre (W)

wall, T 
( ° K )

1.9 34 22 56 507 529

3.2 64 43 97 664 6 9 0

4.0 57 64 121 818 855

4.6 63 82 145 9 2 0 962

5.4 70 107 177 1013 1060

2.65 55 20 75 516 547

4.3 82 40 122 66 9 712

5 . 5 87 62 149 806 8 55

6 . 8 103 83 186 ' 914 97 0

8 . 2 132 103 235 1001 10 62

3.1 76 19 95 535 577

5.6 133 3 8 171 691 755

7.3 150 5 8 20 8 827 891

9.0 168 79 247 928 1000

10.0 191 100 29 1 1021 1100

3.5 106 16 122 569 6 2 0

6 o8 176 36 212 715 7 9 0

9 . 0 214 55 269 843 935

1 1 . 3 2 6 0 75 335 956 1 0 6 0

1 2 . 9 29 4 91 385 1041 1155

4 . 9 213 13 226 625 715

'■'9c'8 387 30 417 794 945

13.4 482 46 528 927 1100

17.3 585 64 6 49 103 5 1234

2 1 . 6 6 9 9

Table 6.1

83

(continued)

782 1117 1 3 5 0
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average helium reduced electron axial
gas temp,. number electric drift electron
Tmv (°K) density, N field, E/N velocity. density, N

“12 so_3 
(x  10  ^ ) cm ^

av “16 “3 ,(x 10 cm (x 10^^) V cm^ V (x 10 )̂ 
-1cm s

518 7.27 1 . 6 6 4 . 0 1 . 8 4

677 ■ 6 . 1 4 1.97 4 . 8 3 . 0 6

837 5 . 2 0 2 . 5 2 6 . 2 3.55

942 4 . 8 2 2 . 6 8 6.55 4.48

1037 , 4 . 4 7 2 . 8 2 6 . 9 5 . 3 3

532 1 0 . 7 1.18 2 . 8 2 . 6 3

6 9 1 8 . 8 0 1.43 3.45 4 . 2 6

831 7.56 1 . 6 7 4 . 0 5 . 5 1

94 2 7.08 1 . 7 8 4 . 3 6 . 8 4

1 03 2 6 . 8 3 1 . 8 3 4 . 4 5 8 . 2 6 1

556 14.1 1.01 2 . 4 3.06

732 1 2 . 3 1.11 2 . 6 5 5 . 5 4

8 59 1 0 . 8 1.25 3.0 7 . 3 5

9 64 1 0 . 0 1 . 3 2 3 , 1 5 9 . 3 3

1061 9 . 4 1 . 3 7 3 . 3 1 1 . 1 1
595 1 8 . 7 0.89 2.1 3 . 5 0

753 1 6 . 1 0 . 9 1 2.1 7.00
'"'V;

889 , 13.9 1 . 0 2 2 . 4 9 . 1 8

1008 12.9 1 . 0 9 2 . 6 1 1 . 3

1098 1 2 . 2 1 . 1 1 2 . 6 5 1 3 . 9

6 7 0 32.6 0 . 6 5 1.5 4 . 9 0 Î
8 7 0 2 7 . 5 0 . 6 7 1.55 9 . 4 8 '3

1014 2 4 . 6 0 . 7 2 1 . 6 1 3 . 8 ÿ

1135 2 2 . 9 0 . 7 4 1 . 6 5 1 7 . 8
1

1234 2 1 . 8 0 . 7 4 1 . 6 5 2 2 . 3 ■ i

Table 6,1 (continued)
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diffusion ionisation
coefficient rate constant.
of cadmium 
in helium, D

8 3 f (x 10 ) cm s
2 -1 . ( cm s )

419 2.81

594 3 . 9 1

808 5.54

943 5.52

1083 5 . 9 8

2 9 0 2 . 3 6

419 2.97

554 3.57

642 3 . 6 3

706 3.91

227 1,80

309 1.89

3 9 6 2 . 3 2

460 2 . 4 4

525 2.52

179 1.78

244 1.77

314 2 . 3 1

367 ' 2.41

414 2 . 3 7

111 1.28

157 1.32

1 9 4 1 . 2 4

225 1 . 1 7

250 1 . 0 3

Table 6.1 (continued)

►S
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Pig. 6.2 Ionisation rate constant, f, derived from 6360% dip ratio 
and discharge parameters, vs. E/N.
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C H A PTER VII

CURRENT MODU L A T I O N  OF THE 
HELIUM - C A D M I U M  DISCHARGE

4M
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Abstract

A current-modulation technique is used to estimate the ionisation

rate of cadmium in a He-Cd discharge by observing the 5378%

transition. The ionisation rate constant predicted by this

experiment agrees with that found in Chapter VI to within a factor

of 2. The phase behaviour of the transitions at 4416% and 2144%

relative to that at 5378% is explained in terms of the different

pumping mechanism of these lines. The wall sticking-time of cadmium
-4atoms is estimated experimentally to be about 3 x 10 s.

7.1 Introduction

At high pressures and currents the dip effect is so great that 

with a current increment the axial emission from the charge-exchange 

levels actually decreases. This suggests a current-modulation 

experiment to observe the phase change of the axial signal as the 

modulation frequency is increased. At low, "quasi-stationary" 

frequencies the axial cadmium ground-state neutral density is in 

antiphase with the current. As the frequency is increased the 

cadmium has less time to diffuse back from the walls between current 

pulses and so the antiphase behaviour will lag further and further 

behind the current modulation. This is equivalent to a lead of 180° 

over the current at low frequencies, decreasing at higher frequencies.

It is simpler to observe the change in the modulation of the 

5378% emission with frequency than the neutral ground-state modulation.

This transition is chosen because it is excited by helium ions, the density
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of which is assumed to modulate in phase with the current. The 

final modulation of this transition will then be determined by 

the product of the modulations of the helium ion density and the 

cadmium neutral ground-^state density. As we have seen, there will 

also be some electron excitation from the cadmium ion ground state.

While the fractional contribution from this source does not vary greatly 

over a wide range of discharge parameters, there a tendency for 

the fraction of electron pumping to increase with current. This 

is to be expected from the fact that the cadmium ion population 

on the axis will increase compared to the neutral ground-state 

population with increasing current (section 6.4). This 

additional pumping will weaken the antiphase modulation due to the 

pure Duffendack pumping and will complicate the interpretation of 

the results.

It would have been preferable to have used the 6350% transition 

which we have seen (section 4.3.4) is less affected by electron 

pumping. However, the signal from this transition was weak and subject 

to discharge noise, and, in any case, there is a possibility that it, too, 

is pumped partially by the same electron process. Therefore the 

5378% line was used in the modulation experiments and is treated 

for the purposes of the analysis as though it were entirely 

pumped by Duffendack reactions (or by cascade therefrom).

To investigate the behaviour of the neutral ground state metal 

vapour density in a current-modulated discharge we must solve the 

time-dependent form of equation (2.1) viz.
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 ̂̂ cd 2= D V  N ^ - N  N _ f0 t cd e cd

The electron density, N^, will be an explicit function both of the

radial distance from the axis and of time. The radial dependence

of N is assumed to be a zero - order Bessel function with the first e
zero at the tube walls. We assume that the time variation of 

is sinusoidal in phase with the discharge current. No account is 

taken in this^model of the ambipolar diffusion time of helium ions 

and electrons or of the drift time of cadmium ions to the wall. This 

will generally be of the order of lOys or less. The population 

of a Duffendack - pumped line (5378%) is obtained simply by 

multiplying the cadmium neutral ground state by N^ at any 

given instant.

The variation of f with current is assumed negligible in this 

experiment. Although, in general, the electron temperature will 

increase as cadmium is removed from the centre of the discharge 

(in the high-current phase of the modulation) the cadmium oven 

temperature is kept low and so this effect is not considered 

important.

Boundary conditions are determined by the population of cadmium

atoms on the tube walls which, in turn, is determined by a wall-sticking-

time, T (section 7.4). (It is found that if the finite dwell-time w
on the wall is not considered, the predicted phase lead may be reduced 

by up to 15%.)

A computer program is developed to solve the above time-dependent 

equation, and details are listed in Appendix VII.
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A parameter is chosen such that

(j) = N f (7-1)eo
where N is the mean axial electron (or helium ion) density and f eo
is the ionisation rate constant of cadmium as before (section 2.5).

Thus the dip parameter, a , becomes

a = (7.2)

Using the program, the computed value of the unmodulated dip 

ratio for a given a is in agreement with the dip obtained from 

equation (2.3) graphed in Fig. 6.1 and is independent of the 

sizes of (J) and D which determine a. This emphasises that, for a 

given a, the dip ratio is insensitive to the detailed shape 

of. the ionisation profile since Fig. 5.1 was derived for a parabolic 

and not a Bessel-shaped profile.

It turns out that, for a given dip, by computing phase-frequency 

graphs for different  ̂ (with D adjusted to keep cc constant) there is 

a whole range of curves only one of which matches the curve obtained 

in the experiments to be described. This means that to find the value 

of (fl for the discharge it is only necessary to select the closest-fitting 

computed curve and its associated <|). This matching procedure can therefore 

give an estimate of f if is known; Note that no prior knowledge

of D is necessary - the diffusion coefficient may be found from the 

value of (p and a from equation (7.2) .

7.2 Apparatus and Experiment

It is necessary to avoid the situation where, in the high-current 

half of a cycle, cadmium in the discharge is swept out of the tube by
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increased cataphoresis and is not replaced by diffusion from the

source. This is more likely to occur where the neck of the

cadmium reservoir is narrow. This will be enhanced if the sweep-out

distance travelled by the neutral cadmium down the tube in half a

cycle is comparable with the tube length. If the axial cadmium

ion velocity is 1.3 x lO^cm s  ̂ (the approximate velocity found by 
59Mash )and up to 7% ionisation is assumed, the aggregate velocity

3 - 1  ' 1of neutral cadmium is 10 cm s . Thus, in half a cycle at
a250Hz, the distance covered is 2cm.

These two considerations account for the design features of 4

the tube used in this experiment. To avoid the problem of flow constriction 4
'Âfrom the reservoir the cadmium is contained in an enlarged bulb- rf

section of the tube instead of in a sidearm as before. The bulb is
■i

cooled by whisper fans regulated by a temperature controller. .i

Also, the 5mm bore tube is 10cm long and so with these provisions 

any modulation of the cadmium lines will be due to radial and not 

longitudinal sweep-out. Optics appropriate to the 10cm tube were 1

used (described in Chapter III) to select the axial signal (a SOOyrn 4

radius cylinder) .

The sinusoidal current modulation was provided by an Advance -a

signal generator connected into the discharge circuit as shown in 

Fig.- 7.1. The resulting phase-frequency graphs were independent of the 

amplitude of the modulation which in no case exceeded 70mA p-p 

and was generally below 30mA p-p. The current was monitored by 

measuring the voltage across a 5fi resistor connected in series with the 

discharge tube. This voltage was fed through a filter to provide
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a reference signal for the Brookdeal 401 lock-in amplifier. The 

output from the photomultiplier was fed into the signal channel 

and the phase of the light modulation was indicated by the phase- 

shifter reading of the lock-in amplifier at null deflection.

While the phase change with radius might have yielded 

information about the discharge (the signal was generally in 

antiphase at the centre while it was in phase with the current near 

the walls) , the shape of this curve varied little when pressure 

and current were altered - only the overall phase lead changed.

Thus this was .considered to be too insensitive to yield useful data.

7.3 Results

Results were taken at wavelengths 4416A, 5378% and 2144% at various 

currents at 10 Torr helium pressure. A selection of these results 

is shown in Pig. 7.2. Prom the 5378% curves we see that, at higher 

average currents, the phase lead of this transition over current is 

greater. The 5378% signal is also ahead in phase of that of 2144% 

and behind that of 4416% for similar discharge conditions. '^\rr

7 . 3 . 1  4416% f i

The explanation for the 5378% modulation lagging behind that of
i

the 4416% signal probably lies in the pumping mechanisms of the two 

transitions. The 4416% line is pumped by Penning collisions with 

helium metastable atoms, which, as we shall see below, are modulated 

less strongly than the electrons and helium ions. The 5378% transition 

is pumped by helium ions, the modulation of which follows that of the
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electrons, and so this line has a larger in-phase component than the 4416% 

line.

To see that the metastable population is only slightly modulated, 

recall that if there were no cadmium present in the discharge, 

the metastable population would be saturated at the axis with respect 

to electron density (section 4.2.1). We have seen that the introduction 

of cadmium into the discharge lowers the helium metastable population: 

if the oven temperature is increased from 245°C by 20C° (corresponding 

to an increase of about 400% in the cadmium partial pressure) the 

metastable population drops by about 30% (Fig. 4.1). However, from 

the general relationship between cadmium neutral ground state density 

and electron density (Fig. A7.1) we see that the current modulation 

required to produce such a large cadmium modulation would itself 

need to be large: much greater than the 30% modulation of the helium 

metastable population. Because of this, and the fact that the 

cadmium concentration is kept low in this experiment, we conclude 

that the helium metastable modulation is less than that of the current,

7.3.2 2144%

It is difficult to explain the difference between the 5378% 

and the 2144% curves without considering electron pumping of the
2latter transition from the cadmium ion ground state. If the 5p 

state were pumped by a combination of cascade from Duffendack and Penning 

reactions alone, then the current modulation of the state would follow 

that of the 5378% upper level, or be ahead of it in phase, since the
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modulation of the 4416% transition is ahead in phase of the 5378% 

line for a given current. (Self-absorption of the ion resonance 

line would probably not account for the large phase difference, since 

the cadmium ion ground state would be modulated approximately in 

phase with the 2144% transition. Also, low oven temperatures are 

used which will reduce the importance of absorption.)

If we now consider electron excitation from the cadmium ion ground 

state we see that, broadly speaking, if the cadmium ion ground state

density depends on the product N^, then the contribution to the
2 2 5p ^3/2 state will be proportional to . Such a term will

tend to pull the phase of the 2144% modulation towards that of the

current itself and this is the trend exhibited by the 2144% modulation

when compared to that of 5378% (of which a smaller fraction is pumped

by electrons). This is consistent with our conclusion of section

4.3.3.

7.3.3 5378%

The computer analysis is applied to a particular set of discharge 

parameters for 5378%. At 10 Torr, 100mA with no modulation, the 

observed dip ratio of the 5360% profile is 2.0. The values of t{) and D 

which the computer program requires to produce such a dip are in the 

ratio

1 =  36 4  I

I
which, with a tube radius of 0.25cm implies that a ~ 22.8 from equation (7,2);

This is in close agreement with 21.7, the size of a predicted for J
%a parabolic ionisation profile in Fig. g. 1 for an excited species dip

I
ratio of 2.0 (neutral dip = 5.0). When current modulation is considered ^
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4 -1it is noticed that the curve of <j) = 4.0 x lO s fits well the 

experimental results of Fig. 7.3. Two other curves are also computed 

to "bracket" the experimental points and to examine the sensitivity 

to a change in cj).
4 - 1  2 - 1With  ̂= 4.0 X 10 s (which means D = 110 cm s for this

12 -3particular discharge) and - 3.5 x 10 cm (Table 6.1), the

ionisation rate constant, f, is 1.1 x 10  ̂cm^ s  ̂from equation (7.1).

Both f and D fall short of the values predicted in Chapter VI 

(1.8 X 10  ̂crĥ  s  ̂and 179 cm^ s )̂ by estimating discharge 

parameters, although they agree to within a factor of 2. The reason 

for the discrepancy is probably that no account has been taken here 

of the electron pumping of 53782 mentioned earlier. If there had been 

no such pumping, the 53782 modulation would have remained in antiphase 

with the current until higher frequencies, just as the observed 

modulation of 53782 is more in antiphase than the 21442 line, which 

is highly pumped by electrons. Modulation of a pure Duffendack-pumped 

line would therefore be expected to be shifted towards the upper

bracket in Fig. 7.3 : 4> = 8 x lo'̂  s ̂ and D = 220cm^ s This

would produce a resulting f and D closer to the values derived in 

Chapter VI.

The phase lead at high frequencies tends to be smaller than 

the computed value. This may be because there are processes 

which we have not accounted for in the computer program, such as the 

finite diffusion time of helium and cadmium ions to the walls.

Such effects may become important enough at higher frequencies to affect 

the predicted phase behaviour of a Duffendack-pumped transition.
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7.4 Wall Sticking-Time

In computing the phase-frequency graphs it is important to 

consider the finite wall sticking-time,t ,̂ of the cadmium atoms.

With a steady current the wall population per unit area, will be in

dynamic equilibrium with the neutral and ionic cadmium species in 

the discharge. The flux of atoms leaving the wall may be equated 

to the total radial flow of ions per unit area arriving at the 

wall plus the.random flux from the neutral discharge population,

N^(R), at the boundary of the discharge. Thus

w
The term in brackets is the ionisation rate of cadmium per unit: 

length of the discharge, is the characteristic cadmium ion 

lifetime and C is the average speed of the cadmium atoms. Putting 

Ng (R) = 3N^

N, = YNg
where is the average cadmium neutral density per unit volume in 

the discharge,

N Y N - R 3 C
= --2;-- + ----------------------------------- (7-3)w i 4

The sticking-time, t ,̂ is a time constant for the walls which 

will act as a "sink" for cadmium atoms during the high-current half' of 

a cycle before equilibrium can be re-established. This leads to a 

modulation of the total and axial discharge population in addition

to that due directly to the dip ratio modulation. The effect of
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may be seen in more detail in Appendix VII.

To estimate suppose that cadmium is suddenly introducted

into a "clean" discharge tube and is carried along it by

cataphoresis. The transport rate will be much slower than the 10"" cm s

mentioned earlier because the cadmium must first coat the clean

walls before it can proceed down the tube. This assumes that

equilibrium is quickly established between the walls and the discharge

as the column,of metal vapour advances towards the cathode. This

does seem to bo the case, because experiments (described below) show

that the density of cadmium is constant right up to the leading

edge of the column.

The amount of cadmium which travels down the tube in a time 
2dt is TT R Y v̂  dt where v̂  is the ion drift velocity. The

amount of cadmium required to fill a length dx of the walls and 
2discharge is ^ R  dx + 2 r R dx. Therefore the velocity

of the head of the column is

dt 2TT R N^ + 2 t t r n  d w

Using equation (7.3) this becomes

V ^^ihead = ---------------
1 + YT + 3C T w w

Ti 2R

whence Yv

%  - ..
Ti 2R



7.13

The velocity of the column, was measured experimentally.

7.5 Measurement of Y,_______________ head

A 190cm long 4mm diameter discharge tube was first run with'".' 

pure helium and then the cadmium oven was switched on and the 

progress of the metal vapour was monitored down the tube. This was 

achieved by observing the discharge through an Ilford Spectrum 

Filter No. 625 which suppressed all lines except the 53372 and 53782 

transitions o;f cadmium and the 58752 line of helium. In this way , 

the position of the leading edge of the cadmium column was clearly 

visible. The cadmium intensity was also monitored by collecting 

the discharge light with a fibre-optic tube one end of which was 

fixed at the entrance slit of the monochromator tuned to the cadmium 

47992 transition. Measurements showed that the column head velocity 

quickly settled to a steady value after leaving the oven and that the 

intensity of the column was constant along its length upto its head.

The head velocity at 5 Torr, lOOmA for several oven temperatures 
-1was found to be 2.5cm s . The wall temperature in this case is 

the same as that for the tube used in the modulation experiment 

and so difficulties over the temperature dependence of should 

not arise.

Using equation (7.4) and approximate values of

Y = lo"2

"i = s

3 = 2

c = 3.7 X 10^

^i = 1.3 X 10^
V = 2.5 cm s ^

-1

-1
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we obtain for the wall sticking-time 
-4T == 3 X lO s w

This is the dwell-time derived for cadmium as it encounters a

"clean" quartz surface. It may be that a monatomic layer of cadmium

quickly develops which provides a surface for which the sticking-

time in subsequent adhesions differs from the above value. At a wall

temperature of 570°K the vapour pressure of cadmium from tables
-2 14 -3is 5 X lO Torr, or 8 x 10 atoms cm . Assume that the vapour

is in equilibrium with a cadmium surface with an atomic spacing of

3S or a surface density of = 10^^ cm In this case the sticking-

time T on the cadmium surface is »

= 8 X 10^4 X § ^
" 1

4and so ^
-4T 4= 1.4 X 10 ss

Thus cadmium atoms in the discharge hitting a cadmium-coated wall at --3
o570 K have about the same sticking time as that worked out for the |

clean-wall case. Great accuracy is not necessary here because the 't
*computed behaviour of the phase-frequency graphs shows little 

sensitivity to variations in of up to two orders of magnitude.

7.6 Conclusion

A current-modulation technique has been used to estimate the 

ionisation rate of cadmium in a He-Cd discharge. Use is made of

the property that cadmium vapour builds up around the tube walls. 1
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By varying the current, we observe, in effect, how quickly the cadmium 

takes to adjust by diffusion to the current modulation. This is 

done in practice by observing, at the centre of the tube, the phase 

difference between current and a transition pumped by Duffendack 

reactions (53782).

In general the modulation of the cadmium emission lines is ahead 

of the current modulation in phase. The phase lead at 53782 is less 

than at 44162, presumably because the latter transition is pumped 

by Penning reactions with current-saturated helium metastable atoms, 

whereas the former is pumped by helium ions which modulate in phase 

with the current. The 21442 phase lead is even less than that of 

53782. This is probably due to the large contribution which the 

21442 transition receives from electron excitation from the cadmium 

ion ground state (which, in turn, will have a component in phase»with 

the current, being pumped largely by electron ionisation from the 

cadmium ground state).
-8 3 - 1  2 -1Using the parameters f = 1.1 x 10 cm s ; D =  llO cm s ,

the computed behaviour of the phase lead of 53782 modulation over 

current modulation agrees well with experiment. These values of 

f and D are lower than predicted in Chapter VI but this may be because 

we have neglected here the contribution to the 53782 transition of 

electron excitation from the cadmium ion ground state. (There was 

too much background noise on the weak 636o2 transition, pumped mainly 
by Duffendack reactions, to use it in this experiment.)



7.16

In computing the phase lead of the cadmium modulation, we have 

taken account of the sticking time of cadmium on the tube walls. 

This was estimated to be 3 x 10  ̂s by observing the time taken 

for cadmium to flow down a "clean" tube, which was much longer 

than would have been the case had the sticking-time been zero.

If this refinement is not included in the computer program, the 

calculated phase lead is less by as much as 15%.
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8.2

8.1 Introduction

The experiments performed in this work fall into two classes : 

those which establish the existence of a power-limiting phenomenon in the 

positive column of metal vapour laser discharges and those which 

subsequently use the effect diagnostically to examine excitation 

mechanisms in the He-Cd system in particular. This involves the 

analysis of both radial profiles of excited states in a He-Cd 

discharge and the behaviour of cadmium states in a current-modulated 

discharge. The techniques involved in the use of the dip phenomenon 

as an exploratory tool may be applied in general to all metal 

vapour systems,

8.2 Power-Limiting Phenomenon
12The explanations proposed by Klein and Silfvast and

9Perrario to account for the power saturation with current in the 

He-Se and He-Hg laser systems are shown in Chapter I to be insufficient. 

Chapter II describes the observation of an axial depletion of the 

upper laser levels in a He-Se positive column discharge. This 

depletion is aggravated at higher currents and helium pressures which 

would indeed account for the observed laser power behaviour.

The parametric dependence of the radial dip is deduced from the 

diffusion and ionisation equations of the metal atoms in the discharge.

The magnitude of the dip is shown to be fairly independent of the metal 

ionisation rate profile. It is recognised that the equations are 

generally applicable to any metal vapour - rare-gas mixture, and, in order 

to test them, the He-Cd system is selected for further study.



8.3 Radial Profile Studies

The remainder of this work describes the results of experiments
19using the optics of Webb to obtain radial profiles in the He-Cd

system. Profiles are taken both of radiating levels and of non

radiating levels, the latter states being examined by absorption 

techniques. For absorption, a separate source is arranged to shine 

through the test discharge and the absorption is determined at 

points across’ the tube diameter.

Absorption experiments were used to examine helium and cadmium 

metastable profiles and cadmium neutral and ion ground state profiles 

using transitions terminating on these states.

The cadmium ion ground state profiles are observed to be less 

dipped than tlie profiles of excited cadmium ions. This is probably 

because the ground state ions have time to diffuse from their point 

of creation and smooth out the profile dips, and, indeed, if diffusion 

were the only loss process involved, the ground state ion profiles ’Hi
would be convex for all discharge conditions. However, the radial electric-y 

field helps to sweep ions to the wall creating a dipped profile

I

and a back-diffusion gradient of the states (section 4.2.4).
3Similarly, the cadmium metastable 5p P^ profiles are observed

to be dipped and again an alternative process to diffusion is

suspected. This is probably a combination of electron ionisation
3of the metastables, plus thermal mixing with the 5p P^ state which has 

a radiative lifetime of 3ys (sections 4.2.3 and 6.4).

■si
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3The helium metastable 2s S profiles are flatter than the

zero-order Bessel function expected for the helium ion and electron
4radial distribution . This is because the metastable population

is saturated with respect to electron density and so the profiles

are not as peaked as the electron profiles at the tube axis (section 4.2.1),

The results using the cadmium neutral resonance lines are

ambiguous - the neutral ground state profiles are less dipped than

expected from a consideration of the profiles of excited states.

This is probably due to cadmium vapour in the "dead space" between

the end window and the discharge column absorbing the illuminating

light (section 4.2.2) .

Emission profiles are examined of transitions pumped directly or by
i

cascade from Duffendack or Penning reactions. The 6360% transition ;
,|

(section 4.3.1) is taken to be representative of the Duffendack pumping |

rate - that is, tiie states are assumed to be pumped only by charge |

transfer with helium ions and, in their short lifetime (23ns), it is jj
assumed that theyare neitlier displaced significantly in the radial !

Ielectric field nor collisionally destroyed by electrons.

The Penning-pumped profiles (section 4.3.2) are lesè dipped |

than the charge-exchange profiles. This is surprising, since the .■’j

Penning pump rate should be more deeply dipped than the charge- |
1

exchange pump rate (because the profiles of the helium metastable atoms *

which excite the Penning levels are higher at the wings than the .-.j

helium ions which produce the Duffendack levels.) The shallow dip I

j



may be explained either by the smoothing process of the diffusion 

of the long-lived Penning states,'or by electron excitation oi: the 

Penning states from the cadmium ion ground state. Both processes are 

probably active. There may also be electron destruction of these 

states but this will act in the opposite direction - deepening the 

profiles - and the extent of such a process cannot be assessed.

The shallowest dip of all the emission lines is exhibited by 

the ion reson-ance line at 2144% and 2265% (section 4,3.3),

Such a shallow profile might, at first sight, be accounted for 

by the total radiative and non-radiative contribution from Penning 

levels smoothed by diffusion. However, as current and pressure is 

increased, the 2144% signal increases faster than the Duffendack or Penning 

pumping rates, and so we deduce from this and the parametric dip dependence 

that the additional pumping would arise from electron excitation from 

the cadmium ion ground state. As we see in section 4.3,3, this 

explains both the current and pressure behaviour of the 2144% 

transition and its shallow dip. A calculation of the cross section for 

this mechanism shows that such a process should proceed with a rate 

comparable to that of cascade from Duffendack and Penning reactions 

and so it should therefore provide an important contribution to tlie 

pumping of the 2144% transition.

Emission profiles of the other cadmium ion states (sections 4.3,4 - 

4.3.6) exhibit deeper dips the further removed the states are from 

the ion ground state. This is consistent v/ith a pumping contribution 

from electron excitation from the cadmium ion ground state. Assuming
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that the 6g levels are pumped purely by Duffendack reactions, it is 

estimated that about one third of the pumpina of the 5378% profiles 

is by electron excitation (section 4.3.4). Lower-lying states which 

exhibit shallower dips will receive a correspondingly greater 

contribution from electron pumping. (It is unlikely that profile ^

smoothing observed in the excited states is due to radiative

and non-radiative contributions from the P states. Although these oc i

have a long I'ifetime, the electron collisional destruction rate of • gI
these states is high (75) which should prevent significant smoothing I

of the profiles due to diffusion. In any case, if contributions 

from the P states were distributed between all the states exhibiting 

shallow dips, the effect on any one state would be small.)

The oven temperature dependence of the dips of a Duffendack-pumped 

line (6360%) is examined in Chapter V. The dip ratio of this 

transition is constant over a wide range of cadmium partial pressures.

This suggests that the ionisation rate constant of cadmium atoms 

in the discharge is unchanging over this range. At the same time, 

hov/ever, as the cadmium partial pressure is increased, the helium ion 

concentration decreases. (This is deduced from the decrease of the 

6360% sidelight relative to that of 3261%, the cadmium neutral resonance 

line). With increasing cadmium partial pressure, the helium metastable 

population must also decrease, and so the principal source of , 

ionisation is probably from electron ionisation of cadmium.

This conclusion is supported by the results of Chapter VI. The 

behaviour'of the dip of the 6360% profile is investigated with changing
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discharge conditions and the tendency for the dip to increase with

increasing E/N values regardless of the other discharge parameters

points to electron ionisation. The rates calculated for this process 
-8 3 ~1(typically 3 x 10 cm s ) are an order of magnitude greater than 

for Penning and Duffendack reactions. It is likely that ionisation 

from both the cadmium ground and metastable states is involved.

8,4 Modulation Experiments

Finally/ in Chapter VII, observations are described of axial emission 

from excited cadmium levels when the discharge current is modulated.

At high frequencies, cadmium which is swept to the walls in one cycle 

has insufficient time to diffuse back before the next, which introduces 

a frequency - dependent phase shift in the light emission. By 

comparing the experimental hobaviour of the 5378% signal with lliat 

computed with the program listed in Appendix VII, an estimate of the 

ionisation probability of cadmium is again obtained, but this time 

without the need to estimate the diffusion coefficient of cadmium in helium 

which was required in the static case, in Chapter VI.

The phase of the 5378% signal is found to be ahead of that at 

2144% and behind that at 4416%, This is explained (section 7.3.1 and 

7.3.2) in terms of the different pumping mechanisms of the three 

transitions.
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The computation of the instrumental distortion of the

radial profiles is divided into two parts. The first section of

the program (Fig. A 1.4) computes the distribution of the ground-state

neutral metal species from the solution of equation (2.2). The

solution, for simplicity, is derived for a parabolic dependence of N

on the radius. This is close to a Bessel-shaped profile and, in any

case, the neutral ground state dip is little affected by the

particular shape of the ionisation profile assumed (see section 2.5).

This leads to a series solution for N where N is the metalm m
vapour concentration and N is the axial density:mo

Nm
Nmo

with a three-term recursion relationship between the coefficients

of r^ , A , given by 
R"

A

Terms up to tlie twentieth power of the radius are taken 

which always ensures sufficient convergence for the data used. For 

each value of a, the cadmium concentration is calculated for one 

thousand points across the tube radius. The excited population at 

each point is then determined by multiplying the ground-state profile 

by a zero-order Bessel function and is referenced Y (NUMBER) where NUMBER 

ranges from 1 to 1000.

The second part of the prbgram evaluates the signal detected by 

the instrument as it scans wijth an aperture of given radius
Ï
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(O.IR in the program listed liere) .

It is assumed that the response function of the optical detection 

system is constant everywhere within the aperture and zero outside 

it. (This is actually a pessimistic standpoint since the response 

function will be greatest at the centre of the aperture, hence 

approaching more closely the ideal delta function.) No account 

is taken here of diffraction effects.

The coordinate system is shown in Fig. A 1.1. The contribution 

to the signal of the excited population profile must be summed over the 

aperture. The tube radius is assumed to be divided into 1000 units 

which in the present case means the aperture radius is 100 units.

The aperture is scanned by the computer program in the horizontal direction j

by assigning to a parameter J the values 1 to 200. For each value ;>pl

of J an element in the aperture is located in the vertical direction 'did
' ’ jby M which scans from 1 to 100. (The lower half of the aperture is

later accounted for by doubling the integration.) From the coordinates
1

J, M and I (where I is the number of units between the tube and ]

aperture centres) the distance of the element from the tube axis ^

is found by computing NUMBER. The value for the cadmium excited ,
f'ldensity may now bo assigned to i.his element using NUMBER and I lie j
jstored values of Y (NUMBER). The densities at all the elements falling 

within both the aperture and the tube cross section are summed - |

no element either outside the circular aperture or outside the tube ,

boundaries is included in the integration, j-j
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The instrumental profiles are normalised for ease of comparison
4with the undistorted profiles by dividing by 10 tf (the area of the 

aperture in this example in square units). The program then prints 

out distorted and undistorted values of the profile at selected 

points across the tube radius, determined by I. Examples appear 

for two values of a in Figs. a 1.2 and A 1.3.

The curve (Fig. 5.1) of neutral dip vs. a was computed

using a program similar to the first part of the one listed here 

except that only the neutral profile is calculated and only at a

radius of 0.7R (the dip ratio being defined as the ratio of the

densities at 0,7R and at the axis;).
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DIPENSION TRULYT(1201),SUM(1201),X(1201),Y(1201),A(2u) 
X(l)=0.0005 
DO 120 NUMBER=2,1201 
X (NUMBER)=X(NUMBER-1)+0.001 

120 CONTINUE 
ALPHA=20.0 
A(1)=0.0 
A(2)=ALPHA/4;0 
A(3)=0.J
A (4)=ALPHA*(ALPHA-4.0 1/64.0
A(5)=0*0
DO 11 J0T=6,20
A ( J O T ) = A L P H A * ( A ( JOT-2)- A (JOT-4))/J0T**2

11 CONTINUE
DO 12 NUMBER=1,1000 
Y(NUMBER)=1.D 
DO 10 J0T=1,20
Y (NUMBER)=Y(NUMBER)+A(JOT)*X(NUMBER)**JOT 

1C CONTINUE
Y (NUMBER)=Y(NUMBER)*!1.0-1.446*X(NUMBER)**2+0.5227*X(NUMBER)**4- 

CO,0839*X(NUMBER)**6)
12 CONTINUE

DO 105 1=1,1201,25 
HAFSUM=0.0 
DO 104 J=l,200 
DO 104 M=l,100
IF(M**2 *GT. 10000-(J-100)**2) GO TO 104 
NUMBER=INT(SQRT(FLOAT((1+(J-100))**2+M**2)))
IF (NUMBER .GT. 1000) GO TO 104 
HAFSUM=HAFSUM+Y(NUMBER)

104 CONTINUE
SUM(I)=HAFSUM*2.0/31416.0 
TRULYT(I)=Y(I)
WRITE(6,110) X(I),SUM(I),TRULYT(I) 

llv FORMAT!3F20.4)
105 CONTINUE 

STOP 
END

Pig, A 1,4 Listing of the program to calculate instrumental 
distortion of profiles.
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separations are shown in Fig. A2.1. This, with the theoretical 

relative intensities of the three transitions leads to the

For an optically-thin source, as used in the experiments 

described in Chapter III, the Doppler-broadened emission line profile

where

(source temperature)
a =  :-------—— —— —---- -

(discharge temperature)

Av

*''d

is the fractional contribution to the intensity of the component

with line centre at v ,m
The intensity of the source light after absorption by the 

discharge with an absorption coefficient is 

exp(-k^ d) dv

Here, d is the length of the absorption discharge, k is given by

?
I

The triplet structure of the He 3889A line was examined by 

Gibbs and Kruger with a Fabry-Perot interferometer. The term

' 'M
structure in Fig. A2.1 which is used in the computation of the 

absorption curve for the helium triplet metastable state. i
«

is given by

\ = "o - T i ~ 2 I
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D (Av̂ )

where n is the reduced number den si l.y (Chapter III) :
CT Nn = N (1 - _u)

54The equation for satisfies the condition that the absorption

coefficients at line centre, k , be in the ratio of the intensities,vm
R . If m

54the equation further satisfies the requirement . that

r /' V \ ^ul ln2 ^
m vm m 8 tt  ̂ Av^ tt

Here g^, g^ are the upper and lower statistical weights of the

tl

of the sublevels of the 3889^ upper level ; hence g =9.

transition upper and lower levels. g^ is the sum of the weights

o, 1, 2' -'u
To compute the absorption, ABS, let ABSS be the intensity

of the source light before absorption by the test discharge:

ABSS = I dv
A  "

Absorption is defined as:

(intensity of unabsorbed source light - intensity of source 

light after absorption)/ (intensity of unabsorbed source light) 

This is found from ABSD/ABSS where
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ABSD I dv I exp(-k d) dv

I (1 - exp(“k d)) dv
V

Thus the absorption is computed from the expression

 ̂ exP(- ~ T ~ ^

a  - exp(- Z exp(- (v - vj"))) dv
m D (Av )

Z R exp( (V - V )2) dv
v “  ”  “  < % >

For the 3889£ Helium line, C = 0.1506 x 10 •2

If nd 2 10^^ HE

and Av = lO^ DELNU = 10^ . 0.276/t^

2then e n d  = 10 ,C.HE/DELNU

So, putting A = 100 C = 0.1506 

e n d  = A. HE/DSLNU

2If V and V are calculated in GHz then the coefficient of (v ~ v ) m m
may be written

4 ln2 2.77B
(DELNU)^ (DELNU)^
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The integration is performed over a span of 50 GHz in

increments, DHERTZ, of O.lGHz with the spacing and relative intensity

of the components as in Pig. A 2*1.The computer program prints the 
-11values of HE (10 n d) along with the corresponding values of 

absorption. The results are graphed in Pig. A 2.2, The program 

(Fig. A 2.3) was tested by changing the data so that all the 

components were centred at one frequency and T^, the discharge 

temperature, was put equal to the source temperature T^. In this 

case, the figures agreed with those given by Mitchell and Zemansky 

for absorption by a discharge of light from a singlet transition from 

an optically thin source.
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Pig. A 2,1 Structure of the He I 38892 transition (taken from 
ref. 62) and the theoretical relative intensities 
of the components.
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DIMENSION HERTZ(5&0),HE(100)
READ(5,98) TS,TD,DHERTZ,DELH2 
READ(5,99)R1,R2,R3,HZ1,HZ2,HZ3,A

98 F0RHAT(4F7.2)
99 F0RMAT(7F10.5)

WRITE(6,100) TS,TD
100 FORMAT(42X,3HTS=F5.0,5H, TD=F5.0//)

ALPHA=SQRT(TS/TD)
DELNU=0.276*SQRT(TD)
W=2.77/DELNU**2 
HERTZ(1)=0.0 
DO 101 1=2,500 
HERTZ(I)=HERTZ(I-1)+DHERTZ

101 CONTINUE 
HE(1)=0.0 
DO 102 J=2,100 
HE(J)=HE(J-1)+DELHE

102 CONTINUE 
DO 104 J=l,100 
ABSS=0.0 
ABSD=Q«iu 
DO 103 1=1,500
TRPS1=R1*EXP(-B*(HERTZ(I)-HZ1)**2/ALPHA**2) 
TRPS2=R2*EXP(-B*(HERTZ(I)-HZ2)**2/ALPHA**2) 
TRPS3=R3*EXP(-B*(HERTZ(I)-HZ3)**2/ALPHA**2) 
TRPS=TRPS1+TRPS2+TRPS3 
TRPD1=R1*EXP(-B*(HERTZ(I)-HZ1)**2) 
TRPD2=R2*EXP(-R*(HERTZ(I)-HZ2)**2) 
TRPD3=R3*EXP(-8*(HERTZ(I)~HZ3)**2)
ABSS=ABSS+TRP5
ABSD=ABSD+TRPS*(1-EXP(-A*HE(J)/DELNU*(TRPD1+TRPD2+TRPD3)))

103 CONTINUE 
ABS=ABSD/A8SS 
WRITE!6,105) H[(J),ABS

105 FORMAT(F50.5,F10.5)
104 CONTINUE 

STOP 
END

Pig. A 2.3 Listing of the program used for relating absorption
at 3889^ (Hel) to the reduced helium triplet metastable 
density.
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A P P E N D I X  III

STRUCTURE OF THE C A D MIUM ION RESONANCE LINE 2144A

I
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The complete isotope-shift structure of the cadmium ion

resonance line 2144& (5p 5s has not been published.

However, enough has been reported on the structures of 4416%

and 3261% to enable the detail to be worked out to the

accuracy required for computing absorption curves.

For a relatively heavy atom such as cadmium (see for example 
51Kopfermann , the principal mechanism for producing the isotope 

shift is the volume or field effect, where the different distributions 

of potential inside the nucleus for various isotopes bind penetrating 

orbital electrons to different degrees, the lighter isotopes of an 

element binding electrons more strongly than the heavier ones.

This affects essentially the s electrons and, to a lesser extent, the p 

electrons.

Measurements of the hyperfine structure of 4416% , 3261%

and 2288% show that the relative positions of the isotopic

components for a given transition are similar. With this assumption 
64and the result that the shift between isotopes 116 and 110

for both ion resonance lines is similar (69 mK where 1 mK E 
—3 — 110 cm = 30 MHz), the structure of the 2144% line is taken as that

.oof the 2265A line. The centres of gravity of isotope 113 and 111 are
65taken to be separated by 29 mK . It is necessary to use the concept 

of the centre of gravity because each odd isotope gives rise to a 

hyperfine structure. (The even isotopes have zero nuclear moment
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and so there is.no hyperfine splitting.) The positions of the

isotopic components of the 2144% line are shown in Fig, A 3.1 where

each odd isotope represents the weighted mean of its hyperfine

components. The isotopes 106 and 108 were fixed by scaling from
62Kuhn and Ramsden’s results

2 2The hyperfine splitting of the 5p ̂ 2/2 '̂ 1/2 states

which are the upper and lower levels of the 2144% transition is
2shown in Fig..A 3.2. The splitting of the 5p level was

taken from ref. and that of the 5s ^S^y^ level is after Contreras 
65and Kelly . The relative intensities of the hyperfine components 

which may be deduced from the intensity rules are taken from tables 

by Kopfermann

The total contribution of any one isotope to the observed line 

intensity will be in proportion to its relative abundance in the natural 

isotopic mixture used. From this. Fig. A 3.3 shows the final 

structure of the 2144% line incorporating the hyperfine splitting.

This figure is used in- the ion resonance line absorption computer 

program (Appendix IV).
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■

The computation of the absorption curve for the cadmium 

ion 2144% resonance line follows the same analysis as that for 

the helium triplet 3889% (Appendix II). In the present case,

A “ I'oOl and the integration is performed over 30 GH with a 

0.01 GHz increment, using the structure worked out for this line 

in Appendix III.

The computer program (Pig. A 4.2) has been modified slightly 

to accommodate the additional number of components. The resulting 

absorption figures (Fig. A 4,1) are computed for the values of 

CD where gd = 10^^ , CD in analogy with the helium case.
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DIMENSION UERTZ(3000),CD(100)?R(12),HZ(12)
READ(5,97) TS,TD,DHERTZ,DELCU,A 
READ(5,99)(R(M),M=1,12)
READ(5,2ul) (HZ(M),M=1,12)

97 F0RMAT(2F7.2,3F5.2)
99 F0RMAT(12F6.3)

201 F0RMAT(12F6.2)
WRITE(6,100)TS,TD 

103 FORMAT(42X,3HTS=F5.0,5H, TD=F5.0//)
ALPHA=SQRT(TS/TD)
DELNU=0.0942*SQRT(TD)
R=2.77/DcLNU##2
HERTZ(1)=0.0
DO 101 1=2*3000
HERTZ(Ï)=HERTZ(1-1)+DHERTZ

101 CONTINUE 
CD(1)=0,0
DO 102 J=2,100 
CD(J)=CD(J-1)+DELCD

102 CONTINUE
00 104 J=l*100
ABSS=0.0
ABS0=0.0
DO 103 1=1,3000
CDS=0.)
DO 106 M=l,12
IF(B*(HERTZ(I)-HZ(M))**2/ALPHA**2,GT,70«0) GO TO 106 
CDS=CDS+R(M)*EXP(-8*(HERTZ(I)-HZ(M))**2/ALPHA»*2)

106 CONTINUE 
ABSS=ABSS+COS 
CDD=OoO
DO 107 M=l,12
1F(B*(HERTZ(I)-HZ(M))**2.GT.70,0) GO TO 107 
CDC=CDD+R(M)*EXP(-B*(HERTZ(I)-HZ(M))**2)

107 CONTINUE 
ABSD=ABSD+CDS*(1-EXP(-A*CD(J)/DELNU*CDD))

103 CONTINUE 
ABS=ABSD/ABSS 
WRITE(6,105)CD(J),ABS

105 FORMAT(F50.5,F10.5)
104 CONTINUE 

STOP 
END

Fig. A4.2 Listing of the program used for relating absorption 
at 2144% (Cdll) to the reduced cadmium ion 
ground-state density.
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APPENDIX V

CORRECTION FOR SELF-ABSORPTION AT 21̂1'tA
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The spontaneous emission profiles of cadmium 2144^ emission

(Chapter IV) must be corrected for self-absorption before they can
2indicate the relative concentrations of the 5p '^2/2 

ions. Since the number densities of the ground state ions have 

been measured tliis is achieved by computing a graph of the 

correction factor against the product of cadmium ion reduced number 

density and discharge length. The correction factor will be I^/I^ 

where is the intensity which would have been measured if there were 

no self-absorption and is the actual measured intensity.

Let I be the flux collected between v and v + dv by the 

optical detection system per unit length of discharge, neglecting 

absorption. Because of the linearity of the system (Chapter III) 

this term is constant along the column for given discharge conditions. 

The detected signal taking absorption into account is

•d
Im I exp(“k x) dx dv V V

™  (1 - exp (-k d) ) dv
V V

V o 

I

If (see Appendix II) 

k  ̂ = Z ^m^^ exp (- 4 In2 (v - v̂ ) ̂ )
m A\|D < % >

and

(V v " >
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then

m (1 - exp(- Z R exp(~ (v - v )^))) dv
m * (Av^)^^V D

and

, I dx dv
V 1

So

m

= d

e n d

I Z R exp (------ %- (v - V ) ) dvo m .2 niV ra (Av̂ )
U

Z R exp( - —  (v - 'V_) dv
m m (Av̂ ) m

(1 - exp(-Z R_ exp( - - --- -7,- (V

V m * (AvD
v^^ ))) dv

This integration is performed in the computer program (Pig. A 5.2)

which uses similar nomenclature to the program for Cd 2144% absorption.

The results are graphed in Fig, A 5.1. The program was tested by

setting the frequencies of all the components equal to each other and
58the resulting graph was the same as that derived by Harrison by 

graphical integration for a singlet transition.
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Fig.AS.l Computed graph to correct for self-absorption at 2144A 

for a given reduced cadmium ion ground-state density. 
Curves derived for a discharge temperature of 600 K.
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DIMENSION HERTZ(3000),CD(100),R(12),HZ(12) 
READ(5,97) TD,DHERTZ,DELCD,A 
READ(5,99)(R(M),M=1,12)
R£AD(5,201) (HZ(M),M=1,12)

97 F0RMAT(F7.2,3F5.2)
99 F0RMAT(12F6.3)

201 F0RMAT(12F6e2)
WRITE(6 ,100)TD

100 FORMAT!52X,3HTD=F5.0//) 
DELNU=0.0942»SQRT(TD)
B=2\77/DELNU**2 
HERTZ!1)=0.O'
DO 101 1=2,3000 
HERTZ(I)=HERTZ(I-1)+DHERTZ

101 CONTINUE 
CD(1)=0*0
DO 102 J=2,10D 
CD(J)=CD(J-1)+DELCD

102 CONTINUE
DO 104 J=2,100
ABSS=0,0
ABSD=0.0
DO 103 1=1,3000
CDD=0.0
DO 107 M=l,12
IF(B*(HERTZ(I)-HZ(M))**2.GT.70.0) GO TO 107 
CDD=CDD+R(M)*EXP(-B*(HERTZ(I)-HZ(M))**2)

107 CONTINUE
ABSS=ABSS+CDD
A8SD=ABSD+(1-EXP(-A*CD(J)/DELNU*CDD))

103 CONTINUE 
ABS=A*CD(J)*ABSS/DELNU/ABSD 
WRITE(6,105)CD(J),ABS

105 F0RMAT(F50.5,F10,5)
104 CONTINUE 

STOP 
END

Fig. A5.2 Listing of the program used for correcting for self-absorption 
at 2144&.
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APPENDIX VI

CONTRIBUTION OF ELECTRON EXCITATION TO THE 
5378A TRANSITION
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APPENDIX VII

COMPUTER SOLUTION OF THE 
CURRENT - MODULATION PROBLEM
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We wish to estimate the contribution of electron excitation

from the cadmium ion ground state to the pumping of the 4f levels,

the upper levels of the 537sS and 5337% transitions. '

Suppose that the pumping rate from cascade from Duffendack- . ..■j

excited levels at the centre of the discharge is f^7^^ Let the |

additional electron pump rate be f at the axis. Hence the total -I

axial pump rate of the 4f levels is f__ f . ",
^ He 4- + e %j
The dip .ratio of the pump rate, due to cascade from the j

Duffendack levels, r , is found by measuring the dip ratio
He+

of the 6360% transition, assuming that this line is pumped

purely by charge-exchange reactions. Hence

Since f varies as the product of the electron density and the 

cadmium ground-state ion density, the dip ratio of the electron 

pumping profile, r^^, may be written

^fe ^ ^ca+

Here r^^^ is the dip ratio for the cadmium ground-state ion profile 

found experimentally in Chapter VI and r^ is the electron density 

dip ratio which is equal to 0,4 for a Bessel distribution. Thus

h e  = ^ 0 3 +  j

From the definition of the dip ratio, the total pumping
Iof the 4f levels at 0.7R must be the sum of the electron and the ,a

Duffendack contributions at 0.7R, viz f r_ -f f r _ . IH84 e fe I

Therefore the dip ratio at 5378%, r^^gg/ will be given by h
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■ h .  ' r  :
He+ e

In terms of the experimentally observed qualities this becomes

r ^ ^ ^ n  = ^6360 ^He+ + ^26+ ^e5378  —
^He+ *

Rearranging gives

^6360 " ^5378
^He+ ^5378 “ ^Cd+

For example, at 10 Torr 100mA,

^6360 ^ 2.0

^5378 ' '

h d +  = 0-96 I
and so |

= 0.43 1
he+ I

wlFor illustration, the profiles relating to this example are shown 

in Fig. 3.9. Such a value for the electron-Duffendack pumping 

ratio is fairly typical for a wide range of discharge conditions.

However this ratio would need to be increased if electron pumping 

of the 6360% transition were shown to be significant.
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The equation to be solved in Chapter VII is

= DV^X - XN f3t e

where X is the cadmium concentration and N^f is the ionisation 

rate which is modulated sinusoidally. This form of equation 

is not generally amenable to analytic solution and so it is reduced 

to a finite-difference equation for numerical solution (considering 

only, radial dependence):

= D — ( Xj+1 “ *J-1 )(Ar)

+ » I r  F 3̂  Xj+l - Xj-l ) - Xj "e f A t
Here X is the instantaneous number density at a distance (K - 1)Ar

from the axis. D At must be set otherwise the errors incurred
2

by truncating the series would grow . At the axis the
66finite-difference equation must be modified so that

A a, f A t
(Ar)

where is the axial concentration. We divide the tube radius 

into ten sections.

The profile of cadmium is at first taken to be flat across 

the tube, and, since there would be transient oscillations when the 

current is first switched on in the program, the modulation of the

current is not applied until 500 time increments (500 At) have
passed to let the discharge settle down. This has been found an 

adequate period of time to achieve stability. The boundary 

condition assumed up to 500 At is that all the cadmium which has
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been ionised appears as neutral cadmium which builds up at the 

boundary and which diffuses back into the plasma. Without this 

condition the assumed metal vapour concentration would rapidly 

diminish.

After 500 At it is recognised that the cadmium at the

discharge edge will be in equilibrium with cadmium already
2deposited on the wall. If a (= —  R ) is the ionisation rate

'̂i
per unit length of discharge, divided by i t ,  and is the

discharge cadmium concentration at the waif, then the rate, of 

increase of the wall population, N^, is

AN  ̂ N
__« = _Ï- + X a - - 2 .At 2R 11 4 Tw

c is the average random speed of the cadmium atoms and is the 

wall sticking-time. This equation determines the subsequent 

boundary conditions. Because this rate depends on a small difference 

between two large quantities, the wall increase is determined in the 

program by summing the deviations from the equilibrium situation 

assumed at 500 At,

Fig.A 7.1 shows computed graphs of the time dependence of current, 

the axial cadmium neutral ground state population and excited (Duffendack- 

pumped) cadmium state population. Note that, while the current

modulation is sinusoidal, the other two curves are obviously not. {
■

Therefore the computed average signal of the lower two curves (set arbitrarily

equal to unity) does not lie symmetrically between the values of maximum

and minimum signal, |̂{
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The remainder of the program calculates the phase and other 

properties of the cadmium concentration. Since the cadmium excited 

and neutral ground-state densities will not be generally sinusoidal 

with time, the phase is determined in the same way as is done 

in phase-sensitive detection - the point is noted at which the 

signal averaged over half a period is equal to the signal averaged 

over one complete period. Further details of the program appear 

as comments in the program itself (Fig. A 7.2).

The phases of the excited and neutral cadmium signals were 

virtually independent of the amplitude of the current modulation,
4For example, at  ̂= 4 x lO , D = llO and frequency = 1 KHz, the 

computed phase of the cadmium* excited species was 148,8° with 

a peak-peak current modulation of 0.5 (ie half its average value) 

and 149.0° with a modulation of 0.16 peak-peak.
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max. c u rre n t - 1 17

c u rre n t

average
c u rre n t = 1 0

phase axis

180

min, cu rre n t = 0-83

i
max. Ccl density = 1-28

average density = 1 0
axia l Cd neutral
g ro u n d -s ta te  dsty.

min. Cd density  = 0 7 6

Duffendack" excited 
Cd'*' density

min. signal = 0-89 

tim e  ( jjs )  —>

max. signal = 1-13

average signal = 1-0

Fig. A 7.1
1(D0 2CXD 3KD0 ^40(3 5K30 6X30

Computed time behavien^ ni current, axial cadmium neutral 
ground-state and axial cadmium excited-state densities. 
Examples shown here for current p-p modulation = 0,34, 6 =

4 “14 X lO s , D 2 -1110 cm s , frequency = 2kHz. Computed
neutral cadmium phase lead = 159 ; computed excited cadmiur 

,ophase lead —• 125
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:
DIMENSION X(il),DX(ll),R(ll),F(ll),PHI(ll),D(20),FRE0CY(20),VALUE(tZ 

27500,4),SIZE(7500) :%
READ(5,13) NUMBER

10 FORMAT (12) ig
INTEGER ALPHA,BETA,GAMMA ^
REAL MODUL,NWALL 
READ(5,1) DR,DT,A,B 

1 F0RMAT(4E8.1)
READ(5,56) LAST 

56 F0RMAT(I4)
READ(5,23) TWALL 

23 F0RMAT(E9.2) -
READ(5,18) (PHI<K),D(K),FRE0CY(K),K=1,NUMBER)

18 F0RMAT(3F20.1) 2
READ(5,900) SPEED

900 F0RMAT(E6.1) 4̂
s':.J

WRITE(6,8) DR,DT,A,B,TWALL 
8 F0RMAT(1X,3HDR=E9.2,5H, DT=E9.2,4H, A=F5.3,4H, B=F5.3,8H, TWALL=F8 
a*5//)
DO 19 K=l,NUMBER 
WRITE(6,17)PHI(K),D(K),FREQCY(K)

17 FORMAT(1HO,1X,4HPHI=F8.1,4H, D=F5.1,9H, FREQCY=F7.1) 
PERIOD=1.0/FREQCY(K)

C
C "LOOP 1" IS THE NUMBER OF TIME INTERVALS REQUIRED TO MAKE UP ONE
C PERIOD.
C

LOOP 1=INT(PERI0D/DT)
LOOP 2=INT(PERIOD/2.0/DT)
0MEGA=6.2832*FREQCY(K) t
ALPHA=LAST-LOOP 1 
BETA=LAST-LOOP 2 
GAMMA=ALPHA+1 
R(1)=0.0

C 
C
C THE TUBE RADIUS IS DIVIDED INTO TEN SEGMENTS.
C

DO 2 J=2,ll

Fig, A7.2 Listing of the program simulating current modulation 
of the He-Cd discharge.
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R(J)=R(J-1)+DR
2 CONTINUE

C
C "XTOTAL" IS THE INITIAL POPULATION PER UNIT LENGTH OF DISCHARGE,
C DIVIDED DY PI. THE NUMBER DENSITY IS ARBITRARILY ASSIGNED AN
C INITIAL VALUE OF 10.
C

XT0TAL=10.0»R(11)*R(11) 
bo 3 J=l,ll 
X(J)=10

3 CONTINUE 
DELTA=0.0 
DELX11=0.0 
r ~ 0 * Ü
DO 9 1=1,LAST 
T=T+DT

C
C FOR STABILITY, THE DISCHARGE RUNS WITHOUT MODULATION AND WITH A
C WALL-STICKING TIME OF ZERO FOR THE FIRST 500 TIME INCREMENTS.
C

IF(IoGE.500) GO TO 15 
AMP=0.0 
GO TO 14 

15 TIME=T-500.0*DT
AMP=SIN(OMEGA*TIME)

14 CONTINUE 
DO 4 J=l,ll

C
C "F(J)" IS THE IONISATION RATE PER NEUTRAL METAL ATOM.
C

F(J)=PHI(K)*(1.0+A*AMP)*(1.0-1.446*(R(J)/R(11))»*2+0.5227*(R(J)/ 
2R(11))**4-0.0839*(R(J)/R(11))**6)

4 CONTINUE 
DO 5 J=2,10

C
C "DX" IS THE CHANGE IN "X" IN ONE TIME INCREMENT DUE TO DIFFUSION
C AND IONISATION.
C

DX(J)=D(K)*DT/DR/DR*(X(J+l)-2oO*X(J)+X(J-l))+D(K)*DT/R(J)/DR*(X(J+ !

‘Fig, A7,2 (continued) j

7^
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ai)-X(J-l))/2.0-F(J)#X(J)*DT
5 CONTINUE

UX(1)=D(K)*DT/0R/DR*4,0*(X(2)-X(1))-F(1)#X(1)*DT
C
C "SIGMA" COMPUTES THE TOTAL IONISATION PER UNIT LENGTH OF DISCHARGE
C PER TIME INCREMENT,"DT", DIVIDED BY PI.
C

SIGMA=DR*DR*F(l)*Xtl)/4.0 
DO 6 J=2,1U
SIGMA=SIGMA+(R(J)*R(J)+DR*DR-R(J-1)*R(J-1))*F(J)*X(J)

6 CONTINUE
C
C AFTER 500 TIME INCREMENTS, A VALUE IS ASSUMED FOR THE
C WALL POPULATION SUCH THAT THE ION FLUX AND THE NEUTRAL RANDOM FLUX
C TO THE WALLS BALANCES THE FLUX FROM THE WALLS DETERMINED BY
C "TWALL", THE WALL STICKING-TIME. THIS IS TAKEN HEREAFTER AS THE
C BOUNDARY CONDITION.
C

IFil.LT.500) GO TO 16 
IF(I.GT.500) GO TO 11 
SIGMAO=SIGMA 
X110=X(11)

11 DELX11=X(11)-X110
DNWALL=(SIGMA-SIGMA0)*DT/2.0/R(ll)-DELTA*DT/TWALL+DELXll*SPEED*DT/

24,0
DELTA=DELTA+DNWALL
X(11)=X110+4.0/SPEED*(DNWALL/DT+DELTA/TWALL-(SIGMA-SIGMAO)/2.0

2/R(ll))
DX(11)=X(11)-X(10)-DX(10)
GO TO 20

16 DX(ll)=SIGMA*DR/R(ll)/D(K)/2.0 
20 DO 7 J=l,10

X(J)=X(J)+DX(J)
7 CONTINUE 

X(11)=X(10)+DX<11)
C
C "XTEMP" IS THE TOTAL INSTANTANEOUS NEUTRAL POPULATION PER UNIT
C LENGTH OF THE DISCHARGE, DIVIDED BY PI.
C INITIALLY, THE NUMBER DENSITY IS NORMALISED BY "RATIO" (USUALLY

Fig. A7.2 (continued)
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UNITY TO WITHIN 0,003%) IN ORDER TO PREVENT DRIFT DUE TO ERRORS 
INTRINSIC IN THE COMPUTATION OF SIGMA, "FACTOR" TAKES OVER WHEN 
THE WALL POPULATION IS ALSO CONSIDERED.

XTEMP=0,0 
DO 12 J = i,icr
XTEMP=XTEMP+(X(J)+X(J+l))*(R<J)+R(J+l))*DR/2.0

12 CONTINUE 
IF(I.GE.5D0) GO TO 41 
RATIO=XTOTAL/XTEMP
DO 13 J=l,11 
X(J)=X(J)#RATIO

13 CONTINUE 
GO TO 42

41 FACT0R=(XT0TAL~2.0*R(11)*DELTA)/XTEMP % 
DO 42 J=l,ll
X(J)=X(J)*FACTOR

42 CONTINUE 
DIP=X(8)/X(1)
IF (I.GE.ALPHA) GO TO 21 
GO TO 9

21 VALUE(I,1)=X(1)*(1,0+B*AMP)
VALUE(I,2)=DIP
VALUE(I,3)=X(1)
VALUE(I,4)=XTEMP 
IF(I.EQ,ALPHA) START=TIME 

9 CONTINUE

THE NEXT 34 LINES COMPUTE THE PHASE, AVERAGE SIGNAL ("AVRAGE") AND 
THE MODULATION AMPLITUDE ("MODUL") OF THE AXIAL DENSITIES OF THE 
NEUTRAL GROUND-STATE SPECIES AND HELIUM-ION-EXCITED SPECIES, THE 
PI-NORMALISED DISCHARGE POPULATION AND THE DIP.

THE PHASE IS DETERMINED USING THE SAME CRITERIA AS PHASE-SENSJTIVL 
DETECTION, NAMELY NOTING THE POINT AT WHICH THE SIGNAL AVERAGED 
OVER HALF A PERIOD IS EQUAL TO THE SIGNAL AVERAGED OVER ONE 
COMPLETE PERIOD.

Fig. A7.2 (continued)
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PHAS&B=360.0*(START/PERI0D-AINT(START/PERIOD))
DO 29 N=l,4 
SUM=0.0

C
C THE SIGNAL IS AVERAGED OVER ONE COMPLETE PERIOD.
C

DO 51 I=ALPHA,LAST 
SUM=SUM+VALUE(I,N)

51 CONTINUE 
AVRAGE=SUM*DT/PERIOD 
TOTAL=O.J

C
C THE SIGNAL IS SUMMED OVER HALF A PERIOD.
C

DO 52 I=ALPHA,BETA 
TOTAL=TOTAL+VALUE(I,N)

52 CONTINUE
C
C - THE HALF-PERIOD SUMMATION IS NOW EXECUTED OVER PROGRESSIVELY
C LATER HALF-PERIOD INTERVALS.
C

DO 53 I=ALPHA,8ETA 
INDEX=I+LOOP 2
TOTAL=TOTAL-VALUE(I,N)+VALUE(INDEX,N)

C
C THE NEXT 12 LINES FIND "NODE", WHICH IS THE VALUE OF "I" STARTING
C FROM WHICH THE AVERAGE OF THE SIGNAL FOR HALF A PERIOD IS EQUAL TO
C THE AVERAGE OF THE SIGNAL OVER ONE COMPLETE PERIOD.
C

SIZE(I)=ABS(T0TAL-SUM/2.0)
53 CONTINUE 

BIG=SIZE(ALPHA)
SMALL=SIZE(ALPHA)
DO 58 I=GAMMA,BETA 
IF(BIG.LT.SIZE(I)) BIG=SIZE(I)
IF(SMALL.GT.SIZE(I)) SMALL=SIZE(I)

58 CONTINUE
DO 54 I=ALPHA,BETA 
NODE=I

Fig. A7.2 (continued)



'y - ' -li ^  i.;- '"' ' '..'.fV.'.": V----V"V

A„7..11

EC.SMALL) GO TO 55

LT.AVRAGE) PHASE=90.u+360.0*FLOAT(LAST-LOOP 2-N 

GT.AVRAGE) PHASE=90.0+360.0*FL0AT(LAST-N0DE)/FLOW

^.0

IF(SIZE(I)
54 CONTINUE
55 IF(VALUE(NODE,N)

ÆE)/FLOAT(LOOP 1)
IF(VALUE(NODE,N)

£T{LOOP 1)
IF(PHASE.GT.360.)) PHASE=PHA5E 
PHASE1=PHASE-PHASER
IF(PHASEl.LT.O.O) PHASEl=PHASEl+360,

BIG*DT/PERIOD/AVRAGE 
WRITE(6,47)
WRITE(6,49)
WRÏTE(6,46)
WRITE(6,48)

FORMAT(1HO,30X,21HAXIAL 
F0RMAT(1H0,3UX,21HAXIAL 
F0RMAT(1H0,30X,24HDISCHARGE NUMBER 
FORMAT(1HO,30X,11HNEUTRAL DIP)
WRITE(6,45) PHASEl,AVRAGE,MODUL
F0RMAT(10X,12HPHASE LEAD =F6.1,8H DEGREES,10X,15HAV5RAGE 

a.4,10X,12HM0DULATION =F8.4)
IF(MODUL .LT. 4.0/FLOAT(LOOP 1)) WRITE(6,100)

46
47
48
49

45

M0DUL=2.0*
IF(N.EQ.l)
IF(N.EQ.2)
IF(N.EQ.3)
IF(N.EQo4)

NEUTRAL
EXCITED

SPECIES) 
SPECIES) 

DENSITY

VALUE

1ÜÜ
29
19

OWING TO THE DISCRETE NATURE OF THE INTEGRATION, THERE CAN BE 
FRACTIONAL ERROR IN THE SIGNAL EQUAL TO THE RECIPROCAL OF THE 
NUMBER OF STEPS IN ONE PERIOD. SINCE THE PHASE DEPENDS ON THE 
DIFFERENCE BETWEEN THE INSTANTANEOUS SIGNAL AND THE AVERAGE
SIGNAL, THE PHASE IS ONLY 
DIVIDED BY THE AVERAGE IS 
FRACTION. THIS MEANS THA 
RECIPROCAL OF "LOOP 1", 
FOLLOWING IS PRINTED:-

WELL DETERMINED IF THE DIFFERENCE 
MUCH GREATER THAN THE ABOVE-MENTIONEI 
' "MODUL" MUST ALSO BE LARGER THAN THI 
IF THIS CRITERION IS NOT OBEYED, THE

F0RMAT(1X,49HNB
CONTINUE
CONTINUE
STOP
END

PHASE IS SUSPECT OWING TO REDUCED MODULATION)

Pig. A7.2 (continued)

. .. :
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