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) " .. ABSTRACT

*

Uniform field steady state ionization growth currents

are measured in SFG' Nz and SF6+N2 mixtures over the E/p

range 60-450 V cm -l Torr'l. Analysis of loniz tion growth

currents prov;ded quantltative data on effective ionizatiOn,

".onization and,attachment coeff;czents. ' =
The variation of effectlve ionization coefficient in
SF6+N2 mixtufes is found to be nonlinear with the percen-
tage.mixture,ratio; It is observed that at a given electric
field to.gas.pressure ratio, the effective ionization
coefficient decreases with inoreasing 5F5 component in the
mixture. Tﬂis reduction in the effective ionization coef-
ficient becomes reiatively highor as E/p decreases. How-
ever, once a certain concentration of‘SF6 in the mixture
is reached, further a@dit;on of SF6 responds with relatively
little-effect on the reduction. The same behaviour is ob-

served for spark over voltage measurements. Variation of

- spark over voltage with SF¢ concentration shows saturation

tendency particularly at high pd (cm-toxrr} levels.
The data for effective ionization, ionization and
a
attachment coefficients is also obtained in CC12F2+CO2

electronegative gas mixtures where it is again observed

- that the variation 'of the effective ionization coeffici-

. . . &,
ent with respect to mixture percentage ratio 1s non-

linear at a given E/p in the interval 100sE/ps180 V cm_l

torrfl )



A Monte-Carlo simulation technique is used to pro-
vide swarm déta;in SFé. The swarm parameters evaliiated

are compared with the experimental values of drift velo-
. .

. (\ .
city, ratio of radial diffusion coefficient to mobilitye

-

ionizatiop'and attachment coefficients available in the
literature. The electron-molecule collision crégs sec—
tions adopted in the simulation resulted in good agree-
ment with the expgrimental values over the'E/p range of
interest 100<B/ps180 V cn t Torr~t.

The simulation Es éiéo extended to EXB uniform
fi%}ds to observe the effgct of perpéndicularly.aéplied.

"magnetic fiélds on the swarm parameters of SFG'

—
-

</
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i. INTRODUCTION

1.1 Introduction

Power transmission systems are called upon to
deliver‘thousands of megawatts and £hé demands on them
will increase in‘the futﬁre.

Since economical considerations do not permit an

arbitrary increase of current cafryiﬁg capacity, for
" efficient transmissiorn of high powers, it pays to in-
crease the voltage level rather than the current. The
power transmitted is then limited by the limitations
.on the voltage level. Hence, the insulation ﬁ;dium
used and the space between conductors and enclosures
play a2 major role on the transmission capacity.

In a gas under an applied elecﬁric fie}d, electrons
gain energy and as the voltage is increased, their
energy distribution shifts to higher energy range. When
a sufficient fraétion of the electron'gopulatian can cause
ipnizatidn, gaseous dielectric loses its dielectric pro-

perty and -breakdown occurs. An effective way to prevent

breakdown initiation is to remove the electrons from the



medium by att Fehment to gas mélecules forming negative
ions. ' .

- 0f the many negative ion forming gases SF6 ——
(s;lphur-he¥;;l£5ride) has found a wide rangd”of appli-
cations due to its superior insuiatihg proéerties and
chemical stability. However, operating voltages in
practical st systems are only 10-50% ;f the ideal break-
down voltage as a result of particle contaminafion and
surfaee effects. .In addition, SFG is an expensive gas
compared to common gases. Since a single gas cannot
meet all the requirements of a power apparatus, there is
an increasing interest in the possible applications of
mixture§ of SF6 and othe£ common géses.

To use a cheaper gas component that is less sensi-
tive to surface roughness or particle contamination while
_maintéining the required dielectric strength is the major
obje;Eive to be accomplished. It is also necessary thag

the new gas mixture should be nonflammable, non-toxic and

have adeguate temperature range, among other requirements.

1.2 Previous Work

-

As an important additive to SF;, N, which is non-
toxic, non-flammable and less expensive is found to be
very promising for applicaticns in high voltage systems.

,One of the earliest invesﬁigations in SF6+N2 gas

mixtures is that of Howard [l], where he has examined



the dielectric strength of the mixture Ehder guasi-
uniform fields with Actvqltaées using 50 mm diameter
sphere'électrbdeé wh to 5 mm gap distance and a total
pressure o# 4 bar. 'Although this investigation clearly
indicated the diélectric behaviour of the mixture
(Fig. l.l),.at that time there was a lack of i%ﬁerest'in
thg area of.gas mixtures. h
Uniform'and quasi-uniform field breakdown voltage
measurements for SF6+N2 mixtures have been repbrted in
the liéeraﬁure by Cookson ([2], Wieland [3], Baumgartner
[4], Ermel [5], Pace et 2l. [6], and Wootton et al [7].
 fhese investigations have shown that addition of
SF6 into N2 increases the breakdown strength appreciably
' until a certain SéG'percentage in the mixfure.is reached.
As the percentaée of SF is increased further, the mix-
- +ure exhibits a saturation of breakdown voltage. Ho&éver,

-

under identiéal conditions 50% SF6f+ §0% N2 mixture shows
&a relative dielectric strength of 88% of pure SFG (71
with a reduction of 35% in gas cost. _

A reduction of 35% in gas cost aloné,_ma& t#anslate-
' 'into a savings of SS0,000/km-of dqmpressed gaé insuiated
transmission lines (CGIT) at 800 KV or $§,000'for a trans-
former using 2654 £e3 of gas [8]. |

Theoretical calculations based on the streamer model

show that SF_+N, mixtﬁfes are -less sensitive to surface
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Fig. 1.1. AC breakdown voltages of SFS/N nixtures with
50 mm diameter sphere-sphere cap [l].
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roughnese effects on breakdown voltages [9, 10]. There is

also experlmental evidence to support this behavzour [11].

In a practical gas insulated system, contam;nation by

metalllc particles may lower the dielectric strength of

pure SF6 by a factor of 2-10. §§é+N2 mixtures have been
found to be less susceptible to particle contamination {12,
13,] than pure SF. | . '
SFG—ls widely used in-circuit breakers due - to ltS
insulation and arc interruption prepertles._ However, there
ie a possibiligg—af enhaecing these preperties using N2
together with SFé j;4, 18] ﬁith respes} to the rate of rise
of recovery voltage (RRRV) for a syneﬁronous interrupter,
6 additive showed -1l.4 times
better performance cocmpared to éure SF6 at pressures of

SF6+N2 mixtures having 50% SF

1300 to 1900 kPA [14].
Garzon et al. [15] investigated the influence of gas
mixture ratio and pressure’on the RRRV for SF6+N2 mixtures.

-

They observeé that the peak in RRRV versus SF6 percentage

moves towards lower SF6 concentrations at higher pressures.

Furthermore, addition of N2 into SF6 extends the
operation temperature range. Miners et al. [16] experi-
A
mentally verified the reduction in dew point that can be

achieved in SF6 by using N,. The results are shown in

Table 1l.l.



Table 1.1
Dew Points in SF6+N2-Mixtures
— -
Composition (Vol. %) Loading Pressure at 25°C
y,

. - : . SF6+N2 ' 1 atm 3 atm 5 atm
- © 20/80 1~92,1  =77.1  -68.9
. : 40/60 =82.4 -66.9 -57.3
60/40 . =767 -59.6 -50.5

80/20 - .
- 100/00 .. -68.7%  -50.1 -37.7

.:I' . _-* = --._-
. 27 “represents sublimation point.

"
-

e L )
éﬂigﬂéﬁéfééieristic'of thHe mixture makes it very suitable
fbr appllcatlons léanorthern cllmates provided that the
‘other requlremenps are ﬁet. :

e to the promising glelgctricfbéhaviour of this

- . W&

. ) . ' N - . - .
binary mixture, investigations into the swarm parameters

<

are of:teéhnplbgical interest since the intrinsic proper-

’ - : . . -

ties of. the ‘gas dielectric itself are responsible for the

¥
effects ondbreakdown. gpantitative swarn data nust be

available for discharge nodeling or to design-a gas insula-

'ted anoaratus.;' : .

-

. Eowever, in most of the brev;ous research concernlng
SF and SF6+N2 gas mixtures, emphasis has been'on the mea-

:‘surements of.breakdown voltage or its prediction using

-
‘

‘empirical or-semi-empirical expressions [3,5,17,18]. The
investigations of Govinda Raju and Hackam, who have used
a rigorous approach are an exception [19]. These models

may not alwavs be useful and even they can elude a high

voltage design engineer [201].

-
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‘1.3 Nature of the Present Investigations

In order to. provide swarm data towards the under-
standlng of performance of SF6 and ltS mlxtures w1th Ny,
as a hlgh voltage insulant, experlmental and theoretlcal
investigations are unde;taken by the author.

1. Very little is known about effective ionization,
éttachment and ionization cgifficienps in $F6+N2 mixturéé
[21,22].

In the‘nresent'work effective ionization éoefficients
as well as attachment and ionization coefficients are mea-
sured in SF¢ and SF6+V2 mixtures [23]

These parameters are also measured at lower values of
E/p, where E is the applled field in V c¢m -1 and p, the gas

sample pressure in Torr, for the first tlme together with

limiting values of E/p where ao=n [24].

2. Using electron-molecule collision crdss sections,

a Monte Carlo simulapion is used for the first time to pro-
) v1de swarm parameters in SF6 The résuits are then compared
with the experlnental values [25,26]. _The practical appli—\
cability of this thepretlcal approach is to explore the
possibility of modelling an electrical discharge in newer
dielectrics. A successful theoretical approach may reduce
the need to obtain all data on electrical discharges experi-

mentally.



o
3. The experimental data.on effective ionization,

ionization and attachment coefficients of CC12F2+C02
binary gas mixtures-is lacking in the literature. These

data are provided in this study [2?]. -

. /_‘- -

4. The response of SF¢ under uniform EXB fields,

;hich may find future applications im high voltage appara-
tus, is studied'ﬁsing a Monte Carlo simulétion.technique

[281]. i

The thesis is_divided }nto seven chapters. The first
chapter is introductory and the second chaptex describes
the experimental system designed and used for the exp;ri—
mental investigations. The third and fourth chapters afe
confined to the'experimental par£ of the present work.
Chapte¥ v descfibes a simulation model for SF6 swarm para-
meters. The results obtained are.also discussed and com-
pared in that chapter with the available déta in the
literature.

In Chaptér VI, behaviocur of swarm parameters for S'E'6
in EXB uniform fields is considered. Chapter x;l deals
with the conclusions and also recommendations are given
in this chapter for future invesfigations.

References and appendices pertaining to the chapters

are provided at the end of the dissertation.



CHAPTER II E :

EXPERIMENTAL TECENIQUES AND PROCEDURE

-

This chap%er”giveé information on the experimental
system and electrode’arﬁangemen;s designeéd for the present
inve;tigation. \ - J .
In the steady state measurements, proviaed that the
" parameter E/p=V/pd is kept constant by adjusting the ap-
pl;ed voltage V -and varfing the gap distance & where p is
‘the'sample pressure; analysis of the jonization and attach-
ment dBeff;c;ents depénds?on the current growth curves

obtained. The methods used for evaluating the coefficients

and the errors involved in these studies are described in

Chapter three.

2.1 Uniform Field Eleétrodes

In unifazgffield studies of ionization phenomena, the
electrode profiles used should meet the main fequirement
that there should be a uniform electric field in the inter-
electrode gap. B

The electrode profile‘coﬂsists of a fléﬁ regi%:iﬁhibh
pfovides a uniform field and this region is guarded_ﬁy a

curved edge whose purpose is'to give a surface over which

the electric field is lower than that in the central
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region. Electrode profiles wﬁich have been in general uée
are Bruce [22], and Rogowski [30] profilés and they have an
empirical basis for the curved pafts.

There is experimental evidence tﬁat in strongly attach-
ing gases breakdown may occur betwéen the edges of Bruce or
120° Rogowski profiled electrodes [3i]. Computer analysis
.0f Harrison [31l] has shown that, on the curved part of Bruce
profile, the electric field is 10% higher than the flat-
region and aléo 120° Rogowski profile has the same behaviour.
Although 90° Rogowski profile does not éuffer‘from this ef-
fect, its diameter to gap distance ratio which is aéproxi-
mately eéual to 10 is a disadvantage. - |

"Harrison has degigned a‘Frpfile solving Laplace's -
equation on digitél computer using finite difference. .This
profile is a compromise between Bruce and 90° Rogowski pro-~
files and has the added advantage that the field‘at the
curved section is lowerlthan that in the flat region {31).

Eence, the brass electrodes used in this study are

machined according to thé Harrison profile with an overall
raqius of 3.36 cm for a gap setting of 1.2 cm. Although
in Ref. 31, it was founé that the test chamber radius
could be reduced to the point where breakdown would occur

between the edge of the electrode and the chamber wall

-

without there. being any change in the field values along-

3

the axis, the distance between the edge of the electrodes

-

-
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‘nection is provided by means of an inner stainless steel

| 11
to the test chamber wall, for the. worst case,is kept 2.3
times the gap distance. -

The anode contains 100:hoies each of 0.5 mm diameter
and evenly distributed in 2 centrai circle of 2 cm dia-

meter. To avoid field distortion [32], the distance be-

tween the hole centres is kept greater than twice the hole

diameter and gap distances smaller than 3 mm are not used

during the experiments.

2.2 Test Chamber and Vacuum Svsten

2 2.1 Test Chamber'

»

The discharge chamber is in the shape of a four-way

cross having a volume of approximately 5,6_llters and is
made of stalnless steel (304 Huntington) with an inner tube
diameter of 12.7 cm and a length of -27 cm.‘

The electrodes are positioned in the centre of the
four-way cross with their common axis-vertical. The anode
is mounted rigidly on an insulating hollow tube machined
from ceramics which extends to the top flange of the pyrex

glass buéhing without discontinuity. The electrical con-—-

’

' hollow tube concentric with the ceramic tube. A sapphire

window with a light transmission range from 0.25 to 5.5

microns is utilized on the top flange of the glass bushing¢.

This ar;angeﬁent gﬁovides.a clear path for the ultra-
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violet light to be admitted to the chamber and to fall on
the cathode. |

The cathode, mounted on 2 ceramic disc_wlﬁh three
adjustable pillars'for-‘leveling'purposes, has-a'confiﬁu—
ous smpoth movement to érovide a varigtion in the gap - fﬁ“
length up to 1.3 cm. The gap length is measured by a
micrometer having an accuracy of 0.0l mm.

At one pokt of the four—wéy ionization chamber a
classical hot cathode BayardéAipert ion gauge is used ;ﬁd,

at .the other port, a viewport is providéd to observe the

discharge gap.

l2.2.2 Ion and Sorption Pumps

In the system a VacIon 82/s diode pump is used which

. operates by ionizing gas in a magnetically confined cold

cathode discharge. The mechanisms whicﬁ combine to pump
virtually all gases are: trapping of electrons in orbits
by a magnetic field, ionization of gaé molecules by col—1
lision with electrons, sputtering of titanium, diffusion
of hydrogen and helium into titanium and dissociation of
complex molecules into simple ones for easy pumping.

The bressure at the pump inlet flange over the range
10_4 to 10_8 torr can be read directly from the VacIon
pump control ﬁnit.

This ion pump is backed by a2 sorption pump that
operates with liguid nitrogen and synthetic zeolite mole-

—

—



cular sieve. The roughing pressure is measured at the
inlet by a Huntington TCT-1518 éauge tube and TGC-200 .

controller in the range of 0.1 to 1000 microns.

. W
2.2.3 Gas Eandling System

' " . . A
The gas handling system consists of a capacitance manc- .

meter (Hodel 03 Granville-Phillips), an oil manometer and a

rotary pump. The‘capacitance manometer is a sensitive
éifferenﬁial pressure measuring instrument. It permits
the accurate comparison of the pressure in a clean vacuum
‘system with a reference pressure without exposing-the clean
svstem to o0il, mercury, or other mancmeter fluids.

The capacitance manometer consists of a sensing head,
a balancing unit and.an indicator. The sensing head has
two chambers separated by a thin metal diaphragm. One
chamber is directly connected to the clean high vacuum
svstem and the other chamber is connected to the refer-
ence pressure side. The diaéhragm remains in its equili-
brium region as long.as the pressures in both chambers
are equal. If the pressure in one chamber exceeds that
in the other, the diaphragm will be displaced in the
direction of the lower pressure. As the diaphragm moves:
relative to a fixed probe, the capacitance between the

diaphragm and probe changes.' This chance in capacitance

-
i

unbalances a capacitancesbridge in the balance unit result-
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ing in an electrical signal which is displayed on the

indic;tor meter. This system will measuxe differential
._pressurés-with'a minimum detectable:pressuré differential
of ‘less than Sx-io__3 Torr.

The reference pressure is provided by an oil maﬁo-

. meter, the silicone o0il having a specific gravity 0.89/cm3

and a rotary pump on the low vacuum side. The oil mano-
meter is capable of measuring pressures within = 3 x 1073

Torr.

2.3 High Voltage Supply and Voltage and Current

Measuremnents

Figure 2.1 shows a diagram for electrical connections.
Brandenburg Model 2507R and 2807R regulated high voltage
supplies are used as a DC voltage source. The line stabi-
- lityv against *10% mains change is 10 ppm. 'The‘voltage
applied to the ionization chamber is measured within 0.2%
for a 0-1000 volts with a Sabtronix Modei 12010A digital
rmultimeter. Above 1 KV, Brandenburg Model 139D.digita1
high voltage meter is used with an accuracy of 0.23%.

The ionization currents are measured within *2% using
12 6

a type 61l0C Keithley electrometer from 107 ~° to 10~ A.

2.4 Experimental Procedure

A schematic diagram of the experimental apparatus is

shown in Fig. 2.2 Figureé 2.3 and 2.4 show the actual

=



|

Fig. 2.1. Diagram for electrical connections:
1) regulated H.V. supply, 2) digital H.V. meter,
3) test gap, 4) protective device, 5} Teflon
insulated UHF type connector, 6) electrometer.
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experimental setup. It is a ciganﬁhigh vacuum system con-
éfructed‘frbm.stainless steel and the entire system is
;bakeable. Coﬁper gaskets are used for compression seals.
and metalwsealed bakeable right angle valves provide isocla-
tion for the iohization chamber and ;orption and ion‘pump
connections.

Starting from atmospheric pressure-the baking procesé;
ﬁp to elevated temperatures of 180°C with continuous sorp-
" tion pﬁmpingvrequires approximately nine hours to obtain a
vacuun of the order of 10-5 torr. Occasionally the sorp-
tion Qump will become saturated and begin to desorb. Then
it is necessarv to isolate it from the system and remove
the liguid nitrogen. Thg sorptionaump desorbs the oc-
cluded gas when it is heated by hot-air blower. De-
sorbed gaées-can be removed. by pumping witﬁ the rotary
pump ©r the sorption pump can Se opened to atmosphere.

-A safety valve is providéd against over pressure build-up
when the pump is isolated and withdrawn from thé ligquid
nitrogen.

After a base pressure of 10_5 torr is obtained, the
sorption pump is shut off and the ion pump is operated.

An overnight ion pumping results in a vacuumr préssure of -
1078 torr which is measured at the test chamber by the

ionization gauge and a Model 271 Granville-Phillips

ionization gauge controller.
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In the steady.State ionization'growth experiment{ one
of the main sourcesof error is the instability of the
photoelectric current from the cathode surface. The
cathode emission stability malnly depends on the photo-
electric sensftivity of the surface and the variation in
the intensity‘Qf the irradiation.- In order to obtain a
stable cathode surface, the surface is cond;.t:r.oned bv
running a- glow discharge  in a few torr of N2 at 10-20 mA
for a period of one hour.

After evacuating the chamber by_repgating the pumping
. procedure, it is observed that, in vacuum (lO'_‘8 torr), the
cathode emiésion igs stable within 2% for a period of 3
hours, provié;d that tﬁe mercury disqharge ultraviolet
laﬁp is warmed up initially for one ﬁsur.

The ultraviolet lamp used is a Cenco Mercurv Arc
llght source with a anelength range from 250 to 280
nanometers. The peak wavelength is at 254 nanOneters.

The lamp is enclosed in a well ventllated housmng w1th a -
slot of 4 cm by 2 cm. . Tt is mounted on’'a base, and a

stand ?ube support 1is psed. The intensity of radiation is .
250 microwatts per sguare centimeter ét a 50 cm distance
frdm the'slot. However, the intensity of the vécuum photo-
electric current is found to vary slightly with the
electrode gap separatlon. This fluctuation is avoided bf

placing the ultraviolet lamp at the focal leng;h of a

< - g1



sapphire lens located between the lamp and the cathode.

‘The gas - samples are lntroduced into the system

through cold traps (for SF6 samples malntalned.at —30°C,
_for Ci':le2 at =25°C and for CO, at .-60°C) using the gas
handling system. In the case of gas mixtures, the gas
sample with lower partlal pressure is first admitted into
the test chamber. The reference pressure on the oil mano-
meter is set to the reguired sample Dreésures and the sample
lntreéuctlon is stopped when the pre;sures on -both sides of
the diaphragm are equal. Thus, the Jdindicatoeor is used as a
null meter. . |

—ﬁhfhe stateq - purity claimed by supplier of the gases
used is as follows: |
SF, -~ 99.8%, Ny - 99.9%, CCl,F, - 99.0% (at liquid state)
and CO, - 99.5%. To remove the condensable impurities, N,
gas is passed through a cold trap which is immersed into
CCl,F

liguid nitrogen.' For SF oF4 and Co, gas samples, the

6!'
traps are exposed to liguid nitrogen vapour and when the
required trap temperature ' is reached the -gas sample is

introduced into the test chamber.



CEAPTER III

EXPERIMENTAL STUDIES.'IN SFG' Nz AND SF6+N2'

GAS MIXTURES

3.1 INTRODUCTION

. The spatial growth of pre-breakdown ionization in a
uniform elecktric field E is dependent on the processes
of primary and secondary ionization-and in the case of
electronegative gases £he growth.is also affected by pro-
cesses of attachment.

In SFG, mass spectrométric meaggrements indicate that
SFE and SF; are the predominant negativé ions e%ceeding
the other possible pégative ijons (F . FE, SF;, SFS) at
. least by a factor of 100 [327. i
Although guantitative agreement among‘the different
experinments is not perfect [32],- there 'is agreement about
the gqualitative behaviour. At low E/p where E is the

applied electric field and p is the gas pressure, SF6 is

L Tor:'l SFg

becomes dominant. The mass spectrometer analysis indi-

the clearly dominant ion. Above 80 Vem

catesthe importance of the following reactions [347:
A?Fs + e > SFg (3.1)
SFG + e - spgl-+ F ) (3.2)

21
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involviné ﬁSFg)* as an intermediate éxcited_state.

The mpIécﬁlar attachment proceés, yieiding the nega-
tive io# of the‘parént molecule, can only proceed via an‘ﬂ:_
excited-state, since it is a resonance process and the
gglecule has a real electron affiﬁity. The excited stéte,
which can be puiely vibrational, may either be deactivated

collisionallf or pass radiatively to the ground state.
Aﬁother possibility‘for polvatomic molecules is that the
negative ion exists for'periods oE the order of micro-
seconds, detaching‘spontaneously after this.time.

Reaction 3.2 is the result of dissoéiative attach-
ment process that can occur before.(SFg)* stabilizes
It is aléo possible tﬁat an autodetachment procer may
take over before dissociative-attachment can proceed.
Various autﬁors have ‘determined negétive ion life times
for SFG and %sund values of the order of tens of micro-
secoﬁds.

“The electron detachment process is not yet well under-

stood and quantified for SF, [35]. However, the effective

detachment coefficient is about one hundred times less than
1

the attachment coefficient up to approximately 150 V cm
Tn::‘rr-l [34]. EHence it can bewneglected in calculations of
current growth analysis.

SF; is the mosf dominant ion in the positive ion

spectrum of SFGZ The following reaction requires the
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»

¢ .
lowest electron energy of 15.8 ev to ionize SFs molecule

upon impact [36].
-~

SFg + e » (SFZ)* + 2e.+ SF;_+ F + 2e (3.3)

Ionization of N, results in the formation of the,

,N; ion through the reaction

N, +e+i\1‘; + 2e | (3.4)

The ground state of N; has an appearance potential of

15.6 eV. Other positive ions that can be present in the

discharge depending on the experimental conditions are

<+

N, N§ and NZ. The Nz‘molecule has also a number of

metastable and active states.

For electronegative gases, (or gas mixtures) neglect-
ing detachment processes, the growth of ionization current

is [37]:

’ a , _ _ _n
Iols= expl(e-nld] - o5

1-y [exp{(a-n)dl-1]

(3.5)

where, I is the current at an électrode separation 4, and
Io is' the initial externally maintained photoelectric
current from the cathodes ¢, n and y' are respectively the
ionization, attachment and apparent secondary ionization
coefficients.

Equation 3.5 is analytically similar to the well known

Townsend eguation if the parameter n is set to zero.
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Provided that only those current measurements are
considered in which contributions due to secondary pro-
cesses are negligible, that is the measureﬁents are re-
strictgd to thé region where values of-the product.pd'
-are well below the value at breakdown, Equation 3.5 can

be reduced to

- o -
I= IO[a'n expl(a-n)adl E;ﬁ 1 (3.6)

Tt has also been shoﬁn that.at the limiting value of the
parameter E/p where, «/p = n/p [38], the current géowth

equation can be modified as [39]
‘I = I (Ll+cd) (3.7)

that is, a plot of I versus d is a straight line and
yields Io under the experimental conditions where

a/pn/p, with an accuracy depending on the determination of

the (E/p) limit and the accuracy of the current measurements.

3.2 IONIZATION GROWTE CURVES

Measurements of the spatial growth of ionization
curfents arefconveniently expressed as gfaphs of log I vs &,
and the shape of such curves gives information coﬂcerning
the mechanism by which ionization develops. In a uniform
electric field, when the growth is due to the action of
both primary and secondary ionization processes modified

by attachment, equation 3.5 gives the form of the growth.
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The ideal growth of-ionization represented by Equation 3.5

is given in Fig. 3.l.’

When the coefficient n iélsﬁall compared_;g\the effec-
tive ionization coefficient, e = a-n, the form of growth is
nearly linear as indicated by region 2-3 of the growth curve.
If secondar§‘ionization processes are negligible and the term
% is significant then there is a downward departure from
linedrity as shown by section 1-2 of the curve. At large
%alues of gap distance &, the current increases more rapidly
with gaé distance and up-curving caﬁ be observed as region

3-4 indicating the significance of secondary ionization

processes.

b

3.2.1 Behaviéur of Ionization Growth in SFG

Figure 3.2 shows tyvpical ionization growth curves at
various constant values of the parameter E/p and such data

1 1

are obtained over the range of lOOSE/pleO V cm "~ Torr - at

sample pressures of 5 Torr.

In Fig. 3.3, ionization growth curves are given in
SF6 at 20 Torr for‘several constant E/p values.

All these curves are obtained from current mea-
surements in the pd region wﬁere secondary ionization
processes are negligible. It can be seen from these
figures that the genéral behaviour of ionization growth
in SF6 is nonlinear. Howeve;, as. the parameter E/p.

increases, the deviation from linearity tends to N



log I

d

Ionization growth as given
by Equation 3.5.
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decrease and at high E/p log:I-d curve shows almost
linear behav;our as in the case of non—attaching gas.
Such- behaviour éﬁn be seen from Figure 3.4 where
log I-d growth curves are given in SF6 a; 2 Torr
sample pressure for‘higher values of E/p. On the other
hand, at lower E/p, the current amplification becomes

so small that the currents saturate with increasing gap

distance.

.

3.2.2 Ionization Growth in N,

Ionization growth curves in N, follow the well known
Townsend equation. Figure 3.5 shows tvpical ionization
growth plots at a sample pressure of 20 Torr for N,. In
this flgure, a current-voltage characterlstlc curve is
also given at a flxed gap distance of 0.5 cm.

In Fig. 3.6 growth curves are giéen in N2 at 5 Torr
sémple pressure. Upcurving in the ionization growth plots
indicates the significance of the éecondary ionization

processes.

3?)\3//Ionization Growth Currents in SF6 + N2

In this section, typical ionization growth curves are
given at constant pressure reduced electric fields for
SF6+N2 mixtures.

The familv of curves in Figs. 3.7, 3.8, 3.9 and 3.10

obtained from ionization current measurements are in the
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low E/p range of thé present investigation.: Figures.
3.11 to 5.13\correspond'to higher E/p range. "Each
number on the curves represents the cons;ant pressure
. reducgd.eleétric field E/p V cmfl Torr + at which current
measurements are carried oug'by varying the gap distance,
'd, and adjusting the apéliéd gap voltage.
The general behaviocur of ibnizq}ion growth curves in
SF6+N2 mixtures is similar as in the case of pure ?FGT tha?
isLog I vs 4 plOts.are nonlinear, and deviation from
linearity increases at a cbnstant E/p as'SF6 percentage
in the mixture incfeases. The curvature in the growth
curves becomes insignificant at hlgh reduced electric
" fields. However, the general tendency is that the slope
of the érowth curve of a constant E/p decreases w1th in-
creasing SF6 component in the mixture. The upcurving

that can be observed in some of the curves is due to the

secondary ionization processes.

3.3 ANALYSIS OF CURRE?T GROWTH DATA

Since the ionization and attachment coefficients are
not measured directly but determined from experimental
ionization growth curves it is necessary to define the
method of analysis used.

In N2’ where secondary ionization processes are

negligible, log I-d plots are linear. Hence, least

-
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square anal?sis yields the firstlrogizarion coefficient a-
from the slope of least square lines and the intercepts
glve the initial- photoelectrlc current. Such analysis
carried out for growth curves in Fig. 3.5 results in a
mean value of the photoelectric-current, I_=4. 74x10 ~12a
with ¥2% variation. The value obtained from current-
vbl;age saturation curve is 4.65x10-12A under the same

. experimental conditions; This confirms that the experi-
mental set-up and procedure is free of systenmatic errors.
) However, it is not always éossible tolobserve current
saturation from current-vpltage cﬁrves obtained¥at a fixed
gap distance. 'Figuré 3.14 shows a typical current-voltage
characteristic in 60% SF% + 40% N, gas mikture at 5 Torr
with fixed electrode spacing & =_ 0.3 cm. Saturation is
not evident.

As mentioned in Section 3.2, evaluation of the coef-
ficients from eurrent growth curves depends on the relative
magnitude of these coefficients. Hence, Equation 3.5 should
be reduced to the appropriate form for curve fitting. )\\\

For those values of E/p at which log I-d plots indi-

cate sufficient downward curvature Equation 3.6 is emploved

as ' =

I = A exp(Bd) - C

where A = Io[a/(a-n)], B =oc¢-nand C = Io[n/(a—n)].
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Equation 3.7 is a nonlinear equation withlthree unknowns
2, B.and C related by A-C = Io and a/C = &¢/N0,
In growth curves where secondary ionization is ef-
fective the growth can be represented by
L
I = A exp (Bd)
1-Dlexp (Bd)-1]

(3.8)

For log I-d plots where the growth is almost linear,
Equation 3.8 can be reduced to I = A expl[Bd). If.only
N, is under investigation then A = I and B = o« where
D represents secdndary ionizaﬁion coefficient.

A nonlinear least squares program using modified
Gausé—Newtoh iterative method. [40, 41] which fegresses
the residuals on the partial derivatives of the modéi
with respect té the parameters is used to evaluate the
éoefficients. This program performs a grid search to
determine starting values for the parameters before the
iteration cycle. Maximum and minimum limits of starting ‘
values are found from initial calculations of the slopes
of different regions in growth curves. For a growth
curve possible models are tried out carrying out initial
runs and checking the residual sum of squares and para-
meter correlation matrices. Then the appropriate eéua—
tion is chosen. |

Another method emploved is Modified Gosseries

technique [42, 43]. Evaluation of this method has shown’
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that it is very suitable for the growth curves that can

be modelled with Eguation 3.6. However,. if secondary .
ionization processes are not'peéiigible, q?opes of modi-
‘fied Gosseries least sqﬁare liﬁes result in ﬁn arxtifi-
cially high effective ionization coefficient, a-n, beécause

Eg. 3.6 does not account for the secondary jonization co-

i/
efficients. : ) /

Sihce the coefficients are calculated ff&m cu£§e
fittingé it is very diffi&ult to'asseés the errors on the
coefficients. The basis of the estimate is the accﬁracy
of repetition of independent Ealculations from ionization -
growth curves. A summary of the growfh curves recorded
is given in Table 3.1.

Table 3.2 shows the accuracy of experimental measure-

ments.

= | -
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‘ Table 3.2
3 ";ﬁfAccuracY_of Experimental Measurements
Tt Range Accuracy %
Growth current (A) 10721677 x2
Gas presSures_(Toir); - 2-100_ +1.5-£3.3x10"2
Electrode separation (cm) 0.3-1.3 +0.05
o ] (min) (max)
_Electric :field to gas S
. pressure | 1 60-450 +0.3 %2

" ratio (V cm-1 Torr )

. 3.3.1 Effective Ionization Coefficients in

SF6 and SF6+N2-

Figure 3.15 shows the effective ionization coeffici-

-1

ents, (&-ni/p cm Térr T, in SFéfobtained in the present

study.-.Thg effective ioﬂization‘coefficients are in agree-
ment with those of Bhalla and Craggs t44] and Boyd and
‘éhrichﬁon [45]. 1In the interval 100sE/ps180 V em Ttorr T,
_the variation of (;—nlfé as'a function of E/p is appa;ently
linea&. For E/p above 200 V cm_lTorr_l, the increase in
(e=n)/p wi£h E/é is not linear. This behavior is also
present in the results of Maller and Naidu [46], who used
a pressure variation steady state measurement technigque.
The values of (a-n)/p evaluated from pulsetechniqu;s in
the High E/p rancge are in contradiction with Maller and

Naidu's and present results to the extent that, the pulse

technique vields .values of (e=~n)/p which increase linearly
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with-E/p f47,481.'~1t is not easy to explain this discre-
pancy. at high E/p values. 'However;:the diﬁeréence from,
Vlinearitf is observed in many gassesi ' |

In Fig. 3.16 the effective ionization coefficients
in SF+N, mixtﬁresﬂare given as a function of SF. partial
pressure inithe minture for the interval lOOSE)p5190 .
v cm-lTorr—;. 'The change in the values of-(u-n)/p com-
pared with those in SF6 deoends on both the percentage of
N, in the mixture and, E/p. At a given E/pgthe term {(a¢-n)/p

dec:eases with a decreasing nitrocen component in the mix-

P

ture.
'The reduction in the effective ionization coefficient
becomes relatively higher as E/p decreases. This can be
attributed to the magnitude of the attachment coll;smon ~
_cross section®of the mixture in the lower energy range.
All of the E/p curves in Fig. 3.l§ show a decreasing ten-

dency with the increasing concentration of SF¢ in the

mixture.

I+ also appears that once a certain concentration of”//_'

SF, in the mixture is reached, most of the low energy
electrons in the'electron.populatiOn gets attached and
further addition of SF¢ responds with.relatively little
"effect on the teduction of the effective ionization co-
'Vefficient.

Figure 3.17 gives the effective ionization coeffici-
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ent in SF +N, mixtures for the Elp region of 6053/9;85"
" v en trorr™t for lower partial pressure of SF, in the
mixtﬁre. It can be seen that a small increase in SF6
. concentratlon in the mixture causes s;gnlflcant reductlon
_in this coefficient. Itoh et al. [22], from thelr ex— .
perimental values, suggested that (a-nllﬁ may be approxi-
mated by a linear fuﬁction of fhe fractional SFe/partial_
pressure. The present results show that thelrepresenta—
tiQn of (e-n}/p by a linear function of SF¢ partial pfé;—
sure may result in error even at high E/p values. The
theoretical study of Itoh et al. [49] é;so.COnfirms,that
as‘E/p decreases the representation by a li;ear function
_becomes more diff;cult.

" In view of the industrial importance of this gas

mixture, the effective ionization coefficients are also

presented in Taples 3.3 and 3.4. It should be noted that

=

Table 3.3 ..

(a-n)/p in SFg Mixtures at lower E/p”

E/p SFg%0 2.5 5 10 20 \\\
60 0.0857 0.018  =0.0245

65 0.116  0.0776  0.0043  -0.0593

70 0.158  0.133 - 0.0573 -0.0279 -0.138

75 0.210  0.199 0.1246  0.0278 -0.0879
80 0.315  0.280 / 0.1828  0.1126 -0.0304
85 0.420  0.394 | 0.267 0.200 0.177

i

"E/p in V cm’ Torr ™t o=n/p in em *Torr ™t
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Table 3.4
(z=-n}/p in‘SF6+N2 Mixtures
E/p : -
¢ cm~lrorr~} SEg30 20 40 60 80 100
100 0.540 0.346 0.041 -0.242 =0.352 ~0.427
115 1 0.820 0.660 0.406 - 0.174 0.082 -0.056
130 1.000 0.900 0.796 0.667 0.620  0.352
150 1.460 1.355 1.260 1.140 1.100  0.950
170 1.864 .1.836. 1.700 - 1.660 1.640  1.530
190 2.400 2.260 2.230 2.200 2.145  2.028

*

) B
a-n /o in cm Iodrr

|"mi£ing time" dependence of the (e-n)/p values is not
observed in the present investigation for a maximum mixing -

period of 4 hours.

3.3.2 Iconization and Attachment Coefficients in °

SF6 and SF6+N2

The attachment coefficient n/p in SF6 ié shown in
Fig. 3.18 together with the previous resuits. The attach-
ment coefficient decreases with increasing E/p. The
- ionization coefficients o/p in ﬁz_are given in Tables 3.3
and 3.4 and they are in agreement with the resﬁiis of pre-
vious workers in the literature [50,51,5;,53].

In Figs. 3.19, 3.20 and 3.21 ionization c?rrent
growths.are shown for E/p values in the vicinity of E/p
limits where «/p=n/p. Least-square analysis of experisr
mental déta in these particular experiﬁents resulted in.

E/p limit values of 64.5 V cm-l?orr—l(E/N=l.958x10-15

15

v em?), 73.5 V em rrorr 1 (2.23x10715 v cn?) and
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82 V cm-lTorf_l(2.489x10-ls v cm?), respectively for 5,

10 and 20% of §F ; concentration in the mixture. Esti-

" mated values of E/p limit for 5% and 10% SF6 concentra-
tion- given by Itoh et al. [22] are respectlvely 70 and
74.4 V cm'lTorr ! where they have assumed a linear rela-
tionship between @-n)}/p and E/p. The results of Ermel
{51 for the same percenfage SF¢ in SF+N, mixtures from

sparkover measurements are 65.8, 79.2, and 88.6 V em T

Torr T, resnectlvely. '

In Fig. 3.22 variations of a/p and n/p with respect
to E/p are shown for specific values of SFG concentratlon
in the mixture. It can be observed from this flgure that,
as E/p increases the ionization coefficient of the mixture
iﬁcreégbs while there is a reduction in the attachment
coefficient. A compa;ison Eetween 5 and 10% SF6 component
in the mixture shows a slightly ingreased ionization co-
efficient at the higher percentage of SF6 in the mixture. 
The reason might be due to a possiblé change in the elec-

tron energy distribution with a change in the percentage

ratio of the component gasses in the mixture.

3.3.3 Apparent Secondary Tonization Coefficients

The variation of the apparent secondary ionization
coefficients with concentration of SFG in the mixture
is given in Fig. 3.23. It is interesting to observe the

steep fall in the coefficients with the addition of SF..
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into the mixture.

Althéugh'a compfehensive anaiysis is not carried out
for y', care is takeh to collect data under the same
cathodg surface conditioné. That'ié,'the cathode surface
is conditioned by running a glow discharge and all the ex-
periments are conduéted at the same vacuum photo-electric
current. At the end of each experiment this current is
_checked to ensure that the surface condition remains the
same. The results shown in Fig. 3.23 are obtained from
current growth measu;ements-using curve fitting. At each
point three different experiments are conducted. The devi-
ation from mean for Y' is within-iZQ%.

In Nz, this coefficient tend; to decrease with increas-
ing E/p.in the range of the present investigation. Legler
has shown that for Nz,'the ﬁhotoﬂ'secondar§ coefficient Yo
decreases with increasing E/» and the decay has a similar
behaviour with respect to the decay for the ratio of
E/aex whére is the ionization and uex is the excitation
coefficient [54].

Hence,-it may be reasonable to explain the fall in
the apparent secondary iconization coefficient with the
addition of SF6 into the mixture by considering that v'
is mainly governed by photon impact on the cathode sur-

face. With the addition of, SF¢ into the mixture the

absorption coefficient of the mixture may increase, result-
- -



/ : A ‘ Bl
ing in the decreased photon impact on the cathode.
on the-basis that Y' of the mixture is mainly governed

by photon impact on the cathode surface a simple relation

is

. -u_d
h 'TNE m

-

where Y is the secondary coefficientﬁ_in{'N2 énd Mo the

absorption coefficient of the mixtu§é, For a gap setting ;
oiﬂd=l cm, without claiming high_accufacy thé absorption
coefficients may bg calculated from the results shown iﬂ

- the figure. For example, with 20% SFG the.absorption‘co-~
efficient, W, obtained in this study is 0.97 cm_l'@orr-l

Llrorr™t given

compared with the measured value of 0.91 cm_

by Blair et al [55] for a wavelength of 1084 a°. It is
,hinteresting to note that this wavelength corresponds to

the transition of-predomiﬁant excited state, CBHu of N, -
. ' ’
3.4 BREAKDOWN VOLTAGE MEASUREMENTS
Sparkover voltages for low values of »d Td;r—cm at
various concentrations are important in engineering.épv )
plications, for example, in the calculation of discharge
inception voltages in voids and triple junctions in
egquipments which uée SF6+N2 mixtures.

Sparkover voltage measurements are carried out

with SFG, Nz, and SF6+N2 mixtures in the pd range of

3.55pd<€25 Torr-cm with p ﬁarying in the interval, S5sps40
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~f1rst -experiments are conducted at constant d by varylng the

< ) .
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Torr at wvarious cencentratiens. To establish cleafly the

“yvariation of V with p and d at the same product pd, the :

LY

. pressure p. Alternatlvely, for constant p, d is varied and

Vs is determined. The data so obtained showed_that Vs de-
pended botﬁ'eh.prand;dlat.the same value of pd. The maximum

variation-of #1.5% is ‘observed in*v at pd=3.5 Torr-cm which

decreased to within *0.5% for hlgher pd values. EHence,

under the experlmental condltlons it is observed that

Paschen s Law holds well in pd range of Vaiheasprements.
Flghre 3.24 shows the variation of sparkov\/,zpltages with
SFG concentration in the mixture. gs expeeted-the_break-
down withstandrlevel of the m;xture iﬁcreases‘with the addi-

. -

3 . - I3 ‘ . 3 *
tion of SF6 into the mixture. However, once certain concen-

- trations of SF6 is reached further addition of SF¢ responds

with'relativelv little effect oOn the withstand level- which

is consxstent with the relatively less reduction ‘obZ8rved

in effectlve lonlzatlon coeff1c1ents. o7 -

L]

TR
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-  CHAPTER IV

TONTZATION GROWTE IN

CCl,F, + CO, BINARY GAS MIXTURES

4.1 INTRODUCTION
For.engineering purposes, the sparking potentials of
'Nz

gassés wiﬁh a strongly attaching gas. To the author's

and CO2 nay be increased by mixing these inexpensive.

knowledge the information on the basic aspects of iconiza--
tion growth in CCl,F, + CO, electronegative gas mixtures
appéars_to be lacking in the literature. This chépter
provides_data an the ionizatign growth of CCle2 + boz
binary gés nixtures.

Attachment in CC121=‘2 (difluoro—-dichloromethane) haé

. been recognized before [56], and shown to be largely the

result of dissociation, that is,

- quZFZ + e CCle + F

- CC12F2 + e - CC1F2 + Cl s (4.1}

The experimental technigues and current growth analy-
sis are the same as described in Chapters II and III. The

-_spatial growth of ionization currents is studied in the

64
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range of lOUSE/pslSOsV cm-lToir-l.‘ Also, the critical’
E/p limits at which a/é;?n/p are determined by obtaining
the best linear variation of ioniéation growth with re—.
spect'to increasiné gap settings. After reaching the
maximum gap setiing, the values of d afe decreased to

R

the identical values previously used and currents are
éeﬁéasured at the identical‘correspbnding values of E/p.
« The experimental paﬁameters p and & are chosen in
such a way that secondary cathode processes have negli-
gible chtribution on the ionizat;on growth curves. TFor
these ﬁé;surements the gas sample preésuré% used are 4
and 5 Torr. GEach experiment is repeated with three Qif-
ferent fresh samples. The current growth data is repro-

-

ducible within 3% over the range of experimental para-

meters.

4.2 THE EFFECTIVE IONIZATION COEFFICIENTS

The effective ionization coefficients measured in
CO2 and Célsz are in good agreement with the prev;ous
values available in literature E57,58,59r60]-

Figure 4.1 shows typical ionization groﬁth curves
in COZ' in Fig..4.2 such curves afe shown in CCl2 F2 +
;02 with 20% CC12F2. As in the case of pure C02,
éeparation of o«/p and n/p with 20% CC12F2 is not pos-

sible due to the fact that the log I-d plots are straight

*
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lines and hence {(«—n)/p only could be pvéluaﬁed. TheQ
effective ionization coefficient in Co, is shown in
Fig. 4.3.

In Fig. 4.4 the effective ionization coefficients
in‘CCle2 + Coz'gas mixtures are givénlfor various re-
duced eiectric-fields. As can be seen from_thesé figures
particularly at high E/p values and low concentration of |
CCleé (<30%), the effective ionization coefficient of
the mixture increéses ﬁith the §ddition of CCl?_F2 in the
mixture. This behaviour is significént at 180 v_‘cm“l
1

‘Torr™ ™ with 20% CCl F, in the mixture. Similar behaviour

is observed in CCl,F, + N, mixtures [61].
It is possible that at high reduced electric fields,
with certain percenface of CCl,F, additive, the mean

energy of the swarm increases resulting in an increased
L )

ionization rate which is greater than that of either com-

i

ponent of the mixture. However, there are no data on the-
swarm parameters of this binary mixture in the literature.
At lower reduced electric fields, if tﬁe CC12F2
of the mixture is increased beyond 20%,. the electronega-

additive

tive component of the mixture is sufficiently effective
to control the electron growth in the swarm giving the
observed reduction of (¢-n)/p- These coefficients are

presented in Table 4.1.



1.

—

flTorr

a=n/p cm

|

69

100

Fig. 4.3

! L l I I
120 140 160 180 200

E/p V en” Iporr=t

Effective ilonization coefficients in
Co, - ® present study, [ ref. 57,

o ref. 58, —— ref. 59.
. 1N



4

a~n/p rcm

70

v cm_l'l"o r::_l =

180

oloso

I l I |

o 20 40 60 80 100
. _
CCL,F, %

Fig. 4.4. Effective ionization coefficients
in CC12F2+ CO2 gas mixtures.



~7

71

Table 4.1

c-n/p in CC12F2+CO2 Hlttures

CC12F2

E/p 0 20 40 60 80 100

100 . 0.90% 0.965 0.589 0.455 0.0398.
110 1.077 1.146 0.8459 0.672 0.249 -0.26%*
115 1.158 1.215 0.952 0.774 0.359

120 1.248 1.341 1.067 0.88% 0.524 0

T -0.02**

140 1.657 1.782 1.575 1.413 0.998  0.451

-"\.‘_J__‘- 3 . . 0 47**‘.

<. 160 2.062 2.210 2.095 2.009 1.528  0.952
‘ _ 1.00%*

180 2.526 2.750 2.576 2.589 °2.082  1.486
. - l 55**

*a-n/p if em trorr Y, E/p in V en Lrorr™t
*xRef. 60.

——
i

4.3 SPARKING POTENTIALS

The sparking potential, VS, in the mixture is shown
in Fig. 4.5. It is observed that at highef pd values, the
sparking potential of "the mixture increases effectively
with the addition of CCl2F2 into the -mixture. However, ag_
the product pd decreases, this effect starts to decrease.
The 20% CClzP2 curve overlaps with that of pure CO, in the
vicinity of 10 Torr-cm pd. Over the range of pd studied,
the sparking potentials are found to be a function of pd
only. The maximum deviation from the mean value is ob-
served in the wvicinity of 10 Torr-cm éd-as +2%. Gas sample

pressures used are alsc shown in Fig. 4.5.
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4.4 CRITICAL E/p LIMITS

The critical limiting reduced electric fields are
given in Fig. 4.6 with respect to CO, percentage in the
mixture. The limiting value of E/p for CCl,F, is found
to be 120 V em Yrorr™t in the present study which is in
good agreement with the previous results [60, 62 63].

The limiting E/p of the mixture decreases with the
addition of CO, -into the mixture. At 60% co, concentra-
tion this value is determined as 70 V cm lTorr ;. Téble

4.2 gives the'limiting E/p values for various CO, concen—

trations in the mixture together with «/p values.

Table 3.2

E/p Limit and o/p for Various CO, Concentrations

1 CO,% 0 .10 20 40 60

E/pP 120 103 96 - 81 70
o/ 3n/, 0.863 1.206 0.869 0.815 0.792

*E/p in V cm ~Torr L o/p in em~lTorr-l
For uniform field gaﬁs having-laige pd products,; a

prediction of critical E/p limit for an electronegative

" gas or gas mixture is essentially equivalent to a predic-

tion of the dielectric strength [18]. Hence, at p=760
Torr and d=0.3 cm, breakdown voltages are also measured
in CCl F + CO, mlxtures. The results are given in Fig.

4.7. Table 4.3 compares the breakdown field strengths

"
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obtained from Fig. 4.7 with the values in Table 4.2 which

+

are converted to atmospheric pressure. . q::g)A

Table 4.3

Breakdown Field Strength of CC12F2+ co,
Mixtures at p = 760 Torr ‘

r i »

coé% o 10 20 40 60
*(kvem™l) el.2 78.28 72.96 61.36 . 53.20
E(vem Y)  93.48 83.96 77.46 63.36 56.12

“xResults from current growth measurements. J;

4.5 TIONIZATION AND ATTACHMENT COEFFICIENTS -

The variation of &/p and n/p for 20%'CO2 concentra-

tion in the mixture is shown in Fig. 4.6. Figure 4.9 shows

these coefficients with' 40% and 60% Coz.in the mixture.

It can be observed from these flgures that, as E/ﬂ?ln3;
creases, tlie ionization coeLF1c~ent of the mixture increases
while there is a reduction in the attachment coefficient.
Only for the 20% CO, mikture if E/p is greater than 100
V cm iTorr T, there is a slight increase in the attach-
ment coefficient. _Since'CC12F2 additive of the mixture
is 80%, this behaviour is expected. At this particular
value the aEtachmeﬁE rate of CC12F2 is the hicghest level.
The reported value of n/p in pure CCl.F, at £/p=100 V

cm_lTorr-l is 1.41 cm?lTorr-l [65].

As the CO2 addThive of the mixture increases, re-
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duction in the attachment coefficient'becomes faster"
with increasing E/p. Alsé, it can be observed that
jonization coefficients in 40% and 60% CO, mixtures

are higher than those of 508 Coz'mixturé,



, CEAPTER V

-

THEQRETICAL CALCULATION OF SWARM PARAMEfERS

IN SF,. UNDER UNIFORM FIELDS

6

5.1 INTRODUCTION

The current extensive use of SFé as an ;hsulating
medium has.prométed efforts towards'correlating the
_observed discharge phenomena with the basic pro;essesf
Though thé relevance of hacroscopic coefficients, par-
ticularry(vyhe first ionization coefficient and the
attachmert coefficient, to the dielectric strength has
long been recognized, dielectric behaviour of a gas is
traditionally preaicted tﬁrough empirical and semi-
empirical formulas.. To provide a basis for prediction
of dielectric¢ behaviour in gases Or gaseous mixtures,

a more general description is necessary [(19].

This description is the linﬁ between microphysical
propertieg ‘andé macroscopic properfies (Fig. 5.1). There
are two theoretical apprcaches: solution of the
' Boltzman transport eguation and Monte Carlo simulations
of the proceéses which occur within the electroh swarm.

The convéntional solution of the Boltzman equation

may become inadequate when the sum of the inelastic cross

79
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Fig. 5.1. The link between microphysical
and macroscopic properties.
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sections becomes a significant fraction of thé;elastic
'-scéttering cross section [66]-—"Though the_effects of
‘including higher order'zérﬁs of the sphérical harmonic
expansion have beenAinVestigated in other gases [67j,

sueh an analysis is not available for SFG'

An alternate approach which is much closer in spirit

number of gasses but not in SF6 [68]. Particuia ly, at

high-reduced electric fields where ‘the tw6 term Boltzman
eguation .analysis is not adegquate [69], Monte'Car%o,
simulation is a powérful method for calculation of electron
swarm paranmeters. 'The method can also be extended to a
ngn-uniform electric field, whiéh is encountgred mere
frequently in eﬁgineering applications. |

In the presence of an electric field, :during the
free time of flight between co;liéions, there is‘a gain
of energy of the electron. This gain can be approximated

by

Aeg

eEL cos & ' (5.1)

where L is the mean free path, -e is the electronic

charge, -E is the applied electric field and € is the
) ~

angle between electron velocity and negative field

direction.
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for an isotropic;distribution, the t.m;s. average

value of 'cos 8 is equal to‘ll/_f The meaﬁ free path L

is related to the momentum transfer é;osé sectioh Q

and the number of gas molecules per cm3 N by‘L_l=NQm.“The

time required for an electron to achieve an average

energy of € is given by Chandrasekhar [70] as

“t = ezj[v(aEz)] \\f ) Y (5.2)

where v—i¢ the freguency of collision-between an electron

and a gas molecule, and he is the average electron energy

gain during a2 mean free path. .(
The average.number of collisions in the time t, n'c, .
can be expressed as '

-

n_ = vt ='3(eNQm/eE)2 ' (5.3)

Let us consider an electron which has attained an enercy

10 eV. For SF., taking Qm as l.2xlO_lD cm2 and using a number.

density of 3.3:{10_16 cm3 corresponding to 1 Torr at 20°C,
Eg. 5.3 gives an average number of collisions of the order
of 5x10° for E/p = 1V er TTorr *. The average number
of collisions for E/p = 106.V em ‘Torr t is 50.

The above approximate calculation indicates that,
at high values of E/p the gas discharge problem is weli

within the solution of a straightforward random walk

technigue.. .The previous Monte Carlo simulations also



support.this pehaviour [71,72].

The assumptions of the present simulation are as v

Pl o
follows: o ‘ ‘ ¢ ) '

1. A background of SF6 molecules is considered to be

at rest with respect to electron motion.

2. The d.c. electric field is oriented antiparallel

to the z axis and assumed to be uniform.

3. A point sourc;\ggfassumed to be located at the origin
of the coordinate system and the electrons are starteé
initially from the origin with é constant emission
energy of b.l eV. Since particles %yanating from a
surface are iimited to half of d&gection space, the
polar angle of the initial electron emanating from
the point source.is simulated due to cosine distri-

- bution.

4. Isotropic scattering is assumed in the laboratory

syvstem.

5. An electron that reflects'back (reaches to z=0 posi-

tion) is assumed to be absorbed by the cathode.

When an electron is emitted from the cathode posi- )

tion (z=o), it is assigned the required directions and
& -3

a mean free flight time is calculated corresponding‘to
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its energy. The mean.free flight time wﬁich repiesents
the time taken on the average for an electron between
COlllSlonS wzth gas molecules is div;ded into fine steps.
In a flne time step the electron is let to drift ‘under.
the action of the electric field. At the end of each
fine time step the new state of the électfﬁn‘is found
“with its position and energy. Then a test is made for
collision. If a collision is assumed to occur, the
appropriate energy loss mechanism depending on the type'
of collision is considered. After finding the new state
of the electron, correspondiﬁg to its energy a new mean
free flight time is decided on and the above procéﬁu&g
is repeated. At the end of a .time step, if the test for
collision fails, again from the new state of the electron
a new mean free £light timé is found and after dividing
this time interval into fine time steps, the electron

is let to drift in the new fine time step.

This process 1is éontinued until either the electron
has remained ;n the field for a fixed time or lost due’
to an attachment process.

More detailed information on the simulation is pro-

vided in the coming sections of the present chapter.
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5. 2 ELECTRON DYNAMICS IN UNIFORM ELECTRIC FIELDS =

* The gas is acted upon by a D.C. electric field, E,
antiparallel to the z atis and spacial homogeneity of

the electric field is assumed. A baquround gas of SFg
' 16 _ =3

. molecules with a. number density of N = 3.294x10 cm

which'corresponds‘to a gas_pressure of 1 Torr at 20°C_
is considered. The essential feature of the gas discharge
phenomena consists in ‘the motion of charged particles and
mutual intéraction of the particles. If the charged par-
ticle density is-very low compared to that of the gas
molecules, only two-body collisions between an electron
and a neutral molecule become dominant. Hence, coulomb
interaction between charggd particles are neglected in
view of the fact that the gas 1is weakly ionized. |

The time‘durinq a; encounter of an electron with a
neutral is assumed neéligible, and the effect of the ]
electric Tield on the electron motion is accounted for
during‘the free time between collisions.

For the coordinate system selected, the positioh

and energy of an electron in the time step, 4t, undergo

‘the following variations for an initial velocity V..

and kinetic energy of e = % m Vg.

_ 1 2 _ eE
Az = VOzAt + 5 a{at)“, where a = =
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AX = Voxat g -~ o
ae = eEaz . | (5.4)

L.

In which, -E is the electric field, -e/m the charge

to mass ratio of an electron, a the iié;leration, AX and

Ay the position components with res?éct-to.the axes, Az

the distance t;aveled along the applied field direction

—

anéd ae is the energv -change in the interval At.

vox' voy and voz are the components of the initial

velocity parallel to the respective axes, and are given

by
v = V_  co
Voz = Vo 08 8
Voy = VO sin § sin ¢
Vox‘= vV, sin 8 cos b (5.5}

where, 8 and ¢ are, respectively, the polar and azimuthal

angles.

If the collision freguency is constant, that is

v = VQTN = gonstant {5.6)

then the mean free f£light time is given accordingly as

_ 1
© = o . (5.7)

where Qn 1is the magnitude of the total cecllision cross



section. Then, the actual time to collision can be

.

determined as
t = “tlnR | | (5.8)
with a probability distribution function of - [Appendix I]

P(t) = 1 - exp(-NQ,vt) < (5.9)°

In Eq. 5.8, R is a random number equally probable
between 0 and 1.0 [Appendlh izl.

However, the constant coll;szon time model is not
satisfactory for SF6 partlcularlv in the lower energy
rangé, where the difference in mean collision time before
and after a free path traversed becomes large. Hence,
it is not possible to assign a time of flight to an
electron of given energy or velocity at the beginning of
a free.bath bv directly using =¢. 5.8. For this reason
the following procedure which was first.employed by Itoh
and Musha [73] on the free path is used.

Let € be the electron energy at time t, when the
electron starts the free path. The corresponding time
of flight is T(eo)=y_l(eo) which is Eq. 5.7. Depending
on the energy change possible in T(eo), the mean free
£flight time is divided into a given number of parts so
that At = sr(ao). where S-l-is-an integer. If s is suffi-

ciently small, the collision fregquency, V(¢), can be

r
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* . : . . ® ' .
considered as constant during the time interval &t}‘ The

probability ¢f collision in the time interval A4t is
P =1- exp(-at/7) SRR (5.10)

The test for collision is carried out by calliﬁg a
random number R,'OsRsl.d and checking iﬁ.RiP._ If not,.
the process is repeated. .That is, a new mean free flight
time islcalcﬁiateé at the .end-of the time step and a new
At=s:(eli'is'aSSignea. Equatioh-5.10 is again tested. for
a collision with a new random number. A collision is
assumed to occur when the;condition RSP is satisfied.

In the‘simulation; the number of intérva;s into
which each collision time is divided is determined by
dividing the electron enercy into "two regions. For the .
energy range 0sScS3 eV, the mean collision time is
divided into 40 intervals (s=0.025) and e>3eV 10 inter-
vals (s=0.l1l) are chosen. o

.In'Figs. 5.2 and 5.3 the percentage difference in
mean free flight time at the beéinﬁing and eﬁd of time
step, At, is shown-With respecﬁ’to electron enérgy at

1

130 V cm iTorr -t for the worst case observed. - In Fig.

5.2 curve a and b show an electron which is decelerating.

Curve c shows an electron in acceleration mode. fﬁis

. : B . - _ fo
difference reaches ~10% for an electron subjectedk?o
deceleration in the interval of 10-100 meV.(Fig. 5.2)..

¥

-

¥ o
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In thé range of.0.1-3 eV the errxror impﬁofes from 9.2%
to 1%. |

Figure 5.3 gives the perﬁgntage difference for
.electron energies above 3 eV. As the energy increases,
the error improves from a maximum value of 4% to 1%.

At the end of each time steo, the new position anﬁ
energy of the‘electron are calculated using the rela-
tions in Eg. 5.4. If a collision has occufred, then the
polar angle asséciated;ﬁith the electron_velocity'is
Jestimated from thg‘expression cos & = 2R-1 considering
isotropic scattering in the laboratory éystem iAppendix
II]G'where R is a random number varying uniformly froﬁ
o_tal.o. | - ' .

The azimuthal angle, &, is set equal to a uniformly
distributed random number R to be selected at each co;j _
lision. Since R variés from 0 to 1.0 and ¢ varies from
. Q0 to 20 radians, the constant of ﬁroportionaiity is 21.

Hence,
s = 21R ' (5.11)

However, if the test for collision fails, then the new
state of the electron, (v', cos 8%, z', £',), is rela-
ted to the previous state, (v, cos 8, Z, t} by the

following relations:
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v' sin 8' = Vv sin &

nv' cos §' = mv cos & + eBEat

172 (mv')2-= 1/2 mv® + eBaz . (5.12)

-
L
N

5.5 COLLISION CROSS SECTIONS
A collision is said to have taken place when any
p .
physical change can be detected after the distance be-

‘rween two particles has been first decreased and then
. ",\

4

increased. Such physical changes include angular de- J";
flection, kinetic energy, momentum' changes and internal_
energy change of a Dartlcle. if there is an iﬁternal
energy change, the coll;smon is termed to be lnelastlc
otherwxse it is called elastic.

The cross section of a stationary, target partlcle
for particles of energy e, relative to a iven simple
process can be thoﬁght as the area presented by target,
assumed stationary in the laboratory system to a beam of
particles of the same energy.

Whén a'single fast particle moves through‘a differ-
ential distance in gas whose molecular velocities can be
neg;ected in comparison, the probability of making a
.collision in this distance is proportional to a para-
meter of the system which is called the collision cross
section.

The electron-molecdle collision cros; sections

adopted for SF. in the simnlaEZEh\?re shown in Fig. 5.4.
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5.3.1 Momentum Transfer Cross Section

Srivastava et al [74] have reported the momentum..

_ transfer cross section, Qm’ of elastic scattering in the

energy range 5se575 eV. The momentum traﬁsfer Cross
section was calculated by extrapolations of ¢({8) between
d and 20° and between 135-180°, and using the measured
G(g) (differential elastic scattering cross section at
an aﬁgle g) between 20°-135°. The differential elastic
scattering cross section is the cross section. for an

electron scattered into a small element of solid-angle

dg, ‘making a polar deflection angle ¢ with the direction

‘of impact and defined in azimuth bv an angle ¢. The es—.

timated error in the momentum transfer cross section,
both due to experimental factors and extrapolat{;ns add
up to *20%. This &oss section can be represented to be
constant hecause the variation in magnitude with respect
to energy is 9% in the range of 55es60 eV, with a mean
value of 1.2x107 %> eme .

For the momentum transfer cr&ss section at 6.5 ev,
the angqular dependence of elastic e-—SF6 SCattering data

of Rohr [75] between 10°-120° is considered using the

relation
20 ATl
Qm = j j c(8) (L-cos &) sin & deéde¢ (5.13})
0 Y0

This approximate calculation resulted in a magnitude
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-

of l.lxio-ls cm2. Hénce,'a*gonstant momentum transferl

collision cross section with a magmitude of 1.2x10 1

cmz_is adopted at ¢=0.5 eV.

5.3.2 Electronic Excitation Cross Section

Trajmar and Chutjion [7Gj have reported threshold
-energies for electronic excitation of SFG of 9.8, ll,.
11.6, 12.8 and 13.3 eV. Thresﬁéld energy is.;he epaagzi:>
of the electron at which the onset of excitatioﬁ of‘a“
particular level is observed. The shape and magnitude
of this cross section is not given.. Yoshizawa et al (77],
in their calculation of Boltzman solution adopted an
excitation cross section with a threshoid of 9.8 eV and
the éame shape.is employed in this simulation, however,

16

with a maximum magnitude of 0.95x10 cm2 which occurs

at 18 eV. The excitation cross section is given by

- _ -16 e¢-9.8 _.__.18-c¢ 2
Qex = (0.95x10 ——18-9.8 exp[m]cm (5-14)

L)

where, ¢ is the electron energy.

5.3.3 Aattachment Ceollision Cross Section

Yoshizawa et al. [77i summarized the attachment
cross sections.for formation of SFE ions as determined
by various authors. Although the shapes of the cross
sectibn curves as a function of electron energy are

generally in contradiction to each other, the peak

A\
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vaiue ef the cross.seetiOn lies.very close to the origin
of the energy scale except in the'case of the earliest
work in this gas of Ahearn and Hanney [78] who have re-
ported a maximum ‘cross section at 2 eV of incident elec-
tron energy. Yoshizawa et al. [77] employed.a cross

~ section szmllar to that given by Hickam and Fox [79]
according to Whlch a part of the cross section curve lies
at negative ion accelerating voltages, and shifting. the

cross section in such a way that a peak value of 1.5x10 -l4
cm2 occurs at 0.18 eV. The cross section for SFE measured
by Kline et al. [80] is probably instrumeptal in the
energy range 1OSe£lDd meV.. This cross section is mea-

.sured by Chutﬁian [61] in the energy interval of 0-200

meV. We have emploved the results of Chutijian because

the experimental uncertainty at threshold which occurs

at 0 eV is 4 meV. Results of the fit for SF,. attachment

6
process in Ref. [81] are

~ _— -14- —¢ 2 .
QAT(SFG) = 5.2x10 exXp 357044 cm” 05e=20.045 eV
_ -14 -£ 2
= 5.2x10 " 'x0.868 exp g gFEys W
0.0455¢50:200 eV (5.15)

where € is in electron volts.
In the present simulation good agreement with the
experimental attachment coefficients is achieved by decreas-

ing the width of this cross section that is replacing 0.044

#
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and0.0SiG iﬁ.Eé: s.is by 0.0177 and 0.02, respectively.
In addition to the formation of SF¢ other- predomi-
nant ions are SF. and F . For SF; collision cross sec-
tions we have adopted the results of Christopherou et '

al. [82] with a peak of 1.425x1073% cn® at 0.37 ev.

Yoshizawa et al. L77] empioyed the same cross section
with a peak 20 times smaller than it should be [83].
Novak and Fiechette [84], for this cross section, used

a peak value normalized to the data of Kline et al [8ol,
which is 3.4%x10° Y% cm? at 0.36 ev. The cross section for
the formation of‘F— ions is represented according to the

measurements of Xline et al [80] in the range of

35esll.4 eV.

5.3.4 TIonization Collision Cross Section

The ionization cross section of Rapp and Englander-
Golden [85] is used in the investigation with an ioniza-

tion threshecld energy of 15.8 eV.

5.3°5 Vibrational Collision Cross Section

Vibrat%onal excitatioh by electron impact can be
measured in a crossed beam experimegt from the energy
loss spectrum of electrons.

Rohr [86] has measured the vibrational collision

cross section in SF6 from the threshold energy of

0.0954 eV up to 3 eV for v=1. He has alsc reported
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[75]-e-SF6 (av=0) scattering cross sections with
e-SFG( v=0)+Qv whe;re‘Qv is the total vibratioﬂél exci-
- tation cross section in the interval 0.255¢56 eV. The
cross 'section used by Kline et Elf {3801 is hegligible

compared with Rohr's cross section. = However, they did

not find any significant influence of this cross sec-—

_tion on the calculated parameters even if the magnitude

is increased by an order. Although this collision cross
section is ignored, the influence of Qv will be discussed

in energy distributions.

5.4 DECIDING ON THE NATURE OF COLLISION
The total collision cross section is defined as the

sum of the individual cross sections,

QT = Qa1 * Qe * Qex ¥ %on - (5.18)

To determine the type of encount&r at each collision
a random number R 1is dfawn from a set of numbers uni-
_ﬁormly distributed over the interval from 0 and 1.0. Then
the nature of collision is decided.éccording-to Fig. 5.5,
where the position of ‘the arrow indicates the nature of
collision. Since the ratio of a collision cross sectidn
for a particular event to the-total.cross section gives
the probability of this event, each box in thé %;gure cor-
responds to the'probability of a certain event [Appendix

ITI].
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Qar/ Q7 | Qex /Qr
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1.0

Fig. 5.5. Deciding on the nature of collision.




cf

+ies of inelastic collisions fail, the collision is

(R

100

After the event of a collision, if‘the probabili-

deemed td be elastic and the loss éf energy in the col-
lision is (2m/H)e ‘where m and M are the masses of an'
electron and én SFé molécule,respectivelyﬂ If the -
electron is attached it is lost in the sﬁarm and its
subsequenﬁ fate is ignored. For the -other ine;astic

processes the appropriate threshold energy of the pro-

cess is subtracted from-the electron energy. Howeﬂé?7——~

in the case of an ionizing‘collision,‘after subtracting

the threshold energy, the remaining energy is evenly

ascribed to the two electrons. That is, a2 total average

}/2 energy is assumed for the original

-

loss of (s-l-eonset

electron.

5.5 COMPUTATIONAL METEOD

5.5.1 Introduction

At time t=0, initial electrons with a constant
energy of 0.1 eV are injected from the 6rigin of the co-
ordinate system assuming a cosine distribution iAppendix
II] for the angle of entry with respect to the z axis.
All the electrons in the swarm moving forward and back-
wards ihcluding the electrons formed during the iloniza-
tion process are traced until the termination time or
loss due to attachment. The state of the new electrons

are stored in stocks with their position, energy and

L5
*
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time of birth until the original electron'ﬁae-been foli
lowed to the termination time or it is lost in the .swarm..
Then a new electron is released at its place of birth
with its initial state anﬁ traced until termination cri-
teria is reached.. Any further new electrons produced
are.included'into the stock. | By scan-pointers and
shifting the time frame from t . te t N fwhere, tInin is
the tlme of appearance of the flrst electron due to
lonlzatlon ‘and tma. corresponds to the most recentlv
stored electron, this proceaure is repeated untll all
new electrons have been tracked. It is assumed that the
back scattered electrons are completely absorbed by the

. cathode.

5.5.2 Swarm Parameters

The electron drift velocity is defined as the
velocity of the centre of mass of an avalanche which

can be written as

_ dz (t)
w = G2 | (5.17)
I n n '
W Bz (5 - (/) Bz (E) ;
or W= — . t/-t (5.18)
2 71 :

where z (t ) 1is the ;;;:Eion of the k h'elec‘.:z:‘on in the

swarm at samnllng time t ahd n is the number of

'

electrons at tj’ where 3=2 or\I.



. °102
The longitudinal diffusion coefficient Di may be
°  found . from the relation |
<(z-<z>)>= 2D t ST (5.19).
or may be obtained from the formula
“ 2 ea? - 1/ 5 [z, (£, )=Z(t i
D- _ (l/nz)k=l[zk(t2]_z(t2)] - { nl] zk 1 Z l}
L . 2(t,-t;)

(5.20)

-

The ratio of radial diffusion coefficient to mobi-

3

lity is defiped as *
- '-_-.l, :
“ b A- B 2 ) = . ’ 4‘-“.“ :
Dy _ <R“>E |
< v - 4Wt €5-21’

»
where, D, 1is the radial diffusion coeff;cment,fﬂ*ls the
mobility of the electron and R = (x +v ) 1/2 is the radial
position of the electron npormal to the apblled fleld E.

The mean sgquare displacement <R2> at time t, is

obtained using the folloﬁing equation:

s

; X .
2. _ 1 T 2 2 '

where (xk)i and (yk)i represent the displacement of the

kth th

electron in the directions x and y during its i
flight and r is the total number of displacements at
time t.

The first ionization coefficient is defined as
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o = T . (5.23)

where, n_ is the number of positive ions in the swarm,

4 -

n_ is the initial electrons and z is the average distance

+raversed in the field direction.

-

The attachment coefficient is given according to the

-

Lg%k-\ ‘
R Jowing expressions: -

. n_-

e¥en = o X % (in the absence of ionization)

i&i,e (o} z .

f" > ‘ t'l

Aahd

Vo .
n_
@3 n = (H—)a (with ionization) . {5.24)
+ X . A

where, n_ is the number of negative ions in the swarm.

The excitation coefficient ® o igs defined similarly

-

as
"
_n* 1 onization)
o T~ Thm - (no icnization
.. oz
N n* ’
and oy = (E:)a (WLFh ionization) (5.25)

where, n* is the number of excited states.

'5.6 RESULTS AND. DISCUSSION
In the E/p range of interest 100sE/psl80 V en” >
: Torr_l, t+he number of initial electrons considered

range from 140 to 40. Up to 400 electrons are traced

'.;"
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in the swarm wi%h‘tqtal numbe£ of free flight paths
ranging from 1.5x10% to 2.7x;04. To ensure that the
calculations are carried out in tﬁe equilibrium region.
the temporal positions of the swarm centroid together
 with its variation are calculated with 0.5x10 %s or
1.0x10 %8s time intervals. The termination time corres;
ponds to én average gap distance of .87 cm aﬁ.loo v cm—l

Torr ' -and -1.4 cm at 180 V'cm-lTo;r“l.

5.6.1 Back Scattering Coefficient

Figure 5.6 shows the variation of back scattering
coefficient, which is defined as -the ratio of back scat-
tered electrons to total emission as a- function of
appiied'electric field. As expected the number of

electrons back scattered decreases with increasing E/p-

5.6.2 Drift Velocity, Longitudinal Diffusion

Ccoefficient, and Ratioc of Radial Diffusion

Coefficient to Mobilitv

In Fig§. 5.7-5.10 the centroid positions along the
electric fiéld direction are given together with their
variations with respect to sampling times. The lines
drawn through the data points are the linear least
square lines. .

For 100 V cm-lTorr—l, the <z> line intercepts the

time axis at ~0.5x10-8 seconds resulting in a negative
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0.2

] ] i |
100 120 720 160 180,
E/P (V cm~! Torr~1)

Fig. 5.6. Back Scattering coefficient at 0.1 eV
emission enexgy.
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Fig. 5.7. Variation of average distance along the field
direction with respect to time at E/p=100 V

em~irorr~i.
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Fig. 5.8. Variation of average distance along the field
diriction with respect to time at E/p=120 V
cm ~Torr . )
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rig. 5.10. Variation of average distance aleng the field direc-
rion with respect to time at 180 V co~lrorr”
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time effecﬁ. This time interval may be considered as

a relaxation time for the swarm to fééchyequilibrium.

The relaxation time is the same as t in Eq. 5.3 and

. can also be calculated. . : a4

At 100 V cn~lTorr™*, the average eneréey of the swarm
is 8.6 eV (simulation result, Fig. 5.21). Equation 5.3 '
gives the relaxation time to exchanée 8.6 eV a5‘5.05x10_9‘
seconds which is in very good agreemeﬁt with the simula-
tion. At 180 V en lTorr *, the time to exchange an
average energy of 1l eV is lower. Witﬁ increasing E/p.
thereﬁSfe, the time.required to reach eguilibrium is lower
for the electron swarm. This behavior of the relaxation
time is also observed in previous Monte Carlo calculaf
tions (72,87].

Drift velocities aré calculated from the slopes of
<z>-t graphs using the least square technique.' The re-
sults are given .in Fig. 5.11 together with the measured
values of Teich and‘Sangi t88],.Naidu and Prasad [89]
and calculated values of Novak and Frechette [84]. There
is a very good agreement particularly in high E/p values.

The longitudinal diffusibn coefficient is obtained
using the slopes of <(z—<z>3% - t square lines. This
coefficient is shown in Fig. 5.12.

The ratio of radial diffusion coefficient to electron
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Fig. 5.11. Drift velocities in SFS.

— oresent study; O Ref. 89; ARef. 88;
- - - Ref. 8a4.
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mobility is shown in Fig. 5.13 and compared with the
experimental results of Naidu and Prasad [89].

Since the average values are calculated at time
intervals, the group sizes corresponding to sampling
ti?es vary from each other. in Pigs. 5.7-5.10, the
variance of ave:agé drift distance is shown on the right
hand scale. If a group of 100 electrons is-considered,
at 100 £/p the drift velocity is measured within £4%

This statlstlcal error is reduced to *2.4% for 180
V em ~€?rr . Considering the standard erxor of vari-
ances the error in Dj is v}thin + 1l4s.

The statistical errors can be assumed reasonable
due to the fact that the experimental measurements of
D, have typically a 8% to :15% error éssociated with

them [90]. Tvpical e¥fror for the measurement of elec-

tron drift velocity is within %2% to #6% [90,81].

5.6.3 Ionization and Electronic Excitation

Coefficients

Figure 5.14 shows the Townsend first ionization
coefficients calculated together with the experimental
data of Bhall and Claggs [44], Bovd and Crichton [43]
and the experimental results obtained in our laboratory
(see Chapter III).

In Fig. 5.15 the electronic excitation coefficients

are given and compared with results of Yoshizawa et al.
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Fig. 5.13. D, /u in SF;.

—— opresent study:; —_6L—- Ref. 89.
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[77]. The values ¢btained in +his simulation are lower

uposszbly due to the fact that the- adopted cross section

has a peak of p.95x10 -6 é lch-ls about 40%-&6/er than

Yoshizawa et al. The electronmc excitation coeffmc;ent ‘
decreases with increasing E/p for E/p>120 V cm “Llrorr” -1

unlike the results of Ref. [77]. However, if the peak

valueﬁis increased above 0.95}:10-16 cm2, it is observed that

jonization coefficients do not agree with the measurements.

-

5.6.4 Attachment‘Coefficient

-

Figure S 16 shows the attachment coefflczents obtained
and these results are compared with the experlmental measure-

ments. Good.agreement is obtained.

5.6.5 Enercey Distributions and Mean Ene:gg
o

The energy dlstrlbutlons sampled Der collision in 1 eV

steps and normalized accordlng to Jr f(e) de= l are shown in
Figs. 5.17-5.20. The correspondlng mean energies obtained .
are giﬁen in Fig. 5.21 together with the results of Yoshizawa
et al.-[77] A

As exnectea the magnitude of peak of the dlstrlnutlon
decreases thh ldcreaSLng E/p and shifts towards hicgh energv
scale. The full lines show the Maxwellian distribution at
mean energies corresponding to those in Fig. 5.21..

The influence of the vibrationallexcitatien Cross

section on the energv distribution is investigated by

introducing this cross sectiqﬁ'in the simulation and
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broken lines - effect of vibrational
excitation; full curve - Maxwellian
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Fig. 5.21. HMean energy in SF6.

— present study; - - - Ref. 77.
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retaining the other cross sections as before. The total

vibrational excitation cross gsection is defined as:

% -——‘2.4}:10-14 (e-ei) 'cmz for 0.l<e<0.2 eV

where ¢, ijs the threshold energy, and

_ -15 0.2-¢ 2
and Qv = 2.4x10 exp —7.7 W

for 0.25¢56 eV ' (5.26)

This cross section has a maximum magnitude'of 2.4x10—15

cm2 at 0.2 eVv.

\
As shown in Fig. 5.17 the introduction of this cross
section introduced depressions in the energy distribution
at lower enérgy scales. For E/p 120V cm-lTer-l} n/p
increased by 9%. Although the threshold energy for the
vibrational excitation is about 0.1 eV,lthe deprgssiongf-¢
observed indicate that there is an increase in tEe numbér ‘
of low energy electrons in'the swarﬁ and, therefore, the
coefficient n/p increases. Yoshizawa et al. [77] employved
an SFE créss section with a peak at 0.18 eV which is very
close to the peak in the vibrational cross section adopted
by theﬁ. They have observed that a reduction of Qv by an
order of magnitudé reduces n/p by 6% at 120 V cm Ttrorrl.
Novak and Flechette [84] observed reiatively m%nor‘;nflu-
ence of Q  on the coefficients. Kline et al [80], did

not observe any change on the calculated coefﬁicients
' ' L8
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even if their vibrational cross section is increased by
an order of magnitude. However, it may be argued thét |
depending on the location of the peak of attachment and
vibrational cross'secéiOns, there is an interreiationship
between the two that effects n pargicula:ly at lower

values of E/p.

5.7 COMCLUSIONS

Because<of the lack of unigueness resulting from
the multiplicity of cross sections, the usual aim of
high E/p transport coefficient analyvsis is not to derive
individual cross sections butdto obtain a consistent
-cross.section set. The collision cross section set
adopted in the simulation results is in a good agreemént
with the experimental values over the range of E/p in-
vestigatedf These cross sections can be used with con-
fidence for tﬁe studf of electrical discharges in SF6

4

in non-uniform electrical fields as well.



CHAPTER VI

BEHAVIOUR OF SWARM PARAMETERS IN

EXB UNIFORM FIELDS T

6.1 INTRODUCTION

In recent vears considerable work has been‘carried
cut to investigate_the influence of a magnetic field
applied perpendicularly to the electric field on the
ionizatioh and the breakdown mechanism in gasses. For
uniform EXB fields the change in the ionization coeffici-
ents and the breakdown voltage has been interpreted in
terms of the eguivalent pressure concept first proposed
by Blevin and Eaydon [92] and examined in considerable
detail‘by'Govinda Raju and coworkers [93,94,95].
From erergy balance considerations in the presence and
absence of a crossed magnetic field Allis [96], and in=
dependently Hevlen {[97] have developed the equivalent ‘
reduced electric field (EREF) concept. This approach
defines an eguivalent reduced electric field which. is
the value of E/p required in the absence of a magnetic
field to keep the average electron energy the same as
that engendered by the applied E/p in the presence of a
‘magnetic.field. The progreés in the study of EXB dis-
charges has been reviewed by Hevlen [98] and it is note-

worthy that there is no published data, either experi-

126
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mental or theoretical, on the behaviocur of discharges in
_EXB fields in SF . In this chapter, the simulation used

in Chapter V is extended to EXB uniform fields.

6.2 MODEL AND THEORY
Neglecting three body collisions and coulomb inter-—
actions on the assumption that the gas is weakly ionized
-}

an elecyron with velocity v situated in EXB fields is

subjected to Lorentz force given by
F = e(E+VKB) ' . (6.1)

where E- is the applied electric field, B is the uniform
magnetic field and e is the electronic charge.
If the Lorentz force is the only foérce acting on a

cﬁarged particle then

dv .
ma% = e (E+vXE) (6.-2)

in which m is the mass of the electron. The egquation
of motion shows that in EXB fields the motion is the sum
of the circular Larmor gyration plus a drift of the
guiding center due to the app;igd-electric field.

If the electric field is along negat%ve z direction

and the magnetic field in the negative x direction, then
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© _ e, _eB, - ‘
v, =Sk vay | (6.3)

where G#, ﬁy and &z are the accelerations respectively
in %, y and z directions.

In this case, since the acceleration along the magne-
tic field is zero, if the initial velocity-compordent along
X is also zero, the electron trajectory will be on the
plane perpendicular to the magnetic field that is the 2y
plane. On the basis qf this analysis it is clear that an
initial velocity component along B would be undisturbed.
Considering such a case there will be displacemen£ along
X in a@%}tion to v and z direction.

The model used is‘basically the same as described
in Chapter V. A flowchart.is given in Fig. 6.1. Since
there is not any acceleration along the magnetic field,
the enerqgy gain for an electron is only along the applied
field direction. If a collision is not oObserved at the

nd of the time step the angle & is adjusted according

to jthe expression
v

v

= 2
tan § = vz (6.4)

where Vb is the perpendicular velocity normal to the
i 2., 2,1/2

applied electric'field, that is, Vp = (Vx +Vy’ and
v, ig the velocity along applied electric field direc-
tion. | \u’

N\
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Fig. 6.1. A basic flowchart for the simulation.



130

The computer simulation is carried out for reduced

electric flelds of 180x10° sE/pSBOOx:LO2 vV m “Llrore” -1 and

the range of reduced magnetlc field applied perpendicu
7’

larly to the electric field is l.OsB/pszlO.zTesla Torr L
At tlme t—o, the total number of initial electrons in-

jected wvaries up to\l?O. The total-number of collisions

4 4

observed ranges from 2.0x10° to 10x10

6.3 RESULTS AND DISCUSSION
Although a comprehensive analysis is not carried

out for back scattering, ‘at a constant reduced electric

. -

field the number of back scattered electrons increases

with increasing reduced magnetic fields. For 300x102

-1 -1

V m "Torr +he ratios of back scatterecd electrons to

the total number of initial electrons are 0.35, 0.63
and 0.68 corresponding respectively to the reduced

magnetic fields 4x10”2, 5%10™2 and 6x10°2 T Torr -. For
2i0x10% v o trorr™t these values are found as 0.48,
0.58, 0.70 and 0.73 cqrresponding respectively to the

magnetic fields of 2x10°2, 3x10°2, 3.5%x10°2 and 4x10°%

T Torrfl.

6.3.1 Transverse, Perpendicular Drift Veloc;tles

and the Magnetic Deflection Angle

The transverse drift velocities are obtained from

the slopes of <z> versus t curves. Such curves are given



value of the field. Further increase in the magnetic

131 .
ln Flgs..G 2 and 6.3. As can be seen from these figures,

at a constant reduced electric £i€ld the slope of the

curves deécreases with increasing reduced magnetic fields

and also, with increasrng applied magnetic field, the
non-equlllbrlum-reglon increases. In Fig. 6.4 calculated
> - -

transverse drlft vblocrtles are given. for constagt e

duced electric flelds as a furiction ‘of applied reduced

'magnetlc flelds.' In this chapter, for all flgures and

tables, E/p values are given as V'cm lTorr l. It can be

seen from Fig. 6.4 that the variation of transverse
drift velocity with respect to increasing reduced-magne-
tlc fleld is nonllnear. .-

The variation in perpendlcular drift velocrtv is

also nonlinear and it is a functlon of both reduced

fields. At a constant reduced electric field perpendi-_

-

cular drift velocity'vp increases with increasing re-

duced magnetic field and reaches a maximum of a specific

field reeults in reducticn for VP at a constant applied
electric fielgd.

;'The ratio of perpendicular drift velocitv to trans-
verse drift Gelocity are given in Table 6.1 together with -

corresponding magnetic deflection angle, 6y
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Fig. 6.3. Average drift distances with respect to
time along the electric field direction
for various applied_?léctrii and magnetic
fields. E/p in V cm ~ Torr
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respect to increasing magnetic fields at
constant applied electric fields.
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6.3.2 Energy Distributions and Average Energy

The energy distributions éampled per'gean f;ee
£light time are shown in Figs. 6.5, 6.6 and 6.7 for
various applied reduced éiectric and magnetic fields.
At a Fonstant-re@uced electric field the peak valuelof
the distribution increases ﬁith increasing magnetic'
fields while shifting towards lower energy scale._ This
behaviour shows that with increasing B/p a larger ﬂaiber
of electrons are.driven into the lowetr fange. Qpalita—
tively similar behaviouﬁ>is observed by- Govinda Raju and
Gurumurthy [95] in N, in which the Solt?mann equation was .
employed to investigate the influegée of crossed magnetic
field.

Hence, with incréasing B/p thé,average energy in the
swarm decreases for a constant E/p. Figure 6.8 gives the

‘variation in average energy with respect-to increasing

B/p for constant E/p fields. .

6.3.3 Ionizatioﬁ and Attachment Coefficients 5‘_‘\f\“\

The Townsend's ionization coefficients and attach-

ment coefficients are calculated from thé same expres-
sions giVen in Chapter V. The amplification in the swarﬁ-
is determined from the region where <z> varies linearly
with respect to time. | |

Figures 6.9 and 6.10 show the influence of a crossed
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125x16% T tori! B/p' E/p 180 V cnit Tor!
8- - i | | ~ ‘
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Fig. 6.5. Energy distributions in EXB fields at

E/p=180 V cm ‘Torr t.
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8~ B/p 2x102 T tori' E/p=240 V em! Tors!

gH | B/p=45%x10°T torf' E/p=240 V crit! Torf!

Fig. 6.6. Enerc¢y distribution in EXB fields at

1 1

" E/p=240 V cm “Torr —.
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'Fig. 6.8° Variation of average energy with increas-
ing magnetic fields at constant electric
~fields. E/p in V em~lTorr~1i.
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-’magnetic field on £he ends‘slfirst ionization coef-
ficient «/p and attachmen coefficient n/p. At a con-
stant value of E/p the ionization coefficient decreases
with increasing .B/p while the attachment-coefﬁicieﬁt in-
:creasés and both these results are éonsistent with the
-change in the electron energy distribution.

Since applicationiof a mdgneéic £field has been shown
to increase-n/p and decrease o/p it is possible to dis-
cern from Figs..6.9 and 6.10 a critigal value of B/p at
which the condition ofpzn/P is satisfied. This critical
‘value could be of considerable engineering importance.

Table 6.2 gives (B/p) critical corresponding to reduced

electric fields.

Table 6.2

critical B/p Limits in SF

_E/p B/p a/pan/P
v cm—lTorr_l Tesla Torr * cm_lTorr—l
180 . 2.35x10° 2 1.8
210 3.0x107% 2.0
240 4.0x1072 2.6
270 . £.4x1072 2.8
300 5.0x107 2.8

The general behaviour of the swarm parameters in

the present stuay‘indicates that the dielectric strength



-

(- o las

%

of SF6 can be considerably improved by applying magne-

tic fields'perpendicuiar to the applied electric field.

T



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIO&Sh -

1.- The guantitative data provided expérimentally O;'
the effective ibnization;'ionizatién ané attachment
coefficiéﬁts toge£her with E/p limits reveals the

-

importance of SF +N, gas mixtures as an insulant in  _°~
éower-énd high voltage engineering applications.

’ This data can be used to set up theoretical models
to estimate discharge iyceptiOn vol;age levels for
diffgrent degrees'of non-uniformity depending on ~

the design configuration of an actual high voltage

device.

2. The variation of {(a=-n)/p in SF +N, mixtures is found

" to be nonlinear with the percentagesmixfure ratio.
ﬁence, linear addition of some property of the indi-
vidual gasses in propqrtioﬁ_to their concentration
in. the mixtures for predicting the dielectric strength
of gas mixtureé would léad to incorrect results, par-

ticularly in divergent fields.

3. ‘Effective ionization, ionization and attachment

145
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coefflcients are .also measured in CCl2 2+CO2 gas
mixtures. Similar to SF6+N2 mixtures the variation
of (a=-n)/p with respect to percentagé ratio is non-
linear. Furthermoreh with 20% CCle2 concentratiop,
the effective ionizatlon coefficients measured is
higher than that of either component of the_mixtdrei

in the E/p range 100SE/psl80 V cm Trorr L.

For SF 4N, at a glven E/n the effectlve ionization

- coefficient decreases w1th lncrea51ng SPG component

in the mixture. The reduction in the effective
ionization coefficient becomes relatively higher as
E/p decreases. However, once a certain SF6 concen-
tration in the mixture is reached, further addlilon
of S:G responds -with relatlvelv little effect on
the reduction of this coeff1c1ent., In the E/p
interval 100=E/ps190 V cﬁ-lTorr-l, bereficial gain
is negligible if SFg concentration is increased

above -60%.

The saturation behaviour in effegtive ionization
coefficients is also confirmed in sparkover voltage
measurements. For constant pd (Torr-cm) values,
variation of Vs with SF6 concentration in the mix-

ture shows down curving with increasing SF_. concen-

6
tration. The saturation tendency becomes more sig-
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nificant for decreasing pd- levels.

The gpparent secondary ionization coefficients

have been deduced in SF5+Né mixtures. The reduc-
tion in this coefficient with increasing partial
pressure of SFs_is attributed to the increased photon

absorption coefficient of the mixture.

The quantitative data on swarm-parameters of SF6 is

provide@'by using a Monte-Carlo simulation teéhnique-
The simulation.results are compa;gd with available
experimental data in literature and good agreement
is found. As a prerequisite to this technique,_it
is neceséary to have a set of measured (or estimated)
coliision cross sections. However, if éufficignt‘.

N

data is available for individual gasses, this tech-

'_nique can be used to obtain swarm data for gas mix-

tures avoiding the effort consumed for experimental
measurements. Furthermore, information on average
energy and energy d;stributions can also be gathered

which would be very difficult to measure. .

Swarm behaviour of SF, in EXB uniform fields, is very
interesting. Appliéation of a2 magnetic field re-

sults in a change in the energy distribution, re-

.duces the average energyv and first ionization coef-

ficient and increases the attachment coefficient at
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a constant value of E/p.

With increasing magnetic field at a constant E/p,
the magnetic deflection angle increases while there is a
reduction in the transverse drift velocity. Hencé, the .

”

variation .observed iu'swurm:parameters with féspect to
increasing perpendicularly(ééplied magnetic field are
consistent with each. other. This information indicates
that the dielectric strength of SF6 can be upgraded in“‘
the presence of EXB fields. 211 the resilts are obtained
for a background of SF6 molecules with a number den51tv
correspondlng to 1 Torr. Since the “bendlng“ effect of
_the magneuic field is significant during free flight of
the electron in petween collisions, at high pressures,
there may not be a substantial deflection for the elec-
tron swarm. However, EXB field applications could be
very suitable for high voltage devices which operate at

lower gas pressures.

7;2 RECOMMENDATIONS FOR FURTHER STUDIES

This study has been confined experlmentally as well
as theoretically for swarm parameters in uniform fields j/
‘in order to get a better insight into the dielectric beJr
haviour and discharge phenomena in strongly electronega-

tive gasses and gas mixtures.

Key basic data on polyatomic molecules are necessary
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to optimize gas ﬁixtures; In the area of cross sections
there is a lack of data on basic electron scattering cross
‘sections. For polyétomic nolecules low energy electron

atterlnc Cross sectlons are almost non—exlstlng. To
set a reliable theoretical model, the key data for CYOoss
sections should be measured.
Exposure and health risk assessment of SF, has shown
thaé SF6 is non-toxic. However, when a spark occurs in a
gas insulated system the gas molecules in the volume of
park will be dlssoc1ated due to hlgh local temperatures.
For SFG, the atomic specxes formed wlil react quickly to
form sulfur fluoride ions and neutrals which in turn can.
react with impurities to form bv-products. In the presence
of an aiuminium conductorx A1F3 may form which is a toxic
solid product.‘ T |
Hence, another essential ieature which-has to be
serlouslv considered is the discharge by-products and
their evolutlon since they exhibit an essence both from
the viewpoint of environmental aspects and the long term
behaviour of high voltage devices used in energy systems.
In practice, due to the design configuration of the
. high voltage equipment and surface imperfections, it is
so often that the gaseous insulant is subjected'to non-
uniform fields. However, there are only simple semi-

empirical models available to estimate discharge incep-—
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tion volﬁages for divergeht fiélds. Thefe is a great
need for more acénraﬁe\modelé to'invéstigate‘gaseous _
bfeakdown in divergeﬁﬁ fielqé. Particula;ly, a rigoxous
research related to'éF6+Né mixtures on this subjectjis

still not available.
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APPENDIX I

Distribution of Free Time Between Collisions

Let. n(t) be the number of particles that have sur-
/;ived a collision at time, t, out of an original number
n°=n(o). Hence, the fraction of £free times in a différ-

ential time element dt is

f(t)dt.= [n{t) - n(t+dt)]/no o . (A.1)

where,

- dn
n(t+dt) = n(t) + ) at

therefore, A.l can be written as

- < _ 1 dn y
£(t)af = n—oﬁdt - (A.2)

Tn a differential time element dt, the number of
collisions, dn, an-electron suffers is NQTv~where, N
is the density of gas molecules,-Qf is the total colli-
sion cross section and V is fhe velocity of the electron.

Thus,

dn _ _
3T - nNQTv (A.3)

gives the rate at which free paths are terminated. Sub-

-

stituting A.3 into A.2 results in the distribution of

of free times as

£(t)dt = If‘—o NQov dt . ‘ (A.4)

152
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If A.3 is integrated,

n _ _"
n T exp(.NQTvt)
(o) ,
substituting A.5 into A.4 gives

£(t)dt = exp(-NQpvt) NQ v dt

hence, the probability distribution function for a

collision is

P(t)

t
‘50 exp (-NQ,vt) NQ.V dt

l—exp(-NQTvt) _ (A.6)

The mean collision time, 1, is the first moment of

the function £(t),

< . . _l
T = S ££(t)dt = [NQV]
o ) . .
Therefore,
P(t) = l-exp(-t/T) (A.7)

2



APPENDIX II

Isotropic Scattering

- A. Scattering Isotropic in the Laboratory System

_ The problem involved is tantamount to that of
choosing a poxnt (u, v, w) uniformly distributed on the
unit sphere u2+v2+w2 = 1 (Fig. A.l). 1In spherlcal co—'-
ordinates &, ¢, the element of arealfor the unit sphere

is | ” R e
sin 6d46d¢ = -dwdv

where, & is the polar angle, ¢ is the longitude and
W = cOS 6.

The probability density function is, therefore,
given by .
p(w)dw = -2 .sinéde/4n

Hence, p(w)dw = 1/2 dw. Therefore, we can determine

W as

R = Jfﬁ 1/2 dw = 1/2 (w+1)
Z1 | -

The routine to find the direction cosines is shown

in Fig. &.2.

B. Coszne DlstrlbutLOn

Particles emanating from a surface are naturallv

limited to half of direction space. If we consider a

154



{(u,v,w)
de . .
Y
- [
@
1 dé
X

Fig. A.l. A point uniformly distributed
on unit sphere.

~
— 3] R | w=2r-1|— c=A-w2|— R

i,
<
-

—>I 6=2RI | —> | u=e cos
o - %go sin ¢

Fig. A.2. Routine to find direction cosines.
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point source emanating -from a surface, the outer normal
to the surface at the point has the direction u=0,
v=0, w=1, then the cosine distribution has by definition

the probability density. function p(w)=2w with w20.

.Thus,

.l . w .
R = Jf 2wdw = w= YR
Fo) .

. AN
Hence, the flow diagram in Fig. A. 2 can be used with

w replaced by YR.

C. Random Number Generator

The random number generator used. computes uniformly

distributed random real numbers between 0 and 1.0 and

random integers between zero and 231.

Four different random number strings are used in the
simulation to decide on collision, type of collision and
to estimate .the polar and azimuthal angles. T

29

The strings have 2°° ‘terms before repeating.

.c£. IBM Manual C20-801I.
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APPENDIX III

Deciding on the Nature of Collision

If Gyr = -« =4 G, are n' independent, mutuallylexclur
sive e%ents with~probabilities o

Pys - .'., ?n respectively, and

Pl+, . o ey +Pn=l, then

Pot, + - r Py SRO<PyE, o o o 4Ry -
determines the event éi.

For example, at a certain electron energy level, if
the probability of a collision type A is 0.2, type B is
0.3 and tvpe C is the remaining O.é, then the lengths
of the intervals are accordingly as follows:

0.2 0.5

t | 1
i 1
A A+B 1.0

=
0

Hence, the corresponding flow diagram decides on the

collision type.

@ Al—

N L_e R-0.2 <:> ny R

.1‘IB" R=0.5

H
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