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Equation (5.6) may then be re-written :- 
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0 

The distribution function and hence R. v and D are now independent 

of x and equation (5.7) becomes :- 

R, -avt+a D=0 (5.10) 

{ 2 
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0 

The coefficient @ is the value of the primary ionization coefficient, also 

the energy distribution function is normalised so that :- 
Cc? 

fete, cerae =1 ‘ (5.13) 

0 

The appropriate transport equation obtained from equation (5.7) is :- 
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where the drift velocity, v 0? is given by: 

> (©) 
28 ef % cian (5.15) 
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and the diffusion coefficient, Dp, is given by :- 

ce ele Fi(e) de . (5. 16) 

0 

0 

The value of Dd, is the value of D.. (the radial diffusion coefficient) since 

the earlier solution did not differentiate between D. and Dy . 

The electron mean energy is given by :- 
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CHAPTER SIX 

RESULTS FOR ELECTRON SWARMS IN A MIXTURE 

OF ARGON GAS AND METAL VAPOURS 

6.1 THEORETICAL CONSIDERATION 

The theoretical results have been computed for the electron swarm 

parameters by using the Boltzmann's equation in a mixture of argon gas 

and metal vapours, namely (Ar+ K, Ar+ Na and Ar+ Cs) for E/N regions 

between 2.83 and 283 Td and for a range of metal vapour percentages of 

0.001% to 20%, (see Appendix A). 

The sets of metal vapour/gas cross-sections have been obtained 

from the results of previous workers. For different percentages of metal 

vapour and argon gas, calculations have been made for the ionization 

coefficient, a/N, the drift velocity, the ratio of rates of excitation ‘ae 

and ionization, the ratio of radial diffusion coefficient to mobility D/4, and 

the mean electron energy, € , as functions of E/N. 

6.2 CROSS-SECTION IN A MIXTURE OF ARGON GAS AND 
POTASSIUM VAPOUR 

Three types of cross-sections in argon gas are used for the analysis 

and these represent excitation, ionization collision and momentum transfer 

cross-section. Details are given in Table 6.1 and the variation of cross- 

section with electron energy is shown in Fig. 6.1. The momentum transfer 

cross-section, NQ 3? used in the present calculations were published by 

Frost and Phelps (1964) for energies up to 500 eV. All the excitation 

processes are represented by a single excitation cross-section, NQex.? 

which is 1.3 times the semi-empirical values of de Heer and Jansen (1975),
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and has an onset energy of 11.6 eV. Ionization processes are represented 

by cross-sections published by Rapp and Englander -Golden (1965) who gave 

ionization cross~section, NQion? having onset energy of 15.8 eV. 

For potassium vapour, three types of cross-sections are also used. 

These are the momentum transfer cross section, NQ 2 the excitation cross- 

section, NQEx , and ionization cross-section, NQ ion? respectively. The 

l 6 - 

momentum transfer cross-section has a high peak of NQ m1 =2.5x10 m , 

occurring at an energy of 0.16 eV. There is then a rapid fall of the cross- 

section to a value of NQ a Lad 10° m, occurring at an energy of 0.7 eV. 

That is followed by an almost horizontal section up to the high energies. 

This type of momentum curve is found to be necessary in order to fit the 

experimental measured values of the drift velocity (Lucas, 1981). Fig. 6.2 

shows the good degree of fit and is within 15% of the measured values over 

a wide range of E/N. Because of the rapid rate of change of the momentum 

cross-section for the electron energies in the region of 0.2 - 0.6 eV, itis 

not possible to get an exact fit. There are two excitation cross-sections. 

The first is published by Chen and Gallagher (1978) having an onset energy 

of 1.61 eV and the second by Walters (1976) having an onset energy of 2.60 eV. 

The ionization cross-section, with the onset energy of 4.34 eV is by 

Zapesochnyi and Aleksakin (1969). The relevant references for the momentum 

transfer cross-section, the excitation cross-section and ionization cross- 

section are given in Table 6.2 for potassium vapour. The actual cross- 

section values for both argon gas and potassium vapour cross-section are 

shown in Fig. 6.1, and tabulated in Appendix B.
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6.3 RESULTS AND DISCUSSION 

Once a set of cross-sections has been compiled, and used in a 

simulated electron swarm motion in metal vapour, e.g. potassium, it is 

then possible to determine theoretically the swarm parameters in a mixture 

of gases and metal vapours. Theoretical results for the swarm parameters 

have been obtained by using Boltzmann's equation over the range 2.83 to 

283 Td and are tabulated in Appendix A. 

The graph of the ionization coefficient ( @,-/N) against E/N is shown 

in Fig. 6.3. This graph illustrates the values of ionization coefficient in 

23 
pure potassium vapour varying from 1.4 x 10 ~’ to l,l x 107" em which is 

lower than the values of pure argon gas varying from 2.06 x 10° 2 to 

Warsi igo ae Between these two graphs, there are three further graphs 

for percentages of potassium vapour from 5% to 20% K and these show 

that the higher percentage of potassium vapour used the lower is the ionization 

coefficient obtained. Fig. 6.4 shows clearly that the lowest percentages of 

potassium ions (0.01% K), the values of ionization coefficient are small, 

while at highest percentages of potassium ions (1% K"), the values of 

ionization coefficients are large and bigger than the values of the ionization 

coefficients in pure argon gas (see Fig. 6.3). 

Fig. 6.5 shows that for low E/N < 207d, there is an enhanced 

coefficient caused by the production of potassium ions, KT , by direct 

ionization. Fig. 6.5 also illustrates that the ionization coefficient in a 

mixture of argon gas and potassium vapour is very large compared with the 

ionization coefficient in argon gas, as illustrated by the peak in the curve as 

a function of percentage (and fraction) of potassium vapour.
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The drift velocity, va in a mixture of argon gas and potassium 

vapour, is shown in Fig. 6.6, which shows that the values in pure argon 

gas varying from 0. 04 to 2.06 x 10” cm/sec, are higher than the values 

in pure potassium vapour. As the percentage of potassium vapour is 

increased, there is an overall increase in drift velocities, especially at 

20% K, the drift velocity varies from 0.8 x 10° to 4.14x 10” cm/sec. 

Fig. 6.7 illustrates the variation of the ratio of radial diffusion 

coefficient to mobility, D./# with E/N. The value of D/H in pure potassium 

vapour varies from 0.14 to 0.57 V, which is lower than the value in pure 

argon gas which varies from 7.03 to 9.85 V. There are four other curves 

confined between these two curves, which show that a higher percentage of 

potassium vapour produces a lower mean energy. Over the same range of 

E/N, (14.1 to 283 Td), the ratio of radial diffusion coefficient to mobility 

in potassium vapour is greater than the mean energy throughout the entire 

range. This confirms that the electron energy distribution is non-Maxwellian 

D 7 
because, otherwise, a relationship of ( z = 5 € ) would be expected. 

3 

This non-Maxwellian energy distribution occurs because of the large excitation 

cross-sections with the onset energies of 1.61 eV and 2.60 eV. 

Mean electron energy € is plotted as a function of E/N in Fig. 6.8. 

This figure shows that the values in pure potassium vapour range from 0.01 

to 0.52 eV, and in pure argon gas from 5.09 to 8.85 eV. Between these 

two curves there are four further curves for a percentage mixture of potassium 

vapour from 1% to 20% K. Lower values of electron energies are obtained 

from a higher percentage of potassium vapour because of the higher momentum 

cross-section of potassium vapour. There exists a fast-rising excitation
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TABLE 6.1: SOURCES OF ARGON COLLISION CROSS-SECTIONS 

CROSS -SECTION 

* MOMENTUM 

TRANSFER 

EXCITATION 

IONIZATION 

ONSET -ENERGY SOURCE 

eV 

2m 5 
7 72-69% 10 FROST AND PHELPS (1964) 

de HEER AND JANSEN (1975) 

RAPP AND ENGLANDER- 

GOLDEN (1965)   
* Modified
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TABLE 6.2 : SOURCES OF POTASSIUM VAPOUR COLLISION CROSS-~SECTIONS 

CROSS -SECTION ONSET -ENE RGY SOURCE 

ev 

MOMENTUM 2m 6 
Reuben aT 727-8x 10 LUCAS (1981) 

RESONANCE CHEN AND GALLAGHER 
, (1978) 

EXCITATION WALTERS (1976) 

4p 
3D 

IONIZATION ZAPESOCHNYI AND 

ALEKSAKIN (1969) 

McFARLAND (1965)  
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CHAPTER ONE 

INTRODUCTION 

For many years ionized gases have been subject to extensive studies 

and investigations. Research in this direction has had a decisive influence 

on various technological developments and theoretical approaches, and has 

found many applications. In the past, gaseous electronics has been used 

successfully to explain the operation of such devices as the thyratron, Geiger 

counter, mercury arc rectifier, high voltage gas switches, gas insulators and 

in recent years, an active interest has developed in the explanation of the 

physical processes involved in gas lasers, which in themselves have found 

wide applications (see review articles by Levine and De Maria, 1971, and 

Arecehi and Schulz-Dubois, 1972). 

For design purposes an accurate knowledge of the electrical properties 

of gases is essential. To be able to understand the behaviour of ionized gases 

under certain conditions, one must have detailed information about electron 

mean energies, diffusion coefficients and attachment and detachment 

coefficients. It is also necessary to understand the chemistry of the processes 

by studying the ion reactions which take place and also radiation studies help 

to clarify the situation as far as lasers are concerned. 

There is an active group at Liverpool engaged upon research into 

gaseous electronics and within this group Dr. J. Lucas specialises in the study 

of electron swarm motion in gases. In particular, four of the swarm para- 

meters which describe the motion of the electrons are studied, namely the 

ionization coefficient, Ors the radial diffusion coefficient, Di the electron
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coefficient at low E/N, as shown in Fig. 6.9. For small percentages of 

potassium vapour, the coefficient due to the second excitation cross-section 

is very small and may be neglected. 

6.4 CROSS-SECTION IN A MIXTURE OF ARGON GAS AND 
SODIUM VAPOUR 

The cross-section in sodium vapour together with the cross-sections 

in argon gas are shown in Fig. 6.10, and tabulated in Appendix B. Three 

types of cross-sections in sodium vapour are used and these are the 

momentum transfer cross-section, the excitation cross-section and the 

ionization cross-section. The momentum transfer cross-section has a 

maximum peak of NQ. 2.7x 10” m”! located at an energy of 0.15 eV 

followed by a rapid fall of the cross-section to a value of NQ nn Zed 10° fa ts 

given at an energy of 4 eV. This kind of momentum curve in sodium vapour 

is adopted such as to agree with the measured drift velocity by Nakamura 

and Lucas (1978). Three excitation cross-sections, NOQpx.? have been 

measured by Zapesochnyi (1967). The excitation onset energies are taken 

as 2.10, 3.62 and 4.12 eV respectively. The ionization cross-section, 

NQion? is given by Zapesochnyi and Aleksakin (1969) having an onset energy 

of 5.14 eV. Table 6.3 shows the sources of cross-sections in sodium vapour. 

(For argon gas, cross-sections have been discussed in Section 6.2). 

6.5 RESULTS AND DISCUSSION 

Using Boltzmann's equation the theoretical results of ionization 

coefficient, a/N, drift velocity, v,, ratio of radial diffusion coefficient 
d 

to mobility, D/H , mean electron energy, € , and the ratio of rates of 

excitation and ionization have been obtained over the range of 2.83 to 283 Td
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in a mixture of argon gas and sodium vapour and are summarised in tables 

(see Appendix A). Fig. 6.11 illustrates the variation of ionization coefficient 

(2,-/N) with E/N. This figure shows that the values of ionization coefficient 

3 7 
in pure argon gas vary from 2.06 x 10 to 7.37 x io cm” and are higher 

than the values of ionization coefficient in pure sodium vapour which vary 

ie tors. 9x io cen There are three further curves, between from 9.7.x 10. 

the pure argon gas curve and pure sodium curve, containing percentages of 

mixtures of sodium vapour increased from 7 % to 20% Na and this shows 

clearly that the lower the percentage of sodium vapour used, the higher the 

value of the ionization coefficient. At 1% Na, the values of ionization 

coefficient are higher than the values of pure argon gas, but Fig. 6.12 shows 

that at the smallest percentages of sodium ions (0.01 % Na’ ), the ionization 

Z cm’, while at increasing coefficient is very small, from 0.17 to 0.04 x 107! 

the percentages of sodium ions (1% Na’ ), the values of ionization 

coefficient are increased. At the same time, at lowest percentages of argon 

ions (0.01% Ar’ ) a higher ionization coefficient is obtained. The ionization 

coefficient is plotted again against the percentage (and fraction) of sodium 

vapour in Fig. 6.13, which indicates that the production of sodium ions, Na’, 

by direct ionization causes an enhanced coefficient. The ionization coefficient 

of argon is much lower than the ionization coefficient of the argon-sodium 

vapour mixture, as may be seen from examining the peak in the curves. 

The values of drift velocity have been evaluated theoretically and 

are shown in Fig. 6.14, asa function of E/N, which shows that the values 

of drift velocity in pure sodium vapour ranges from 0.4 x 10° to 1.23 x 10” 

cm/sec, and are smaller than the values of drift velocity in pure argon gas



drift velocity, v q@? and the longitudinal diffusion coefficient, De: These 

parameters are determined theoretically by consideration of the energy 

balance and continuity equations (see Fig. 1.1). Initial experimental work 

involved the measurement of the ionization coefficient and radial diffusion 

coefficient by a steady-state technique for inert and molecular gases, using 

a method based on the work by Townsend (1947). More recently a new 

technique, the time of flight technique, was developed by Snelson (1974) which 

could obtain valuable information about the electron drift velocity and longitud - 

inal diffusion coefficient. Directly influencing the swarm parameters is the 

electron energy distribution, calculations of which have been made using 

the Boltzmann equation and the Monte Carlo simulation technique (Saelee, 1976). 

Table 1.1 shows the existing state of research work done by various workers 

in the gaseous electronics group at Liverpool. Work by workers outside this 

group has been tabulated and presented in many texts, works by Dutton (1975) and 

Laborie et al (1968, 1971) being particularly relevant to the present work. 

The research work detailed in this thesis has continued in the tradition 

of the Liverpool group, original measurements of swarm parameters have 

been made in several gases and mixtures of gases with metal vapours. 

Time of flight measurements of the electron drift velocity and 

longitudinal diffusion coefficient have been made in oxygen and methane for 

E/N in the range up to 848 Td (1 Td= 10 1” AY em). The time of flight 

technique has also been applied to measure the radial diffusion coefficient 

in oxygen, methane and sulphur hexafluoride at high E/N between 13 and 

5650 Td. A Monte Carlo technique has been used to simulate the electron 

swarm motion in oxygen and methane (see Table 1.2). A set of elastic
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which vary from 0.04 to 2.06 x 10’ cm/sec. Above these two curves there 

are four curves with the percentage of sodium vapour increased between 1% to 

20% Na which illustrates that the value of drift velocity in the mixture is increased 

with the increasing sodium vapour percentages, especially at 20% Na. The 

drift velocity varies from 0.03 to 4.38 x 10’ cm/sec. 

The graph of the ratio of radial diffusion coefficient to mobility against 

E/N is shown in Fig. 6.15. The values for the ratio of radial diffusion 

coefficient to mobility in pure argon gas increase with E/N up to283 Td at 

which it reaches a maximum value of 9.85 V, while the values for the ratio 

of radial diffusion coefficient in pure sodium vapour vary from 0.11 to 

0.64 V. The area between these two curves is occupied by four further curves 

with percentages ranging from 1% to 20% Na, which show that at the 

lowest percentage of sodium vapour a higher mean energy is obtained. The 

values of ratio of radial diffusion coefficient to mobility in sodium vapour 

are smaller than the mean electron energy throughout the range of E/N, 

which shows that the electron energy distribution is of the Maxwellian type 

for which D | /H= 4 é. 

The values of mean electron energy as a function of E/N are illustrated 

in Fig. 6.16, which shows that the values in pure argon gas change from 5.09 

to 8.85 eV, while the values in pure sodium vapour change from 0.11 to 0. 97 eV. 

Four curves are drawn between these two curves with percentage mixture of 

sodium vapour increased from 1% to 20% Na. Because of higher values in 

momentum transfer cross-section of sodium vapour, a higher energy is gained 

from the lower percentage of sodium vapour. 

The ratio of rates of excitation and ionization is plotted against E/N as
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TABLE 6.3 : SOURCES OF SODIUM VAPOUR COLLISION CROSS-SECTIONS 

CROSS -SECTION ONSET -ENERGY SOURCE 

eV 

* MOMENTUM NAKAMURA AND LUCAS 
TRANSFER (1979) 

* EXCITATION ZAPESOCHNYI (1967) 

3S - 3P 

3P - 3D 

Combined 

(3P-4D,5S,5D, 6S, 6D) 

IONIZATION ZAPESOCHNYI AND 

ALEKSAKIN (1969) 

McFARLAND (1965)   
4 

* Modified
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shown in Fig. 6.17, which shows that at low E/N there is a rapid increase of 

excitation coefficient which is due to the large excitation cross-sections 

having an onset energy of 2.10, 3.62, and 4.12 eV respectively. 

6.6 CROSS-SECTION IN A MIXTURE OF ARGON GAS AND 

CAESIUM VAPOUR 

The electron-caesium metal collisions are grouped into three types 

i.e. momentum transfer, excitation and ionization. The shape of the 

momentum transfer cross-section, NQ a? was found by Saelee and Lucas 

(1979). The momentum increases sharply from 0.03 eV to give a peak value 

of NQn= 2.45 x 10° m”! at about 0.16 eV. As the electron energy increases 

up toa higher energy the momentum cross-section takes a form of almost 

horizontal section. This sort of momentum curve in caesium vapour is 

used in order to satisfy the measured drift velocity by Saelee and Lucas (1979). 

Two excitation cross-sections, NQpy? have been used and these from the 

ground state to the 6p 1/2 and 6p 3/2 levels which have been measured by 

Zapesochnyi (1967) who gave the onset energies as 1.39 and 1.45 eV, 

respectively. The cross-sections for ionization, NQion? by collision with 

electrons have been measured by Nygaard (1968). The onset energy of 

ionization is given as 3.89 eV. The references for caesium vapour cross~- 

sections are given in Table 6.4. The set of cross-sections for caesium 

vapour, together with argon gas cross-sections, are shown in Fig. 6.18 

and tabulated in Appendix B. 

6.7 RESULTS AND DISCUSSION 

A computation method has been developed to calculate electron 

swarm parameters by using Boltzmann's equation. Over the range 2.83
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to 283 Td, a result for ionization coefficient, a-/N, drift velocity, v a 

ratio of radial diffusion coefficient to mobility, D/H, mean electron energy, €, 

and the ratio of rates of excitation and ionization have been obtained in 

caesium vapour and argon gas mixture. These results are tabulated in 

Appendix A. The ionization coefficient is shown with E/N in Fig. 6.19, 

which shows that the values of ionization coefficient in pure argon gas 

25 
change from 2.06 x 10 ~~ to 7.37 x 162" ae and are higher than the values 

of ionization coefficients of pure caesium vapour, which changes from 1.2 x io? 

tol e2is te" ie A percentage mixture of caesium vapour used is from 

5% to 20% Cs, and asa result, there are three further curves occurring 

between the pure argon gas curve and pure caesium vapour curve, which 

illustrates that the lower the percentage of caesium vapour introduced, the 

higher the ionization coefficient produced. The values of ionization coefficient 

ei7 
= to 8.62 x 10 oa, and they are higher at 1% Cs range between 1.86 x 10° 

than those of pure argon gas. Ag the highest percentage of caesium (1 %) 

the production of Ar is always lower (denoted by 1% Ar’) than the production 

of Cs" (denoted by 1% Cs‘), as shown in Fig. 6.20. For lower percentages 

of caesium the production of Cs* is higher than the production of Art only at low E/N. 

Fig. 6.21 shows the ionization coefficient varies with the percentage 

(and fraction) of caesium vapour. Comparing the values of ionization 

coefficient in the mixture of argon gas and caesium vapour with the values 

of ionization coefficient in argon gas a maximum value occurs in the curves 

as E/N increases. Also this figure indicates that the large amount of caesium 

ca . A : Tos 
ions,Cs , was produced by direct ionization to get an enhanced coefficient. 

The values of drift velocity in caesium vapour and argon gas mixture
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have been obtained and are shown in Fig. 6.22 as a function of E/N. The 

maximum value of drift velocity in pure argon gas was 2.06 x 10’ cm/sec 

which is much larger than the maximum value of drift velocity in pure caesium 

vapour measured as 3.94 x 10° cm/sec. Also this figure illustrates that as 

the percentage of caesium vapour is decreased, there is a rapid decrease in 

the values of drift velocity, especially at 1% Cs where the drift velocity 

varies from 0.22 to 2.10 x 107 cm/sec, while at 10% Cs the drift velocity 

varies from 0.17 to 2.98 x 10’ cm/sec. 

The variation of ratio of radial diffusion coefficient to mobility with 

E/N is presented in Fig. 6.23. The values of ratio of radial diffusion 

coefficient in pure caesium vapour are varying between 0.23 to 0.42 V which 

is smaller than the values in pure argon gas ranging from 7.03 to 9.85 V. 

Four further curves with percentages of caesium vapour between 1 % to 20% Cs 

are located between the two curves of pure argon gas and pure caesium vapour, 

which indicates that the highest percentage of caesium vapour produces the 

lowest mean energy. The values of radial diffusion coefficient are higher 

than the values of mean electron energy until it reaches E/N = 141 Td. 

The values of mean electron energy are higher than the values of radial 

diffusion coefficient for the range of I55 < E/N < 283 Td as compared with 

Fig. 6.24 which shows also that the values of pure argon gas are higher than 

the values of pure caesium vapour. As the percentage of caesium vapour 

increases between 1% to 20 % Cs the values of mean electron energy decrease. 

The graph of ratio of rates of excitation andionization as a function of E/N 

is shown in Fig. 6.25. This figure shows that at small percentages of caesium 

vapour (0.001 % Cs) a sharp increase is caused in excitation coefficient at



=) 

E/N = 40 Td, as shown by the peak in the curve, this is due to the large 

excitation cross-sections in caesium vapour.
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TABLE 6.4 : SOURCES OF CAESIUM VAPOUR COLLISION CROSS-SECTIONS 

CROSS-SECTION ONSET-ENERGY SOURCE 

eV 

MOMENTUM Am = 82.6% 10! SAELEE AND LUCAS (1979) 

TRANSFER 

EXCITATION 

6°P 
‘ * 7ZAPESOCHNYI (1967) 

6°P 3/2 

IONIZATION . NYGAARD (1968)  



NO 
(mi

!) 
CO
LL
IS
IO
N 

© 
PA
RA
ME
TE
RS
 

= 119 - 

On 
NOm. 

10° 

0 EX) 
4 

0 NO EX 
” i — = 

Xn. 
io pcre 

e Mion 
? perenne . 

NOm - f NOgy = 

102 ; i 
; 50 ” - 

30 - 0:02 005 01 05 1 10 5 16 5 10 
ELECTRON ENERGY (eV) 

Fig(6-18) COLLISION IN A GAS AND CAESIUM VAPOUR 
———['§, -vsssees r



       

   

“2 

Avhts ~ 
/ Yo 

Fe 
| J Wels 

Ou
 

O 

e
e
s
 

ON
 

ION
IZA

TIO
N 

COE
FFI

CIE
NT 

y/
N 

(1
0c
m)
 

/CAESUM 
/ 

/ 
200 240 280 

| | 
1° | | f 

ij / 
if lj ! PURE 

| 

40 80 120 160 
E/N (Td) 

Fig. (6-19 ) IONIZATION COEFFICIENT IN MIXTURES OF 

CAESIUM AND ARGON



“ (Cs +Ar ] eH 

1/ats:     

          
   

        

  

   

Pay ] oe 

ue ao 
ff nae tee a 
Faso act ; ‘To US 

if / 0 ] /oAr / 

if [lo At 

“N -| : aa / 

el I ~S 

2 il ee 
. i j 0-01°%0 Cs" 
oa : : . 

CO
EF
FI
CI
EN
T 

IO
NI
ZA
TI
ON
 

40 80 120 160 200 240 280 

| E/N (Td) 
Fig.(6-20 ) IONIZATION COEFFICIENT IN MIXTURES OF 

CAESIUM AND ARGON



=A) = 

(Cs+Ar) 

ae 00% ARGON ee ee E/N = 64 8 (Td) 

i Ce YO SGERN 
eS 100% ARGON Aer \ 

oe i. 5 \ 

= 10) Z, = \ 
3 4 NS \ 

ot fe \ ‘ \ 

= aut y 
= f \ 

ee 
= 10 [E/N=28-3 \ 
Pee fe etic, \ 

= 100% ARGON =~. ‘ 
= 28:3. \ 

163 Ar \ 

\ \ 
\ 

10" 
0.001 0-01 01 10 

PERCENTAGE 

10 10" 10° 1° 10! 
FRACTION 

Fig. (6-21) IONIZATION COEFFICIENT IN MIXTURES OF 

CAESIUM AND ARGON



123) = 

   
rae 

Vs - of ee 
/ £d%ls 

/10%Cs 

       

    

   yy 
     

  

   
   

EL
EC
TR
ON
 

DR
IF
T 

VE
LO
CI
TY
 

(c
m/
se
c)
 

5 

a 
Me 

ea 

2 <a CAESIUN    
40 80 120 160 200 240 280 

E/N (Td) 

Fig (6-22 ) DRIFT VELOCITY IN = MIXTURES OF 

CAESIUM AND ARGON



-4- 

TABLE 1.1 : SOURCE OF PREVIOUS WORK DONE IN GASES AND METAL VAPOURS 
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CHAPTER SEVEN 

FUTURE WORK 

The measurement of electron swarm parameters by the time of flight 

technique has so far been restricted to measurement of the electron drift 

velocity and both longitudinal and radial diffusion coefficient. The technique 

may be extended to allow measurement of the ionization coefficient to be 

obtained in this way and hence the effects due to the presence of secondary 

electrons can be avoided. 

Preliminary work on the measurement of electron swarm parameters 

in high temperature metal vapours has also been done. Nakamura and 

Lucas (1978) and Saelee and Lucas (1979) have measured electron drift 

velocities in mercury, thallium, sodium vapours, and caesium vapours, 

but there are many difficulties, the main one being the confinement of the 

vapour at high temperatures. This has been achieved by using a heat-pipe 

in which metal vaporised in the evaporation zone travels to the condensation 

zone which is force cooled. Upon condensing, the liquid metal travels back 

to the evaporation zone by using surface tension effects to draw it back 

along a porous, stainless steel wick. Metal vapours are interesting in 

that they are a possible media for the high power lasers operating in the 

visible region, thus avoiding the expensive germanium optics of infra-red 

lasers. The design of a new heat-pipe apparatus which will be capable of 

measuring drift velocities and ionization coefficient in high temperature 

vapours should be undertaken. A pulse of U.V. radiation incident on the 

cathode will generate the initial electrons. Due to the simplicity of the 

system any difficulties with condensation of the vapour on the electrodes 

should be greatly reduced, and it is intended that this design will allow



eon 

measurements to be made in the higher temperature vapours. 

The experimental measurements taken for this thesis have involved 

the measurement of electron currents both by steady state and time of 

flight (TOF) conditions. One interesting development which should be 

pursued is the examination of the property of the electron swarms by 

looking at the emitted radiation. Such a technique has been introduced by 

Blevin et al (1976), and has the advantage of giving measurement which has 

reduced électrical noise. It is also a method by which a coefficient (@p ) 

can be measured for radiation as is available from Monte Carlo and 

Boltzmann calculations. Each gas produces many channels for loss of energy 

by radiation and each of these channels may be investigated by defining an 

effective radiation coefficient (a R?: Such a measurement would allow the 

collision cross-section to be more clearly identified and defined.
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and inelastic cross-sections has been collected for each gas such that the 

computed and experimental values gave good agreement for each swarm 

parameter over the entire E/N range. Electron swarm parameters have 

been evaluated in the range of E/N varying from 14 to 5650 Td. Theoretical 

values have also been computed for the electron swarm parameters by using 

the Boltzmann equation in a mixture of argon gas and metal vapours namely, 

(Ar+ k, Ar+ Na, Ar+ Cs) for E/N between 2. 83 and 283 Td, and at the 

percentage of 0.001 % to 20%, see Appendix A. The set of metal vapour / 

gas cross-sections used has been obtained from the results of the previous 

workers in the group, as summarised in Table 1.1.
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lonization Coefficient for mixture of (Na 4+ Ar) 
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CHAPTER TWO 

REVIEW OF SWARM DATA 

2.1 INTRODUCTION 

Many previous workers have developed basic techniques which were 

relevant to the development of the time of flight technique. A summary of 

all the relevant published data is available in several texts (Dutton, 1975 ; 

Laborie etal, 1968, 1971). The aim of this chapter is to summarise the 

techniques and methods selected or developed by the Liverpool group to be 

capable of covering a wide range of E/N for the measurement of these swarm 

parameters. 

One must consider what is meant when an ‘electron swarm’ is referred 

to. A swarm of electrons is a group of electrons moving in a uniform electric 

field, such that there is no space charge distortion. Under the influence of 

the electric field, the swarm will drift and diffuse from cathode to anode, 

ionization and attachment taking place, creating extra electrons or absorbing 

them. The motion of the swarm is defined by the transport equation :- 

  

    

2 2 2 
on -yon On on on 
ee = oe ° - 9 2 . 1 wT Sei Dy > + D.. ( 2+ 7 t+ @ T) ) vn (2.1) 

Oz Ox ay 

where n = number density of electrons, 

v = electron drift velocity, 

z = direction of electric field, 

De = longitudinal diffusion coefficient (parallel to the 

applied electric field), 

dD. = radial diffusion coefficient (perpendicular to the 

applied electric field),
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a ionization coefficient, 

attachment coefficient. 7] 

It is not always possible to measure both @ and v when ionization is 

present (Lucas and Saelee, 1975). Other coefficients are measured which 

aD 
are closely related to @ and v, but involve a factor =? e.g. a steady 

state measurement of ionization measures a, (Townsend's ionization coefficient) 

  

where :- 

ar = Ke Us, 

with N\A ew . > ere \ -2@, . 
2D, 

if + al then a, = @ . 

Measurement of the drift velocity gives v A and ep where :- 

< ll 

and = k(S4+ Vv ; Vv 
exp 

Dade UNIFORM ELECTRIC FIELDS 

One of the prime requirements of experimental apparatus designed 

to measure these five swarm parameters, which define the swarm motion, 

is that a uniform field region must exist. There are two basic electrode geometries 

which may create a uniform electric field region. The first type, which may 

be used to measure @and Y] when secondary ionization currents are present, 

uses two electrodes with Rogowski profiles to maintain a homogeneous field 

in the centre of the electrodes. A study of such electrodes was performed by 

Harrison (1967) who designed a modified form of the Rogowski profile to
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A. 34 

IONIZATION COEFFICIENT FOR MIXTURE OF (Cs+Ar) 
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facilitate the study of strongly attaching gases. For this profile the field 

on all parts of the curved section were less than on the flat central area. 

The second type of electrode geometry was used for measurements 

of the diffusion coefficients and the electron drift velocity. This geometry 

relies upon a thick guard ring structure to produce the uniform field. This 

geometry produced a larger volume of uniform electric field and also 

prevented any stray electrons entering the gap. It also formalised the 

boundary conditions since all electrons reaching the walls were absorbed, 

(Crompton et al, 1965). 

253 ELECTRON SOURCES 

The main types of electron sources used were heated filaments and 

back-illuminated thin metal films. The initial electron current required 

determines the type of electron source used. For steady-state measurements 

of the ionization coefficient and the radial diffusion coefficient, which do not 

require a large initial current, then back-illumination of a thin gold film by 

ultra -violet light will give a maximum current of the order of 10” amps. 

However, for time of flight measurements of the electron drift velocity 

and longitudinal and radial diffusion coefficient, which usually require a 

greater magnitude of emission current, a heated filament is used which will 

give an emission current of the order of a few microamps. 

2.4 MEASUREMENT OF PARAMETERS 

2.4.1 The Electron Drift Velocity, v 

In 1936, Bradbury and Nielsen described a method for measuring 

the electron drift velocity in gases. An electrical shutter was employed in
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which the shutters had the form of two fine wire grids, alternate wires of 

which were connected to a high frequency alternating potential. Electrons 

passed through the grids only when the potential between adjacent grid wires 

was zero, and only electrons which crossed the gap in a whole number of 

half cycles were received at the anode. A sharp maximum was thus observed 

in the electrometer current when the drift velocity of the electrons multiplied 

by onehalf cycle was equal to the distance between the grids. The values of 

v obtained from this experiment were taken to be the most accurate up to 

that date, and the method itself opened up a new era in time of flight studies. 

However, the method was restricted to measurements of low E/N, corresponding 

to low mean electron energies. This restriction on the energy is due to the 

erids, which have to be able to stop the electrons. At high energies (the onset 

energy for ionization may be used as a guideline) the grids cannot effectively 

stop electrons, and so the method begins to break down. 

In 1960, Frommhold measured the current growth of a single avalanche 

as a function of time. The chamber was basically a Townsend discharge 

chamber with a spark light source to release a short pulse of electrons. The 

growth of anode current was amplified and observed on an oscilloscope. 

Semi-logarithmic plots were then drawn of the anode current variation with 

time. The growth was described by the following equation :- 

5 ll n, exp (@vt) , (2.2) 

where @ = ionization coefficient, 

ll v electron drift velocity. 

The charge induced on the anode by the avalanche is then given by (Morgan 

1965) :-
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| n (a, ty dz ; 

0 

: aa exp (vt) | . (2.3) 
5 I 

a.
 | 

7s SY 5 ul 
5 

Since exp (@vt) > 1, then equation (2.3) reduces to :- 

3 

t oO t 
n= oq ©? (@vt) =n) exp (@vt). (2.4) 

nh 

It appears that the source has an effective strength of a » which is a 

constant:and has no effect on the slope of the logarithmic plot. The maximum 

value of n at the anode, distance a@, is :- 

= d . e n = n) exp (a, ) (2.5) 

Lie = to the mean arrival time of the electrons then :- 

= d av te Or ; 

d 
is e. Ct = Tt = ae > (2. 6) 

e Vv Vv 
exp 

where Vox = < . 

Pr 

From the logarithmic plots, the slope gives 2v, and the time to the plateau 

is te . Hence, by using equation (2.6), =o and hence er may be calculated. 

It was observed that the curve of the logarithmic plot rounded near 

the start of the plateau. This was due to the diffusion of the electrons 

affecting @ and v, this was studied theoretically by Lucas (1964). His 

explanation was that the electrons at the back of the avalanche will be in the 

gas longer Buin, ieee at the front before being collected at the anode. This 

meant that the electrons at the tail would cause more ionization during, the 

extra time in the gas. Lucas (1964) showed that :-
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6.56€*y9 

6 44EeyY 
6, 25€e0V 
6, 6SE*YY 
6, 76E#VY 
6,87Eeuy 
6, 73Ee0y 
7, O5E*yy 
7,19E*QU 
7,328¢yQy 
7? 435E*uU 
7,60Eeuy 
7,73E€evv 

7,YIEeUY 
8, 13E ey 
8, 39Eeyy 
3,O7E eu 
9, O0Ee0U 
9 47TEe00 
1,91€0U4 
1,QS5Eey1 
1,.12E001 
1,15€¢01 

1,¢4¢0E#01 
1,2€58401 
1,50Fe04 
1,35€401 
1,43596¢04 
1,20E¢04 
1,60EeQ014 

1,80E#01 
2,00€¢Y1 
2,¢0Ee\4 
2.4Q0E*01 
2,60E40)14 
2,50€¢01 
3,00E8¢01 
2, 00E401 
1,Q00Ee#U2 
2,0Q0E*02 
3, 00EeU2 
4,00E V4 
$,Q0E¢V2@ 
4, VES) 
1,008@uy



COLLISION 

MOMENTUM TRANSFER 
a Tae 1,32Z9E+Q2 

1.€1E400 Y,0eeUuU 

TL27E+09 OU, USEFUU 
4,49E*U6 9.048400 
1,S5E4U6 U,UGk4eUU 

2,.USE+UGH 9, UdEe QU 

2,e€¢2£L+0U5 ), TVEeuU 
2,4UE+U9 U,13E4uUu 
2,43DE6+U5 Y, Tobey 
2, 15400 OY, £29EeUU 

1.5/64#05 YY, éoeet¥ 
D.f2E+9G YU, SUEeUU 
Q.546495 ), S558*#UU 

YV,1SE4U65 U0, 40EsuUU 
Q.,¥5E895 0,496 +uUU 

), CHE OD GO, 2UEeUU 

Q,O2bF0 Y,o0eeuU 
GO. 4E4+U 2 O, fQEUYD 

0.4%€402 9, Sueeuyu 
0.446402 TT, 00b4uU4U 
Q,4E*u> 1,30beuUyN 
0,36€+09 2,QuEeuU 
Q,354E49>2 4,U00E4evU 
0, SVE+02 1, 00807 
1,49E+U04% 1,0Q0€4#vVe24 

“1,438 eUS TLUlTESUE 
BZ,27E-OF 1,00E0U 

EXCTTATION 
Q,UGE40" UU, QUE UU 

Q,UUEY)) 1,59E4 90 

7, JHE S 2, 9UEFUU 

7, CHE+US 2, 50E*UN 
O.49E4US 3,0U0E*UYU 
9, YIEtUS 4 00EeUD 

T,1UEF0S 5, 0NEFUU 
1,.15€64+0% 6, 00UReUU 

1,75E+04 4,00EB* YU 
VLVUEFUS 1, 0UEeQ1 

1,U6E4+04& 1, 308841 
T,USE*U4 2,001 
9, Z2Q0E+U05 5,Q0EeuUT 

9, Z29E8US 1, 00beU0E 

CROSS-SECTION 

"9, 2UE403 

1.359 F 40) 

Uv, UG E+U) 

Q.UGEeO9 

PT, 49 E404 

1. DGOEtUS 

TITERS 

2, USEtOS 

Reh lERUN 

Zi. SfEXUS 

Pl SGZE+UG 

2, 41TE+UG 

2, 2SEtUG 

2, 14%E+U4G 
V.YUVE+04 

1, GTEeOS 

TP TERUG 

7,490 EbeG0 

‘SEs 

IN CAES3TUM 

T,UlEe02 

1, QUE yu 

0, 9UReUU 

1,45¢6e0U 
6 VOEFUY 

2,20b*UU 

5,UUE*eUY 

6, VUE*UYU 

>. U0ReUU 

&,0NE*UY 

3, QUE*UY 

1,00F#U) 
1, 3,084017 

2, Q90E QT 
5,008*UI 

1T,U0keuUd 

1,U7Tb*UE 

1T,UNEeUU 

LONTZATION 
O.YUNE RED 

QO, UUE4¢Q9 

9 fH5E4902 

Vif fE+NS 

2,0UHE+U5 

6, 4b eU5 

2,96F+U5 

2,02E+U5 

2. OTE4US 

2,99E+US 

S,1fEsUS 

5, 24E405 

B,OUE+US 

3, 44E+US 

3.5H6E+05 

S,1T/E+US 

3,17E+03 

S,17E#US 

5, S6E+US5 
3, 48E+05 
3,24E*05 
5, 24E+U45 

3,34E+05 

PS. 24E+05 
35, SVEeUU 

Q,00E%UU 

5, B9keuU 

2, U00beuUYV 
&,008eUU 
7,00€*¢Q0U 
6, U0E8® YUU 

9, QUE*UU 

1,00E9U1 

1,10E¢W1 

1,cVUE*y1 

1, 506001 
1,4Q0E8%U1 

1,390€¢V1 

1,60¢¢U1 
1,70E#\V1 

1,.65V0E*V1 

1,90E%UI 
2, Q0Eeu1 

2.ecVEeu 
2,408 404 

€,60E*U1 

$,00E*V1 

1,00Eeud 
1,01E#Vé 
1,0NE2QU 

Ooxw«c& TAS



APPENDIX 

ro 

COMPUTER PROGRAMS 

1. MONTE CARLO A (Molecular Gas) 

2. MONTE CARLO AH (Inert Gas) 

3. BOLTZMANN



COMPUTER PROGRAM FOR THE CALCULATION OF SWARM $$$ EEN VE SWAIN 

PARAMETERS BY THE MONTE CARLO COMPUTER —$—$$ a EN 

SIMULATION METHOD 

JOB :RYHEP,EE26C072,CP76(1529,P398%, cP) 
ATTAUCH{ JACK, EESISVOLECHUX, ST=S4A) 
ATTACH(LOCAL ,LIBNAGFTNSC', IO=LIBAPEL ) 
LIBPA®Y(LOCAL ) 
FTN( I=JACK) 
ATTACH( FRED, EEZ6COITAN,ST=S6A) 
COPYS(FSED,SCTH) 
CoPyY( INPUT,BOTH) 
REWIND (BOTH) 
LOSET(MAP=B/222ZMP,PFESET=NGINEF ) 
LGO(BOTH,PL=5428) 
HARES 

1.94 0.5 11.9 1.8 18 2 
O.207GE+21 2.1AAGE+22 2.27 0E+E4 
O.202AE+28 4.1070b-27 

B8.1570E-81 12 
2.10908¢8n9 

124.09 

474 10708 -1 
HHH



65 

e47 

46 

66 

147 
48 

4T 

40Q 

4035 

4ue2 
401 
405 

238 

259 

£40) 
2%) 

Monte Carlo A 

(Molecular Gas) 

PRQUNAM MOLE CINDUT, SUTBUT, TApPSS in PUTs TAPEGEQUTPLUT) 
INFECER Wal) 

DIMENSTON RV C200) AR2CLO0) eWETMy WHOTD) ANWO10) GUHEI0) 1 K36105200) 
9,RArCIY) 
TeMTChugdleM!s’ Ch yud -UUACAQ) -UURC 29) ¢Z2562U) TS lap eSTOZ%S C2) 
Ge TYE LC Cys S1G20202 @NES(2y) 
SpNOL ey eZS2C Sy) ,~ZSSAMC!)H) URC 29 URN CSG) ~ANTS (20) 
6¢N{SCeyds, UBS C20) ,U8SC20),25M62G6) 794620) 
S,OTC1Ue 90) -EN610,502786410,500) ,0P 610) 
SKU Cdyyond X2Ceyvyg) XT Cengo?) -XAS8 62009) NS Canggu) eXPHE 20909? 
PeRSSeyd sRSMC2y? 

MeONSe Th yIrXVCeyno) XX 2006) 
GaNPSiupegd ¢NCC192,FACTO19) ANG 629-21) FENG O21) eNAVACT 00) 
DeVEN(I1YN,9U2 ,VIB(10,50) 
COMMUNI VIT/SVSETC IO) (LEVI QV649,509) ,VOELL 
COMMUNS TONS XX XZ pe XV eXTp XUCKCES ,XPHIT ENS 
LEVEL OC eXA eG XV XS - KF et KU KOSS  XPMIGNS 

READ( 9,53) VEM,NXS 
FURMATOR ID, 3,19) 
00 4f J274NX§ 
Teede 2) 646,604,267 

Conlin¥s 
09 ©6 121,150 
READSS,46) QT(J,7>, ENGI, 1) 
FORMAT(@E10,2) 
IFCUT Cet) ) 147,66,66 
CONTINUE 
REAL (324%) ONSET (Je FACT Gd) 

FORMAT (2210, ¢) 
CONTINUE 
READ (2,400) LEV 
FORMAT{ 14) 
DO 4y1 Jeqe LEV 
DQ We 124,59 
READ(D 1403) VIBCI rT avENCuey) 
FURMAT (ZE90,2) 
IFQVISCI,ID,LT,0,0) GOTO 441 

CONTINUE 
READ(9¢405) VSETed) 
FORMAT (E10, 2) 
READ(5~ 258) NANG 
FORMAT{( 16) 

DO 243 K34,NANG 
READ(S~,a59) BNG(K) 
FORMAYCE?, 2) 
ANG (R419 80,0 
DO £40 J2ty2 
J78Cde3 910 & 2 
J24043y t Y 
READC >, 241) CANGCK Jd) pd dest, se) 
FORMAPQ1TUFO,1)



245 COVIINUE 
$5 WRITE (O,15) 

QNSETCE) BYSET(1) 
READ(2;535) CFACT (J), JB9,NX8) 

$$ FORMAT (gy FO, 4) 
43 FORMAT ( $7 HV ELECTRON SWARM MOFION IN GASES) 

REAVCDeg) U,FrE 
2 FORMAT (§3E97.4) 

REAVCS— 4) UCELL Pe CEL 
REAV(344%) TMAX,JSTEP 

16 FORMAT(CE44,4,14) 
READ(3,5) RN 

3 FORMAT SF1Q,8) 
REAUCIyq/2) AVE 

172 FORMAT (FY, 2) 
REAVD( 35,4) NPRINT,NSTOP,NREP 

4 FoRMAT( $14) 
WRITE CG, /) U,pFGZE 

f FURMATC#44H INPUT ENG3,E14746,5X,54STEPS,E99,4 
9, SXe1UHEL, FighDs,,.11,4) 
WRI rE CGaa? TMAX?JSTEP 

# FORMAT (/1S$H FLIGHT PIMESFE11, 4, 5%, O4JSTEPZ, 14) WRETECO,Y) WCELL,ZCELL 
y FORMAT(sS 7H VCELL@,E99.4,5X,6H7CELL2,E77, 4) 

WRITE COs175) AVE 
17S FORMAT(/23H AVERAGE AVALANCHE NO,3/F6,2/) WRITE CO¢17) RN 
i FORMAT (/198H RANDOM NUMBERZ,F10,8) 

WRETE(O,45) NPRINT,;NSTOP,NREDP 
43 FORMAT (/4 UH PRINTING ¢I4Q45XeS5KSTOPS¢ 119, 59K, PHREPEAT = 4140) WRIT, (0919) WIM; ONS. T(4) 
1 FORMATEZ TBH MULECULAR WETGHy 2, £9, 3/SXKs1SHELASTIC LOggm, £8, 2) WRITECG,96) (ONSET(C I), J22,NKS) 
54 FURMATC/6N ONSET 9X,1VE11,3) 

WRITECO, 494) CPACT Od) pd 34 (NXS) 
199 FORMATCSH FACT? F9,2,10611,2) 

DO ¢é VSTINKS 

IFQv=d) 2?de7ee272 
272 CONTINUE 

KI31 
QCd pT FQTCY Te FACT CY) 
NLYFSUQ 
NLUCs49y 
DQ f5 Lee,NU 
Ayal=1 
AITSAL#UCELL 
DO 74 Kek!,1909 
TFCENCJ,KI,GT,AI) GOTO 75 

74 CONTINUE



3 

C¢€ 

131 

139 

156 
159 

300 
204 

1136 

244 

246 
245 
248 

666 

106 

Ped ea P SAT Cd ROT HQT ed Ky mT (dy @H9)) MCALMEN GS (Kd) / 
TSENt Ss RID@ENC J, K-4)) 
QCJeLIFOC Se TI*FACT OU) 
Kp sK=1 

ConTtTinWe 

PO 13u W21,LEV 
K134 
QVEd, 12 S¥IBCJ,1) 
PO 137 182,NLU 
Al®ie1 
AYTBZAITWUCELL 
DO 154 KaK1,100 
TFCVEN CS 7K) GT,AT) GUTO 133 
CONTINUE 

OVES FT) VIB Cd Katy #CVIB CS Ky eVIRC IG K91)) RCALSVEN( Je Key / 
(VENC Jp RI eVENC I, Ke1)) 
QVide lI BRAVO, TI FACE (2) 
K[ wk o4 

ConTigue 

00 153 131,NLU 
Q¢é,i) 20,0 
DO 1360 ysl, LEV 
Qede LI aQl Vel tQVeu, yd 
CONTINUE 

DO SUT KET ~NLU/10 
WRITECG, 300) Ke (QC) eK) pI a1 —eNXS) 
FORMAT (34.70E11,3) 
CONTINUE 
WRITE; 6,36) CVSET Cd) IBT LEV, 

CO 7136 kKs7y,NLU,90 
WRITE €6,9)0) Ke (QVEdeK) ,d34,LeEv) 

WRITE (6G, 244) 
FORMAT (4 OHTANGULAR SCATTER) 
DO ¢€46 Kay ,NANG 

WRITE(6,€48) ENGCK) 
WRETECO,269) CANG(K,J),321,29) 
FORMATE 21FO 4) 
FORMAT (PR, 2) 
NE SY 

Ubaeu 
DO & J31,400 
K1¢ J) 8 
DO 666 Ley, JSTEP 
K3¢b,4) 50 
K2¢s) 20 
LPRINTENPRINY 
DO oF Kai ,USTEP 
Do 16 JT NXS 

NPC Je KI BY 

€Sen(KIBy,y 

—



69? 

eo 

fet 

65 

353 

URACK so, u 

ANTSCK)SU,U 
NCLORJ BY 

Z52(K) sy YU 
YREKIEQ, 

TSK) By, 
N4S¢K) 20 

2S¢k ey, 
STOZSCKI 30,0 
YVUACK) @Y,0 
UBS( KI BQ, g 
VAS( KI 80,0 
2sm(n) eg,0 
TS4CKI B00 

VUB(R) 80,0 
DO ¢2 334,20 

RS(J)30,0 
RSM(J2 89,0 
EBMET, OUC2 6412/9 196 
MAXZ=7Y 
NMAXS7¥y 

MAKREVTY 
DO 7717 J54,100 
NAYACJ) 29 
CALL GySCBF(RN) 
NEBNE*] 
DO 335 yR1,100 
XCSS(J) 30,0 
XU¢J) 2,0 
X20) 50,0 
AT(I)8y,Qg 
XY¥CSJIFU LY 
AX(J) 20,0 
APHI (J) 3uU,0 
NS (lJ) ey 

USyDd 

NSTeEPS4 
22,0 
NIgnztU 

NVARSYU 
NRUNSU 

X2Q,0 
ya) ,0 

SPHI3U 0 
Css*1,0 
SNNEU,Q 
PAI2U,Q 

T=N,0 
AJS®USTEP 
TINSTMAX/AUS



290 
J 20 

14 

fy 

fd 

fs 

Oe 

?u5 

(OF 

(4 

TERMEST CM EX 3( =F} 

MO 7 dG S874 UKS 
NOG sg) BY 
N4su 

WBS, U 
UARU,U 
VFSUkT (4, OWEBMHARS (UD) 
VZavelss 
VRA2V*SNN 

TERF1,+ 
yeasty) 

ISsu/UCELL 

TF CIWNGU2) 700,701,701 
G1TBHeT~eNLU) 
GUFU #95 

Alsi 
AL@AIWUCELL 

l=] +] 
QVSACT LIC ACT ToT) QC, 1) eC UM ALI/UCELL 
SsPF/Q) 

RNZOUSCAE CR) 
TFOCRKN, LE, PERM) TERZIN/ TERM 
DTBCS/V)*TER 
DVZSEBMEPNTeE 

OZEVZFDTHO, S#EBN wD THEDT WE 
DXaVR*DF®COS(SPHI) 
DYSVR*OTeESIN(SPHI) 

VZavZeDyZ 
Cae Dz 

X=X*OXx 
YRy¥roy 

TEreoy 
UsYrOLeeE 

VSSQRTOC 2, U*EBM*ARS (1,2) 
1FeZ,@E,TN) GOTO 62 
TFCRN,GT,TERM) GOTO 141 
NY AN 144 

CSSav2sy 
SYNE SQRTCABG(1,0"Cog#Cgg)) 

YUSU 
UBsUBeYy 

TSABSCU)/UCELL 

SUM3y,Q 
IpCimNbUd) 704,705,705 
DQ (Ul Jat eyXS 
QPEVIPQEY NLU) 
SUMZSUM*UP (J) 
GOTO ¢\6 
Alal 
AIBAISUCELL



129 
766 

121 

a2 

123 

124 

125 

Lehei 

DD tev Jstaixs 

CPCS SACD CAs pe pHqgIagy rr va lueALI/UCELL 
SUMFSUMFuR CI} 

CONTINUE 
SUMBSUMeUPE1) 
CHECK SSUM/QP (1) 
RNSUYUSLAF CG) 
TFORN,LE,CHECK) GOTO 12) 
NCCTIBNC CG) &4 
RHSGUSCAE(Q) 

CALL DIFANG(RN,U,ANG,ENG,CS,65N) 
RNaGusCah ¢Q) 

CALL ETA ¢€RNyPHI,SPHY) 

CSSFCSS*CS*tSNN@SNeCOSCPHI) 
SNN®SURT CABS (1,0"CS$#CS$5)) 
DeLUBUS(T, URCS) #ONSATC1) 
yayrDEby 

YABMUAFYU 
GOTUO 2y 

CHECKSQP¢2)/QP(1) 
LFCRN,GT,CHECK) GUTO 122 
NCC 2) ENC C2) +4 

PPARN/CHECK 
AV PFRQP( 2) 

CALL ViBRATCPP?PU,QVT,DELU) 
GOTO 126 

NXSSSNXS@2 
DO 125 KS3—eNXSS 
CHEUK®CHECKSQP(K)/QPC1) 
TFCRN,LE,CHECK) GOTO 424 
CONTINUVE 

CHECKS CHECK*QP(NXS=4)/QP C1) 
LXS2NXS 

TFOCRN, LE, CHECK) ULXS#NXS~4 
GOTO 1¢€3 

DELUSUNSET (Ky 
NOCKI ENC CK) &4 
GOTO 146 

CONTINUE 

NC CLXS) BNC LXS) #4 

DELUBCUFONSETCLXSI2/2,0 
NIONSNITONS4 
JaNITUN 
XZG9)82 

X¥QU23¥ 
XXII EK 
AUG YIFCUSONSETILKSI9/2,9 
AVQII SFT 
ACSSC(J)eCSS
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_ u+>d> 

ee a Bald 

and u nu 

n=o0X exp |(x- ua} = 7 exp (7d) : (2.8) 

where ). = x and Cet andes . 

This method can give values of v at high E/N where the electron mean energy 

is above the onset energy for ionization by applying the correction shown in 

equation (2.7) to the measured values of drift velocity, an ‘a 

Snelson (1974) developed a time of flight technique to measure electron 

swarm parameters. This consisted of a Townsend discharge chamber with 

a thick guard ring construction, a heated filament electron source and a 

movable, screened anode. Screening the anode meant that the anode current 

was measured as opposed to the integrated anode current by the Frommhold 

technique. The solution of the transport equation (2.1) in the presence of 

ionization and attachment processes is :- 

n 

n(z,t)=—— oo | ew (@-71)vt . (2.9) 
47™Dt 

For a fixed E/N, the anode current time distribution was measured for a 

series of gap separations. Referring to the time of flight characteristic 

shown in Fig. 2.1, by measuring the time aay (the time elapsed before 

maximum anode current was observed) the electron drift velocity was 

calculated as :- 

  was | (2. 10) 

where d = gap separation.



62 

134 

61 
é1 

64 

NEAL CLI SSPHY 
NS Cag) FNSTEP 

NV AR ENYV ORY) 

CUNTUNUE 

RNSGUDLAF CQ) 
CALL DI FANG(RNGUL ANTS ENG,CS,SN) 

RNSGUICAP CQ) 
CALL ETA (RN,PHI,SPHI) 
CSSFUSSeCS*#SNN*SN*COSCPHI) 

SNN®SQRT CABS (1,08 CS§*C$§s)) 

uayeDELu 

UASUAFY 

GoTo 2€Q 
CONTINUE 

NES (NSTEP)SHES(NSTEP) #4 
DO 1D7 gst, NXS 
NPGJINSTEPISNCI JI ENO CU PNSTEP) 

CTERMSSZ=“TN)/ DZ 
CTateuTtecTeRmM 
CXBX=DX*C TERM 
CYSY"“DY*CFERM 
TSONSTEP) STSQ(NSTEP)I CY 
RZ2SLX#LXPCY HCY 

RS(NSTEPIZFRSCNSTEPI wRE 

ZS(NSTEPIFEZSCNSTEP) a2 

ZS2UNSTEPISZSAINSTEPI+CTHCT 

Cysurv0de EFC rERM 

URENSTEP) RUR(NSTEP) MCU 
UBSCNSFEP) SUBSCNSTER) +B 

UASCNSTEP) SUASCNSTERI UA 

NISCNST EPI SNIFNISCNSTEP) 

ANITS(NSTEP) SNISCNSTEP) 
LLLESQRTCR2) 4100 ,U/ FHAX*] 

IFC LELL,GT, 290) LLL=20u 
IFCLEL,GT,MAXR? MAXRELLL 

K3CNSTEPPLLLIFKSCNSTEPe LLL +4 
NST_PSNST P41 

AnS®nySTEP 
TINSTMAX#@CANS/AJS) 
IF ENSTEPPISTEP) 162,162721 

Laut 

LLaT/ZCeuett 
IFCL,GT,200) 3200 

LF GL—eGP,NMAX) NMAXAL 
KT EL) SKICL2 +1 
IF(up,@?,200)  ,=200 

TFQLL,GT,MAXZ) MAXZaLL 
KZ2O¢LbLP@K2ELL) #1 
TFONVARY 65,7435,64 
NRUNENRUN& J



45 

68 

105 

138 

10? 

139 
140 

111 

J=eNrun 

werKucd) 
2ZRAg is? 

VR Yeuitie 

X=AKCS) 

TATU) 
CSSFACSS (I) 
SPHIBXPHI CQ) 
SNN®SQRT CABS (1, 0"=CSS#¥CS$S)) 
RNSGUBSCAKEQ) 
CALL DE SANGORNGUP,ANG? ENG e C54 SN) 
CSSSCSSeCSeSNNeSnwCOS(SPHT) 
NSTEPINS (4) 
ANSBnSTtep 
TNS TMAXW(ANS/AJS) 
NV@RSNVARS} 
GOTU ¢u9 
CONTINVE 
NAVENITONFY 
Ju aNAVETU,U/AVE 
Juadury 
TFdu,G7,100) JJet09 
NAVAC UJI ENAVAC IS 941 
Ip SN%pekTeNPRINT) GOTO 63 
VELF E/T 

NPRINTENPRIUT#LPRINT 
DO TUS yst,JSTEP 
ANESNES ¢J) 
TSMSJIBTSCI)/ ANE 
ZSMCIISZSEII/ ANE 
ZSQMCUISZSL CI) /ANE 
RSMCJBRS CID SANE 
URM( J) FUR CU) /ANE 
UUB CS) SUBSCJD/SANGS CU? 
SIGE(JIBCZS2M CI mC TSMED) @¥2)) 
TVEL CUI EZSMCQIS TSMC? 
UUASSISUAS CII SANTIS () 
CONTINUE 

FORMAT(97HTNO, OF ELECTRONS, 5X, 16) 
WRITE 66,158) 
tees TYPES OF COLLISIONS) 
WRETECB, 
EOuMA RECUR TOTAL) 
DO 14 9 Kaa, ISTEP 
WRITE CORTS¥) NISCKI/ CNPC eK) pda pNXS) 
FORMAT(9918) 
CONTINUE 
WRITE (6,114) 
FORMAT (Pak, ATH ENG REPORE,5X,410W ENG AFTER;5X,9H MEAN ENG)



7a 
112 

173 

79 

114 

30g 

302 
301 
2Y 

a2 

32 
31 

71 

T 

83 

104 

92 

99 
ay 

158 

159 
753 

149 

C.10 

OF fo KReypygJISTEP " 
YRIT, 60,972) UUP CK) UACK) »URM ER) 

FORMAT LAEVS,4) 
WRI Te \e,. 74? 
FORMATC£4SXe gh 2etiXeed LZe2e43Xe2e 7) 
DO ¢y KET eJSTEP 
WRITE €6¢914) LSHCKD»ZSZNCK TSMC ED NESCRK) 
FORMAT( SESS, 518) 
WRITE COs SOU) 
FORMATCS SX 74H VEL, SXe9H SIG2,95X%25H RADZ?) 
DO Sued K81,-55STEP 
WRITE€O, 504) TVELCKI+5IG26K), RSMO) 
FoRMATCSE9, 6) 
WRITE (442) 

FORMAT (OH NeteX.3PHELECTPON ENERGY DISTRIBUTION FUNCTION) 
LFQNMAAwIOU) 31,81,52 
NMAASY UO 
NMAXSNMAX 
DQ 67 JRL ANHAK, 10 

NO ¢7 Kaig1d 
JKSZ 4K OF 
WOEKISKVCQK) 
WRITE CO,9S) Js CCK) ,K24,10) 
FORMATCVH ¢14,9X,1016) 
Wre}Te£O,104) 
FORMAT ($HY 7,3X%,25HDISPLACEMENT CISTRIBUTION) 
DO ¥u JT gMAX2,10 
DO ¥2é K31,10 

JKBU+Ke4 
WWEK) BKRECIK) 
WRITE CO, S84) Jp CWwWCKI-K31440) 
FORMAT( IM ¢147¢3X,10 76) 
WRETE(9O,158) 
FORMAT CZSHTAVALANCHE DISTRIRUTION/) 
DO 13¥ JYeq,10U/16 
NTS y+¥ 
WRETE6O,155) dp CNAVACK) -KEN,N199 
FORMAT CI 429X%91016) 
pO 1494 LRi,dSTEP 
ALL 
IF CNREP,EQ,"10) GO TO 1462 
WRITECO,76Q) Z2SM(4) 
FORMAT( 25H RADIAL DISTRIBUTION,SXs,6H GAP 3,E694,4) 
NS\UMSy 
DQ 167 JB1~4AXR, 10 
DO 166 K21,10 
JKBJHeKai 

AJK2UK 
NWCKIEKSCL, JK) 
NSUMSNSUMPFNUCK)



C.11 

REAIR*TMAKH YG 
PSPTMAXRYU, TH AL 

RSVR (OWN eo wR) 

AYSENSUM 

AZPNES¢L} 
JK aK 
RAT IRD SALT/AZ 
YH dK) SU,0 
TF CRATCSK),GE,1,0) GUT01161 
UHCSRIBRALOGCR/Da ly DRRATCIKII)/ (Re) 
UHC JAI SE / 0!) , UU KD) 

166 ConTinte 
WRETECO,465) Jp CNWCK), Kat,49) 

TOS FUORMAT(19,2€x,10(18)3 
WRITE(O,964) CRATCK) 4 KS4499) 

164 -ORMAT(OX410( 68,5)? 
WrtlYE (62165) CUH(CK) -K21,90) 

165 FORMATLOX, 100F 5, 39/77) 
161 COATINUE 

11601 CONTINUE 

T1462 WRITE (9205) RN 
as FORMAT £/3H RN B,FIU 8B) 

LFUNE@NSTOP) 65,22,22 
22 LFENREP) 59,507,593 
50 WRITE (6486) 
&% FORMAT(4$H RUN COMPLETE) 

CALL EAIT 
ENO 

*¥FORTRAN 
SUBROUTINE THETA (RNpEP,CS,SN) 
S801, G4SQRT CABS (1, CHEPHEDeE DE (4, 9ep92,0))))/EP 
SNISWUKE CABS (1, 0-05«C5)) 
RE FURN 

END 
*FORTRAN 

SUBRUUTINE ETA (RNePHI,SPHT) 
PHI SO, 2657853 7#RN 
SP¥JESPHIFP HY] 
NpWISSpw1/9, 2851853507 
ABNPHI 
SPHIZSPHI,A#6, 2331485507 
RETURN 

END 
# FORTRAN 

SUBROUTINE TROPIC (RN¢CS,SN) 
CS8y 2U%2,OFRN 

SNSSURT CABS (7, U0=CS#CS)) 
REPURN 
END 

* FORTRAN



n
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C. 12 

SYGRUUTINE ALFANG CRU, SNGZ ENG) TS, 55) 
PIMENSTUN ANGC?Y0, 27) ,ENG C24) 
Wea) 

IFC4U, oF, f5U,0) Werdniy 

VPaRkNedU,U 
ANP2NP 
NPENPe |} 
NPPFNPL4 

PO FV 329,21 
CHELASUMENG (J) 
TP(UNECK) 2,261 
CONTINUE 
NC3J7} 

NCCSN 
DEST BANG(NC SNP) SC RN*ZU,I,ANP) wCANG (NC) NPP) SANGENC NP) ) 
DEG SANGEINCC ANP OCRY#20, 07 ANP) MCANGCNCC NPP) =ANGCNCCANP)) 
DEG= DEG, PF EDEG ZT OEGT) *CUMENG (NG) I/CENGONCC) @ENGCONG) ) 
De GSO, G/97, 2458 
CSBLUS (DEG) 
SN#sSIN( DEG) 

RETURA 

ENO 
*FURTRAN 

SUBROUTINE VIBRATC ROU, UVTe MeL) 
COMMONS YT/VSET C4 2s LEV PAV C4 Hs 8gq) CELL 
CONFQ,u 
USABSEU) 
T=u/yceer 
Alsi 

ATBAIeUCELL 
PO 120 JETP LEV 
IFC¢I,LT, 698) GOTO 1 
QSQV¢C 4S, 5yy) 
GOTU é¢ 
l=]+1 
QeQVGT ALI HLQVCS, THT 2M QVCI, Lda CUFALI/UCELL 

eI 
CONTINUE 
CONSCONSQ/QVT 
DELUSVSETEY) 
TFGPPR.LE,CON)? GOTO § 
CONTINUE 
CONTINYE 

RETURN 
END



C.13 

A SAMPLE PRINTOUT 

ELECTHiun SWARN MOTION TH 
CRO c 
Ley ti we 

INPUT ENG= ,1900!1401 STEPs ,1N00E€+10 EL, FI:los 

GAP SEPARATION = (1509-191 JSTEP= 10 

UCELL= ,2N00E+009 TCELL= ,1900E-07 

AVERAGE AVALANCHE NO,= 19,00 

RANDOY NUIRER= (86765432 

PRINTING= 470 STOP = 9000 REPEAT= 

HOLECULAR WETGHT= ,2806+%92 ELASTIC LOSS= ,38E-04 

ONSET ~250E+09 7 Tee +01 ,224E+02 L140E +02 

FACT 4,00 oo) 11,00 1,00 1,00 

4 ~190E+04 90, 0, 0, 0, 
11 .122& +05 ~208F+04 A, 0. Qo, 
21 ~OeSETOS ,750E4+02 O, 0, 0, 

31 (425EH04 0, Ce as 0. 0, 
41 ~419E+90% 0, -481E+02 0. 0. 
51 40UE+94 0. 2O9G6E+03S QO. 0, 

61 ,S9DE+04 0, ~660E+0S OQ, 0, 

71 .403E+0% 0, L799E+03 0, 0, 
81 414EtO04 = 0, »-O87F+03 0. ~400E+02 

91 ~4ecEe+94 sS2ek*OS 0. FS QUE+02 

101 450E+04 0, sOSTE+OS O, ~159E+03 

1 425E+0K 0, 96HE+03 0, .210E+93 

121 ~422E+04 OL sPTSE*NS ~479E+*01 265E+03 

151 -410F+04 QO, “O75E+03 »127E+O2 ~ 3156 +03 
141 4O03E+04 9, 9666403 ~205E*02 265E*93 

To ~4NIE+#94 0, 95S7E+03 ~DD4E*O2 ATU E +03 

161 ,SOGEtOG 60, eO44E+03 4436 +02 ~445E4*03 

171 ,SUSE+O4 869, ,931E+05 ~D3S1E*+02 -4708+03 

181 ,aoe2EtO4% 0, .O47E+03 O19E+02 LOOSE +03 
194 ,S7TOE+0K 0, OO4E+03 ~P34E+02 5246 +03 

201 ~OC(VETOL 0, ~.S91E+03 ~B49E+02 OS VETOS 

211 ~SO4Et9O4 9, »382F+05 »906E+02 S6SE+O3 

221 SaD5Et0G 0, Or scr PO3E+O2 ~98UE +03 
251 »,SO2EOS OO, 2C6SE+05 ~ 10KE+93 LO92F +03 

241 ,SG0E+G, 9, ~856E+03 ~113E+03 610 F403 

251 549E+04 0, ~847E+03 ~123E+03 630E+03 

261 ~2S6E+9% OO, ,esneros »1eGl+O3 .640E+03 

27) —sdcEtIG 0, -G29E+O3 »135E+03 ~O650E+05 

281 , 5206494 0, ~o210+63 2 141E+03 64558403 

271 ~s2eErO, 0, sO12E+03 ~120E+93 SOP GET) 

5061 ~S20E+O4 Q, ,a0SEtO5 ~1S9E+03 680 +03 

511° ,377E+04 OQ, LP DENS 164E+93 ,OBuE +93 

421 eae ENG 69, ~PAGHE+03 ~169E+03 638.6 +03 

531 J STI +O% 69, e7RIE+NS 21 74E+05 OF LE HDS 
541 ~SOGE+94K 9, 7720403 L179E+03 69 E+% 
551 ~SUSE+HN, 9, ,PO9E+O5 »194E*03 .79°E+03 

564 S0LE+04 0, WT STE+NS »137E+03 7956403 
5/71 ~ePIE+O4 Q, S9E+03 ,190E+03 Tmt e053 

584 ,290F405 0, Po1&+03 194E+03 .705€+03 
594 ,e95E+94 0, ~734F +03 197E*O3 .712€+03 

401 ,e7UE+OS 9, ~reor +S. 2008 #03 C1 ak +03 

441 ~28bE+O. 0, IE eS ~203E+93 PISk e035 

424 ,2H6Er9, 0, ,71SFE+OS 206E+03 TAO e+ 
451 (PAG EFO. 9, S2NGE+035 2390 +03 71? F405 

~2G0CES69



4&5 

461 

471 
481 

494 

ONSET 

554 
541 
$54 
564 
571 
581 
534 
401 
414 
424 
434 
441 
454 
464 
474 
434 
494 

~eundk+O., 

,2fok eg 
,ePHE+94 

Ole EEO 

~elecgrto:, 

a, 

~2NGE+O4 

~PoOVE+02 
) 

C.14 

SAMPLE (CONTINUED) 
See rs Ne ee ee WENT 

O, ~OQVIE+) S 

0, POB0ETDS 
), CONE +03 
9, OPS ertS 
9, OOCE+OS 

S200E+09 (aA S0CHNO 
Q, Oo, 

227 5EFG4 T5UE+*00 
«
2
 

8 
@ 

*-_
 

es 
es 

se 
#8 

ee 
2s 

#« 
© 

#@# 
© 
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8 

@ 

«oe 
© 

#2 
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&@ 
#£ 

© 
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@ 
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= 
«© 

© 
«© 

© 
© 

@ 
8®© 

© 
#@# 

#@# 
© 

#2 
@& 

© 
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._ 
2 

ses 
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© 
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e© 
8 

#« 
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o
o
n
a
n
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o
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C
V
G
 
c
C
c
C
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O
D
O
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C
c
C
C
O
C
O
C
C
C
O
C
C
O
9
O
 

c
C
9
0
C
 
9
0
0
0
0
0
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« 

eo 
f+ 

«2 
© 

# 
© 

© 
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© 
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D
D
 
V
V
 
O
D
O
D
D
V
D
 

C
O
S
T
C
O
 

CO
 

V
D
O
D
S
O
O
C
O
C
C
O
 

S
C
C
 
0
0
0
 

"C
V9
9N
90
N 

E
0
0
0
0
 
0
0
 

Qa 
«
e
e
 

© 
«©

 
© 

© 
© 

© 
© 

© 
© 

© 
© 

© 
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© 
© 

© 
© 

© 
© 

© 
© 

© 
es 

© 
© 

2 
C
o
o
O
o
o
D
O
D
C
O
 
C
O
C
O
 

C
O
M
C
O
O
 
o
D
 
O
C
O
O
C
O
C
C
O
O
O
o
O
C
C
O
T
V
O
C
O
c
C
O
C
C
O
C
C
O
C
O
C
C
O
 

o
C
O
9
C
C
 

eC 
e
C
 

oO 
o
D
 

cer yt +05 

oo Coes 

SRO ns 

2A Ens 

2238403 

7I0E+00 

375E+00 

e 
¢« 

*“ 
es 

e@ 
@ 

TAR Ot 
7166 +0% 
S7ICEHO3 
716 F293 
7258403 

.1256+01



NO, OF ELEC TRANS 

TYPES OF 

TOTAL 

109 78 
2fie4 

49405 

77047 

122656 

T8355 1 

267252 

$0364 

555593 

796228 

98607 

23958 

43504 

69139 
107152 

160164 

232826 
336837 

483842 
692950 

ENG BEFORE 

~B472E+01 

~1011E+02 

~1064E+02 

109SE+02 

,IVIOE+02 

,IVI7TE+02 
.1126E+02 

11827E4+02 

114 28E+02 

11 26E+92 

Pa 

COLLISIO: 

Cc.15 

6159000102 
/35000z-02 
.45000E-02 
60000E-02 
/75000£-02 
F0000E=02 
,10500¢-01 

1 2000L=01 
,1 3500E-0% 
.15000E-0% 

VEL 

47 S8735E+00 
4271 320E+00 

~493681E+96 
.2N3667E+96 
~906765F+0u 
O99 S45E+0G 

~211244E+00 
D1 e254E +05 

2041 b59cE +96 

S21 STEOEFOO 

a
s
 

0 

643 
5515 

nt 

47 26 

5} 4 

61 4 

i G 

3 f 

91 c 

Nm 

2559685417 

S62968E=17 

2955760 .-47 

2123655-E-16 

~1876765=16 

,18G85 90-4 

SAMPLE (CONTINUED) 

470 

es 

294 770 4 49 

568 2343 10 242 

904 4524 23 216 

1401 7506 42 909 

2123 1162 76 1484 

3109 47955 148 2245 
4468 26469 183 3306 

6924 38320 “276 4909 

9347 55224 445 7065 

13338 7847 5¢o4 40172 

EWG AFTER NEAN ENG 

~1841E+04 .1576E+02 
292505401 ~1637E+02 

,970GE+64 ~1664E +02 

PI4I1EF04 »1683E+02 

»1009E+02 ~1649E+02 

~10145402 ~1670E+02 

610217402 »1685E+02 

.1022cF+02 .1672E+02 

.1022E+02 .1675F +02 . 

1029492 1069E+02 

2*2 T 
ViSAbER"6 ~30372E=-98 

4294 3EHK6 ,01060E-08 

9 2644ER46 .94152E-08 

15428E"15 ,11913£-07 

~23480E=15 ,148090E-07 

~3S940E-45 .17670E-07 

44523-1415 .20538F-07 

oT 329E R41 ,23427E=-07 

STVarqen4i5 ,26288E-07 

83341815 ~291495E-07 

S162 RAN? 
FTh&23GE-06 

.245476E-05 

~390017E-05 

~500307E-05 

.613228E-05 

~746254E-05 

4 

364 
47 
146 

43 
10 

21K 09PEK16 ~B892340E-05 

L264 a79 TH 1G ~104040E-04 

rai as 211 7533E-04 

307565E-16 .139304E-04 
ELECT).O% CNERGY PISTRIRUTION FUNCTION 

12 69 116 163 264 328 
653 7$3 634 606 565 430 

317 345 244 249 202 134 

o7 196 75 73 64 48 
23 “itd 24 a4 24 14 

? “4 4 i 3 7 6 

3 4 0 2 1 C 
0 fi 1 0 9 & 
0 4 0 C 9 6 
t t c $ c 0 o

o
r
 

=
 

oO
 

520 
722 

1009 
1424 
2030 
2833 
3959 
5653 
7950 
1253 

535 
401 
122 

Ww
 

I
N
N
N
W
U
Y
 

- 
Qo



65 

46 

66 
4? 
48 

238 

239 

240 
241 
243 

a5 

33 
a5 

14 

172 

Gr 16 

(Inert Gas) 

PROGRAM CALC CINPUT, OUTPUT, TAPES=I1NPUT, TAPES =<OUTPUT) 
INTFEFGERP W,wWe : 
DIMENSIGN K1(20G6) ,K2¢709) ,wC10) ,wwoiE) 

FARATLIG? NWO19) UH 619), K3E10, 250) 

PORT CT II) 420190) -UUAC ZI) UUB C2996 786209 TS 629) STALE C2u) 
Se TVEL (C299, 35162029),5E5 C20) 
SeNCLC2Ud 4282020202924 629) UR C20) URE (29) ANTS (20) JeN1S 620), N85 020) ,94S (20) ,28M626),754(20) 
FaQT Ce 75) .ENC6, 759.3046 ,500),Q9RP (4) 
Or xUCZ990),%7(2000),x76 20900), KO55 (2000), %S5( 200), KPHI (2000) 77 RS620),254(20) 
P+ONSET(C OH), XYC 2005) ,xXx 420009 
Se NPC6,1),NOCR) FACT C6), ANG (30,21) ENG CSU) A,NAVAETINY 
COMMON RK eK SaeXVe XT ,XU,XOSS,XPAT INS 
LEVEL 2s XK XZ KV AKT XU, KOSS XPHT ENS 
READ(5,4A5) WEAPNXS 
FORMAT£LEIO, §,1§) 
DO 47 Jetanxs 
DO 44 24,150 
READ(CS,44) OATLI,II,ENC IAT) 
FORMAT (2F10,2) 
TECOTONLT) 2 467,546,456 
CONTINUE 
READ(C5S,44) ONSETC J), FACTS) 
FORMATOZE10, 2) 
READ(CS,2358) NANG 
FORMAT(14) 
NO 243 KRY ,NANG 
READ(5,239) FNG(K) 
FORMATC(F7,2) 
ANG(K,1)20 0 

NO 2460 32,2 
JTC Sry #190 *& 2B 
J25N*10 + 1 
READNCS, 249) CANGOK JI) pudedt,I2) 
FORHATCI0F4,1) 
CONTINUE 
WRITEC6,13) 

READ (5,335) (CEACT OJ), J a1,NXS) 
FORMAT (€20846,1) 

FORMATCSTHTELECTRON SkKARM MOTION IN GASES) 
READ(S,2) U,F,K 
FORMAT(3E14,4) 
READ(5,2) CELL ,ZCFLL 
READ(S,16) TMAX, USTED 
FORMAT (E19 ,.4,14) 
READ(S,3) RN 

FORMAT(FI10,&) 
REAN(5,172) AVE 
FORMATCFI0, 2) 
READC5,4) NPRINTINSTOPR,NRED 
FORMAT(3110) 
WRITECGQ,7) U,R AF 

FORMATE/114 JNPUT ENGS,E11,4¢5X%,SHSTERPSLFEI1,4 
PeS5M,/190HEL. FIEL GR, E11, 4)



$4 

499 

73 
72 

500 

501 

264 

246 

245 
248 

—
 

C.17 

wRITE(4,8) TMAX,JSTEP 
FERMATI(/9'| MAX GAPS, ELT, 425%, 42HNO, WE GAPS=,{ 4) 
HRTTECS, 9) YCELL, ZCELL 
FORMAT OC/7H SCELL S,b71, 4,9, 5K 2CEL LR, EIT, 4) 
WRITELG,47%) AVE 
FORMAYC/AAYAVERAGE AVALANCHE NOL e,FA,2/) 
WRITELH,179 RN 
FORMATCS45H RANDIYM VUYBRRE,FI0,&) 
wRITE(HL18) NPRINT,NSTOP,NQEP 
FORMATE /49O4 PRINTINGS, 110,5X,3HSTUP=,110,5X,7HREPFATH, 110) 
WRETECAs19) WIM,ONSETOC1) 
FORMATC/IBH MOLECULAR HEIGHT SLED, 3s5X,13HELASTIC LOSS=,E8, 2) 
WRITE (4,543 CONSETOCI),Jm2—NXS) 
FORMATC/6H ONSET,3$%,59F15, 3) 
WRITE CHs199) CRACTOCI), $314%Xx8? 
FORMAT (7H FACTOR, 4675, 2) 
D0 72 Jt aNnXxs 
K1s1 

QEI-TIAANVT CS TIWEAC TCI) 

00 78 132,590 
Aj=te1 
ATRAT#UCELL 
OG 74 K=KT,109 

TFCENCI 2K) .GT,AI) GOTO 75 
CONTINUE 
QOS ,TIBATC IS KeTI COTO KI MQT CI, Km) He CATMENCS, Ke1d)/ 
CENC JS, Ke FN CJ, Kel)) 

ACI eTIBQCS, LI FACT CI) 
Ky =sK a4 

CONTINUE 
90 50% «=1,5090,10 
WRITE(G 1,509) HK, O90) ,),SB1aNKS) 
FORMAT (CI4,6F15,3) 
CONTINUE 
WRITE (CH,246) 
FORMAT(CT6GHFANGULAR SCATTER) 
00 264 K=21,NANG 
WRITE C6,248) EFNG(K) 
WRITE(6,245) CANGCK,I3,051,217)9 
FORMAT(21#4,1) 
FORMATCF8, 2) 
NEa) 

uDsU 

00 6 J#1,200 

K1(5)=0 

NO 666 L391,J/STEP 
K3¢L,J930 

K2¢J)=0 
LPRINTSNPRINT 
DO 69 K21,J3STEP 
DO 106 Jat,Nx$§ 
NPC J, ) 20 

NES (KI 8G 

Z52M(K)20,0 
URM€K)80,0



-13- 

CATHODE 

    

ty ist) ny 

where dis gap separation 

ANODE 

t, >t; >t, >t, t = time 

for amplification 

Nn, >Ny >N, >, 

for attachment 

n, <0, <M, <0, 

n= electron number density 

r?= Radial variance 

2vSt = Half width 

Fig.(2.1) SCHEMATIC DIAGRAM SHOWING DRIFT AND DIFFUSION 

OF ELECTRONS IN A UNIFORM ELECTRIC FIELD



6s 

Ce 18 

ANTS( Ko Su, 

NOLO XK) 29 

ZS20K) 25,0 

URCKISH DO 
rS{*e})39,9) 
N1§ KI 20 

7$(e)30,0 

S197§(«) 20,0 
WUACKI#N, 0 
UBS(K)I «0,0 

UASCK)#0,0 

Z5¥4¢6%) 0,0 
TSM(K)#0,9 
VUBCK) 80,9 
BO 25 931,20 

R§(J2=0,0 
R§M(jJ)20,0 
FBM2}, 602264412/9 4996 
MRK2=19 
NM4X=144 

MAXPR 3109 

DO 171 yst,100 
NAVACJ)=0 
CALL GOSCBECRN) 

NERSNES4 
DO 553 321,100 
XESS(J)20,9 

KUCJ920,0 

XZ2(1)20,0 
xT(J)29,0 

X¥(J220,0 
XX¥(J.20,9 

XPHI(J)20,0 

NS$(J) 50 
UeuDd 

NSTEPS=4 
DELZ20,9 
S$¥OZ29,0 

2=0,0 

NIONSO 

NVARAO 

NRUNSO 

X29 ,0 
¥390,0 
SPH1I=0,0 
C8$81,0 
SNNB).9 
pyr 0 

TeQ,0 
§Usn,0 

AJSSISTEP 
TNS TMAX/AJSS 
TERM=1T DR EKR Ome) 

00 150 Jm1,NXS 
WOC I) =0



11 

74 

700 

142 

10 

705 

707 

706 

C.19 

N4s6i 

URSO, A 

Asn 6 
VESORT(2 Oe F ame ays C11) ) 

VZsSyetss 

VESVY eS yn 

TERE1,9 
PTABRSCUY/UCELL 

TFC19698) 750,701,704 
Q42964,509) 

GOR FOR 
Alay 

Ala! 

ALBALTRUCELY 
[ey 4 

QTSOCP TI SCUCT Ped eQCd, Td HCUSATISUCELL 
S3F/Q14 
CNaGOSCAF (QQ) 
TE CRA@TERM) $4,14,12 
TERERN/TERM 
NYS(S/V 47 ER 
OVZSEBM4H THE 

OZSEVZWATHEN SHE BM ENT RDT HF 
QMSVReOTHe COS (SoH!) 
DYEVR¥HTe SPN CS PHT) 
DELZEDELZ &D2Z 
V2ZBVZ4eHVZ 

Z3Z+NZ 

XEX+DX 

¥oYedy 

TeT+orT 

USUF)DZHaF 

VSESORT(2  Nw¥EBMeARS EL) ) 
TFCZ,GELTN) GOFND #2 
TF(RNeTEQM) 19,109,119 
CONTINUE 
NYsniet 

CS§2VZ/V 

DELZ=0,0 

SNNSSORT(CABS (4, 0"CSS#"0S$)) 
UisU 

UBRUB SU 

DELUSO.0 
RNSGOSCAF (QQ) 
T2ABSCUD/UCELL 
$UM20,0 

TFCT@498) 706,705,705 
PO 707 Js1,NX8 
QP¢JSQ05,590) 

SUMSSUM4QP EU) 
GOTO 796 
Alay 

AYSATWiCELL 

Tst+4
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706 

-*
 

N
 

ae
 

423 

124 

425 

42 

DO 1 ZGLliS4 Nes 
QPCIISACS PIF CuUCa ted eA SPW CUMATD/UCELL 
SUMES UM eG 22 43 

CONTINUE 
SUMSSUM#99(1) 
CHECK SStm/s/ gp (1) 

TFCRN, LE, CHECK) GOFU 121 
NOCVT ISNT (1) +4 
PNSGOSCAREQ0) 
CALL DLFANG CRN, UL ANGD ENG, CS,SN) 
RNSGOSCAE (QQ) 
CALL EYA (RNs PHI, SPHT) 
CSSECSS#CSeSNNeSNMEOS (PHI) 

SNN*SORTCABS (1, Nel ZS#6$9)) 
DELUBHe C1, 9 CS) HONGET CI) 
HYseueDFrcu 

YASYUASe) 

GOFN 2) 
NXSSENXS =] 
CHECK=0,9 
206 123 KR2,NKSS 
CHECKE=CHECK#QP(%)/2P(1) 

IFCRN, LE, CHECK) GOTO 124 

CONTINUE 
GOTO 125 

DE LUSONSET (CK) 
NOCKI SNC CK) 44 

GOTO 124 

CONTIANYWE 
NCONXSYVENCOENXS) 4] 
DELURCUFONSETENKSII/2,0 

NIQNEN{TONG4 

J=BNTON 
K205)22 
KX¥(J) ay 
xx (Cp) ey 
XUCJ) SC UPONSETONXS9)/2,0 
XT(J) 57 
KCSSCJVSCSsS 
XPHI CJ) SSPNT 
NSCJ)@NSTEP 
NVARBENYAR #4 
CONTINUE 

QNSGUS5CAF( QQ) 
CALL DIFANGC(RN,U,ANG,ENG, aac ete 
RNSGOSRLAE (QQ) 

CALL ETA (CRN, PHI, SPHI) 

CSSSCSS*CS¥SNNESNWROS CPHT) 
SNNSSQRTCABS(T, NeiSs#CSs)) 
UsuePELy 
UABIIAeY 
GOT 2d 
CONTINGE 
NES CNS TERIANESENSTER) 44
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96 
95 

41 

49 

101 
100 

103 

192 

64 
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BO 151 Jat, Kx 
NPCIINSTEP) ENC CIDENP LI, NS TEP) 
CTERMS(Z-Twh)/02 
CTST-HVECTERS 

CKEX@N Kelp 

C¥RVeSy¥eCTERY 
TSENSTEP)STSENSTER) oCT 
R25CKeCKeCyecy 
RSCNSTEP)ERSINSTER) oR? 
ZSONSTEP) E2S(NS TED) o7 
ZSQ(NSTEP) BZS2¢NSTEPeCTErT 
CUS Yeh eee TERM 
UROENSTEP) SURCNSTER) oCL 
UBSCNSTEPY SUBS (NSTEP) +UB 
VASCNSTED) SUAS (NSTED)eyA 
NISCNSTERD ANTONIS ENSTER) 
ANIS(NS TED AENIS (NS TEP) 
LLLESORTCR 2 HINO O/ TMAX SY 
TFCLLLLGTL 200) tite2on 
TRCLLL. GT, MAKR) WAXRELEL 
KSCNSTED, LLL EK SONS TEL, LLL) 44 
NSTEPENSTEP}4 
ANSSNSTEP 

TNSTMAXHCANS/AYS) 
IFC(NSTEPwISTED) 1 
LEU/UCELI #4 
LLET/ZCELL #1 
TFC LENMAX) 95,495,946 
NMAXSL 

NMAXSEN WAX 
TFCL@990) 60740,43 
Le4ia 

EVCLISKTOCL) #14 
TFC LL @4Ax7) 100,109,164 
MAXZELL 
MAXZEMAXZ 

TFELL S100) 102,193,103 
LLeio0a 
MAXZELL 
K2CLLISK2CLL)I #14 
TFCNVAR) 45,45,66 
NRUNZNRIING 4 
JENRUN 

UsBXUCY) 

ZEXZ(5) 
YExXy(J) 
XBXXCJ) 
TEXT(J) 
CSS2XCSS(s) 
SPHISXPHT( J) 
SNNZSORTCARS (1 NetSsecss)) 
RNSGOSCAEEQQ) 

CALL DTFANGCRN,U,ANG,ENG,E$,54) 
CSSSCSS¥CSeSNNWSNECOS¢SPHT) 
N8TFPENS (5) 

6261%2521
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139 

140 
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ANS=NSTEP 
TNS TMAYQ*CANS/AUS?) 
NVARSNVAR~4 
SOP 2a 

CONTIN-JE 
NAVSNT ONS 

JJSYVAVHITOLO/AVE 

JJsI G41 

PFEJS,GT,100) usetad 

NAVACSJIBNAVAC II) #4 
TEQCNE, i T,NORINT) GOTO 63 
VELSZ/7T 

NPRINTENPRINT#LPRINT 
NO 105 Jrt1,5STEP 
ANBZNES (J) 
TSMC J) eTSfy)/ANE 
ZSMCJISZSCJI/ANE 
ZS2MCJISZS2°I/ AVE 

RSMCJISERSCII/ANE 
HEME JP MURCII/ANE 
YVUBCJYAUBSCII/ANIS EJ) 

SIGACIIZECZTROMC JIC FSMO I) wee) ) 
TVELS J B2E6HC JIA TEMES) 
UUACJIBSUASECSISANIS CU) 
CONTINYE 

WRYIYECS,119) NE 
FORMATCT7HFNO, OF ELECTRONS «5X,16) 
WRITEC6,13A8) 
FORMAT{//20H TYSES OF COLLISIONS) 
WRITE(4,107) 

FORMAT(/6H TOTAL) 
DO 140 Ke1,JSTEP 
WRITE(641359) NGSCHY CNP CH eK)» Jed eNXS) 

FORMATC7IR) 
CONTINUE 
WRITE(64141) 
FORMAT(/4X,147H ENG KEFORE2SX/410H ENG AFTER,SX,2H MEAN ENG) 

DO 78 «21, 3STEP 
WRYITEC4.412) UUACK),UUACK) ,URM(K) 
FORMAT(3E15, 4) 

WRITE(6,113) 
FORMATC/4 3X 42H 72-11% 04H 2¥26135K-24 T) 
DO 79 ks1,5STEP 
WRITE €6,114) 254K) ,782MCu) TSMC K) »NES CK) 
FORMAT(3E18,5,18) 
WRITE(S, 300) 

FORMAT(/5X,4H VELs8X 25H SI1G2,13X,54H RADZ) 

WRITECH, 304) PYVELCK) ,SI1G2CK) ,RSM(K) 
FORMAT(3£15,6) 
WRITE (45,82) 

FORMAT{ISH Nel6X,37HELECTRON ENERGY DISTRIBUTION FUNCTION) 
TFENMAXR100) 531,51,52 
NMAX=190 
NMAXSNMAX 
NO 70 jyat,ymaX,4 9
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RO 74 CS ae 

J€3 fee «] 

wCKISKEC GK) 
ARITTE(5./33) dy Cutey,€24,10) 
FORMATOCTH ,14,5%,1916) 
WRITE (5,194) 
FORMATOC3H4 2p 8X, 25ADTSPLACEMENT DISTRIBUTION) 
O09 9) jJet,MAX72,190 
DO Yd €27,19 
JtsjJena 

wuit(KISKeCIK) 
WRITE €6,89) J, CwdEK), 21,40) 
FORMAT(41H ,34,5X%,1016) 
WRITE($,158) 
FORMATC2SHIAVALANCHE DISTRIBUTIONS) 
20 159 421,109,10 
NVQsJe9 

WRITE C6 5153) Je OCNAVAC HK), KEy,NI0) 
FORMAY(14,5xK,17019) 
90 1464 (sds, J3STEP 

ALsl. 

TR (NRE2,FQ,"190) 6970411462 
WRITECH2169) ZSMCLI 
FORMAT(23H4 BADTIAL NISTRIBUTION,5X,64H GAP =,6€11,4) 
NSUMsO 

DO 1647 Js1,MAXR,19 
90 1646 «21,10 
JKBU+K oe) 

AJKEJK 
NWCKISESCL, IK) 
NSUMBSNSUMeNWOK) 
REAJK*TMAX SO, 91 
DSTMAXeN , Twal 
ReSORTECD¥NeReR) 
AYanSuM 
A@B#NES CL) 

JK aK 

RAT CJK)ZA1/42 
UM€JKIS0,0 
IFCRAT(JK) .GE,1,9)9 GOTO1141 
UNCIKI eeALOGOR/DwE1, Oe RATEIKIII/ (RSD) 
UHC JK) WE/ C2, 0O8UH(IK)) 
CONTINUE 

WRITECG,163) J,CNWEK), 21,10) 
FORMAT (1522Xe10¢(18)9) 
WRITE(6 2166) (RATCK),K 81.10)
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164 FORMATL6X 19 (FR, 57) 
WRETEC5,169) Cunt), K=1,10) 

149 FORMAT (OX ,70CF RS, Sd 77/4) 
144 CONTINGE 

T1464 CONTINGE 
TtH#2 WRITE(H,R5) RYN 

35 FORMAT(/SH RN 2,F71958) 
TECNERNSTOD) 63,22,22 

2¢ TFQNRED) $0,50,53 
5) WRITE (6,24) 
a4 FORMAT (13H RUN COMPLETE) 

CALL FATTY 
FNG 

FORTRAN 
SUBROUTINE ETA CRN,PHI,SPNY) 
PHTS6.2331785307#RN 
SPHT=SOH}y pH] 
NPHISSPHI/6,283185397 
AZNPH] 
SPHISSPHTWAe6, 243145507 
REFURN 

END 
* FORTRAN 

SUBROUTINE TROPTC €RN«tS,SN) 
CS31,992, 048RN 
SNSS9ORTCARS (1, 08054059) 
RETURN 

END x 
*FORTRAN ‘ 

SUBROUTINE DI FANG{RNDU GANG ZENG, CS)SN) 
RIMENSTON ANGO30,21),6€NG(39) 
USARBS C1) 

TE(U,GT,900,0) Uegou,9 
NPZQN*21) 9 
ANPRNP 

NBPANP +] 
NPPENPe4 

DO 1 J21,30 
CHECK BUMENG (J) 
IFCCHEEK) 25141 

1 CONTINUE 
2 NCaset 

N€CsJ 
DEGTSANG CNC 1 NP) #CRN#20 OF ANP) H(ANG(NC«NPP) RANG(NC SNP) ) DEGZ SANG (NCC NP) #CRNH20, 0PANP) OC ANG (NCC, NPP) @ANGONCC NP) ) 
DEGEDEG1 + (DEG2mNDEGY) © CUMENGONC))/CENGENCC) @ENRONC)) PEGSDEG/57, 2958 
CS@COS(NEG) 
SNBSINC(DEG) 
RETURN 

END
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Boltzmann 

PROGRAM BoLTZ (INPUT, OUTPUT, Tape SET Y DUT, TAPES SULT PUT) PEMENS LUN PRCT, 1979, SQC319) RCT, $10) ,F 0549), ATE1G 194) AGENCTUD GNSETSV9) L610) -Q019, 519) «SCALECII) 
SrFALT SIO ESCTUILAL CTO) pM C40) 
COMMONS ABC/ UC 570) DF (599) /ARRAV/SIME (540) ,USTEPR 

C SOLUTLUN OF BOLTZMANN EQUATION STEADY STATE SQLUTION C PRUGKAM TITLE 
WRITE CO,Y9) 

99 FORMAT(GGHYROLTZMANN STEADY STATE EQUATION PHELPS SOLN) C INPUT X@SECTION 
REAUCD~69) JTMyNXS 

65 FURMATCE1U, 3,19) 
DO 4¢ J2YENXS 

WRIT,(6,25) J 
23 FORmAT( 15} 

00 66 $21,150 
REAN(3 4460) ATCU,T), EXT) 

40 FURMAT{2EVU, 2) 
WRITEC Gs ¢6) QTCS,1I,EX C561) 

26 FORMAT £2b44, 4) 
PFEMT Cd ,I2) 479,660,66 

64 CONTINUE 
4¢Q CUNTINYUE 

READ (3748) ONSET ¢ J), FACT (J) 
WRITE CO, €6) ONSET CJ9- FACT CY) 

43 FORMAT(2E1U,2) 
47 CONTINUE 

ONSET(Y)=ONSET(6) 
ONSET(10) 20NSET(7) 
ONSET(11)S0NSET(&) 
NSTURESNXKS 
READ(I 742154) (CSCALECQ I) sd=4,NXS) 

2154 FORMAT (7 4F6,3) 
WRITE C64 2955) (SCALE CJ) p24 ,NK8) 

£155) FORMATC(VTH SCALING 18,7061075) 
DO £143 J81,NXs5 

21435 FACTS SFACT CU) ESCALE CJ) 
63 READ(3,105) EyT 
105 FORMAT (2E41,4) 

WRJTECO, 5u3) EyT 
FORMAT (aq Ho EL, FIELD Bs E19,404H VEMeqgXrq QHPEMPERATURE = Eqq . ae 

12H K) 

READ(3¢1U6) UMAXsNMAX@NPRINT 
104 FORMAT(E41,4,2110) 

WRITE (6,507) UMAXyNMAX »NPRINT 
304 FORMAS (ON VHAXS,F?, 2, 9X+SHNMAK Ry, 167 5X¢ CHNPRINTS, 14) 

NXSSNS FORE 

NXSSSNKS¢#4 
ONSETCO) BynSETC9) 
ONSETC 4) SONSET(10) 
ONSET(S)BONSETCNY) 

3u3
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QrystA AAS art ad 

GATE Psutak SANMAX 

PETRUS), U/NSTEP 

Lenn aks i 

Yranstee 
GMSUNSET( 1} 
N5BNMAKYS 
DO @€ 184eNS 
Jete1 

Ag®J 

UCL) SAY*USTER 
SQC1d sSartTCucy)) 

DQ &@ J34—eNnX§ 

QCgeTIFQTC L,I * PACT ey? 
DO Tf JETYNXS 
K{a1 

DO & La2,N1 
Alale 
ALSAI#USTEP 

DO > K8KT,190 

TFCEKCDYKI,GT,AIL) GOTO 6 
CONTINUE 
UC d ed) PQTO Kel, CORO Ky MATES, Kt) MCATSEX CU Kady) / 

TCEKCL  RIMEX CI KRO4)) 
Q¢g,12FOCL, 1. * FACT CG) 

KY3K~1 

Cogytig¥l 
DO 1009 Je1,N1 

2047128064 71)24906,1) 

QO, 1) Bale) 
Q¢fe1d BQCB,T) 

NXSBNXS=4 

yXSS*yASSe1 
GMa GNSET( I) @FACTOCV) eONSET( 46) FAC TOO) /100,0 
UNSETCO)BONSET(?7) 

ONSETC/)®ONSETC( 8B) 
DO 1 Jee_eNXS 
l=j71 
ENCITIFONSET (CQ) 

DO 7 JSS5,NXSS 
ALC JI FENC J) #PETSY 
LEvISAL CI) 
L¢¢2581 

L¢1224 
DO ¢4Y Jz35,NXSS 

ALC) Fue 
oo ¥ lay eN4 

841012 #eeE/ (5, 04Q61,12) 
BCe, 1) BGMay (1) *#Q(1,7) 
DO 71 Jad_eNXSS 
Bde TI FUCTIeQC I-45, 1)
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tee 

VWv9 

(3 

202 

20} 
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wile TE NUE 

STAXTING ENERGY DTSTRIBUT IPO 
TJ Tey z 

DFECNMAXeZ) S44 YU 

PE CNMAAS S$) BD, 0 
FUINMARXF9) S11, UE“? 
FCNMAX?B1,Q0F 27 

BOUNDRY CONDITIONS 
REAUV( 5,501) ASTOP,JREP,JSTOP 
FORMATCES1.,4,2345 
WRITE(O,503) ASTOP,JREP,JSTNP 

FORMATO FH ASTOP=,E44-4¢,5X+S5HIJREPZ 
1 Ge SX GHISTOPE, 14) 

JIMSY 
SUMPJET,Y 
Gad YSy¥SE405 

CyGlLe PUSITION 
SSF2U0,V 

Z20,U 
D0 10 MelyNHAX 

ITSNMAXemMee? 

Als] 
DO fd ye5S,NXSS 

MM(JISLOJ7 +1 
NOO9MMONXSS) 

TFSMO,GE,NMAX*T) GOTO 199 
K=2NKSS 

Z2d+ucK, MO) ae CME) /AT 
Tt CAO Ke MOF1) REFCMG*1) = BOK 1 M6) WEEMS) D 

Z2eCENC KD EPETSURALCKII/AT 
SFBZ 

DO 75 J35,NXSS 
SFSSFeFC1) #*B (dy 1) 

MNONKSS@} 
MCSMMEMN) 

IFEML LYE eNMAX*#1) GOFO 204 
MN@MNe@t 

LEEMN@ 2) £€05,205,202 
90 7&4 JasyM 

MD@MMC J) 

SF@aSk+B¢d,hMD) #F CMD) 
THC BCs eMOFT) wECMDel  aBC > MD) ee EMA) HC ENC) MPETSURAL CY)? 
CONT INYE 

205 SFaSFrUSTEP 

10 

SSFFESSF+SF 

DFCLI Seb SY’, TIFUCIIHF LI *SSF) 
V/CUCLI RECT) #6864, 12 4B62,7) #8, 64 7Q5E2059T)? 
IFCIVIM,.GY,9)2 GOTO 49 
BACKWARD PROLONGATION 
FCLSVI SECT MEXP CaS, OFDF CI ene (1412200, SHUSTER) 
CONTINUE 
DF¢1>#0,V
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In this case the relationship between v , and v is given by (Lucas and Saelee, 
d 

L975) 

k u 
= >V 

» 
d ; (2.11) 

where u and ) have their usual definitions. 

The Snelson technique may be used at high E/N, since it also takes into 

account the effect of ionization at electron energies higher than the ionization 

onset energy. 

2.4.2 The Longitudinal Diffusion Coefficient, Dy 

Wagner, Davis and Hurst (1967) developed an apparatus to measure 

the diffusion coefficient and drift velocity by a time of flight method. This 

method brought to light the first set of data for the diffusion coefficient which 

varied from Townsend's measurements. The Townsend method measured the 

diffusion in the direction perpendicular to the applied electric field, while the 

time of flight method measured the diffusion in the direction parallel to the 

applied field. This gave rise to the idea that the diffusion coefficient is a 

tensor quantity. Their apparatus comprised of a three section chamber 

containing a swarm region, transition region and a detection region. The 

electron swarms were generated by a pulsed ultraviolet light, which also 

triggered a time of flight analyser. The electron detection system consisted 

of an electron multiplier operating in a pulse counting mode. After passing 

through high gain amplifiers, the signal was fed directly into a time of flight 

analyser, which developed a time of flight characteristic of those particular 

experimental conditions.
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Ji" sigp~ e+) 
BAWSS@SEIMEL LTTERATIAN 
FLSIBEAPLCGFEC VIED EC ZI eT wi STE RG 

FCS? SEKPCUSTEP HC ARCA SG, Qe oF Cod epee $9I/ 3, G2 
DY Se [e3,NI,2 

FOLD SRC TRA) eEXPC STEP HRC DEC Lee ee GOODE CL amg PENRO) / 3.0 
DO S53 JSR,NIIAX,2 
FCLI SFC Te 2. wWEXPCUSTEP (DE CL 22.46, 0*0F Clef NF C19I/3,9) 
NORMALIZATION 

DO 1} Jei,N1 

SIMF CJ) BF (J) #SQ()) 
CALL SIMPENITAX~SUM) 
FMYUS®4,9/8UM 
00 16 121,N1 
FELI SECT) wFNYS 

ADD=ABS¢7,U*SUM/SUMPJ) 
SUMFYESUM 
JIMBOIM4] 
WRITECO,20) JIM, FMUS 

FORMATCI6,E14,4) 
TF QUSTOP,LT, JIM) GOTO 23 

IF CADD,GE,ASTOP) GOTG 459 

CUNTINUE 
WRITE( 8,109) 
FORMAT C aXe 2HUUs9Xp GHECU) OKA PHSOCUIF CU) AOXsSHDF CUD) 
DO 476 Lay aNNAXehPRINT 

FNEYISpE1) *§Qc]) 

WRITECO,171U) UCTIZFEIIGFATIL. DF CT) 
FORMAT CRG, gr SXEEG 4s AP OK E14 0 be SK ETT 9G? 
WRITE (4,393) J9M 
FORMAT(CSH JIMS, TA///) 
pO 53 Je1,N1 

SIMFC JI 2eBCT JI HDF CJ wy Cd dw FC) 

CALL SIMPCN'AX? SUM) 

VELESUM*G/E 
WRETE(S,56) YEL 

FORMATS//46H DRIFT YVELOCITY=,6949,46¢4H M/S? 
Do 25 y21,N4 
SIMFCJ) syCddwF CI) *B CTs) 
CALL SIMPCNITAKX? SUM) 

DIFRFSESUM*G/ (E*E) 
WRIETE(6,54) DIFF 
FORMATO//43H DIFE COEFF. 5,647,416 MSQ/S) 
pO 49 J351,N4 

SIMPCJISR CY) eSQC J) wy ld) 
CALL SIMPENNAX,SUM) 

EMEAN3SUM 
WRITE; 6,51) EMEAN 
FORMAT(C//95H MEAN ENERGYS, 644 76474H ELECTRONRVOLT? 
DUSDIFFWE/VEL 

WRITE(6,62) Du 
FORMA,(//9H D/ys,E14,4)
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DE f= DS VERS 
0 2% Fstyrt 

5% SIME CPP eal, Gl ee ED 
CALL SEMFPCNCAX, Sh) 

as SC] 2 Fy umagy 
8S C2) 5802) sgt 
WRPTE(9,99) 

b Ted FORMAT (CZ /19H RATE OF COLLISIONS) 
DO bu Jat eNXS 

N=Jj*) 
WRITE(6,61) JyStN) 

61 FORMATC/15+5X,E699,4) 
6 CONTINUE 

LFCJREP,GE,9) GOTO 43 
4 WRITE(O,94¢) 
112 FIRMATCYSH RUN COMPLETE) 

CALL EXKIT 

END 
* FORTRAN 

SUBRUUTINE SIMPCNMAX,SUM) 
COMMUN/ARRAY/SIME ($49) ,USTED 
QOD0sy,y 
EVENS0,0 
DO 7 L32anNMAX,2 

1 QDOFUDNeSIME CT) 
NOQ@NMAX wy 

PGi i=5,N0,2 
2 EyVENSEVEN+SIMFC(T) 

SUMSUSTERM (SIME CT) #SIME (HMAX#4 46, QW0D082,U0*EVEN)/S, g 
REFURN 

END 
#FORTRAN 

SUBRUU PT AE EXTRA(T,AREA) 
COMMUN/ABC/UC S19) DFE (319) 
AQBUCIT #4) 
X7V#UC1) 

R2SUCTe1) 
X3ZaU(1 2) 
YISDFET) 
yeSOr CT e1) 
YS80FCle2) 
AAS CY 4my2) w(XS—X5) CY 2=y3) a(X4 9X27) / 

BOX PRKS ROX SX 5) * 0X7 #X2) KP HKS)) 
BBSCCYT*¥ 2) @AAw (XK 4HX 4X 2K 2) / OXF RX2) 
CCAY1T@AAaX TeX TERK eX4 
AREABAAK(X} HH SX 003) /35,0 

CeBB*(X]eeZexXuew2) 72, 04CCwEX1 9x9) 
RETURN 

END



APPENDIX 

e De 

Ve PRESSURE CALIBRATION 

Ze SPECIFICATION OF GASES 

3: SPECIFICATION OF EQUIPMENT



Pressure, Po» (torr) 

TABLE A : PRESSURE CALIBRATION 

Mcleod Gauge Baratron Gauge Pressure Range of Baratron (x 100) 

0.106 0.105 0.001 

0.0478 0.0477 0.001 

0.453 0.454 0.01 

4.57 4.60 0.1 

7.69 7.81 0.1 

9.00 9.19 0.1 

TABLE B : SPECIFICATION OF GASES 

Gas Supplier's Grading Main Contents 

O, B.O.C. Ltd. 99.5 % O4 
CP Crade < 5 v.p.m. co, 

~ 50 v.p.m. H, 
< 0.5 % Ar 

CH4 B.O.C. Ltd. 99.2% CH4 
CP Grade 0.7% N2 

2 v.p-m. O2 
1 v.p.m. EOo 

SF¢ B.O.C. Ltd. 99.9% SF6 
CP Grade < 900 ppm air + 

non-condensables 

< 15 ppm water



  

D.2 

TABLE C 

SPECIFICATION OF EQUIPMENT 

Description 

Pressure gauge 

Digital voltmeter 

Voltage supply 

Filament supply 

Filament 

Differential ac 

amplifier 

Pulse Generator 

X-Y Recorder 

Box-car detector 

Ionization gauge 

Oil diffusion pump 

Pirani gauge 

Rotary pumps 

Oscilloscope 

Information 

M.K.S. Baratron 

Full scales : 0.1, 1, 10 

and 100 torr 

Solartron digital 0-1000 
volts, input impedance 10 M 

Fluke, 0 - 3100 V 

Farnell 

Range 0 - 30V, 0-5A 
Range0 -12 V,0-10A 

Vacuum Generators 

Thoriated iridium 

Brookdeal 

0.1 Hz - 2 MHz. 

1/P 20.MQ, 20 pF 
O/P 1K, 10uF 
Gain 20 - 100 cB 

Lyons Instruments 

Q/P 50 

Bryans 

Brookdeal Linear gate 
and scan delay generator 

Mullard 

Edwards Speedivac 

Speed : 70-80 L/sec 

Edwards 

Full scale 

0.005 or 10 torr 

Metrovac 

Displacement 1 L/sec _ 

Ultimate pressure 5x 10 torr 

Tektronix 

15 MHz Bandwidth 

Model 

94 AH - 100 

170M - 7A 

LM 1420.2 

415B 

L30E 

L30F 

V1G21 Filament 

9454 

PG 71N 

26000A 4 

9415 
9425A 

10G 12 

203B 

8 +2 

GDR2 

555
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Since the electron multiplier was required to count single electrons, 

this placed a severe restriction on the range of E/N and the gases to be 

studied. At high E/N, corresponding to high electron energies compared to 

the onset energy of ionization, the counter would be triggered by the first 

electron to reach it. This meant that low E/N and high pressures had to be 

used to prevent ionization so that single electrons could be counted accurately. 

The time of flight method of Snelson, however, could be used to 

measure the longitudinal diffusion coefficient at high E/N in the presence of 

ionization. Referring once again to equation (2.9) and Fig. 2.1, the anode 

current/time distribution was analysed to determine the half width 2 §t. 

The diffusion coefficient was then determined by using the equation :- 

Og Sas . (2.12) 
4t 

max 

It is also worthwhile to note that by obtaining the distribution for different 

gap separations and measuring the half width and t,,,, as a function of gap 

separation, the Snelson method can eliminate electrode effects and time delays 

inherent to the electrical circuit by using a difference technique. The Wagner, 

Davis andHurst (1967) method does not do this, rather the effect is enhanced 

by the circuitry employed. 

As before, the experimental value of the longitudinal coefficient 

,) 4 is related to the value obtained from the transport equation by the 

relationship :- 

u 

Da= x ?L (2.13)
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2.4.3 The Radial Diffusion Coefficient, D,. 

Using a method developed by Townsend-Huxley (1947), Lawson 

and Lucas (1965) reported on the measurement of the radial distribution of 

a stream of electrons drifting through a gas in a uniform electric field in 

the presence of ionization.. The earlier work by Townsend in measuring this 

coefficient employed a technique of admitting an electron stream to the 

diffusion gap through a pinhole at the centre of the cathode and to measure 

the fraction F, of the current collected by an insulated disc at the centre 

of the anode. The relationship between F, and the diffusion coefficient was 

calculated from the steady state diffusion equation for electrons drifting 

in a uniform electric field. 

The solution (Huxley and Crompton, 1955) is :- 

L-F=$ exp J. @ =a) | , (2.14) 

Vv 
where DNS D ; 

d = gap separation, 

v = electron drift velocity, 

D. = radial diffusion coefficient, 

r = radius of disc, 

2 
R = rier iE : 

Lawson and Lucas (1965) showed the solution of the diffusion 

equation in the presence of ionization to be :- 

_
 i 7 Il a ey - a(R ~-d) : (2. 15) 

\7 22 @ > » = or @ KR
 @ S i
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Equation (2.15) shows that an experimental determination of F, will give 

a value of u, but to analyse the diffusion experiment to give values of D/H 

(the ratio of radial diffusion coefficient to mobility for electrons) the 

coefficient ) , is required. When there is no ionization, u= \ and 

equation (2.15) reduces to equation (2.14), the empirical solution obtained 

by other workers. When ionization is present u# } , and to obtain values 

of >», and hence D/H from the diffusion experiment, it is necessary 

to measure the variation of current amplification, A(x), with electrode 

separation x, (Huxley, 1959; Lucas, 1964). In this case :- 

F od A(x+ d) 
A-ue=ee + fbn) ae | : (2.16) 

Sr ge ete ; (2.17) 
c 2{u+(d-w} 

where E = electric field strength. 

To obtain equations (2.14) and (2.15) it has been necessary to 

consider electrode boundary conditions. The usual condition is to assume 

that the electron concentration is zero at the electrode surface. Equations 

(2.14) and (2.15) have only assumed the presence of an anode boundary 

condition and are often referred to as a ‘pole’ solution. In the presence of 

both an anode and cathode boundary condition, another solution is found, the 

‘dipole’ solution. However, experimental results tend to fit the pole 

solution. A method developed by Virr et al (1972) employs a difference 

technique which eliminates the boundary conditions from the solution. In this 

2 ’ ale . 
method, r , the mean radial position of the anode current is measured where :
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2 — 

4Dt , 
r 

R
y
 ll 

2 
or 5 7, qd.) ; (2.18) 

where do = electrode effect. 

Considering two gap separations (d) and (d+ a) 

a 
Tdt+a dou 

2 
i.e@s u = Sel . (2.19) 

Ta 
‘dta d 

In this paper, Virr et al show that the influence of an electrode is 

to effectively reduce the gap separation by + and since ) may be related 

to the mean swarm energy, €  , then :- 

(2.20) 

|
r
 

QO
. 

where V = gapvoltage . 

Equation (2.20) implies that the influence of the electrodes is negligible 

provided that V > €. 

Whereas the Huxley-Crompton analysis applies only at low E/N 

where there is no ionization, the method of Kontoleon (1971) is valid at high 

E/N where ionization is present, and can also take into account secondary 

ionization processes by positive ions and photons. The radial distribution 

of anode current was measured by splitting the anode up into a central disc 

surrounded by nine concentric annuli. The total current was also measured 

as a function of gap separation. The solution to the steady state transport 

equation :-
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2 2 2 
3 3 

Hie + Dy eo o5) + am=0 ’ (252.1) 

az Ox oy 

takes the form of a Bessel function of the form :- 

Po n(Z,r)= : A. e i ( 9.5) ; (2.22) 

where A, = constant, 

8. = R,/b ; 

R, = Bessel roots, 

b = wall radius. 

However, @ is not directly measureable but a ( = d - u) the Townsend 

ionization coefficient is easily measured and is a close approximation to a, 

Therefore the Lucas method measures a parameter D. ft such that :- 

D a_E 
  

we ero 

Le 7 2 ; 
exp oo 

with 

ee. Dee 
exp (At u) # 

This is to be compared with 

D D 
r Se 

ag uso 

Kontoleon expressed the experimental current distribution as a Bessel series :- 

j(;x) = > Be Jo (8,2) . (2.23) 
s 

Comparing equations (2.22) and (2.23) :- 

&5° 
B =A e i (2.24) 

s s
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By plotting logarithmic graphs, the slope gave values of 8, (using the 

Kruithof and Penning three point method to eliminate electrode effects, 

assuming a constant secondary ionization coefficient). Combining equations 

(2.21) and (2.22) gave :- 

: vet D 8s -D,. 9 +av=0 ‘ (2.25) 

Hence, by plotting g, asa function of a” , and determining the value of 

2 
8, which made g, equal to zero, the value of D. was found from equation 

(2.25) to be given as: 

av 

’ ~ 2 ; 
8 
m 

where av = rate of ionization. 

D.. ar 
Since @V = @ iv 7. —_—_— = — 

T exp Vv 2 
exp 8 

m 

where a = the Townsend ionization coefficient. 

v__= measured drift velocity. 
exp 

The method has been used at high E/N where secondary ionization existed, 

assuming that the secondary ionization coefficient was constant. Electrode 

effects were removed by the difference technique, but the results for D. 

are limited by the accuracy of the measurement of aps 

The Kontoleon et al method uses analysis to separate the primary 

electrons from the secondary electrons. Kucukarpaci and Lucas (1979) 

have also achieved this by using a time of flight technique. They used an 

unscreened, segmented anode to collect the primary electron current. 

This current is made up of the steady state electron I. (d,r) current and the 

space charge current 1,.(4>1), i.e.
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I(d,r)=I (d,x)+1 (,n) (2.26) 
e Sc 

A Bessel series analysis is used, and this method directly measured 

(0, /#) qe When do effects are present, then the effective gap separation 

isd- do so that (2.26) is replaced by :- 

Id -d,r)=1j(d-d,, r)+1d-4d, 2) (2.27) 

(2.27) gives the current collected by a central anode disc of radius r when 

a pulse of electrons has been released from the cathode. It is important to 

realise that this current does not have the same magnitude as the steady state 

current received from a continuous source when expressed as a fraction of the 

total anode current. This is because it contains an extra term { Id = d>t)} 

created by the space charge fields of the ions. In order to use (2.27) to 

analyse experimental data it is necessary to operate with a pulse duration 

which is larger than the electron transit time but which is much smaller than 

the ion transit time. In the experimental investigation a pulse duration that 

is just greater than the electron transit time has been maintained. This short 

time duration reduces the formation of secondary electrons which are mainly 

formed by positive ion bombardment of the cathode surface. 

Experimentally, the pulsed current collected by a central disc may be 

measured and analysed by (2.26) to give ( D.. /) 4 provided the Townsend 

ionization coefficient Or is known and a reasonable estimation of D/D,, is 

available. 

2.4.4 The Ionization and Attachment Coefficients, @ and q 

In 1936, Kruithof and Penning developed an apparatus to measure @ 

using a d.c. technique. The apparatus consisted of a variable gap with an 

ultraviolet illuminated cathode as the electron source. Anode current was
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measured as a function of gap separation. The Townsend equation for current 

amplification in the presence of primary and secondary ionization for a 

discharge chamber with large electrodes is given by :- 

J, exp { %(d-d) } 
J(d,@ = 1-7 {expa@-d)-1p ’ (2.28) 

where d = gap separation, 

Jy = initial electron current , 

a = primary ionization coefficient (Townsend 's coefficient), 

Y = secondary ionization coefficient. 

The distance do is included to account for electrode effects and is the distance 

an electron must travel to reach an equilibrium energy characteristic of the 

operating E/N. 

If equation (2.28) is re-arranged, since d is variable, do can be 

eliminated from the analysis to give :- 

Jo | 1 - y (exp @,d - 1) ee 

Jy exp a d 

and hence 

Jy 
i (1+ ¥) exp (- @.d) - ¥ ; (2.30) 
d 

Now, the Kruithof and Penning three point method utilised the values of J q at 

three gap separations such that :- 

Substitution in equation (2.30) gives the expression :
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Jain =, 0 fll ane eels In} Seat : (2.31) 

At low values of E/N, y is very small or effectively zero, but 

becomes more important as E/N increases. The value of y may be found 

by using the known value of a@ andeither curve fitting to the J(d) versus d plot 

or by measuring the breakdown distance, qd, At breakdown the denominator 

of (2.28) reduces to zero, such that :- 

1 
vi = LL. ae ee 

a(d - - exp rf 3 dq) 1 
; (2. 32) 

In 1953, Harrison and Geballe studied the anode current in the 

presence of ionization and attachment. Simultaneous measurements of the 

two coefficients were made using an apparatus which was basically the same 

as that of Kruithof and Penning (1936). The steady state solution for the total 

current collected was found to be :- 

“ @ Jo} 
J@ = Jo jay oP le a (2. 33) 

where 7) = the attachment coefficient. 

This expression assumes that detachment is negligible and can be reduced to :- 

J(d) = J, exp { (@-1)4} . (2. 34) 

If T}] is very small and as 7]_ tends to zero, equation (2.34) reduces to the 

Townsend amplification equation. 

The value of (@-1) ) is seit from the experimental curve which 

represents the variation of the total current collected by the anode as a 

function of electrode separation using the relationship derived by Harrison 

and Geballe (1953) :-
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Js aed, 
2 2| (2. 35) end bio a 

where J, > J, and J. are the total currents which correspond to gap settings 

d, (d+ a) and (d+ 2a). Individual values of a and Y| can be obtained by using 

the ( @- ¥] ) value and curve fitting to the J(d) versus d curve (Prasad and 

Craggs, 1961).
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CHAPTER THREE 

THE TIME OF FLIGHT EXPERIMENT a ee ee 

3.1 INTRODUCTION 

The aim of this experiment is to determine the values of the electron 

drift velocity, the ratio of longitudinal diffusion coefficient to mobility and 

the ratio of radial diffusion coefficient to mobility by using a modified form 

of the time of flight method developed by Snelson and Lucas (1974), and 

Kucukarpaci and Lucas (1979). A narrow pulse of electrons is injected 

at the cathode and thereupon they drift and diffuse across a uniform electric 

field region to be collected at the anode. From the variation of anode current 

with time, one can deduce the drift velocity, longitudinal and radial diffusion 

coefficient. The experiment was originally developed by Snelson and Lucas 

(1974). However, the present system is a modified form of the u.h.v. 

system designed by Saelee, Lucas and Limbeek (1977). Using this method, 

the electron drift velocity and longitudinal and radial diffusion coefficient 

have been deduced in oxygen, methane and sulphur hexafluoride over a wide 

range of E/N. 

352 EXPERIMENTAL, APPARATUS OF DRIFT VELOCITY AND 

LONGITUDINAL DIFFUSION COEFFICIENT 

3.2.1 The Vacuum Chamber 

The apparatus is shown in the photograph and the schematic diagram 

of Fig. 3.1 has the following salient features :- 

Z. Thoriated iridium filament. 

2. Electron injection grid.



  
The TOF Chamber
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3. Fixed cathode. 

4. Thick guard ring assembly, consisting of rings with an 

outer diameter (O.D.) 22 cm and an inner diameter (I.D.) 

of 19.7 cm, each being 1.6 cm thick and separated by 

glass spacers. 

De Observation window.. 

6. Anode screen with approximately 84% transmission. 

he Anode plate, 17.8 cm diameter. 

8. Glass-metal feedthrough for electrical connections to 

guard rings. 

9. Special design coaxial glass-metal feedthrough for 

electrical connection to the anode assembly. 

10. Shaft driven by geared electric motor to move the anode 

assembly vertically. 

ll. Bellows, length variable over 20.4 cm. 

12. Special design coaxial glass-metal feedthrough for input 

pulse signal to the injection grid. 

The source of initial electrons is a heated thoriated iridium filament. 

The pulse of electrons is released into the main gap by the injection grid 

mounted in the centre of the fixed cathode. A uniform electric field with 

equipotential planes at 2 cm intervals is maintained by a thick guard ring 

structure. The anode consists of a highly polished stainless steel plate 

protected by a fine mesh screen. The screen is included to prevent induced 

charges collecting on the anode itself. The anode mesh screen is separated 

from the anode itself by a 2 mm gap, the resultant capacitance between screen 

and anode being 180 pF. The anode assembly is movable and can move within
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the guard ring structure by means of a bellows and shaft which is driven 

by a geared electric motor. The gap separation is infinitely variable 

between 0 and 20 cm and may be measured accurately to within 0.01 cm by 

means of a dial gauge. The whole system is made of stainless steel and was 

electro-polished prior to assembly. 

The chamber is evacuated by a trapped oil diffusion pump backed by 

a rotary pump, as shown in Fig. 3.2. Knife edge seals with copper gaskets 

and u.h.v. taps are used throughout. The top and base flanges of the chamber 

are flat flanges with soft lead gaskets. Background pressures of the order 

of 107 torr may be obtained without baking, with a leak rate of less than 

2 EX lo” torr/hour. Gas pressures are measured by aM.K.S. Baratron 

pressure transducer, with the reference side of the transducer continuously 

pumped by an oil diffusion pump. The Baratron pressure transducer having 

four pressure ranges of 100, 10, 1 and 0.1 torr full scale deflection (f{sd). 

The accuracy was (+_ 3% fsd) on all ranges. The Baratron gauge was 

checked against McLeod gauge and was in fact shown to be accurate to 

+ 1%, (see Appendix D and Table A). 

Evacuation pressures are measured by an ionization gauge. Filling gas 

is introduced via leak valve Vv, and u.h.v. tap Vis which may be used to 

isolate the system in an emergency. The gas handling line is normally kept 

evacuated by rotary pump until a new change of gas is required, u.h.v. tap 

Vv, isolates the vacuum chamber and pressure gauges from the pumping system. 

3.2.2. The Electrical System Et ICal system 

A schematic diagram of the electrical system is shown in Fig. 3.3. 

A high signal gain is required so the importance of reducing pick-up and
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earth loops cannot be over-emphasised. Therefore, all cables are shielded 

and all terminations are matched to 50 82. The pulse generator and D.C. 

filament supply are floated by means of isolation transformers so that 

they may be operated at negative D.C. potential. In this way the anode 

is kept effectively at earth potential and negative voltage is applied to the 

cathode. The pulse generator opens the injection grid with a positive pulse 

with pulse width between 50 and 200 nsec, depending on the operating E/N. 

Optimum voltage conditions are obtained by adjusting the filament-cathode 

acceleration voltage. Circuit B protects the pulse generator from the 

filament current by using protective diodes. The filament supply is operated 

in a constant current mode. 

The screen of the anode is kept at a potential of 15 volts negative 

with respect to earth. This sweep field ensures that all electrons will pass 

through the screen to the anode plate, thus eliminating the danger of induced 

charges being recorded. The anode current collected is passed through the 

resistor R( = 50 to 500 82, depending upon operating conditions) and the 

resultant voltage signal is amplified. The value of the resistor is chosen to 

keep the time constant of the anode circuit to a minimum, but still giving 

sufficient voltage signal. Potentials for the guard rings are tapped off a 

resistor chain consisting of 250 K®, 1 watt, 0.5 % high stability resistors. 

The voltage signal developed across R is fed into the impedance 

converter which has an input impedance of 10 M2 and an output impedance of 508, 

Fig. 3.4 . Itisthenamplified by two cascaded amplifiers (total gain < 60 dB) 

before being processed by the 'box-car' detector system. The box-car 

consists of a scan delay generator and a high speed linear gate, it can extract
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the voltage signal from a large noise signal and also allows the signal to 

be read out on a slow time scale. The signal is recorded on an X-Y chart 

recorder. 

In an operating region of high E/N, ionization creates gas amplific- 

ation, so a lower amplifier gain may be used. In this case the impedance 

converter is bypassed and R is 50 82, the input impedance of the amplifier. 

This gives the shortest possible rise time of the anode circuit ( ~ 10 nsec) 

for the present apparatus. A specification of the manufacturer's equipment 

usedin time of flight (TOF) experiment is given in Appendix D. 

3.3. EXPERIMENTAL APPARATUS OF RADIAL DIFFUSION COEFFICIENT 

The u.h.v. apparatus ofSaeleeet al (1977) for measuring TOF electron 

drift velocities and the longitudinal diffusion coefficient has been adapted to 

measure the radial diffusion coefficient (Kucukarpaci and Lucas, 1979). 

Only the anode has been modified. It is no longer screened and has been split 

into three parts, an inner disc of radius 4 cm, an annulus of O.D. 16.6 cm 

and a screening annulus of O.D. 19.6 cm, as shown in Fig. 3.5. 

The electrical measuring system was also redesigned to give 

improved accuracy over the method of Kucukarpaci and Lucas. The circuit 

is shown in Fig. 3.6 and uses annul output technique. The two currents, i 
1 

and i, whose values are to be measured are fed via resistors Ri and Ry to 

channels A andB of an ortec-Brooken 9454 differential ac amplifier (having 

2 MHz band width and up to 60 dB gain), R, is a fixed resistance 510 &, 

whilst R, is a potentiometer ( 0 - 2 K&2) resistance, the input voltage Va 

and V, are arranged to be equal by varying R B such that the following condition 
2 

is achieved :
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Va = Vp 

1 R= ty 

i 1 

current ratio = I = -_-__ . 
i, oh i, 1+ R/R, 

The balanced output voltage is signal averaged by using an Ortec -Brookden 

Box car integrator ( 9425 and 9415) in order to remove random noise and 

the output is displayed on an X-Y recorder. 

The electron source was a heated thoriated iridium filament, the 

electrons were injected into the gap through a central hole in the cathode 

for a short time duration between 0.4 and 5 Us. The pulse duration was 

arranged to be of the order of the electron transit time between the cathode 

and anode.
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3.4 EXPERIMENTAL RESULTS IN OXYGEN 

A time of flight technique (TOF) has been used to measure the drift 

velocity, v the ratio of longitudinal diffusion coefficient to mobility d? 

0, / HL) q@? and the ratio of radial diffusion coefficient to mobility (D /#) 4 in 

oxygen. Results have been made and tabulated in Table 3.1 and Table 3.2 

respectively. The experimental range is between 25.4 < E/N< 848 Td for 

Va and (D, /4) 4» while for 0/4) 4 the experimental range is between 14.1 < 

E/N < 5650 Td. The oxygen gas was supplied by BOC Ltd. and had a 

purity of 99.5% minimum with impurities co, < DVepsits, H, ~ 50 v.p.m. 

andAr < 0.5%. Fig. 3.7 shows the variation of v, with E/N. The maximum 
d 

drift velocity measured is 76.5 x 10° cm/sec and this is close to the limitation 

of the TOF apparatus. The results of (D, /4), against E/N are illustrated 

in Fig. 3.8. The value of (Dj /H)q is between 1.50 to 13.1 V.and the . 

maximum value of (D, //)4 is much less than the maximum gap voltage set 

just before breakdown occurs in the system. Values of (D/¥) 4 as a function 

of E/N are shown in Fig. 3.9 This figure shows that the values of (D_/4), 

increase with the increasing of E/N up to ( < 1695 Td) at which it reaches 

a peak value of 16.5 V. The comparison of the experimental results with the 

theoretical results and other available data will be described in Chapter Four. 

v
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TABLE 3.1 : EXPERIMENTAL RESULTS IN OXYGEN 

E/P, 

V/cm, torr 
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TABLE 3.2 : RADIAL DIFFUSION COEFFICIENT RESULTS IN OXYGEN 

  

   

  

   

   

  

E/P, 

  

V /cm, torr 

      
5 14.1 

28.3 2.18 

30 84.8 3.26 

100 283 6.11 

300 848 10.8    

  

350 989 11.3 

500 1413 13.5 

1695 16.5 

700 1978 15.5 

2260 15.2 co oO
 

oO
 

2543 15.0 

1000 2825 14.7 

1500 4238 12.0 

2000 5650 11.0 
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Fig.(37) Drift velocity in Oxygen. 
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Fig.(38) Ratio of Longitudinal Diffusion Coefficient to 
Mobility in Oxygen.
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3.3 EXPERIMENTAL RESULTS IN METHANE 

A pulse technique has been developed for the measurement of swarm 

electron parameters at high E/N. These parameters, namely drift velocity 

Va ratio of both longitudinal and radial diffusion coefficient to mobility 

(D; /#), and (D_/#4), respectively have been measured in methane. The 

methane gas purity was 99.2% with 0.7% for N,, 2 v.p.m. for O, and 
2° 2 

lv.p.m. for CO The gas was supplied by BOC Ltd. Over the range of De 

0.28 < E/N < 848 Td, results for v, and (D, //), have been obtained and 
d 

the experimental values of these two parameters are tabulated together in 

Table 3.3 and illustrated in Fig. 3.10. This figure shows that the drift 

velocity varies from 0. 86 to 58.2 x 10° cm/sec. The curve of Va has a 

peak (+ 10.2 x 10° cm/sec) at E/N = 4, 24 Td, then there is a rapid fall 

in value of Vv, to 6x 10° cm/sec occurring at E/N ~ 56.5 Td. As the range 

of E/N is increased, the value of vg increases until it reaches a 

maximum value of 58.2 x 10° cm/sec at E/N = 848 Td. This figure also 

shows that the experimental values of (D, /4), are changing from 0.20 to 

8.58 V for the range of 14.1 < E/N < 848 Td. The curve of (D, //, 

has also small peak ( ~ 3.52 V)at E/N ~ 169 Td. The values of ( D/#) 4 

for the range of E/N varying between 84.8 < E/N < 5650 Td have also been 

made experimentally and these are tabulated in Table 3.4 and shown in Fig. 

3.11 asa function of E/N. The maximum value of ( D/*) 4 is 12.6 V and 

corresponds to E/N = 2825 Td. The present results in methane, together 

with other available data, will be discussed in Chapter Four.
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EXPERIMENTAL RESULTS IN METHANE TABLE 3.3 : 

©, /4), Vd 
B/P, 

Vv 10° cm/s V/cm, torr 

4
 

N
 

o}] 
o 
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TABLE 3.4 : RADIAL DIFFUSION COEFFICIENT RESULTS IN 

METHANE 

    

   

  

   

  

    

   

   

E/P. E/N (D,/#), 

V/cm, torr Td 

1130 

1413 

V
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Fig(3-10) Drift Velocity and Ratio of Longtudnal _ Diffusion 

Coefficient to Mobility in Methane



ABSTRACT 

A time of flight (TOF) technique has been used to measure the drift velocity, 

Vy? the ratio of longitudinal diffusion coefficient to mobility ( Di / KM) a? and the 

ratio of radial diffusion coefficient to mobility (D/ M) gq? over a wide range of 

E/N (where E/N is the ratio of the electric field to gas number density). Time 

of flight measurements of the electron drift velocity and the ratio of longitudinal 

diffusion coefficient to mobility have been made for the first time in oxygen and 

: Vv gaye TOF methane for the region of E/N from 0.28 to 848 Td (1 Td = 10 

technique has also been applied for the first time to measure the ratio of radial 

diffusion coefficient to mobility in oxygen, methane and sulphur hexafluoride 

for a wide range of E/N from 13 to 5650 Td. The present results in oxygen, 

methane and sulphur hexafluoride have been compared with experimental values 

obtained by a dc technique and they show good agreement with the results. of 

Naidu and Prasad (1970), Kontoleon (1971) and Lakshminarasimha (1977) for 

E/N varying from 28 to 5650 Td. 

The Monte Carlo technique has been used to simulate three-dimensional 

motion of electron swarms in gases. This investigation has given more insight 

into the validity of the swarm parameters and has resulted in giving a set of 

cross-sections which is compatible to the measured swarm parameters. Electron 

swarm motion in oxygen and methane has been simulated in the region of 

E/N varying from 14 to 5650 Td. The swarm parameters calculated from the 

simulation are also compared with existing experimental values. By adjusting 

the cross-sections, a close fit between the swarm parameters has been obtained. 

For the first time theoretical results have been calculated for the electron 

swarm parameters by using the Boltzmann equation in a mixture of argon gas
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3.6 EXPERIMENTAL RESULTS IN SULPHUR HEXAFLUORIDE 

A measurement of the ratio of radial diffusion coefficient to mobility 

( D_/#), has been made in sulphur hexafluoride. The gas purity was 99.9% 

with air+ non-condensables < 900 ppm, water < 15 ppm. The gas was also 

supplied by BOC Ltd. Current ratios have been recorded between 848 < E/N 

< 5650 Td for gap voltages variable from 100 V up to just below breakdown 

voltage. The experimental results for 0/4) 4 are summarised in Table 3.5, 

the values of the ratio, (D/4) 4 against E/N is illustrated in Fig. 3.12. 

For comparison experimental values of Naidu and Prasad (1972) are also 

plotted over the experimental range of 340 < E/N < 6007Td. The value 

of ( D/#), varies with increasing value of E/N until it reaches a maximum 

value of 18.2 Vat E/N ~ 4238 Td.
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TABLE 3.5 : RADIAL DIFFUSION COEFFICIENT RESULTS IN 

SULPHUR HEXAFLUORIDE 

E/P, 

V/cm, torr 
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CHAPTER FOUR 

THE MONTE CARLO COMPUTER TECHNIQUE 

4.1 INTRODUCTION 

The Monte Carlo Technique (MCT) has been used to simulate electron 

swarm motion across uniform electric field in the presence of both elastic 

and inelastic collisions by a number of workers (Itoh and Musha, 1960, 

Thomas and Thomas, 1969, Lucas, 1972 and Saelee and Lucas, 1977). 

Itoh and Musha approximated the electron trajectory by small linear steps, 

As. The mean free path, L , within the step was considered to be constant 

and the probability of colliding within the step to be 

Pi As/L . 

If there was no collision the momentum was balanced after each step so as to 

represent the parabolic trajectory of the electron in the electric field. Ifa 

collision occurred the electron lost a small amount of energy and was scattered 

isotropically. In the case of an ionizing collision, only one electron, 

arbitrarily chosen, was traced. The drift velocity and ionization coefficient 

in helium were calculated by assuming that the behaviour of a single electron 

averaged over a period of time is the same as the behaviour of a number of 

electrons at an instant of time. 

Thomas and Thomas (1969) considered this hypothesis to be invalid 

when ionization was present, as electron diffusion and the production of slow 

electrons by ionization had an influence on the energy distribution. They then 

did a similar simulation in neon, but with the collision probability as : 

P=1-exp(- 4s/L).
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They observed the electron swarm as a whole and traced both the electrons 

in an event of an ionizing collision. The energy relaxation time, back 

diffusion, drift velocity and ionization coefficient were investigated. 

Lucas (1972) used a Monte Carlo-Boltzmann method to simulate the 

electron swarm motion. This method required less computations and was 

thus faster in terms of computer time. However, the method was valid only 

when the mean energy change by the electric field between collisions was 

much smaller than the mean energy of the swarm. This condition is only 

applicable at low E/N ( = 300 Td) in all gases but has the added advantage 

that it may be used at a much lower E/N range than the technique of Thomas 

and Thomas. 

The Saelee and Lucas (1977) Monte Carlo method starts from the basic 

techniques of Itoh and Musha and Thomas and Thomas, but because of the 

vast improvement in computer speed it is possible to simulate more 

realistically the swarm motion. The electron is traced in three-dimensional 

geometry. This is necessary to simulate the actual drift tube and to investigate 

the radial and longitudinal diffusion. In model gases, the electrons are 

scattered isotropically and in real gases the electrons are scattered according 

to the probability distribution determined from the differential scattering 

cross-sections. The rest of this chapter describes the Monte Carlo Techniques 

employed and the results obtained in oxygen and methane. The pseudo- 

random number generator which is required in the Monte Carlo technique is 

provided by the ICL 1906S NAG Library. The interpolation routines used are 

also provided by this library.
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of the electron (z, r)( € is the energy of the electron; r is the radial 

position ; z is the distance from the cathode), mean energy before and 

after the collision, the number of collisions and the number, A, of electrons 

produced by ionization are stored. The electron is allowed to continue its 

motion until it reaches another termination, say a fixed time, 2t. The 

process is repeated for a series of terminations with equal time intervals. 

At the last termination, € , zandA are stored into histograms and the 

electrons which were produced by ionization are traced. 

A swarm is represented by a number of test electrons traced in a 

similar manner. The mean state of all the electrons at the terminations 

are analysed to givethe swarm parameters, i.e. drift velocity (v), radial 

diffusion coefficient O,): longitudinal diffusion coefficient (0,) and ionization 

coefficient (@). For fixed time (t) termination, the results can be analysed 

as follows :- 

  

Z 
7 = 

f 

Dot EB 
Bw tt *° 4v ? 

— 2 

“Lo - 2) = (4.1) 
Lt t : oe 2 . 

_ Ln@ 1 
t sige . 

A bar indicates the mean value. Knowing the mean states at equal time 

intervals a difference technique can be used to obtain the above swarm 

parameters without the need to consider in detail the electrode and energy 

relaxation time.



- 54 - 

Similarly for fixed distance (d) termination, the results can be 

analysed as follows :- 

Ya ie ° 

eyo. £8 
d : : M d 4 (4.2) 

D 2 
(= . Sie st jee ye 
Md d i 

_ Ln@) 
Or <a d e 

In the presence of ionization ; Lucas (1964) has shown that 

= A d 
t = a oe Te (4.3) 

where = == and o = 2 “2a 5 
2D. 

by solving the transport equation with the proper boundary conditions. 

Therefore, the parameters calculated from fixed time and fixed distance 

are related as follows :- 

- & 
eA i Xr Vv 3 

D. r a. 
ata TL lag? igs (4.4) 

EM eel Ca jy = toa 

a es 1 Or u 

If there is no ionization, u= 2 and the two sets of parameters are equal. 

The statistical sampling error causes a standard deviation of 100/, fN, % on 

a : . 

the mean and 100 [Ne /2 % on the variance, where N, is the number of 

electrons.
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4.2 MONTE CARLO METHOD 

The physical processes to be simulated are outlined below. The 

conditions assumed as in swarm experiments in the regions of relatively 

high E/N are 

(a) uniform electric field, 

(b) low charge density, i.e. no interaction of charged particles, 

(c) atoms are stationary, 

(d) no collision of the second kind, i.e. super-elastic. 

The test electron is injected from an infinitesimal pinhole source at the 

cathode with an initially selected energy. The electron moves freely under 

the action of the electric field until it hits a gas atom. Ata collision the 

electron loses an amount of energy associated with the type of collision. In 

an event of an ionizing collision the resulting energy is shared equally between 

the two electrons and the state of the new electron is stored. The electron is 

then scattered isotropically or according to a probability distribution and 

again moves the free path under the electric field. The electron is traced 

in this way until a fixed time or distance is reached. The latter condition is 

equivalent to an anode without reflection. The electrons produced by ionization 

are individually brought from the store and their motion is traced in the same 

manner. The swarm is represented by considering many test electrons in 

order to reduce statistical fluctuations, and swarm parameters are given by 

the average state of all these electrons. 

4.3 SWARM PARAMETERS 

A test electron is injected from the cathode and is traced until it 

reaches a termination, say a fixed time, t, At the termination, the position



and metal vapours of potassium (K), sodium (Na) and Caesium (Cs), 

(Ar+ K, Ar+ Na, Ar+ Cs) for E/N ranging from 2.83 to 283 Td and at the 

percentage of 0.001% to 20%. These results have been discussed. 

There are currently no experimental values for comparison with theory in 

these mixtures.
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It is useful to illustrate the range of properties of the electrons 

arriving at the anode by means of histograms. The variables are transit 

time (t), energy (E), total number of electrons (N) and radial position (r)- 

These use cells denoted by T CELL, U CELL, AV. NUMBER and D/100 

respectively. The histograms give detailed insight into the swarm behaviour. 

Of special interest is the radial histogram because it may be used to compute 

another definition of the ratio of radial diffusion coefficient to mobility by 

Lucas (1968) given by D cep , which has been widely measured for high 

E/N. 

4.4 THEORETICAL DISCUSSION 

The Monte Carlo method is used to simulate the electron swarm 

motion in gases by using a set of cross-sections compiled from the available 

experimental data. The calculated swarm parameters are then compared 

with swarm parameters which are given in Chapter 3. Adjustment of the cross- 

sections used are made so that the fit is good. The set of cross-sections can 

then be obtained so that agreement exists between experimental and theoretical 

swarm parameters. These cross-sections, however, are sufficient but not 

unique. The types of cross-section used are the total cross-section Qrot? 

the vibration cross-section Q the excitation cross-section Qay? the 
Vib: 

dissociative ionization cross-section, Qnis? and the ionization cross-section, 

Q fon? The probability of collision is determined by the total cross-section. 

The electron, after a collision, is scattered anisotropically according to a 

probability distribution which is determined from the differential scattering 

cross-sections. It is often found that the differential scattering cross-sections 

are not satisfactorily defined, therefore it is necessary to adopt three limiting
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cases in the simulation, represented by curves A, B and C in the figures, 

for example, in oxygen, Fig. 4.2. In case A, both the elastic and inelastic 

scatterings are according to the elastic differential cross-section and in 

case B, the elastic scattering is according to the elastic differential cross- 

section and the inelastic scattering is isotropic. In case C, both the elastic 

and inelastic scatterings are according to isotropic scattering. The true 

scattering is expected to be between these cases. Another uncertainty 

arises in the case of excitation cross-sections and therefore it has often 

been necessary to scale the cross-section or to modify the energy range 

in order to provide a good overall fit to the experimental data. The 

excitation cross-section is chosen for scaling because both the total and 

the ionization cross-sections are more accurately measured by electron 

beam techniques (Laborie et al, 1968, 1971). 

It is important therefore to check the measured values for drift 

velocity, the ratio of both longitudinal and radial diffusion coefficients Vy 

to mobility, OO. /H), and (D./#), respectively, against the theoretical 

values. At high E/N, the preferred method is the Monte Carlo Technique 

because it directly simulates the experimental method and also provides 

a check upon whether equilibrium has been attained. The method has been 

documented fully by Saelee and Lucas (1977) and Kucukarpaci and Lucas (1979). 

Using (MCT), Va? 0,4, and 0/4), as well as 2-/N and € have been 

calculated for oxygen and methane for E/N up to 5650 Td.
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4.5 SIMULATION RESULTS IN OXYGEN 

There are five varieties of electron-oxygen molecule collisions, 

namely elastic, vibration, excitation, dissociative ionization and ionization. 

The sources of these cross-section measurements are given in Table 4.1. 

The cross-sections for various values of electron energy are tabulated 

together with the scattering probability in Appendix B. The set of cross- 

sections used in the simulation is shown in Fig. 4.1, in the form of the number 

of collisions per cm (NQ) for gas pressure of 1 torr at 0°C. The results for 

NQ-+ot. » given by Bruche (1927), Ramsauer and Kollath (1930), Salop and 

Nakano (1970) for energies up to 50 eV are used together with those of Sunshine 

et al (1967) for higher energies. The vibrations cross-section, NQvip. , used 

are those of Hake and Phelps (1967) with the vibration cross~section being 

divided into eight main vibrational levels with onset energies of 0.37, 0.56, 

0.75, 0.93, 1.12, 1.30, 1.47 and 1.64 eV consecutively. The total ionization 

cross-section NQion. , has an onset energy of 12.2 eV and is given by Rapp 

and Englander-Golden (1965). The dissociative ionization cross-section NQnis. ; 

with an onset energy of 20 eV is by Rapp et al (1965). Three types of excitation 

cross-sections NQpx. were demonstrated by Hake and Phelps (1967), who give 

the onset energies of 4.4, 8.0 and 9.7 eV respectively. The excitation cross- 

sections are adjusted so that the computed ionization coefficient fitted those 

measured by Kontoleon (1971), Lakshminarasimha (1974) and others data, as 

shown in Fig. 4.2. To achieve this a scaling factor of 1.5 was used with the 

excitation cross-section. The elastic differential cross-sections are given by 

Linder and Schmidt (1971) for energies up to 4 eV and by Trajmer et al (1971) 

for energies up to 300 eV and for the higher energy region to about 500 eV 

were obtained privately from Dr. J.A. Rees.
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Electron swarm motion in oxygen has been simulated for the range 

of 28.3 < E/N 

  

    
     

    
   

    

   

    

   

     

  

5650 Td. The results for a_/N, vy O, /M) 0, /) 4 and € 

are tabulated in Table 4.2 for A andB condition. The results for C condition 

in the range of 14.1 < E/N < 2825 Td are tabulated in Table 4.3. The 

Swarm data which are most accurately computed are the ionization coefficient, 

the drift velocity,) and the ratio of both longitudinal and radial diffusion 

coefficient to mobjlity and we have adjusted the selected cross-section in order 

to produce as good a fit as possible with the experimental data. 

The ionizatlion coefficient (@-/N ) is shown in Fig. 4.2 as a function of 

E/N. The agreemfnt is excellent over the entire E/N range. The computed 

result agrees with the data of Kontoleon (1971), Lakshminarasimha (1974), 

Harrison and Geballfle (1953) and Naidu and Prasad (1970) up to E/N > 1000 Td 

and for the higher H’/N it agrees with Schlumbohm (1965). This figure illustrates 

that case A conditioas are lower than both case B and C conditions. 

The compute(d drift velocity , Va has been plotted against E/N and 

shown in Fig. 4.3. his figure shows that the present experimental values 

show good fit at low JE/N, while at high E/N the experimental data generally 

lie lower than either Jof the A or B conditions. The better fit is given by 

which represents isotropic scattering during inelastic theoretical condition 

and elastic conditions|. The reason for this is that the computation is very 

sensitive to the mean Jelectron energy which is changing rapidly as shown in 

Fig. 4.6. Comparisoh with the other experimental values of drift velocity 

is also shown in Fig. 4.3. 

Fig. 4.4 compalres the theoretical and the present experimental values 

of the ratio of longitudinal diffusion coefficient to mobility (D, /# ) a The 

present values agref well with the theoretical values at low E/N, while for



- 60 - 

higher E/N, the theoretical values fall below the experimental values which 

seem to agree best with the case A condition. Data from Schlumbohm (1965) 

and Lowke and Parker (1969) are also shown in the figure. 

The variation of radial diffusion coefficient to mobility ( D/H ) d with 

E/N is shown in Fig. 4.5. The theoretical values are generally lower over 

the entire range of E/N than the present results and also with the other 

experimental data such as those of Kontoleon (1 971) and Lakshminarasimha 

(1974). To obtain a better agreement in the middle range of E/N it would be 

necessary to have more backward scattering of the electron in a collision. 

Condition C, which assumes the isotropic scattering, seems to give the better 

fit to the present results. 

The graph of the computed mean electron energy as a function of E/N 

is shown in Fig. 4.6. The mean electron energy for case A condition rises 

from 5.29 to 160 eV in the range of 28.3 < E/N < 5650Td. For caseB 

condition, the range of mean electron energy is between 8.44 to 115 eV for 

E/N increasing from 141 to 5650 Td, while for case C condition, the mean 

electron energy increases from 4 to 56.7 eV for the range of E/N between 14.1 

to 2825 Td. This figure shows clearly that case A condition is higher than 

both B and C conditions.
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TABLE 4.1 : SOURCES OF OXYGEN COLLISION CROSS-SECTIONS 

ENERGY-RANGE 

OR 

CROSS-SECTION | ONSET-ENERGY 

ev 

* TOTAL 

0.337, 0.56; 

VIBRATION 0.75, 0.93, 

1.12, 1.30, 

1.47, 1.64 

EXCITATION 

DISSOCIATIVE 20 

IONIZATION 

IONIZATION 12.2 

* 

DIFFERENTIAL 

ELASTIC 

       

   

  

    

    

   

   
     SOURCE 

    

  

   Bruche (1927) 

Ramsauer and Kollath (1930) 

Sunshine et al (1967) 

Salop and Nakano (1970) 

    

   

    
   

    

2m “5 
Mo 3.40x10      

        

    

     

    

    Hake and Phelps (1967)       

  

   

    
     

Hake and Phelps (1967) 

   Rapp et al (1965) 

      

  

     

   

Rapp et al (1965) 

  

    
Linder and Schmidt (1971) 

Trajmar et al (1971)     
Private communication from Dr.Rees 

* modified
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TABLE 4.2 : CALCULATED SWARM PARAMETERS IN OXYGEN 

E/N |CASE | @, ms Vg O,/44 

Td x 10 sme x 10/cm/s Vv 

~ ja | em fa | - 

A 0.42 2.81 2.93 

i B 0.40 2.72 2.90 

A 13.7 12.0 10.1 4.58 30.1 

ao eae B | 13.7 9.50 ‘ 5.80 | 27.9 

500 20.3 16.6 12.7 5.89 44.1 

IN 24.4 20.2 15.4 7.27 57.4 

0 ae B 27.1 13.9 : 12.4 49.4 

A 28.0 25.6 20.2 9.02 78.5 

B 33.3 16.1 13.3 17.9 64.0 

A 29.5 32.1 26.9 11.2 118 

ye e238 B 43.8 18.3 17.6 28.1 88.2 

A 29.3 38.4 36.4 14.0 160 

B 42.1 19.6 21.3 
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V/cm,torr 
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TABLE 4.3 : COMPUTED OXYGEN SWARM PARAMETERS (ALL CASE C) 

E/P, O,/4), |@,/4), 

V/cm,torr eine x10 cm/s 
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10 102 103 
Electron Energy (ev) 

   

Fig.(4-1 ) Oxygen Cross-section NQ (N= 3-54x 10'° ene ) 

(------ Estimated)
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Fig. (42) Ionization Coefficient in Oxygen.
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4.6 SIMULATION RESULTS IN METHANE 

A set of cross~sections representing electron collision in methane 

has been taken from the references given in Table 4.4. To obtain the best 

agreement with the experimental swarm data it was necessary to use a scaling 

factor for some of these cross-sections. 

The set of cross-sections has also been plotted in Fig. 4.7 in the 

form of the number of collisions per cm (NQ) for a gas pressure of 1 torr 

at o°C. The energy range has been extrapolated up to 1000 eV. The total 

cross-sections NQrot. , used at lower energies up to 0.90 eV, are those 

published by Ramsauer and Kollath (1930), and then follows the values given 

by Bruche (1930) at the higher energy region (1-50 eV) extrapolated to 1000 eV. 

These cross-sections were slightly modified by curve smoothing to obtain a 

good fit to experimental measurements. 

A modification was also made to the only two vibration cross-section 

NQvib. , which are taken from Duncan and Walker (1972). The onset energy 

of 0.16 and 0.37 eV has been given to both vibration cross-sections. 

The shape of the excitation cross-section NQ Ex. is obtained from 

Bowman and Miller (1965). The onset energy of excitation is taken to be 

7.50 eV. A scaling factor of 3 for the excitation cross-section was necessary 

in order to get an acceptable ionization coefficient and drift velocity. 

The dissociative ionization cross-section, NQnis. of Rapp and 

Englander-Golden (1965) was used with an onset energy of 25 eV. The values 

of cross-section for ionization, NQvon. » by collision with electrons have also 

been taken from Rapp et al (1965). The onset energy of ionization is assumed 

to be 13.2 eV. The scattering probabilities used are derived from the elastic
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differential cross-sections given by Bullard and Massey (1931) for low energy 

range between 4-30 eV, and for higher energies up to 820 eV by Arnote (1931), 

The set of cross-sections together with the scattering probability distribution 

are tabulated in Appendix B. 

The Monte Carlo Technique has been used to simulate the electron 

swarm motion in methane. Electron swarm parameters have been evaluated 

in the range of E/N varying from 28.3 to 5650 Td. Comparison has been 

made also with the experimental results for the ionization coefficient er /N; 

the drift velocity, v a and both the longitudinal O, /b) 4 and radial 0,/#) d 

diffusion coefficient to mobility. 

The results for A and B condition are obtained from (MCT) and 

tabulated in Table 4.5. The ionization coefficient is shown in Fig. 4.8 over 

a wide range of E/N. This figure compares the computed to the recent 

experimental values of a/N. It can be seen that the computed values are in 

excellent agreement with the experimental results of Lablanc and Devins (1960), 

Heylen (1963), Schlumbohm (1965), and Lakshminarasimha (1977). 

The results of simulation for drift velocity are shown in Fig. 4.9. 

This figure illustrates a very good agreement with the present experimental 

data, especially at middle of E/N. Comparison with the other experimental 

data is also shown in this figure. There is a good fit with those of Pollock 

(1968), and Fink and Huber (1965) at the low E/N region. The results of 

Franke (1960), and Frommhold (1960) at the middle of E/N are compatible 

with both present results and simulation results. The present results seem 

to agree best with the case A condition.
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The present and simulation results for O,/ H) as a function of E/N 

are compared in Fig. 4.10. The experimental results are lower than the 

theoretical simulation except in the region 424 < E/N < 706 Td at which the 

agreement is very good. The better degree of fit to the present values are 

given also by case A condition whilst the values of Frommhold (1960), Fink 

and Huber (1965) and Schlumbohm (1965) at high E/N lie well below the case 

B condition. 

The theoretical and experimental values of 0/4), with E/N are 

illustrated in Fig. 4.11. This figure also shows that the present values and 

the values of Lakshminarasimha (1977), are always higher than the simulation 

results except at E/N > 2000 Td, at which both the experimental results fall 

below the simulation results. Condition B appears to give the best fit to the 

experimental results. 

The variation of the mean electron energy against E/N is shown in 

Fig. 4.12. The value of mean electron energy for case A condition increases 

from 3.94 to 119 eV while for case B condition the value of mean electron 

energy increases from 7.54 to 87.2 eV over the range of 141 < E/N < 5650 Td.
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TABLE 4.4 : SOURCES OF METHANE COLLISION CROSS-SECTIONS 

ENERGY-RANGE 

OR 
CROSS-SECTION ONSET-ENERGY SOURCE 

eV 

Ramsauer and Kollath (1930) 

2M _ 6.78x 10> * = . 

te M Bruche (1930) 

* VIBRATION Duncan and Walker (1972) 

* EXCITATION Bowman and Miller (1965) 

DISSOCIATI VE 

IONIZATION Rapp et al (1965) 

IONIZATION Rapp et al (1965) 

DIFFERENTIAL Bullard dnd Massey (4931) 

eee Arnot (1931)   
* modified
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TABLE 4.5 : CALCULATED SWARM PARAMETERS IN METHANE 

          

     
     E/P , E/N |CASE f. ee (D a 

V/cm,torr| Td 101 21x10 / omnis 

A 0. 34 iB PAS) Delt 2.71 7.44 

ie B 0. 34 23 2.69 2.59 7.94 

848 A 18.7 5. 88 6.91 4.39 19.1 

B liSs Deco 6.19 4.64 1867 

A 28.0 8. 34 9.58 5275 27.4 

pare B 28.9 | 7.42 | 7.79 | 6.91 | 25.9     700 1978 
34.3 10.7 12.3 7.50 36.3 

36.2 9.23 9.89 9.25 33.4 

38.9 14.4 18.2 9. 76 53.0 

43.6 11.5 12.1 13.7 44.8 

41.6 2 Sel 13.4 81.0 

50.6 15.5 : . 

40.6 24.6 36.0 

94.3 16.4 19.8 
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CHAPTER FIVE 

THEORY OF THE BOLTZMANN EQUATION 

5.1 INTRODUCTION OF THE BOLTZMANN EQUATION 

Electron swarms drifting and diffusing in a uniform electric field 

can be described mathematically by considering the motion of the electrons 

in velocity and position space, a study of which produces the Boltzmann 

equation (Thomas, 1969). From this equation both the electron energy 

distribution equation and the transport equation may be determined and 

solutions of these equations give the swarm parameters. In earlier solutions, 

several approximations were made, in particular the distribution was assumed 

to be spherically symmetric in velocity space, and the effects of electron 

density gradients negligible. These solutions gave the diffusion coefficient 

parallel to the applied field 0) equal to the diffusion coefficient perpendic - 

ular to the applied field 0.) the diffusion was isotropic. 

However, Wagner, Davis and Hurst (1967) discovered experimentally 

that the electron swarm diffusion under the effect of an applied electric field 

is anisotropic. They found that D. is different from D Many workers 
L 

(Lucas, 1970 ; Parker and Lowke, 1969) have successfully investigated this 

effect theoretically and have attributed it to the electron density gradients. 

Allowing for these effects has produced a position dependency of the energy 

distribution function in their solutions of the Boltzmann equation. However, 

De are not compared in this thesis and the advanced theory will not be 

reviewed.
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5.2 THE BOLTZMANN EQUATION 

In plane parallel geometry, consider a region bounded by two infinite 

planes, perpendicular to the direction of the electric field, distance x and 

x+ dx from the cathode. Using the Lorentz approximation, the current 

density due to electrons in this region with energies between © and e¢+d€ 

is given by j (€,x)de dx where:- 

1 

Ke, = 722 a { pet 2h(e7m) ih BCE. bay)   

m 3NC ro ox 

Cla a the electron-atom momentum collision cross-section, 

N = the gas number density, 

e = the energy of an electron in electron volts , 

i 
ef(€ » X)deé the number of electrons per unit volume with 

energies between ¢ and €+de 3 

f(e , x) = the energy distribution function 5 

E = electric field, 

m = electron mass, 

e = electron charge, 

The Boltzmann equation is the continuity equation which equates the 

rate of change of the electron density in the energy interval between zero and€ 

electron volts to the net flow of electrons into this volume : 

& 

Oo f 
oe . 

0 

d
l
e
 

f(e, x) de = R(&)+ R,(€)+ R(€) (5.2) 
? 

where R(€ ) = the rate of change due to collisions 

€ +5, 

2e 2 2 x \ ‘ A _ V2 2m e s| Q € f(e,x)+f/ €& Qox! =) fe, x) d 

—-+ &. 

& 

i A 1 

: (/ +f Jeouentce, x) ee (5.3) 
e °o 

S & 
Lat &
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with m = the mass of an electron, 

M = the mass of a gas atom, 

Qex = the electron excitation cross-section, 

Q. = the ionization cross-section. 
i 

A is the partition factor such that two electrons present after ionization 

have their energies partitioned in the ratio A : 1-4 , also Ry ( @) = 

the rate of change due to the electric field 

==Ej (€, x) ? (5.4) 

and R,,( ¢) = the rate of change due to the flow of electrons through 

the faces of the volume under consideration (i.e. the 

gradient term). 

& 

ie 2: nee 1 eh a fs (e, x) de : (5.5) 

0 

The equation may be expressed as :- 

€ E+t 

2. fe! pad Zen l2@9 2 f Alena Me 
a J e€“f(e€,x)de = m N M Qn = f(&, a & QE HE »x) dé 

€ E a ©: : j-a* i 7+ 

+ (J 7 f Jeqce ae, ae 
€ 0 

PR A eet ees eet ter) 
m 3NQ = Ox 

= 

2e 2 1 ‘ ‘ of (es x) s of (Ee; I 4 
— —_— —_ — — dé. (5.6 

* Vin 2x 3NQ 4 H CE re Ox (5-6)
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5.3 THE TRANSPORT EQUATION 

The transport equation may be derived by considering all electrons, 

i.e. let the energy ¢€ tend to infinity in equation (5.6) :- 

co oo 

1 

2 fertce x)dé = =< Ny fea He, nae 
1 

0 0 

2e 2 1 m alle x) efi (€, x) 
+qae — oo ee} , 

v2 Ox ier E de +E Sx i 
0 

Now, defining n(x) :- 

oo 

1 
n(x) = fe 2f(e, x) de gives 

0 

n(x) _ _ 2& a { = Ra) = |» n(x) - 2 {Daw | (5.7) 

where R, = the rate of ionization, 

Vv = the electron drift velocity, - 

D = the electron diffusion coefficient. 

5.4 THE SOLUTION FOR A STEADY STATE TOWNSEND DISCHARGE 

Assuming that f(e , x) is separable, and for steady state conditions 

(i.e. n varies exponentially with distance, the energy distribution is constant) 

we may write :- 

f(e€ , x) =n(x) Fo (2) 

. (5. 8) 

2a) ai =Qn (x)


