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SUMMARY 

Avalanches of charged particles in gases are often studied with the 

"electrical method", the measurement of the waveform of the current 

in the external circuit. In this thesis a substantial improvement of 

the time resolution of the measuring setup, to be used for the elec­

trical method, is reported. The avalanche is started by an N
2
-laser 

with a pulse duration of only 0.6 ns. With this laser it is possible 

to release a high number of primary electrons (some 10
8

) which makes 

it possible to obtain sizeable signals, even at low E/p values. The 

high-frequency response of the measuring system has been significant­

ly improved by the use of a subdivided cathode. The diameter of the 

circular measuring part of this electrode determines a maximum gap 

distance for reliable measurements which can be determined experi­

mentally and calculated from theories of Ramo and Shockley. 

With this setup it is possible to analyze current waveforms with a 

time resolution down to 1.4 ns, determined by both the laser and the 

measuring system. Furthermore it is possible to distinguish between 

the current caused by the electrons and the current caused by the 

ions in the avalanche and to monitor these currents simultaneously. 

Avalanche currents are measured in N
2

, co
2

, o
2

, H
2
o, air of varying 

humidity, SF
6 

and SF
6

/N
2 

mixtures. 

Depending on the nature of the gas and the experimental conditions, 

processes as diffusion, ionization, attachment, detachment, 

conversion and secondary emission are observed. Values of para­

meters with which these processes can be described, are derived 

from an analysis of the current waveforms. For this analysis already 

published theories and new theories described in this thesis are used. 

The drift velocity of both the electrons and the ions could be 

easily determined from measured avalanche currents. 

Special attention is paid to avalanches in air because of the 

practical importance of air insulation. An observed influence of the 

water vapor content on the avalanche current waveform is explained 

by the occurence of conversion reactions between initially unstable 

negative ions and water molecules. Up till now the effect of 

humidity on the breakdown voltage of air was generally attributed 

to a change in the effective ionization coefficient. 

7 



As a possible start for further research currents caused by 

avalanches near a solid insulator were measured. 

SAMENVATTING 

Lawines van geladen deeltjes in gassen worden vaak bestudeerd met de 

zogenaamde "electrical method", waarbij de stroom in het externe 

circuit als funktie van de tijd wordt gemeten. In dit proefschrift 

wordt een aanzienlijke verbetering van het tijdoplossend vermogen 

van een meetopstelling voor de electrical method beschreven. De 

lawine wordt gestart met het licht van een N
2
-laser die een pulsduur 

van slechts 0.6 ns heeft. Met deze laser is het mogelijk een groat 

aantal primaire elektronen (enige malen 10
8

) vrij te maken, waardoor 

signalen van goed meetbare grootte kunnen worden verkregen, 

zelfs voor lage E/p waarden. De frequentieresponsie van het meet­

systeem is belangrijk verbeterd door het gebruik van een onderver­

deelde kathode. Bij de diameter van het schijfvormige meetgedeelte 

van deze elektrode behoort een maximale afstand tussen de elektroden 

waarbij betrouwbare metingen ~gelijk zijn. Deze afstand kan zowel 

experimenteel worden bepaald, als worden berekend met theorieen van 

Ramo en Shockley. 

Met deze opstelling kan het stroomverloop worden geanalyseerd met een 

tijdoplossend vermogen van slechts 1.4 ns, bepaald door de laser en 

het meetsysteem. Bovendien is het mogelijk onderscheid te maken tussen 

de stroom veroorzaakt door de elektronen en de stroom veroorzaakt door 

de ionen en kunnen d~ze stromen gelijktijdig geregistreerd worden. 

Stromen ten gevolge van lawines zijn gemeten in N
2

, co
2

, o
2

, H
2
o, 

lucht met varierend vochtgehalte, SF
6 

en SF
6

/N
2 

mengsels. 

Afhankelijk van de aard van het gas en de experimentele omstandigheden 

zijn processen zeals diffusie, ionisatie, attachment, detachment, 

conversie en secondaire emissie waargenomen. Waarden van parameters 

waarmee deze processen kunnen worden beschreven, zijn verkregen door 

de stroomoscillogrammen te analyseren en te vergelijken met eerder 

gepubliceerde en nieuw ontwikkelde theorieen. 
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De driftsnelheid van zowel de elektronen als de ionen kan simpel 

worden afgeleid uit gemeten lawinestromen. 

Speciale aandacht wordt geschonken aan lawines in lucht vanwege het 

praktische belang van lucht als isolerend medium. Een waargenomen 

invloed van het waterdampgehalte op de stroom ten gevolge van de 

lawine wordt verklaard door het optreden van conversie-reakties 

tussen aanvankelijk instabiele negatieve ionen en water-moleculen. 

Tot nu toe werd het effekt van de vochtigheid op de doorslagspan­

ning van lucht in het algemeen toegeschreven aan een verandering 

van de effektieve ionisatie-coefficient. 

Als-een mogelijke aanloop voor verder onderzoek werden stromen,ver­

oorzaakt door lawines in de nabijheid van vast isolatiemateriaal, 

gemeten. 
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1. INTRODUCTION 

In electrical power engineering gas is often used as an insulating 

medium. In practice atmospheric air plays an important role in for 

instance high-voltage transmission lines and open air sub-stations. 

Disadvantages of systems operating in open air are the dependence 

on atmospheric conditions and the objections against their environ­

mental impact. Therefore nowadays much interest is given to closed 

systems such as cables and metal enclosed SF
6 

gas insulated sub­

stations. In a closed system gases with better electrical proper­

ties can be used. From the mechanical point of view these systems 

require in addition to the gas rigid insulators, the so-called 

spacers. These spacers have a limiting influence on the breakdown 

voltage of the entire system. To obtain more insight in the 

mechanisms which cause this influence it is necessary to have more 

knowledge about the processes in the gas itself. 

The aim of the work described in this thesis is to study the 

processes in which charged particles are involved, during the early 

stage of the electrical discharge. These so-called "pre-breakdown 

phenomena" are investigated at atmospheric pressures, whenever this 

is feasible, to make the results more relevant for the practical 

applications. 

During the pre-breakdown stage a single free electron can produce 

a number of electrons and ions in the gas under the influence of 

the applied electric field. These so-called avalanches cause a 

current in the external circuit which can be measured and analyzed. 

To study these avalanches two significantly different methods are 

used: Townsend's method (see for example Ref. [Me78])in which primary 

free electrons are formed continuously and the electrical method (see 

for example Ref. [Ra64]lin which a number of primary electrons are 

formed in a single short pulse. The first method results in the flow 

of a small steady current while with the second method a time­

dependent current is obtained. 

We used for our experiments the electrical method because this 

method can give more direct information on processes occurring in 

an avalanche, especially if more processes in rapid succession are 

involved. A problem is however, to construct a measuring setup for 

this method with sufficient time and amplitude resolution. Technical 
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problems with this resolution led in the past to the suggestion that 

the timeconstant of the measuring system should equal the character­

istic time of the processes in the avalanche (the so-called "balanced 

case", see Ref. [Ra64]l. This is however, only meaningful for 

relatively simple gases in which only ionization and attachment 

are important. Other authors integrate the current with respect to 

time (see for example Ref. [Fr 64] ) ; the thus obtained signals are 

difficult to analyze and processes occurring in rapid succession do 

not show up well in the integrated currents. 

We made a thorough analysis of the limiting factors of the electrical 

method and achieved a considerable improvement of the time 

resolution (see Ref. [ve 82] ) • In addition a laser was used with 

which a large number of photoelectrons could be released from the 

cathode in a very short pulse. This made it possible to observe 

avalanches in a very direct way and to study a large number of 

processes in various gases which led to many new results. 
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2. THEORY OF COLLISIONAL PROCESSES IN AN AVALANCHE AND THEIR EFFECT 

ON THE CURRENT IN THE EXTERNAL CIRCUIT 

2.1. Introduction 

In a gas-discharge configuration electrons released from the cathode 

drift to the anode under the influence of the applied E-field. Several 

collisional processes play a role in the formation of an avalanche. 

This chapter firstly describes briefly the most important processes 

in an avalanche. In the following sections calculations are given for 

the current caused by the motion of charge carriers in an avalanche 

between plane electrodes. In these calculations it is assumed that the 

primary electrons which start the avalanche are released from the 

cathode in a pulse of negligibly short duration. The densityisassumed 

to be low enough to keep the field distortion by space-charge effects 

small. In the last section the transition of a non-selfsustaining dis­

charge into a complete breakdown is discussed. 

2.2. Collisional processes in an avalanche 

Electrons released from the cathode will gain energy from the E-field 

and lose energy by collisions with heavy particles. At practical 

pressures these two processes balance each other very rapidly [Fo73]. 

When an equilibrium velocity distribution of the electrons has been 

established several inelastic collisions become possible in which the 

electrons lose part of their energy. An ionizing collision is an 

example of such a collision. In this process a positive ion and a free 

electron are formed. The ionization process can be described by 

Townsend's first ionization coefficient a, defined as the mean number 

of ionizing collisions of one electron travelling 1 cmin the direction 

of the field. There are however also interactions between electrons 

and heavy particles in which the electron brings the heavy particle in 

an excited state. When this state is unstable the particle falls back 

to a lower state and emits a photon. Dependent on the geometry there 

is a chance for this photon to strike the cathode. The photon then can 

release an electron from the cathode if the energy of the photon is 

higher than the workfunction of the cathode material. This process can 
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be described by the coefficient y h , defined as the mean number 
p oton 

of secondary photoelectrons emitted from the cathode per ionizing 

collision. 

An electron can also attach itself to a neutral atom so that a negative 

ion is formed. This is called attachment and can be described by the 

attachment coefficient n , defined as the mean number of attachments 

produced by a single electron travelling 1 em in the direction of the 

field. A stable negative ion travels to the anode where it is neutral­

ized. If the negative ion is unstable the attached electron can be 

released after a certain time. This process is called detachment and 

can be described by the detachment coefficient 0 , here defined as the 

mean number of detachments per unstable negative ion in a time an 

electron travels 1 em in the direction of the field. In the literature 

0 is often defined as the mean number of detachments per unstable 

negative ion in a time the ion travels a distance of 1 em in the direc­

tion of the field. The relation between these two definitions can be 

obtained from the ratio of the drift velocities of the electrons and 

the ions. An initially unstable negat.ive ion may upon collision with a 

neutral particle be transformed into a heavier and stable negative ion. 

This process is called conversion and can be described by the conversion 

coefficient S , defined here as the mean number of conversions per 

unstable negative ion in a time an electron travels 1 cmin the direction 

of the field. When a negative ion strikes the anode or a positive ion 

strikes the cathode it is neutralized. An electron leaves the gap when 

it strikes the anode. In Table 2.1.1 the forementioned processes are 

summarized. The table also shows the gain or loss processes for the 

various charge carriers. 

The last process mentioned here is diffusion, the random-walk motion of 

.a specific type of particle which causes a net velocity from regions 

with a high concentration to regions with a lower concentration. The 

diffusion coefficient D with which this process can be described is 

defined as the net number of particles passing in unit time through 

a unit area perpendicular to a concentration gradient of magnitude· one. 

13 



charge carriers gain loss 

ionization attachment 

electrons photo-emis sion r e ac hing the anode 

detachment 

positive ions ionization neutralized at c athode 

stable attachment neutralized at anode 

negative ions conve r s i o n 

detachment 

unstable attachment conversion 

negative ions neutralized at anode 

Table 2. 1. 1.: Gain and loss pr ocesses for the 

various charge carriers 

2. 3 . A constant number of electrons crossing a gap 

Whe n n 0 e lectr ons a r e r e l eas ed ins t a ntaneou s ly f r om a certa in a r ea 

of the cathode (x = 0) under such conditions that none o f t h e 

collisional processes described in the p revious sec tion take place, 

the number of electrons stays constant . Under the influence of the 

E-field t hey move with t h e drift v e l ocity, v e , to the anode (x=d) 

as a very t h i n disk. At t = Te , where Te is the t ransit t ime of the 

electrons, Te = d/ve , all elec tro ns leave the gap at t he anode. For 

anode------------~-----------Xzd 

~----- --X=Vet 

t

x 

cathode---~------~-----------x=O 

Fig . 2.3.1 Electrons moving across a gap at 

time t 

0 ~ t ~ Te t h e position of t he electrons in the gap is given by x = vet 

(see Fig. 2. 3 . 1) • 

14 



These moving electrons cause an electrical current, ie , in the 

external circuit. To calculate this current we consider the work done 

on the n0 electrons during their motion over a distance dx in the 

direction of theE-field in a time dt. This energy equals n0 eEdx- in 

which e is the elementary charge - and is provided by the external 

circuit: 

Uie(t)dt n0 e E dx (2.3.1) 

ie ( t) (2.3. 2) 

For a homogeneous field and a constant voltage u, Ve will be constant 

also and Eq. (2.3.2) simplifies to: 

(2. 3. 3) 

After t: Te the current is zero. Fig. 2. 3. 2 shows the current as a 

function of time. 

The current in the external circuit can also be interpreted as the 

current necessary to bring the appropriate image charges to the 

electrodes when the motion of the electrons causes changes in the 

electric field pattern. 

0 

Fig. 2.3,2 The current in the external circuit 

caused by n
0 

electrons crossing a gap 
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2.4. A constant number of electrons crossing a gap with diffusion 

taking 21ace 

In this section the same conditions are assumed as in the previous 

section with the exception that diffusion is taken into account. 

Consider at t = 0, x "'0 a very thin disk of electrons in a gas 

atmosphere between electrodes. The disk increases in diameter and 

thickness by diffusion while the center of the disk moves with the 

drift velocity towards the anode because of the applied E-field. This 

process can be described by: 

Cl C(x,y,z,t) 
() t 

2 Cl C(x,y,z,t) 
D'i7 C(x,y,z,t)- Ve ()X ( 2. 4.1) 

in which C(x,y,z,t) is the density of electrons in the disk. In case 

the diameter of the disk is much larger than its thickness the 

diffusion in the radial direction can be neglected. The density C is 

then a function of x and t only. Eq. (2.4.1) simplifies to: 

() C(x,t) 
() t 

Cl C(x,t) 

Clx 

with the solution: 

C(x,t) __ A __ exp{ - (x- vet) 2 /4Dt} 

/4 ll Dt 

(2 .4 .2) 

(2. 4 .3) 

where A is a constant of dimension m- 2 and value n0 /n r 2 
, which 

follows from the radius r of the disk and the number of initially 

present electrons no in the disk since at t = 0 : 

JJ J c (x, t) dx dy dz 

gap 

We introduce a new quantity p(x,t) which is defined by: 

d ne ( x , t) = p ( x, t) dx 

(2.4 .4) 

(2 .4. 5) 

in which dne(x,t) is the number of electrons between x and x+dx. 

The total number of electrons at any time is given by: 

16 



f f f C ( x , t) dx dy dz 

gap 

d 

f p(x,t)dx 

0 

From this equation and Eq. (2.4.3) we conclude: 

p (x,t) 
no 

--- exp{ - (x- Vetl 
2 
/4Dt} 

/4 'IT Dt 

which can be written as: 

p(x,t) 

where 

0 

and 

(2.4 .6) 

(2.4.7) 

(2.4 .8) 

(2.4.9) 

U =X -Vet (2.4.10) 

Eq. (2.4.8) shows that p(x,t) is a Gaussian curve at any time. Tables 

in which values of integrals of the Gaussian curve are given show 

that 68. 26 % of the electrons are situated between u = 0 and u = -0. 

Figure 2.4.1 shows p(x,t) at different times. 

Fig. 2.4.1 The quantity p(x,t) at t=t
1 

and t=t
2 

while the "cloud" of electrons moves 

across the gap 

17 



After a certain time the "first" electrons reach the anode and leave 

the gap. Let t
2 

be the time at which 10% of the initially present 

electrons have left the gap (see Fig. 2.4.1). From the above-mentioned 

tables we find that in this case: 

1.28 a (2 .4 .11) 

At t = Te the center of the disk has just reached the anode and 50 °o of 

the initial electrons have left the gap. Eventually all electrons leave 

the gap. The current caused by these moving electrons can be calculated 

from (see Eq. (2.3.3) with n
0 

replaced by ne(t)): 

(2. 4. 12) 

r'teasurements of ie (t) in an experiment will give an ie (t) waveform as 

schematically shown in Fig. 2.4.2. 

t - · 
0 

Fig. 2.4.2 Current caused by n
0 

e~ectrons crossing 

a gap when diffusion takes p~ace 

From this waveform we obtain the values of t
2 

and Te and insert them 

in Eq.(2.4.11): 

d t 2 -- r;::-;::-:-
d- 1.28v2Dt

2
_ 

Te 
(2.4.13) 

From this equation we calculate the diffusion coefficient D: 

(2 .4 .14) 

Of course it is also possible to obtain from Fig. 2.4.2 moments at 

which other percentages of the electrons have left the gap. For 

18 



example if t
3 

is the moment at which 20% of the initially present 

electrons have left t he gap, the diffusion coefficient follows from: 

D = _1 { 
2t3 

(2.4.15) 

A second relation between D and the curren t caused by t h e electrons 

can be derived as f o llows. The number o f electrons which leav es the 

gap at the anode between t and t+dt i s given by (see Eq. 2 . 4 .5): 

dne(t) = - p(d,t)ve dt 

and since ie (t) 

d ie(t) 

dt 
p(d,t) 

/ 4 1T Dt 

e xp {- ( d - Vet ) 2 / 4Dt} 

exp {- (d- vet) 2 /4Dt} 

in which I 0 = e n 0 /Te • 

At t = Te , Eq. (2 .4. 17 ) b ecomes: 

(
die(t)] 

dt t = T 
e 

f rom which follows : 

0 
= r; v~ { [ d ie (t)] }-

2 

4 1T Te dt 
t =Te 

From a measured current (d ie(t) / dt)t=Te can be determined and 

e xpressed int o I 0 and Te (see Fig. 2 .4. 3): 

(
die ( t ) ] = _a I 0 

dt t =Te b Te 

Equation (2.4.19) can now be written a s : 

(2.4 .16) 

(2. 4. 17) 

(2. 4 .18) 

(2.4.19) 

( 2 .4. 20) 

(2 . 4. 2 1) 
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I a 1------+----:--...: 

ala 

a 

'---------

bTe 

Fig. 2.4.3 Current caused by a constant number of 

electrons crossing a gap while diffusion 

takes place. From the tangent at t = Te 

the diffusion coefficient can be derived 

The Eqs. (2.4.15), (2.4.16) and (2.4.21) are used in Chapter 4 to 

derive numerical values forD from measured ie(t) curves. 

Assumptions made in the above treatment of the diffusion process are: 

- The back diffusion of the electrons into the cathode is neglected. 

In fact the velocity distribution of the electrons leaving the 

cathode is not isotropic, so that a diffusion description is not 

immediately applicable. From measurements reported by Folkard and 

Haydon [Fo 73] it can be concluded that for pd values above 1 Torr em 

and E/p <50 vcm- 1 Torr-! the isotropic velocity distribution is 

established after a distance which is short compared to the gap 

distance. 

- Similarly the interaction of the anode with the approaching 

electrons is simplified to a counting process as if the anode were 

a perfectly transparent grid. 

The electrostatic repulsion between the electrons is neglected. 

This last assumption is justified when the "diffusion velocity" 

exceeds the drift velocity in the space-charge field. The character­

istic length, Ldif, for the diffusion process is (see Eq. (2.4.9)): 

(2. 4. 22) 

From this length a "diffusion velocity" can be derived: 

20 



(2.4.23) 

The drift velocity, vdif• acquired by an electron at the surface of 

the disk of electrons is: 

(2 .4 .24) 

in which K is the mobility and Ed is the electrostatic field caused by 

the electrons in the disk. 

The condition that the electrostatic repulsion can be neglected is 

given by: 

( 2. 4. 25) 

In Chapter 4 it is shown empirically that this condition can be 

satisfied. 

2.5. Avalanches in which ionization and attachment take place 

In this section we discuss collisional processes which result in the 

formation of ions. Positive ions are formed by ionization and negative 

ions by attachment. Here it is assumed that only one type of positive 

ions and one type of negative ions are important. The negative ions 

are stable which means that no detachment takes place. Diffusion of 

both electrons and ions is neglected. 

The avalanche is started by n0 electrons released from the cathode in 

a very short time. 

When the electrons travel a distance dx in the direction of the 

E-field in a time dt with velocity Ve = dx/dt, the change in the number 

of electrons is given by: 

(a- Ill ne (t) Ve dt (2. 5 .1) 

Note that the change in number can be positive as well as negative 

depending on whether a > n or a < n. In the case a = n the nUmber of 

electrons is constant. 

The increase in the number of positive ions in the same time is given 

by: 
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(2.5.2) 

The increase in the number of negative ions is: 

(2. 5. 3) 

These new ions d np (t) and d nn (t) are situated between x =vet and 

x+dx=ve(t+dt). At any time O<;;t<;;Te a very thin disk containing 

electrons is situated at x =vet whereas the positive and negative 

ions are spread out between x = 0 and x = ve t (see Fig. 2. 5.1) . 

cathode anode 

X=d 

Fig. 2. 5.1 The total nwnber of electrons situated 

at x = Ve t and the distribution of 

positive and negative ions in the case 

a>n 

The total number of electrons for 0 <;;; t <;;; Te is calculated by 

integration of Eq.(2.5.1): 

(2. 5.4) 

We assume that the ions do not drift during the time electrons are 

present in the gap, which is reasonable since the drift velocity of 

the electrons is about 200 times larger than the drift velocity of the 

positive and negative ions. The distribution of the ions along x can 

then be described for x ~ ve t by: 

a n
0 

exp{ (a- nl x} (2 .5. 5) 
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nn
0

exp{(a-n)x} (2.5.6) 

The total number of positive and negative ions in the case a# n is: 

0 

Vet 

I 
d nn (t) 
---dx 

dx 

0 

a n 0 
-- [ exp{ (a -nl vet}- 1] 
a-n 

n no 
-- [ exp{ (a -nl vet}- 1] 
a-n 

for a "'n the corresponding equations are: 

Vet 

I a n 0 dx 

0 

vet 

I n n 0 dx 

0 

(2. 5. 7) 

(2 .5. 8) 

(2.5.9) 

( 2. 5. 10) 

At t = Te the electrons reach the anode and leave the gap. The formation 

of ions stops and the positive and negative ions are now supposed to 

start their drift motion to the cathode with velocity vp or to the 

anode with velocity Vn 

The situation at t =Te is shown in Fig. 2.5.2. 

cathode anode 

,Fig. 2.5.2 The distribution of positive and negative 

ions at t = Te in the case a> n 
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When the origin of the time scale is now changed to the original 

moment Te the time dependence of the total number of ions can be easily 

derived. In case a#n: 

d 

J a n
0 

exp{ (a -nl x}dx 

vp t 

a 
-- n 0 [exp{ (a -nld}- exp{ (a -nlvp t}] 
a-n 

d-vn t 

nn ( t) J n n
0 

exp{ (a -nl x}dx 

0 

-
11

- n
0

[exp{ (a -nl (d- vn t ) }-1] 
a-n 

In case a= n the numbe rs a r e given by: 

( 2. 5. 11) 

(2. 5 .12) 

(2. 5. 13) 

(2. 5. 14) 

in which Tp and Tn are the transit times of the positive and negative 

ions. 

The exact equati ons in which the drift of ions for 0 ~ t ~ Te is take n 

into account are, for example, given by Raether [Ra64). 

The currents caused by the moving charges can be calculated from 

Eq.(2.3.3): 

ie (t) 
e ne (t) 

( 2. 5 .15) = 
Te 

ip(t) 
enp (t) 

(2. 5 .16) 
Tp 

in (t) 
e nn (t) 

(2 . 5 .17) 
Tn 
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Figure 2.5.3 shows schematic plots of these currents for the essenti­

ally different cases, a < n, a= n and a > n. 

electrons 

positive 

negative 

. icr~ ~ ""' 
IOnS~~~ 

0 Tp 0 Tp 0 Tp 

.;!~ G_ 1ons 

0 Tn 0 Tn 

CL<l} CL=l] CL>l] 

Fig. 2.5,3 The currents caused by the three types 

of charge carrier for a < n, a= n and 

a> n. Note the difference in time scales 

Tn 

In practice the three components of the current are measured as one 

current (see Fig. 2.5.4); the electron and ion contributions canoften 

·be distinguished because of the higher amplitude and the shorter 

duration of the electron current. 

In Chapter 4, which deals with the experimental results, examples are 

given of actually measured currents. The procedure to determine the 

discharge parameters from the current is: 

ve electron drift velocity from the electron transit time. 

a-n "effective"ionization coefficient from thee-folding time, 

{(a-n>ve}-
1

, of the electron curre~t (see Eq.(2,5.4)). 

vp positive ion drift velocity from the positive ion transit time. 
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Fig. 2.5.4 The total current caused by the various 

particles for a> n. Up to t = Te the 

time scale has been stretched and the 

vertical scale has been compressed for 

the sake of clarity. 

vn negative ion drift velocity from the e-foldingtime, {(a-nlvn}-
1

, 

of the negative ion current. Note that this is only possible 

when a-n » 0 or a-n « 0 (see Eq. ( 2 . 5. 12 l l . 

a/n ratio of ionization and attachment coefficient from the ratio 

of the positive and negative ion currents at t = Te and from the 

ratio of their transit times (see Eqs.(2.5.7), (2.5.8), (2.5.16) 

and ( 2 • 5 . 1 7) ) • 

a,n determined separately from a-n and a/n. 

2.6. Avalanches in which ionization, attachment and secondary emission 

take place 

In the preceding section it was a?sumed that the electron cloud moves 

as a thin disk to the anode with a constant drift velocity. After one 

electron transit time all electrons have left the gap. When however, 

secondary electrons are released from the cathode by photons travelling 

back from the avalanche new electrons enter the gap, spread in time 

and start individual avalanches. 

Schlumbohm [sc 60] and Auer [Au 58] gave analytical solutions for the 

current caused by these electrons. These analytical solutions are only 

approximations and become very complicated if several. generations are 

involved. In section 2.7 of this chapter a numerical solution for this 
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problem is worked out. In this section relations are derived between 

the value of Yphoton and the current caused by the avalanche. For 

simplicity Yphoton will be denoted as y. 

The current caused by electrons, when secondary emission by photons 

takes place, will generally have a shape a s shown in Fig. 2.6.1. 

0 

Fig. 2.6.1 Current caused by electrons if 

secondary emission takes place 

The photons are emitted by particles which are excited by collisions 

with electrons. The excited state often has amean life timeT, before 

the particle falls back to a lower state and a photon is emitted. The 

decay of the excited particles, M''', in a time dt can be described by 

dM*(t) = -M
1
'(t)dt/T. If m'~(t) is only the number of excited particles 

of which the e mitted photons release electrons from the cathode, the 

differential equation for m*(t) is: 

dm* (t) 
m*(t) 

CtYne(t)ve dt --
1
-- dt (2. 6.1) 

For 0 $ t $ Te the change in t he number of electrons in a time dt can 

be subdivided into three components: 

- by ionization 

(2.6. 2) 

- by photoemission f rom the cathode 

d ne (t) I = m* (t ) dt 
2 T 

(2 .6. 3) 

- by attachment 

( 2 .6.4) 
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The total change in ne is the sum of the three components: 

d ne (t) I 
123 

(2.6.5) 

n0 and m*(O) 0 the solution of Eqs. (2.6.1) and (2.6.5) 

is: 

m* (t) (2.6.6) 

(2.6. 7) 

in which 

~{(CHI) ve- 1/T} ± ~[ { (CY.-Tl) ve - 1/T} 2 + 4ve (CY.-ll+CY. Yl /T) ~ 

If a y « a - n this can be simplified to: 

m* (t) 

- 1/T 

ayveno J 
-:----::---"'---:'-:;,...- [ exp{ (a-nlve t}- exp(- t/T) 
(CY.-f\) ve + 1/T 

(2.6.8) 

(2. 6.9) 

(2. 6 .10) 

(2 .6 .11) 

( 2.6 .12) 

After t = Te a fourth component, d ne ( t) I , corresponding to electrons 
4 

leaving the gap at the anode should be added. 

Let t=t
1 

be the time at which die(t)/dt=dne(t)/dt=O for the first 

time (see Fig. 2.6.1); this means that in a time dt after t = t
1 

the 

number of electrons produced by ionization and secondary emission and 

lost by attachment (d ne (t) I of Eq. (2.6.5)) equals the number of 
123 

electrons which leaves the gap at the anode (dne(t) 1
4
). Between t

1 

and t
1 

+dt those electrons leave the gap which are emitted from the 

cathode between t
1 

-Te and t
1 

-Te +dt together with the electrons they 

have formed by ionization minus the electrons they have lost by 

attachment. The number of electrons which started from the cathode 

between t
1

-Te and t
1 

-Te+dt follows from Eqs.(2.6.3) and (2.6.11): 
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(2 .6.13) 

For T << Te the second term on the right hand side is small compared to 

the first one: 

(2.6.14) 

a y ve dt 

(a-n>ve T+1 ne(tl- Te) (2 .6 .15) 

During the crossing of the gap in the time Te ionization and attach­

ment occur, so that between t
1 

and t
1 

+dt the number of electrons 

which leave the gap is given by: 

(2 .6.16) 

The increase of the number of electrons between t = t
1 

and t = t
1 

+ dt 

follows from Eq. (2.6.5): 

dn (t
1

>1 = (a-n>ne(t
1
)vedt+m*(t )dt/T 

e 123 1 
(2. 6. 17) 

In general the second term on the right hand side will be much smaller 

than the first one so that this equation simplifies to: 

dn (t
1

>1 = (a-n>ne(t
1
)vedt 

e 13 
(2.6.18) 

Since the total dne(t 1 ) is zero the right hand sides of Eqs.(2.6.16) 

and (2.6.18) should be equal and opposite: 

(2 .6.19) 

ay exp{(a-n)d} 
a-n (a-n>ve T+l 

(2.6.20) 

from which follows: 

y 
(a-n){(a-n>veT+1} ne(t 1 ) 

aexp{(a-n)d} ne<t
1
-Te) 

( 2.6. 21) 
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or y 
(a-n){ (a-nl ve T + 1} ie (t 

1 
l 

aexp{ (a-nld} ie(t
1

- Tel 
(2 .6.22) 

A second relation between y and the current caused by the electrons 

can be derived as follows. For Te < t < 2Te the total change of the 

number of electrons is the sum of Eqs.(2.6.16) and (2.6.18): 

(2.6.23) 

d ne (t) l1 311 

a y ve n
0 

dt 
(a-nl ne (t) vedt - ( ) 

1 
exp{ (a-n) ve (t-Tel }exp{ (a-n) d} 

a-n veT+ 

d ne(tll 
____ 134 

dt 

For t=t 1 , dne(tll ldt=O (see Fig. 2.6.1): 
13 4 

from which follows: 

ne(t 1 ) (a-nl { (a-n)ve T+ 1} 
y 

ne(Te) aexp{(a-nlve(t 1-Tel} 

ie(t1l (a-nH<a-nlveT+1} 
or y 

ie (Tel a exp{ (a-n) ve (t 1- Tel} 

(2.6. 24) 

(2.6.26) 

(2.6.27) 

(2.6.28) 

Finally a third relation between y and the current caused by the 

avalanche is derived. We start the avalanche again at t = 0 with n 0 

electrons at the cathode. During their motion to the anode the electrons 

experience a n
0 

[ exp{ (a-n) d} -1] I (a-n) ionizing collisions (see previous 

section) and produce a proportional number of photons. So the number of 

new electrons which start from the cathode is ayn0 [exp{ (a-n) d}-1]1 (a-n), 

these electrons experience a 2 y n0 [ exp{ (a-n) d}-1] 2 I (a-n) 2 ionizing 

collisions and release in turn a 2 y 2 n 0 [exp{(a-n)d}-1] 21(a-n) 2 electrons 

from the cathode which again ionize and release electrons and so on. 

The total number of positive ions is the sum of the positive ions 

produced in the series of generations: 
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l: np = ~ n
0

[exp{ (Ct-r)}d}-1] + (~] 
2 

y n 0 [exp{ (a-T])d}-1]
2 

+ ••••• 
a-n a-n 

= ~ n [exp{(a-T])d}-1] L [ ay exp{(a-T])d}-1]i 
a-n o i=O a-n 

For a y [exp{ (a-T]) d}-1] I (a-n> < 1 this can be written as: 

a [exp{ (a-T])d}- 1] 

I np =a-n no 1 -ay [exp{ (a-TJ)d}-1]/(a-n> 
(2.6. 29) 

Note that in the case ay [exp{(a-T])d}-1]/(a-n) ;_1 the sum of the series 

becomes infinite which means that the gap breaks down. 

Since in general exp{(a-T])d} >> 1, Eq. (2.6.29) can be simplified to: 

a exp{(a-T])d} 

l: np =a-n no 1-ayexp{(a-TJ)d}/(a-n) 

no exp{ (a-n) d} 
(2 .6.30) 

= ((a-n) /a}- y exp {(a-n) d} 

In practice only a few generations are important and l: np reaches its 

maximum after a few times Te ,which will be denoted as~ (see Fig. 

2.6.2 and the previous section). 

Fig. 2.6.2 The total nwnher of positive ions 

in the gap as a function of time 

if secondary emission by photons 

is taken into account 

The number of electrons of the second generation at t =Te is very 

small in comparison to the number of the first generation at t = Te 

which leads to the approximation of the total number of electrons at 

t =Te: 
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ne (Tel = n 0 exp{ (a-nl d} 

From Eqs.(2.6.30) and (2.6.31) follows: 

and from this: 

T T ~ -y exp{ (a-n ld} 

.=!: = J?.. exp{ (a-n l d} -"'a-----.,.---
Te Te exp (a-n)d 

a-n } ] - y exp{ (a-nl d 
a 

(2.6.31) 

(2 .6. 32) 

(2 .6. 33) 

The Eqs.(2.6.22), (2 .6.28) and (2.6.33) are used in Chapter 4 to 

·derive numerical values for y from measured currents. 

2.7. Avalanches in which ionization, attachment and secondary emission 

take place. Numerical solution 

In the preceding section the process of secondary emission was discussed 

and some relations were given betwee n the secondary ionization co­

efficient Yphoton, further denoted here as y, and the current caused 

by the moving charges. These relations were derived from analytical 

calculations. 

However, the current waveforms at late times were not given. In this 

section a numerical method is worked out to compute the compl ete 

current waveforms. 

It is assumed in this section that excited particles fall back to the 

lower state under the emission of a photon, immediately after 

excitation; i.e. the mean life time 1 is taken to be zero. 

The increase of the number of e l ectrons in the avalanche caused by 

ionizing collisions during a time ~ t is: 

(2. 7. 1) 

In a time ll t the number of newly formed photoelectrons is: 

(2. 7 .2) 
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In a time 1'1 t the decrease of the number of electrons by attachment is: 

(2. 7. 3) 

The total change of the number of electrons in a time /'1t follows from 

the combination of Eqs,(2.7.1), ( 2. 7. 2) and ( 2. 7. 3) : 

1'1 ne<t>l = (a+ a y- nl neve 1'1 t (2. 7. 4) 
123 

In the numerical calculation the electrode distance d is divided into 

N equal parts, each 1'1 x long. The electrons travel the distance 1'1 x in 

a time 1'1 t: 

/'1x d/N (2. 7. 5) 

/:,t (2. 7 .6) 

The avalanche starts with n
0 

electrons released in a very short time 

from the cathode, ne (0) = n
0 

• After 1'1 t this number has changed to 

ne(/'1 t) : 

ne ( 0) + (a + a y - n) ne ( 0) 1'1 x 

= ne(Ol { (1 + (a+ ay- nld/N} ( 2. 7. 7) 

Of these electrons the number a y ne (0) d/N is situated at the cathode 

(x =0). 

In general the total number of electrons in the gap for t = p 1'1 t-;; Te is: 

(2.7.8) 

Of these electrons the number a y ne ( (p-1) 1'1 t) d/N is situated at the 

cathode. 

At t = N 1'1 t = Te the n
0 

electrons which departed at t = 0, together with 

the electrons they formed by the a-process minus those lost by 

attachment, have just reached the anode. 

Their number at that time equals: n 0 { 1 + (a- nl d/N}N . In the next 1'1 t 

they will leave the gap. The total number of electrons at t = (N + 1) /:, t 

is: 

ne ( (N + 1) 1'1 t) 

(2.7.9) 
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At t = (N + 1) /', t the a y n 0 d/N electrons which left the cathode at 

t = /', t , together 1'i'ith the electrons they formed by the a-process minus 

those lost by attachment have just reached the anode and leave the gap 

/', t later. The total number of electrons at t = (N + 2)/', t is: 

ne ( (N + 2) /', t l = { 1 + (a + a y- 11 l d/N }{ ne ( ( N + 1) /', t) - ( 1 + (a - Tl l d/N l N a Y n
0 

d/N} 

(2.7.10) 

In general the total number of electrons in the gap for t = p /', t ~ N + 2 

is: 

ne (p /', t) = { 1 +(a+ a y- nl d/NHne ( (p-1 l /', t)- (1+ (a - nl d/N) N 

x ayne((p-N-2)/',t)d/N} 

( 2. 7. 11) 

In principle there is no upper limit to the validity of Eq. (2.7.11) 

and several generations of photoelectrons can.be described. 

To estimate the error introduced by this type of calculation with 

discrete steps we consider the case in which no secondary emission and 

attachment take place, i.e. y = 0 and 11 = 0. In this case the exact 

solution is (see Eq. (2.5.4)): 

(2. 7.12) 

and the numerical solution is: 

ne (p /', tl = n
0 

( 1 +a d/Nl P O~p~N (2. 7 .13) 

In the limit N ->- 00 these equations are identical. For a finite N, Eq. 

(2.7.13) gives a lower value than Eq.(2.7.12). For example when 

a= 6 cm- 1 and d = 1 em the deviation at t = Te for N = 100 is 16 % , for 

N = 1000, 2% and for N = 10,000, 0.2%. 

From the number of electrons we can calculate the current caused by 

these electrons with the equation (see section 2.3): 

(2. 7 .14) 

This theory can also be extended to calculate the current caused by 

positive and negative ions formed in the avalanche. 

For that purpose we assume that the ions do not drift during the time 
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electrons are present in the gap. This is an acceptable simplification 

when all electrons, p rimary as well as second a r y leave t he gap i n a 

time tm which is short compared to the ion transit times. Note that tm 

will generally be several times Te 

In a time 6 t the numbers of positive and negative i ons formed are: 

fl. n (t) 
p 

Tl ne (t) Ve llt 

The total number of ions at time p fl. t are: 

n (p fl. t) 
p 

n ( (p - 1) 6 t) +an ( (p- 1) 6 t) v e6t 
p e 

nn (p 6 t) = nn ( (p- 1) 6 t) + T] ne ( (p- 1) fl. t) v ellt 

(2 . 7. 15) 

( 2. 7. 16 ) 

(2 . 7. 17) 

( 2 . 7. 18 ) 

After t = tm all electrons have left t h e gap and the numbers of i ons 

have reac h ed their maximum. Now the positive ions are assumed to start 

to drift to the cathode with velocity vp and the negative ions to the 

anode with velocity v n . After t = tm + Tp all positive ions h a ve left 

the gap and after t = tm + Tn t h e negati ve ions h ave left the gap . 

To calculate the curr ent caused by t he moving i ons we h ave to know the 

total numbers o f ions at any t ime. Each ele ctron, prima ry a s well a s 

secondary which started at t he cathod e has left a charg e distribution 

of ions (see s e ction 2.5). The d istributions are : 

6 np 
-- - o: exp( (a-T]) x} 6 X -

6 nn 
~-- T] exp{ (a - n)x} fl. X -

(2 . 7. 19 ) 

( 2 .7. 20 ) 

If A is the total number of e l ectrons which have star ted at t h e 

cathode, the total distribution of i ons at t = tm is A t imes the 

d i s trib ution l e ft by one e lectron wh i ch ha s started a t t h e c a thode : 

ACt exp( (0: - 11) x } ( 2 . 7 . 2 1 ) 

AT] exp{ (Ct -n)x} (2 . 7 . 2 2) 
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To calculate the ion currents we need a relation between A and the 

total numbers of ions at t = t;n • These numbers are given by Eqs. 

(2.7.17) and (2.7.18), but on the other hand these numbers can also 

be calculated by integrating the distributions between x = 0 and x = d, 

as we show for the positive ions: 

A 

d 

I 
/'; np 
--dx 
/';x 

0 

d 

J Aaexp{(a-n)x}dx 

0 

A a 
= -- [ exp{ (a -nld -1] 

a-n 

np<tml a-n 

a exp{(a-n)d}-1 

(2. 7. 23) 

(2.7.24) 

We define now a new time variable t* which is shifted with respect to 

the original time t by t;n : 

t* = t- tm (2.7.25) 

In the same way as described in section 2.5 we calculate the numbers 

of ions as a function of time: 

for 0 <,; t* .,; TP 

-vJt:aexp{ (a -nlx}dx 

0 

ACt 
np<tm)- --[exp{(a-nlvpt*}-1] 

a-n 

d 

nn (tml - I An exp{ (a -nl x}dx 

d-vnt* 

(2.7.26) 

(2.7.27) 

(2. 7.28) 

(2.7.29) 

The components of the current caused by the ions are again calculated 

from: 
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ip(t*) 
e np(t*) 

(2.7.30) 
Tp 

in(t*) 
e nn (t*) 

(2.7.31) 
Tn 

Figure 2.7.1 shows, as an example, the number of electrons within the 

gap as a function of time computed with the method described in this 

section. Figure 2.7.2 shows the number of ions as a function of time 

under the same conditions. 

480 

400 

320 

240 

160 

80 

0 

l 
ne (tJ 

---
Fig. 2.7.1 The number of electrons as a function 

of time; a.=6, n=O, y=1.67x1o-
3

• 

d = 1 em, N = 1000 and n0 = 1 

* 1200 
np Ct J r-----

f 800 

400 

0 0.4Tp 

Fig. 2.1.2 The number of positive ion$ as a 

jUnction of time under the same 

conditions as in FiBUre 2,7.1 

From these fi~es we can demonstrate the use of the equations derived 

in section 2.6 to cal~ulate y. Under the conditions mentioned in the 

caption of Figure 2.7.1 and fort =0, Eq. (2.6.21) simplifies to: 
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y 

and Eq. ( 2 • 6 • 2 7) : 

y 
ne(tl) 

exp{a ve (t
1

- Tel ne (Tel 

and Eq. ( 2 . 6 • 3 3 ) : 

y 

From Figs. 2.7.1 and 2.7.2 it can be seen that t
1 

=1.85Te, 

(2.7.32) 

(2.7.33) 

(2.7.34) 

ne(t 1 ) =100, ne(t
1
-Te) =63, ne(Tel =400 and np(tml =1032. With 

exp(ad) =403.4 follows from Eq.(2.7.32) as well as from Eq.(2.7.33) 

and Eq. (2. 7.34), y = 1.52 x 10- 3
• 

In comparison with the input value y = 1. 67 x 10- 3 this is about 10% 

lower which could be attributed to the approximations made both in 

this section and in section 2.6. 

2.8. Avalanches in which ionization, attachment, detachment and 

conversion take place 

In this section avalanche growth is discussed if in addition to 

ionization and attachment (see section 2.5), detachment and conversion 

are important. 

For simplicity secondary processes at the cathode and diffusion are 

neglected. The negative ions formed by the attachment process are 

supposed to be unstable; they split into neutral particles and free 

electrons again (detachment) or they form stable negative ions upon 

collisions with neutral particles (conversion). 

When the avalanche is started by n0 electrons released from the 

cathode in a very short time, the change in the number of electrons in 

a time dt is, for 0 'S t 'S Te given by: 

(2. B. 1) 

in which nnu<t) is the total number of unstable negative ions. The 
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change in the number of positive ions is given by: 

(2.8.2) 

the change in the number of unstable negative ions by : 

(2.8. 3) 

and the change in the number of stable negative ions by: 

dnns(t) B ~u(t)vedt (2.8.4) 

The solution of this setofequations for the total number of electrons 

is: 

(2.8.5) 

in which: 

':!(a-n-o - Sl +':!{(a-n - o -· Sl 2 
- 4 (Sn -aS - aol } ':! (2.8.6) 

(2.8.7) 

Note that for o=O, Eq.(2. 8 .5) simplifie s to: 

(2.8.8) 

which is identical to Eq. (2.5.4). 

At t = Te the "head" of the a valanche r eache s the anode and 

n
0

e xp{(a-T))d} electrons l e ave the gap. The number of electrons 

which are still present in the gap a time dt later is: 

(2.8.9) 

with 

(2.8.10) 

and 

(2 .8.11) 

f ollows: 

e n
0 "T;" exp{ (a-T) ) d} i

0
exp{(a-T)) d} (2 . 8 .1 2) 
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For t > Te + dt the Eqs. ( 2 . 8. 1) through ( 2 • 8. 4) become very complicated 

and have no simple analytical solution. However, there will be an 

aftercurrent caused by delayed electrons which were temporarily 

immobilized by attachment. 

Measurements of ie(t) (see Chapter 4) in an experiment will give an 

ie (t) waveform as schematically shown in Figure 2 .8.1. 

The value of (a-T]) can be derived from a measured current with Eq. 

(2.8.12). From the ratio of ie(Tel and ie(Te +dt) a relation between 

the parameters a, T], o and S can be derived, however this relation 

does not give sufficient information to derive the parameters 

separately (see Eqs.(2.8.5), (2.8.9) and (2.8.10)). 

Fig. 2.8.1 Cu ~~ ent caused by e ~ect~ons in an 

ava~anche in which ionization, attach­

ment, detachment and conve~sion a~e 

impo~tant 

2.9. Avalanches in which ionization, att?chment, detachment, conversion 

and secondary emission take place. Numerical solution 

In the preceding section avalanche growth was discussed when ionization, 

attachment, detachment and conversion are important. 

The analytical solution given there for the time dependent current 

caused by the electrons is only valid up to t = Te • In this section a 

numerical method is worked out to compute the complete current wave­

forms caused by bot h t he electrons and the ions. 

Besides the above mentioned processes, secondary emission of photo­

electrons released from the cathode is taken into account. The mean 
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life time T of the excited particles is taken to be zero (compare 

section 2. 7) • 

Negative ions formed by attachment are supposed to be unstable; 

they split into neutral particles and free electrons again (det achment ) 

or they form stable negative ions upon collisions with neutral 

particles (conversion). 

The electrode distance d is divided i n to N equal parts, each 6 x long. 

An electron travels a distance 6 x i n a time 6 t : 

6x d/N (2. 9 . 1) 

(2.9.2) 

Define 

d nns (p 6 x, q 6 t) as the number of electrons, positive i ons, un stable 

negative ions and stable negative ions situated between p6 x a nd 

(p + 1 l 6 x at the time t = q 6 t, where p and q are inte<Jers. The total 

numbers of the various charge carriers at t = q 6 t are .t hen given by: 

N-1 

ne(q6t) =I dne(p6x,q6t) 

p=O 

N-1 

= I d np (p 6 x , q 6 t) 

p=O 

N-1 

nnu (q 6 t) = I d nnu (p 6 x , q t:. t) 

p=O 

N-1 
nns (q t:. tl = L d nns (p t:. x , q t:. t) 

p=O 

(2. 9 . 3) 

( 2 . 9 .4 ) 

(2 .9. 5 ) 

(2.9.6) 

The avalanche starts with n
0 

electrons released in a very short time 

from the cathode, i.e. ne(O) =dne(O,O) =n
0

• 

Electrons situated between p 6 x and (p + 1) 6 x drift a distance 6 x in 

a time 6 t and are then situated between (p + 1) 6 x and (p + 2) t:. x • Upon 

collisions with neutral particles their number increases by ionization 

and decreases by attachment. Their number also increases by det achment 

from unstable negative ions which are situated between (p + 1) 6 x and 

(p+2)6x: 
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dne((p+1)6x 1 (q+1)6t) ( 1 + (a -Ill 6 x) d ne (p 6 x 1 q 6 t) 

+ 8 6 x nnu ( (p + 1) 6 x 1 q 6 t) (2.9. 7) 

for 0 -:; p-:; N- 2 

At the cathode there is an increase in the number of electrons by 

secondary emission: 

(2 .9.8) 

With Eq. (2.9.3) the total number of electrons can be calculated. The 

relation ie (t) = e ne ( q6 t) /Te then gives the current which flows in 

the external circuit. 

The number of positive ions between (p + 1)6 x and (p + 2)6 x at 

t = (q + 1) 6 t equals the number which is situated at that place at 

t = q 6 t increased by the number which is formed by ionizing collisions 

while electrons move from p 6 x to (p + 1) 6 x : 

dnp( (p + 1)6 x 1 (q + 1)6 t) 

(2.9.9) 

for 0 -:; p -:; N - 2 . 

(2. 9.10) 

The number of unstable negative ions between (p + 1) 6 x and (p + 2) 6 x 

at t = (q + 1) 6 t equals the number which is situated at that place at 

t = q 6 t increased by the number which is formed by attachment while 

electrons move from p 6 x to (p + 1) 6 x and decreased by detachment and 

conversion: 

d nnu ( (p + 1) 6 X 1 (q + 1) 6 t) dnnu<<p+1)6xlq6t){1-(o+BJ6x} 

+ n6 x ne (p 6 x 1 q 6 t) (2. 9.11) 

for 0 <,; p .,; N - 2 . 

dnnu(0 1 (q+1)6t) 0 (2. 9 .12) 

The number of stable negative ions between (p + 1) 6 x and (p + 2) 6 x at 

t = (q + 1)6 x equals the number which is situated at that place at 
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t = q !J. t increased by the number which is formed by conversion: 

d nns ( ( p + 1 ) !J. x, ( q + 1 ) !J. t) = d nn 5 ( (p + 1 ) /:; x , q /:; t) + 

+13/J.xnnu((p+1)!J.x,q /J. t) (2.9.13) 

for 0 ~ p ~ N - 2 • 

d nns (0, (q + 1) !J. t) = 0 (2.9.14) 

With Eqs . (2.9.4), (2.9.5) and (2.9.6) the total numbers of the positive, 

unstable and stable ne0ative ions are calculate d and from t hem the 

currents which flow in the external circuit. 

Since the drift velocity of ions is much smaller than the drift 

velocity of the electrons the ions are not supposed to drift during 

each time step !J.t. This drift of ions is now simulated by moving the 

positive ions over a distance !J. x in the direction of the cat hode 

whenever q = a ve/vp , in which a i s an integer and ve/vp is rounded off 

to an integral value, for example if 199.5$ve/vp<200.5, the ions 

drift a distance !J. x when q = 200, q = 400, q = 600 and so on. The drift 

of the negative ions is simulated in the same way. 

Figure 2.9.1 shows, as an example, the number of electrons within the 

gap as a function of time computed with the method described in this 

section. Figure 2.9.2 shows the number of ions as a function of time 

under the same conditions. The transit times of the three ion species 

are all chosen equal to Ti. 

f "e (tl 

t --
Fig. 2.9.1 The number of electrons as a function 

of time; a = TJ = 7. 7 em- 1 
, y :::: 0, 

6=1.03 cm- 1
, B=3. 7 cm- 1

, d= lcm 

and N =50 
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0 

Fig. 2.9.2 

f n; (t) 

t -
l I 

The number of ions as a function of 

time for the same conditions as 

Figure 2.9.1 

From Figure 2.9.1 we can see that ne(Tel =2.925 n
0

• With the values of 

the parameters mentioned in the caption of Figure 2.9.1, Eq. (2.8.5) 

can be written as: 

ne (t) 
no 

7
.

35 
{6.04 exp(1.31vet) +1.31 exp(-6.04vet)} (2.9 .15) 

from which follows ne (Tel = 3, 045 n0 which is only 4 t higher than the 

value obtained by the numerical method. 

Also from Figure 2.9.1 we can see that: 

0.923 n0 (2.9.16) 

Under those conditions, i.e. a = n, this should be exactly n0 (see Eq. 

(2.8.9)) which is about 8% higher. 

Note that from Figure 2.9.2 the maximum number of ions can be taken to 

be 33.2n
0

• In the case o=O this would be (a+nln
0

d=15.4 (see Eqs, 

(2.5.9) and (2.5.10)). Obviously the total number of ionizing collisions 

increases when detachment takes place. 

2.10. Transition from an avalanche into a complete breakdown 

In the previous sections the conditions were assumed to be such that 

after a certain time all electrons of the avalanche have left the gap. 

Since only·electrons were supposed to be responsible for the formation 

of free charge carriers the formation of charge carriers then stops. 
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One ion transit time later all the charge carriers have left the gap. 

In this section we discuss briefly the transition of the above­

mentioned non-selfsustaining discharge into a complete breakdown of 

the gap. Since a lot is published on the breakdown of gases (see for 

example Meek and Craggs [Me 78] l we restrict ourselves here to a 

qualitive description of the two types of breakdown and their 

criteria. 

Townsend's mechanism of breakdown 

Townsend's mechanism of breakdown is based on the generation of 

successive secondary avalanches. These secondary avalanches are not 

only started by photoelectrons from the cathode (compare section 2.6) 

but also by electrons released from the cathode when positive ions or 

metastable neutral particles strike the cathode. 

The criterion for breakdown is then (see also the note near Eq. 

(2.6.29)): 

y a [exp{ (a- nld}-1) ~ 1 
a-n 

(2 .10 .1) 

in which y is the "total" secondary ionization coefficient defined as 

the mean number of secondary electrons emitted from t he cathode by 

photons, positive ions and metastable particles per ionizing collision. 

In words, this criterion states that the gap breaks down in case each 

avalanche, started by one electron released from the cathode, produces 

at least one new electron at the cathode surface. 

Streamer mechanisms of breakdown 

The streamer mechanisms are based on local field enhancement by space 

charges produced by the avalanche. When the field at the head of the 

avalanche reaches a certain value, the avalanche is assumed to emit 

highly energetic photons which are capable of photo-ionization of 

neutral particles just ahead of the avalanche. 

Raether [Ra40] proposed that the enhancement of the field between the 

avalanche and the anode caused by a large number of electrons in the 

avalanche is responsible for the formation of the streamer (anode­

directed streamer or negative streamer). 
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On the other hand Loeb and Meek [Lo41] proposed that the enhancement 

of the field between the head of the avalanche and the cathode caused 

by a large number of positive ions situated just behind the head of 

the avalanche is responsible for the formation of the streamer (cathode­

directed streamer or positive streamer). 

Both descriptions lead to a critical number of ionizing collisions 

above which breakdown occurs. For most gases at atmospheric 

pressure this critical number turns out to be several times 108 when 

the avalanche starts with one electron. If the avalanche starts from 

more primary electrons spread over a certain area of the cathode, this 

critical number is increased because the space charge density in this 

case is lower for the same number of charge carriers. 

What type of breakdown, Townsend's or streamer occurs depends on 

which criterion is reached first. 
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3. EXPERIMENT 

3.1. Introduction 

The experimental setup with which we measured the current caused by 

the avalanche was designed for the use of the so-called "electrical 

method". In this method the avalanche is started by photoelectrons 

released from the cathode by a short UV-light pulse. The time-depen­

dent current caused by the avalanche in the external circuit is 

measured as a voltage across a resistor in the ground connection of 

the low-voltage electrode. The time resolution of these measurements 

is limited by the length of the light pulse and the bandwidth with 

which the current can be monitored. This bandwidth is not only deter­

mined by the electronics but also very much by the lay-out of the 

electrodes and the experimental setup. Since high bandwidth electro­

nics is now available, attention paid to the frequency characteris­

tics of the circuitry of the gap can lead to significant improvements. 

The current shapes thus obtained giv~ information on the processes 

occurring and may yield quantitative values for the parameters which 

describe these processes. 

A different approach which is often used for the determination of 

discharge parameters is "Townsend's method". In this method the time­

averaged current is measured in uniform field gaps with static voltag~ 

applied, while the cathode is continuously illuminated by UV-light. 

By analyzing a series of measurements of the current at various gap 

spacings, applied E-fields and pressures, quantitative values for the 

mentioned parameters can be obtained. When more processes are occurr­

ing at the same time the analysis becomes more complex. 

In comparison to Townsend's method the electrical method, provided a 

high time resolution is obtained, gives more direct information 

about the occurring processes. In particular Townsend's method gives 

little information in case two processes occur in rapid succession, 

with no net change in the number of charged particles, such as 

attachment followed by rapid detachment. In this case only the elec­

trical method will give the relevant information. 
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3.2. Frequency characteristics of an experimental setup to be used 

for the electrical method 

Figure 3.2.1 is a diagram of the experimental setup which can be used 

for the electrical method. 

The anode, at voltage Vh , is connected to the DC source by a damping 

resistor Rd . This resistor protects both the source and the electrodes 

in case of a breakdown of the gap. 

DC 

Fig. 3. 2.1 Diagrcon of setup used for the electrical 

method 

The capacitor Cp
1 

consists of the parasitic capacitance of the high­

voltage electrode and leads to ground and often includes a high­

voltage capacitor at some distance from the electrodes. 

The avalanche is started by photoelectrons emitted from the cathode 

by UV-light. The moving charges in the gap cause a current in the 

external circuit (see Chapter 2) which produces a voltage v0 across 

the measuring resistor Rm • The equivalent circuit for high frequen­

cies of this setup is shown in Figure 3.2.2. The effect of the moving 

charges is represented by a current source ig , which can be expressed 

in the number of charged particles and their transit times (see Eqs. 

(2.5.15), (2.5.16) and (2.5.17)). 

The capacitance of the gap is Cg •. 

The current im through Rm and the voltage V
0 

can now be derived: 

dVh dV0 

ig + Cg dt - Cg ""dt (3.2.1) 

(3.2.2) 
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Fig. 3. 2. 2 Equivalent cir>cuit for> high fr>equencies. 

since 

The avalanche is r>epr>esented by the 

cur>r>ent sour>ce ig 

we can write Eq.(3.2.1) as: 

and Eq. (3.2.2) as: 

Cp 1Cg dV0 

Cp 1 + Cg dt 

(3. 2. 3) 

(3.2.4) 

(3 . 2. 5) 

Equation (3. 2 .5) shows that the output voltage V
0 

reduces t o zero if 

Cp
1 

=0, in other words, when the anode is floating for high f requen­

cies. In that case the material current in the gap is equal and 

opposite to the displacement current in Cg • Clearly the "coupling" 

capacitor cp
1 

is an essential part of t h e meas uring circuit. 

The second t erm on the right hand side of Eq. ( 3 .2.5) reduces the 

signal unless we make cp
1 

large compared to Cg • A problem in high­

voltage technology is however, that cp
1 

is generally large in physical 

size and needs to be connected to the gap by relatively ·long leads. 

This introduces transit times and travelling waves on the leads with 

reflections at discontinuities of the charac t e ristic impedance. The 

r esulting fluctuations in the anode voltage Vh couple to the measur-
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ing electrode through cg (see second term on the right hand side of 

Eq. (3.2.1)). Weshouldtherefore place Cp
1 

close to the gap. For the 

same ratio cp
1 
/Cg , a smaller size cp

1 
is possible when cg is reduced, 

which has the additonal advantage that t h e third term on t h e right 

hand side o f Eq. (3.2.2) turns less important. To maintain a homo­

geneous E-field in the central region between the electrodes we need 

however, electrodes of reasonable dimensions. The solution to satisfy 

the three conditions (i) Cp
1 

» Cg, (ii) Cp
1 

close to t he gap and (iii) 

Cg small, is to subdivide the cathode and to place the damping 

resistor Rd directly above the a node (see Figure 3 . 2.3). The r elative­

ly small measuring part of the cathode has a capacitance Cg with 

Fig. 3. 2. 3 

[)Rd 
,C'p1 

\. ---11------
C'p1~¥~ 

I II 

I ={:=Cg 
I 

: I 
cP;f= 

: 
]Rm 

- ..... 

Components of the equivalent circuit 

shown in the actual vessel 

re s pect to the a node . The surrounding grounde d ring has a capacitance 

C~ 1 with respect to the anode. Together with the capac i tance c;
1 

be­

tween the anode and the surrounding grounded vessel, C~ 1 forms a com­

pact coupling capacitor (see Figure 3.2.3), The equivalent c i rcuit is 

the s ame as Figure 3 . 2 . 2 with Cp
1 
=C~ 1 + C;

1 
a nd Eq. ( 3 . 2 . 5 ) becomes : 

( 
c ~~ +c;l 

· c + c" + c ) 
pl PI g 

(3. 2 .6) 

The mea suring resistor Rm has a parasitic capacitance Cp z par a lle l 

to it (see Figure 3.2 . 3 ). Clearly the capacitor Cp
2 

should be kept 

a s sma ll a s possible. The value of C is already much reduced 
p2 
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since a small measuring electrode is used. To reduce the capaci­

tance to the surrounding grounded electrode the edges of the two 

electrodes are beveled (see Figure 3.2.4). 

I -,--- ..... /" ...... 
/ ..... 

/ ..... 

/' I. ',, 

I \ 

I ' 
I \ 

I J. \ 
I /;..;.r"::", I 
I I 1 \\ I 
~ • I 

Fig. 3. 2. 4 Cathode with i ts central measuring 

electrode 

For C~ 1 + C ~ 1 >> cg, Eq. (3.2.6) can be rewr itten a s : 

dV0 

RuJig- Rm (CP2 + Cgl dt (3.2. 7) 

In conclus ion the advantages of this conf iguration over a conventional 

one are: 

- Cp
1 

>> Cg : less los s of signal and less distortion (compare Eq. 

() .2.5)). 

- Cp
1 

is located close to the gap and is well defined; this imp roves 

the high-frequency properties of the input circuit and t r avelling 

waves on the high-voltage l e ads a re avoided. 

- cp
2 

is small; up to high frequencies the parasatic capacitance 

of the measuring resistor can be neglected. 

An alter na tive to measure ig is to ground the cent.ral par t of the 

cathode and to measur e dVh/dt. In that case C is directly in 
Pl 

parallel to cg. Therefore: 

(3 .2.8) 

So in this case dVh/dt is propor tional to ig 
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Figure 3.2.5 shows a setup with which dVh/dt can be measured. 

The circuit is similar to that of Figure 3.2.1 with the exception that 

Rm is omitted and a measuring network ~ifcdif is added. Note that for 

a purely resistive Rdif the network output voltage Vdif will be pro­

portional to dVh/dt. The equivalent circuit for high frequencies of 

this setup is shown in Figure 3.2.6. 

- DC 

Fig. 3. 2. 5 Diagrcun of setup used for the 

determination of dVh/dt 

r-------------------~vh 

Fig. 3. 2. 6 Equivalent cirauit for high frequencies 

for the dVh/dt measurements. The avalanche 

is r epresented by the current source ig 

The current idif through Rdif can now be derived: 

dVdif dVh 

cdif (--- -) 
dt dt 

(3.2.9) 

dVh 

ig + (Cg + CP1) dt (3.2.10) 
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From these equations the output voltage vdif can be derived: 

vdif - idifRdif - Rdifcdif 
( dVdif -

dt 
dVl:l) 
dt 

(3. 2 .11) 

Rdif(cg + CPI) 

dVh 

vdif - igRdif - dt 
(3. 2. 12) 

Rdifcdif Rdi.tCdif ( Cg + Cp l) dVdif 

vdif i - ( 3 . 2.13) 
Cdif +Cg +CPI g cdif + cg + cP I dt 

When we use the surrounding ring of the subdivided cathode as the 

capacitor Cdif the circuit becomes as shown in Figure 3.2.7, and Eq. 

(3.2.13) can be rewritten as: 

Fig . . 3. 2. 7 Components of the eq uiva~ent circuit 

f or• the dVh/dt measurements shown in 

t he act u a~ ve ss e~ 

(3.2.14) 

Note the similarity between this equation and Eq. (3.2.6). If in both 

equations the terms proportional to dV0 / dt and dVdif/dt can be 

neglected and Rdif is chosen equal to Rm the r a tio between the outp~t 

voltages is: 
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--=-
vdif C' 

pl 
(3. 2 .15) 

From Eqs. (3.2.2) and (3.2.12) we can see that Vdif is more sensitive 

than V0 for fluctuations in the anode voltage Vh • So if there are 

reflections in the high-voltage leads this is shown more clearly in 

the Vdif signal than in the V0 signal. 

The resistor Rdif will have a parasatic capacitance cp
3 

(see 

Figure 3.2.7). For high-frequency measurements this capacitance 

should be small. In practice cp
3 

will be larger than cp
2 

because 

of the larger dimensions of the outer ring of the cathode. 

3.3. Ramo-Shockley effect 

The frequency response calculations of the previous section indicate 

that when a subdivided cathode is used the radius R of the measuring 

electrode should be small. However, if in a gap of width d the radius 

R is chosen too small the moving charge carriers induce also a current 

in the ground connection of the surrounding ring which reduces the 

current through Rm • In other words the current through Rm depends on 

the parameters R and d and on the position of the charge carriers in 

the gap and is therefore no longer a correct measure for the current 

caused by the avalanche. Shockley [Sh 38) and Ramo [Ra 39) gave a 

general formula for the current in the lead to the measuring electrode 

in a configuration of several electrodes: 

EsR 
-- qv 
UsR 

(3.3.1) 

in which im is the current in the lead to a measuring electrode 

caused by a point charge q which moves with a velocity v. The quanti­

ty EsR is the component of the E-field in the direction of v along 

the path of the charge q, in the hypothetical case that the measuring 

electrode is given a voltage UsR while all other electrodes are 

connected to ground (see Figure 3.3.1). From Figure 3.3.1 we can 

see that in the case R >> d and when the charge moves along the axis 

we obtain: EsR = UsR/d and therefore im = qv/d, which is indeed the 
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d 

Fig. 3 •. 3.1 Hypothetical field used in Eq.(3.3.1) to 

determine the current i m 

current induced in t h e external circ uit in the real situation ( see 

section 2.3). 

lihen, h owever , R is small c ompared to d, EsR wi l l be a f unction o f x 

and the relation between the current im and the charge motion becomes 

more complicated. 

It is therefore important to determine at which ratio R/ d the field 

EsR on axis is no longer c onstant. Fo r this purpose EsR can b e 

obta ined b y numerica l me thods o r i n a n e lectro lytic t a nk ( see Figure 

3.3,2). From Figure 3.3.2 it c a n be seen that f or R= 20mm t h e 

fEsR CV/mml 

0.1 USR 
a 

r-----c 
0 o~--------tr,o~ -- ----~2~0 -- ---- ---t3o1-~x~<m~m~l 

Fig . 3 . 3 . 2 Field Es R to be used in Eq , (3 . 3. 1) obtained 

by numer i ca l me t hods . The radius of the 

meas uring e l eatr ode is 20 mm, 

(a) d=10mm, (b) d = 20 mm, (a ) d=30mm . 

c atho d e c a n be used up to 10 mm gap spa c i ng, 
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Since EsR on axis is a function of R/d only, it can be concluded that 

for any subdivided cathode the ratio of the radius of the measuring 

electrode and the gap spacing must be larger than or equal to 2. This 

also means that at R/d ~ 2 avalanches crossing along the axis do not 

induce a current in the lead of the surrounding ring. Therefore, it 

is correct to use this ring as a coupling capacitor in the current 

measurements, or as the differentiating capacitor in the dVh/dt 

measurements of the previous section. 

3.4. Start of the avalanche 

After a DC voltage below the breakdown voltage has been applied tothe 

gap the avalanche has to be started by external means. In the theore­

tical derivations of the avalanche growth in Chapter 2 it is assumed 

that the avalanche is started by n
0 

electrons which leave the cathode 

simultaneously. In practice, however, always a certain time duration 

is necessary to release a number of electrons, for instance by photo­

emission. The light source can be a spark gap, a UV flashlamp or more 

recently a laser. The disadvantage of the first two sources is the 

rather long duration of the light pulse with its inherent afterglow 

which cannot be readily suppressed. Also lasers which have been used 

for this purpose up till now, for example by Teich and Branston [Te 74) 

and by Jaksts and Cross [Ja 78), have a rather long light pulse 

(> 10 ns). In this respect the transversely excited atmospheric 

pressure (TEA) N
2
-lasers are much more ideal. We have constructed 

such a laser according to the design of Patel [Pa 78) with the differ­

ence that the transmission plates were given a cylindrical shape 

which makes the laser more compact and mechanically more rigid. 

The measured pulse duration is 0.6 ns (full width at one half maxi­

mum) . Patel has measured for his laser a peak power of 1 MW at an 

operating voltage of 30 kV. Our laser typically operates at 20 kV so 

we expect a lower peak power. 

The laser wavelength is 337.1 mm which corresponds to an energy of 

3.68 eV per photon. This wavelength limits the choice of the cathode 

material to materials with a workfunction smaller than or equal to 

3.68 eV. In practice aluminium turns out to be satisfactory. If the 

aluminium cathode is placed in oxygen or an oxygen mixture the 
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surface has to be polished frequently. 

The laser and its high-voltage power supply are enclosed in a brass 

box to suppress electromagnetic interference. Also for this purpose 

the lightbeam leaves the box through a brass tube of 2.5 em diameter 

and a length of 10 em and the AC line voltage needed for the power 

supply is fed in through a filter which suppresses higher frequencies. 

A small antenna in the wall of the box gives an electric signal at 

the moment the laser is fired. This signal can be used for the 

triggering of the oscilloscope. 

3.5. Apparatus 

Figure 3.5.1 is a diagram of the experimental setup. The DC source is 

a Wallis, type R 603/05 P; its output voltage can be set between 1 and 

60 kV, the maximum ripple is 20 ppm peak to peak. 

=DC 

HV 
mirror laser 

~---------t===J 
I 
I 
I 
I 
I 
I 

_....___<>~ 

505lcable 

Fig. 3. 5.1 DiagPCliTI of the e:rpeN.rrumtal. setup 

The applied voltage is measured by the resistive divider formed by 

R1 (2 G\2) and R2 (200 Jill). The accuracy of this measurement · is approxi­

mately 1\. 

The light pulse of the laser (see section 3.4) strikes the cathode 

through a hole of 1.5 mm diameter in the center of the anode. A 
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positive lens in front of this hole diverges the light beam so that 

the electrons are released over an area of approximately 1 cm2 for a gap 

spacing of 1 em. The avalanche then starts from a large area and there­

fore a large number of electrons can be released without strong space­

charge distortion. 

The aluminium anode is of the Bruce-profile type [Br47] with an overall 

diameter of 17 em. The aluminium cathode is of the model described in 

section 3.2: the measuring part has a diameter of 4 em, the total dia­

meter of the cathode is 30 em and the annular gap between the two 

parts is 0.1 mm at the cathode surface. 

The damping resistor Rd which connects the HV electrode to the power 

source has a value of 3. 3 M.\2 and is placed just above the anode for 

reasons discussed in section 3.2. 

The electrodes are placed in a stainless-steel pressure vessel with a 

feedthrough insulator of reinforced epoxy. The vessel can be evacuated 

to 10- 3 Torr and filled to an absolute pressure of 5. 3 x 10 3 Torr 

(7 bar). The pressure can be measured by the following pressure gauges: 

LKB type 3994 B (range 10- 3 -20 Torr), two Penwalts, type Fa-60 (range 

0-50 Torr and 0-100 Torr) and a MKS Baratron, type 170m- 7A with head 

145 AHS -10,000 (range 0-10 4 Torr). 

The temperature inside the vessel can be measured within 0.1°C. 

The water vapor content of the gasfilling is measured by an Endress 

and Hauser Hygrolog, type WMY 170 (dew point range from -80 to +20°C). 

The electrode distanc~ is variable and can be measured outside the 

vessel with an accuracy of 0.02 mm. 

The vessel is provided with long rubber gloves which give the opportu­

nity to manipulate inside the vessel without opening it. This is only 

possible when the inside pressure nearly equals the ambient pressure. 

For higher or lower pressures the holes upon which the gloves are 

faste~ed can be closed with covers, the pressure at both sides of the 

gloves is then kept equal by means of a by-pass. 

The current measuring resistor· Rm should be small, in view of the 

frequency response, but still large enough to retain a reasonable 

sensitivity. Also the long measuring cable has to be terminated with 

its characteristiC impedance Z
0 

(in our case 50 Q). Since we can start 

the avalanche with a large number of electrons, it was possible to 

measure .across a terminating resistor z0 at the end of the cable; a 

matchin<J amplifier which has to l!e used when a higher measuring 
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resistor is needed, could therefore be avoided. In fact a second 

resistor of value Z0 is mounted at the beginning of the cable which 

reduces Rm and the product RmCp2 (see section 3.2) by a factor two, 

this resistor also attenuates reflections if the cable is not exactly 

terminated at the far end. Parallel to this resistor two pairs of 

silicon diodes are mounted back to back to protect the amplifiers in 

case of a complete breakdown of the gap. 

The output voltage is connected to a Tektronix oscilloscope system 

which consists of the dual beam main frame 7844 (bandwidth 0-500 MHz) 

with the amplifier units 7A19 (bandwidth 0-500 MHz) and 7A26 (band­

width 0-200 MHz) and the time base units 7B80 and 7B85. For very weak 

signals an additional wide-ba!}d preamplifier (Avantek GPO 462, band­

width 250Hz- 500 MHz) can be used. 

The measuring setup offers the possibility to measure, with the same 

Rm , the current caused by the electrons as well as the generally much 

smaller current caused by the ions. In fact it is possible to record 

the signal on both beams of the oscilloscope simultaneously, where one 

beam records with a small amplification and high writing speed and the 

other with high amplification and low writing speed. The amplitude 

ratio of the two currents, thus measured for the same avalanche, gives 

information on whether, for instance, secondary emission and detach­

ment occur, because additionally formed electrons give rise to an after­

current of electrons and so to a higher maximum current caused by the 

ions at later times. 

The capacitors which are of importance for the frequency response (see 

section 3. 2) were measured in the here discussed configuration for a gap 

spacing of 1 em: c~ 1 = 18.3 pF, c~ 1 = 3.8 pF, Cg = 1.1 pF and CP 2 = 33 pF. 

The value for Cp2 has to be increased by the generally small input 

capacitance of the amplifiers. 

Since c~ 1 +c;
1 
»cg the input voltage is given by (see Eq. 3.2.7): 

dV
0 

Vo = ig~ - RuJ (CP2 + Cg) dt (3. 5.1) 

With Rm = 25 Q and the above mentioned values for ~ 2 and Cg the time 

constant of the total input circuit turns out to be 0.9 ns. 
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4 • EXPERIMENTAL RESULTS 

4.1. Introduction 

In this chapter meas urements on avalanche currents are described. The 

currents are analyzed and values of discharge parameters are derived 

with the theory described in Chapter 2. 

The measurements are done in nitrogen, carbon dioxide, oxygen, air, 

sulphur hexafluoride and sulphur hexafluoride/nitrogen mixtures. 

The last sec tion of this cha p t er i s an introductory study of a vala n­

ches near a solid insulator .. 

All the experiments were carried out at room temperature (20-22 °c) . 

4.2. Avalanc he s in nitrogen 

In this section measurements on avalanch es in nitrogen are described. 

The maximum content of impurities in t h e nitrogen gas were: 10ppm 

argon, 5 ppm oxygen and 1 ppm hydrocarbons (values given by the 

manufa cturer) whereas the p a rtial p ressure of wa ter va por was lower 

t han 0 . 04 Torr (own me asure me n t ) • 

Nitrogen is known as a nonattac hing gas (T] ~ 0) although on t h eoretic al 

grounds the formation of negative ions could be possib le. Th e life 

time of these negative ions should however be smaller t h an 10 -
12 

s, 

[Fr 64], which is very short compared to all other characteristic 

times in t h e a v a lanche. The p rese n ce o f negative i o ns c a n t h erefo r ebe 

ne glecte d, which mak e s the a v a l a nche g r owt h in nitrogen re lat ively 

simple. 

In section 3.3 it was shown theoreticall y that when a subdivided 

cath9de is used the ratio of the radius R of the measuring part and 

the g a p spacing should be l a rger than 2. Ano the r poss ibility to 

de t e rmine t he minimum v a lue of R/ d i s to meas ure the c urrent in the 

external c ircuit for a well d e fined motion of charge carrie r s in the 

gap. 

Whe n we release n0 electrons from t h e center of the cath ode in a very 

s hort time under such conditions that no ionizatio n and attachme nt 

take pla ce, a c onstant number of electr ons will move across the g ap. 

The c urre n t in the externa l c ircuit caused by these e lec trons is (see 
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Eq. (3.3.1)): 

(4. 2. 1) 

Since the E-field on axis between the cathode and the anode in the 

real situation is homogeneous and the applied voltage is kept constant, 

ve will be constant also. The current ie(t) is therefore proportional 

to EsR/UsR 

The current through the measuring resistor causes a voltage V
0 

which 

can be taken from Eq.(3.2.5) where ie(t) from Eq.(4.2.1) issubstituted 

for ig 

If EsR is constant along the path of the electrons, V0 (t) will be 

constant also during the time electrons are present in the gap which 

leads to an output voltage of rectangular form. When however, EsR is a 

function of x, the current through Rm depends on the position, x =vet, 

of the cloud of electrons in the gap at time t and the output voltage 

will be deformed. 

Figure 4.2.1 shows currents caused by electrons crossing a gap in 

nitrogen at different gap spacings. The electric field is so low that 

no ionization takes place (CI. = 0) . 

From Eq. (4.2.1) we can see that the motion of the electrons clearly 

transforms the EsR(x) plot into a perfectly similar V
0

(t) plot 

(compare Figures 3.3.2 and 4.2.1). 

From these measurements we can conclude again that R/d should be 

larger than or equal to 2. 

Since the electrons are released from the cathode in a very short 

time (0.6 ns, see section 3.4), the rise of the current at t =0 is 

very fast. From Figure 4.2.1 we can see that the output voltage of 

our measuring setup shows an accordingly fast rise. The fall of the 

current is slower, especially at larger gap spacings because of 

diffusion and/or electrostatic repulsion in the axial direction 

(see section 2.4). 

From the current amplitude in Figure 4.2.1.a, 100 ~A, and the transit 

time, 130 ns, one can deduce with Eq. (4.2.1) that 8.0 x 107 photo­

electrons have crossed the gap. This transport of charge carriers 

from the cathode to the anode causes a voltage drop 

b. Vh = Q/ (Cg + C~ 1 + cp
1
). With the values of the several capacitors 

given in section 3.5 this voltage drop can be determined to be 0.6V 
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a 

b 

c 

Fig . 4.2.1 Photoelectrons crossing a gap without 

ionization in nitrogen; p = 760 Torr. 

E = 17 kV/cm, 30 ~/div. 50 ns/div. 

(a)d=1cm. (b)d=2cm. (c)d=3cm. 

Note the similarity between this 

figure and Fig . 3. 3. 2. 

whic h is very small compared t o the total voltage applied to the gap 

(17 kV) • 

Figure 4.2.2 shows currents c aused by elec trons c rossing a gap 

without ionization at a nitrogen pressure of 5 and 20Torr. Because 

the diffusion coefficie nt D is proportional t o 1/p the effec t of the 
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Fig. 4.2.2 Photoelectrons crossing a gap without 

ionization in nitrogen; 
-1 -1 

E/p = 25 V om Torr , 30 vA/div, 

20 ns/div, d=B mm, (a) p=5 Torr, 

(b) p = 20 Torr. 

diffusion process is much larger here than in Figure4.2.1. 

" i'.... 

With the methods described in section 2.4 we can obtain values for 

the longitudinal diffusion coefficient D from oscillograms such as 

shown in Figure 4. 2. 2. Also the transit time can be determined and 

with the known gap spacing and applied E-field the mobility K can be 

derived. 

Figure 4.2.3 shows values of D/K for different pressures at constant 

E/p. From the figure we can see that D/K is almost constant for 

1. 5 $ p $ 5 Torr, increases with increasing p for 5 < p < 40 Torr and is 

constant again for p:;: 40 Torr. The value of D/K is a measure for the 

mean electron energy and can be interpreted as the electron tempera­

ture (kT/e, expressed in Volts) when the velocity distribution of 

the electrons is isotropic and Maxwellian [Me7Bf • In a certain gas 

this mean elect.ron energy should be a function of E/p only (see for 

example [Me 78]
2
l.Therefore in Figure 4.2.3 all measured D/K-values 

should be the same. 

The explanation for the observed increase of D/K with p could be 

that our measurements are influenced by electrostatic repulsion 

(see section 2.4). 

Both D and K are functions of 1/p; the space charge field Ed 

(see Eq.(2.4.24))depends on the number of electrons in the disk, n 0 , 

and on the shape of the disk. Diffusion and electrostatic repulsion 
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-p<torrl 

Fi9. 4.2.3 D/K as a function of pressure at 

E/p= 25 V am- 1 Torr-1 in nitrogen. 

cause a bulging of the disk whic himplicitly leads to a pressure 

dependence of Ed. The inequality (2.4.25) can now be written as: 

t « D( 1/ p) 

2K
2 

( 1/p) E~ (p,n0 ) 

(4. 2. 2) 

In the e xperiment Te is kept constant (ve i s a function of E/ p only 

and the gap spacing is kept constant) so this inequality can only be 

satisfied for correct combinations of n 0 and p. 

From Figure 4 . 2. 3 we can now conclude that electrostatic repulsion in 

our experiment can be neglected for p <;; 5 Torr since for this range 

D/K is i ndependent o f p and n
0 

• For p > 5 Torr we f ind a n apparent 

increase of D/ K which depends on p and n0 • 

Figure 4. 2 .4 shows D/ K as function of E/ p. In this figure also V?-lues 

of D/K are given which have been measured by Snelson and Lucas [Sn75] 

and Saelee, Lucas and Limbeek [Sa77]. For the range E/ p >20Vcm-
1 

Torr- 1 our va lues are in good agreement with thos e given in Ref . [sa 7-7] 

but for the range E/ p < 20 V cm- 1 Torr- 1 our values are significantly 

larger than those given in both refere nces . 

The reason for this difference is not clear, but is certainly not 
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Fig. 4.2.4 D/K as a function of E/p. 

• our measurements with p = 2.1 Torr 

X our measurements with p=4.J Torr 

0 measurements taken from Ref [Sn 7.5 ) 

0 measurements taken from Ref [Sa 77] 

caused by a loss of accuracy of our measurements in this range of 

E/p-values. 

In practice the determination of 0 with Eq.(2.4.21) appears to be more 

accurate than with Eq.(2.4.14) or Eq.(2.4.15). The maximum error in 

the D/K values we estimate to be approximately 15 %, which is based 

on the individual errors of the quantities in Eq.(2.4. 21) and the 

value of K. 

Figure 4. 2. 5 shows an observed current at a pressure of approximately 

0.1 Torr and without voltage applied to the gap. This current is 

caused by photoelectrons which leave the cathode with a kinetic energy 

~ me v 2 caused by the difference between the ene rgy of the incident 

photon and the workfunction of the cathode material. 
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Fig. 4.2.5 Current caused by photoelectrons in 

nit rogen when no voltage is applied 

to the gap and p is approximately 
-1 

10 Torr; d = 1 am, 30 \lA/div, 

10 ns/ div. 

The directions of the velocities of the electrons have angles with 

the x-axis of the gap between 0 and TI/2 radians, The electrons have 

therefore a net motion in the direction of the anode which causes d 

current in the external circuit. When the electrons collide with 

neutral particles after travelling over a mean free path, their velo­

cities are randomized, the net drift motion of electrons drop s to zero 

and correspondingly the current vanishes. 

Figure 4,2,6 shows currents caused by electron avalanches in nitrogen 

at different voltages applied to the gap. From oscillograms such as 

s hown in this figure the transit time of the electrons can be obtained 

and with the known gap spacing, the drift velocity ve can be deter­

mined . We have measure d ve for the range 3 . 2 $ E/p $ 40. 3 V cm- 1 Torr-l at 

a constant nitrogen pressure of 769 Torr. Figure 4.2.7 shows ve as a 

function of E/p. 

In this figure a lso values of ve are given which have been measured 

by Frommhold [Fr 60], Nielsen [Ni 36], Vogel and Raether [Vo 57] and 

Sae l e e , Luc as and Limbee k [Sa 77], The accuracy of our measurements 

over the given E/p range is better than 3 %, 

Townsend's ionization c oefficient a c an be derived from the measured 

c urrents as follows. The current caused by the moving electrons is 

given by (see Eqs. (2,3.3) and(2.5.4)): 

exp(avet) (4.2.3) 
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a b 

c d 

Fig. 4.2.6 Curr~nt caused by electron avaLanches 

in nit::l'ogen; p = 769 Tol'l', d:::: 8 mm, 

(a) E=23.20 kV/am, 17.5 vA/div, 20 na/d:iv, 

(b) E::::25.60 kV/am, 35.0 \IA/div, 20 ns/div, 

{c) E=26.90 kV/cm, 87.5 I!A/dit', 20 na/div, 

(d) E= 31.30 kV/am, 2.0 mA/div, 50 ns/div. 
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Electron drift velocity v as a j'u.rrction 
e 

of E/p in nitrogen at 769 To~; 

• our measurements~ tJ. froom Ref. [Ni 36] 

o from Ref. [Sa 77] , x from Ref. [Pr 60] 

0 from Ref. [Vo 57}. 

The coefficient a can be directly derived from the measured ratio of 

the currents at the end (t = T
9

) and the beginning (t = 0) of the 

electron avalanche: 

exp(a. d) (4.2.4) 

(4.2.5) 
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A second method is to plot the measured currents in graphs of 

£n ie(t) vs t. Since: 

(4.2.6) 

The slope of the straight line is ave. With the known values of ve 

and p, ajp can be derived. The first method is most suitable for low 

a values (see oscillograms a and b of Figure 4.2.6) .For high a values 

ie(O) cannot be accurately measured and therefore the second method 

has to be used (see oscillogram d of Figure 4.2.6). For the inter-

mediate values (see oscillogram c of Figure 4.2.6) the two methods 

are in very good agreement. 

Figure 4.2.8 shows a/p in nitrogen as a function of E/p. 

Ct./p 
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1 
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1
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U002 
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/ 
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/. 
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I 
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- E/pCVcni
1 

torr
1
> 

Fig. 4.2.8 Ionization aoeffiaient as a funation of 

E/p in nitrogen measured at 769 Torr. 

The continuous aurve represents our 

measurements; the three points below the 

aurve are taken from Ref. [Ha 76] 
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In this figure also values of a/p are given which have been measured 

by Haydon and Williams [Ha 76]. Their values are significantly 

smaller than our values. Haydon and Williams used Townsend's method 

and had to apply an indirect procedure to get values of a/p for the 

range E/p ~50 v cm-1 Torr- 1 which is just the range shown in Figure 

4.2.8. 

The accuracy in our measurements of a/p is to-~+ cm- 1 Torr- 1 for the 

range E/p ~ 29 v om-1 Torr- 1 and 8% for the range E/p > 29 v cm- 1 Torr- 1 

Note that the current shown in Figure 4.. 2.6 d clearly demonstrates 

the onset of secondary avalanches by photo-emission (compare Figure 

2. 7 .1). 

Figure 4.2.9 shows simultaneously measured electron and ion currents 

in nitrogen. The shape of the ion currents (upper beams of oscillo­

grams) shows clearly that nitrogen is a nonattaching gas (compare 

Figure 2.5.3). 
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Fig. 4. 2. 9 Avalanahe au'l'Tents in nitrogen; p = 760 Torr, 

d = 8 mm, (a) E = 28. 76 kV /am, 

truer beam 0. 6 mA/div, 50 m/div, 

upper beam B. 6 JJA/div, 2 l!B/div . 

(b) E=30.31 kV/cm, 

lower beam 1.2 mA/divJ 50 ns/div, 

upper beam 34 . 4 ~/div, 2 1!8/div. 



From pictures such as shown in this figure the transit time of the 

ions can be obtained and with the known gap spacing the drift velocity 

vp can be determined. Figure 4.2.10 shows vp as a function of E/p. In 

this figure also values measured by Frommho.ld [Fr 60] and varney 

[va 53] are given. 

9 

/ 
0 

/ 
!" 

vp 

4 -1 
(10 ems ) 

r 8 

7 

37 39 41 43 

Fig. 4.2.10 Ion drift velocity vp as a function of E/p 

in nitrogen at 760 Torr; 

• our measurements, 

o from Ref. [Fr 60], 

0 from Ref. [Va 53]. 

If no secondary emission occurs the ratio of the electron current and 

the maximum of the ion current should almost be equal to the ratio of 

the transit times Tp/Te (see section 2.5). The latter ratio can be 

taken to be approximately 160 in both cases. The current ratio 

however, equals 125 for Figure 4.2.9 a, and 72 for Figure 4.2.9 b, 

apparently because of secondary avalanches due to photoelectrons and 

the resulting increase in the amplitude of the ion current. The 

electron current of Figure 4. 2. 9 b shows the direct evidence of photo­

emission quite clearly. 

Since we use a subdivided cathode, not all of the secondary photo­

electrons start from the measuring part of the cathode and also the 

current through the measuring resistor caused by secondary avalanches 

is deformed by the Ramo-Shockley effect (see section 3.3). Therefore 

the relations given in section 2.6 between Yphoton and the current 
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caused by the avalanche, cannot give accurate results, But since very 

little is known about Yphoton values for low E/p values, we give these 

Yphoton estimates anyhow. 

For nitrogen Eq,(2.6.22l can be written as: 

Yphoton 
Cl.veT+l ie(t1 l 

exp(CI.dl ie(tl -Tel 
(4.2,7) 

and Eq. (2.6.28l: 

Yphoton 
CI.VeT+l ie(t 1 l 

exp{CI. ve (tl -Tel} ie (Tel (4.2.8l 

and Eq. ( 2 . 6. 33) : 

( 
ie(Tel Te ) 

Yphoton = 
1

- ip(tml Tp exp(ad) 
(4.2.9) 

From Figure 4.2.9a we derive with Eq.(4.2.9l, y=4.5Xl0-
3 

and from 

Figure 4.2.9b with Eq.(4.2.7l, y=2.0X10-
3

, with Eq.(4,2.8l, 

y=2.2X1Q- 3 and with Eq.(4.2.9l, y=3.3X10- 3
• The value forT was 

taken to be 2.5 ns which follows from measurements of Wagner [wa 64]. 

ie ( t) 

<mAl 

l3.6 
2.4 

1.2 

0 150 

-t <ns > 

Fig, 4.2.11 Eleatron avalanehe in nitrogen; 
-1 -3 

a = 6.2 am , y = 2.0 x 10 , d = 0.8 em. 

The line represents the current wavef orm 

computed with the method given in section 2.7, 

the points represent measured values obtained 

from Figure 4. 2. 9 b. 

Figure 4. 2.11 shows an electron current waveform computed with the 

numerical method described in section 2.7. The parameter values were 
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chosen equal to the values obtained from the electron current shown in 

Figure 4.2.9b. The points in Figure 4.2.11 are taken from Figure 

4.2.9 b and it can be seen that these experimental values are in very 

good agreement with the computed values. 

Figure 4.2.12 shows avalanches in nitrogen at atmospheric pressure, 

which lead to a complete breakdown of the 1 em long gap although the 

applied voltage (30.50 kV) is only 91% of the measured static break­

down voltage ( 33.50 kV) • Apparently the breakdown is caused by field 

distortion effects due to space charges (see section 2.10). 

From Figures 4.2.12a and 4.2.12b it can be seen that the current 

shape at t = Te is rounded off (compare Figure 4. 2. 6 d) which is probably 

caused by an increase of the thickness of the cloud of electrons by 

electrostatic repulsion. 

The current waveforms given in Figures 4. 2.12 c and 4. 2.12 d show a 

deviation of the normal e-folding increase (compare Figure 4.2.6) 

before t = Te. This is possibly caused by a lowering of the ionization 

efficiency since the E-field which is "seen" by the electrons 

situated between the formed positive ions and the anode, is lowered 

by the field of the positive ions. 

Tholl [Th 63] observed a comparable phenomenon in his experiments and 

derived an "apparent" a value which decreases when more electrons are 

formed in the avalanche. 

The positive ions also cause secondary avalanches which start from 

the cathode, to "see" a higher E-field which leads to a higher a value 

which in turn increases the number of positive ions even more. If a 

critical number is reached the condition for the streamer mechanism 

(see section 2.10) is met and the gap breaks down. This explanation 

implies that in our case the occurring streamer is of the cathode 

directed type. This is confirmed by the fact that the breakdown always 

occurs after one electron transit time, even in experiments where the 

applied voltage was only 0.1 percent below the static breakdown 

voltage. 

It can be seen from the currents shown in Figure 4.2.12 that the time 

between the start of the avalanche and the breakdown of the gap 

(known as the formative time lag) decreases when the charge density 

in the primary electron cloud increases (more primary electrons and/ 

or released from a smaller area). 

73 



a b 

c d 

Fig. 4.2.12 CUPrents caused by avalanches in nitrogen at 

770 Torr, which lead to a complete breakdown 

of the gap; E=30.50 kV/cm, d=l em, 8 mA/div. 

50 ns/div. 

(a) n = 10
8

, (b) 
0 7 

(d) n = 2 x 10 • 
0 

released from an 

primary electrons 

7 8 
n = 5 x 10 • (c) n = 10 • 

0 0 

(a) and (b) primary electrons 
2 

area of 1 em • (c) and (d) 

released from an area of 0.02 
2 

em. 

From measurements such as shown in Figure 4.2.12 we found that it was 

possible to initiate the breakdown with 10
8 

primary electrons released 

from an area of 0.02 cm
2 

at a minimum applied voltage of 28.50 kV 

(85% of the static breakdown voltage), in case the same number of 
2 

electrons is released from an area of 1 em this voltage was 29.75 kV 

(89% of the static breakdown voltage). 

74 



a b 

Fig. 4.2.13 Currents caused by an avalanche in nitrogen at 

769 Torr measured with the "differentiating !method";' 

E=29.37 kV/cm, d=B rrun, (a) 1.0 rnA/div, 20 ns/div, 

(bJ 12.0 I!A/div, 2 \lS/div. 

Figure 4.2.13 shows an example of a measurement of dVh/dt (see section 

3.2) in which the outer ring of the cathode was used as the 

differentiating capacitor. The input voltage of the oscilloscope was 

inverted to obtain a positive-going signal. From the pictures we can 

see that it is possible to measure the current caused by the avalanche 

in this manner (compare Figure 4.2.9). However, there are some 

differences with the signals obtained with the "normal" method: 

(a) the output voltage shown in Figure 4.2.13 b becomes negative after 

the ions have left the gap, which corresponds to the current coming 

from the power supply through the damping resistor to recharge the 

gap, (b) the oscillogram which represents the current caused by the 

electrons (see Figure 4.2.13a) shows more noise and a much slower 

drop of the output voltage at t"" Te. 

This differentiating method could be improved if a separate, differ­

entiating capacitor, especially designed for this type of measure­

ments were used. 
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4.3. Avalanches in carbon dioxide. 

In this section measurements on avalanches in carbon dioxide are 

described. 

The maximum content of impurities in the carbon dioxide gas were 

50 ppm oxygen, 200 ppm nitrogen and 3 ppm argon (values given by the 

manufacturer) whereas the partial pressure of water vapor was lower 

than 0.04 TQrr (own measurement). 

a b 

~ 
, ,J 

1111111':.; ~ (-. 

.... . . . . . . . . . . . . .. . . 

c d 

Fig. 4.3.1 Currents caused by electron avalanches 

in carbon dioxide; d= 1 em, p= ?50 Torr, 

20 ns/divJ 

(a) 30 ]lA/ di v J E= 19. 00 kV/cm, 

{b) 30 ]lA/div, E = 20.80 kV/cm, 

(c) 150 ]lA/div, E = 22.00 kV/cm, 

{d) 4 mA/div, E= 24. 00 kV/cm. 

• • • 0 ... 

Figure 4.3.1 shows currents caused by electron avalanches in carbon 

dioxide at different voltages applied to the gap. From Figure 4.3.1a 
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it is obvious that carbon dioxide is an attaching gas since the 

current decreases with time which means that n>a (see Figure 2.5.3 

and Eq. (2.5.4)). Figure 4.3.1b shows the current in case a just 

equals n while Figures 4. 3. 1 c and 4. 3.1 d show currents for the 

case a>n. 

From oscillograms such as shown in Figure 4.3.1 the transit time of 

the electrons can be obtained and with the known gap spacing, the 

drift velocity can be determined. We have measured v for the range 
-1 -1 e 

4.0 ~ E/p ~ 34.0 Vern Torr at a constant carbon dioxide pressure 

of 750 Torr. Figure 4.3.2 shows ve as a function of E/p. 

ve 

( 10
7 
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1
> 

1.0 
v 

v 
D 

...,......... 
" 

f 1.5 

I 
~ 

us 

t 
X 

0 
)I 

0 

Fig. 4.3.2 

10 20 30 
-1 -1 

- E/p CVcm torr ) 

EZeatron drift veZoaity v as a funation 
e 

of E/p in aarbon dioxide at 750 Torr; 

• our measurements, o from Ref. [ EZ 66], 

x from Ref. [Sa 77L 0 from Ref. [Fr> 601. 

In this figure also values of ve are given which have been measured by 

Saelee, Lucas and Limbeek [Sa 77 ], Elford [El 66} and Frommhold [Fr 60 ]. 

The accuracy of our measurements over the given E/p range is better 

than 3%. 
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From the measured currents we can derive the effective ionization 

coefficient, a-n, as follows. The current caused by the moving electrons 

in case of an attaching gas is given by (see Eqs. (2.3.3) and (2.5.4)): 

i (t) 
e 

n e 
0 

Te 
exp { (a -n ) v t } 

e 
for (4. 3.1) 

In the same way as described in the previous section for nitrogen we 

can derive a-n from the ratio of the current at t = T and t = 0, and/or 
e 

from graphs of ~n ie (t) vs t. 

Figure 4.3.3 shows ~-n)/p in carbon dioxide as a function of E/p. 
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• 
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1 
torr

1 
l 

Fig. 4.3.3 Effective i onization coefficient as a 

function of E/p in caPbon dioxide at 750 ToPP. 

• our measurements, x fPom Ref. [Te 75], 

o from Ref. [Co 75]. 0 fpom Ref. [A~ 76]. 

In this figure also values are given which have been measured by Teich, 

Jabbar and Branston (Te 75), Conti and Williams (Co 75] and Alger and 
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Rees [Al 76]. Our values are in reasonable agreement with the values 

given in Ref. [Te 75] and Ref. [co 75] but show a significant difference 

with the values given in Ref. [Al 76]. The reason for this can be the 

fact that Alger and Rees did their experiments at pressures between 

0.06 and 1.4 Torr while we have done our experiments at a pressure of 

750 Torr. 

In a test experiment we did at a pressure of 20 Torr we found a and n 
-1 -1 

to be equal at E/p = 35 Vcm Torr , whereas at 750 Torr a and n are 
-1 

equal for E/p = 27 .8 Vcm • A rough interpolation of the values given 

in Ref. [Al 76] indicates that a and n should be equal for an E/p 
-1 -1 

value of approximately 35 Vcm Torr , in good agreement with the 

value we found at 20 Torr. 

A pressure dependence of the "critical" E/p-value where a and n are 

equal must be related to details of the collision processes involved. 

An increase of the critical E/p with pressure is for instance 

observed in hexafluoropropylene (C3F6) by Aschwanden and Biasiutti 

[As 81]. 

The accuracy in our measurements of (a-n)/p over the given E/p range 

is approximately 8% but not smaller than 10-
4 

cm-
1 

Torr-
1

. 
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Figure 4.3.4 shows simultaneously measured electron and ion currents 

in carbon dioxide. 

The ahape of the ion currents (upper beams of oscilloqrams) clearly 

shows that carbon dioxide is an attaching gas (compare Figure 2.5.3). 

a b 

Fig. 4. 3. 4 Avalanahe eu:r>rents in aarbon dioxide; 

p =?50 Torr, d = 1 {!lTI, upper beama 10 IJB/div, 

lower beams 20 ns/div. 

(a) E= 23.20 kV!cm~ upper beam 20 ~/div, 

lower beam 0. 6 mA/ di v, 

(b) E= 24.00 kV/am, upper beam 100 ~/div, 

lower beam 1. 2 mAl div. 

We have not carried the analysis of the ion current further to obtain 

et and 11 values separately since for most practical applications the 

effective ionization coefficient a-n is more useful. 
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4.4. Avalanches in oxygen. 

In this section measurements on avalanches in oxygen are described. 

Since pure oxygen shows a complicated behaviour and is of little 

interest for insulating purposes we restrict ourselves to some remarks 

on the shapes of the avalanche currents. In section 4.5 which deals 

with avalanches in air more attention is paid to processes in which 

oxygen is involved. 

a b 

c d 

Fig. 4.4.1 Currents caused by avalanches in oxygen, 

d = 1 em, p = 765 Torr, 20 ns/div, 

(a) 15 IJA/div, E=27.53 kV/am. 

(b) 15 \.IA/div, E = 27.72 kV/cm. 

(c) 15 J.JA/div, E=27.86 kV/tJm. 

(d) 7 5 ].14/ di v, E = 2 8. 14 k VI am. 
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Figures 4.4.1 and 4.4.2 show currents caused by avalanches in oxygen. 

From Figure 4.4.1a it can be seen that oxygen is an attaching gas 

since the current decreases with time which means that ~>~ (compare 

Figure 2.5.3). In comparison with Figure 4.3.1, which shows avalanches 

in carbon dioxide, Figure 4. 4. 1 shows a remarkable difference. While in 

carbon-dioxide the current drops to nearly zero after one electron 

transit time, in oxygen there remains a current which decreases over 

approximately 40 ns after Te to reach an almost constant level. The 

decreasing current is caused by electrons which are detached from 

unstable negative ions (see sections 2.8 and 2.9). The constant level 

is caused by ions which can be concluded from Figure 4.4.2. For 

example, the constant level shown in the lower beam of Figure 4.4.2a 

is 22.5 ~A which is equal to the current height at the beginning of 

the upper beam. 

From the upper beams of Figure 4.2.2 it can also be seen that there 

is detachment in oxygen since the ion current increases after Te 

which means that there are still electrons present in the gap which 
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Fig. 4.4.2 Avalanche currents in oxygen, 

d= 1 em, p = 765 Torr, upper beams 5 ~s/d iv , 

lower beams 50 ns/di v. 

(a) E= 28.02 kV/cm, upper beam 15 ~/div, 

lower beam 30 ~ / div. 

(b) E==28.25 kV/cm, upper beam 30 ~ / div, 

lower beam 150 ~ /div . 



ionize. Whether also conversion takes place in oxygen cannot be 

immediately concluded from the pictures. 

4.5 Avalanches in air. 

In this section measurements on avalanches in air are described. 

In the literature much attention is given to the breakdown 

characteristics of air because of the importance of air for high­

voltage engineering (see for example [Me78]). One of the interest-

ing features of the breakdown process in air is that the humidity 

content of air influences the breakdown voltage; in general the 

breakdown voltage increases with the water vapor content. To explain 

this phenomenon is not easy, because of the many possible processes 

in air, where many interactions between electrons, ions and molecules 

may take place (see list in· [Ba 75] ) • We now describe measurements 

on the influence of humidity on avalanche growth and explain this 

influence with the theory given in the sections 2.8 and 2.9. 

Figure 4.5.1 shows currents caused by avalanches in air at different 

water vapor pressures, p H2o , with the same voltage applied to the 

gap. From the pictures we can see that there is an aftercurrent after 

t = Te which means that detachment takes place (see section 2. 8 and 2. 9 

and compare with the avalanches in oxygen, section 4.4). The current 

drop at t=Te' ie(Te)-ie(Te+dt): is in all cases approximately equal 

to ie (0) which means that CL=T] (see Eq. (2.8.12)). That the currents 

increase with time, even though a equals n, can be attributed to 

ionization by electrons which detach from unstable negative oxygen 

ions. Figure 4.5.1 also shows that ie(Te)/ie(O) decreases with 

increasing humidity. In this section we will explain that this is 

caused by the formation of stable negative ions upon collisions 

between unstable negative ions and water molecules (conversion, see 

sections 2.8 and 2.9). 

Figure 4.5.2 shows currents caused by avalanches at different water 

vapor pressures with 28.00 kV applied to the 1 em long gap. Although 

the current waveforms show differences (especially the aftercurrents) 

in all cases the current drop at t=Te equals approximately 4 ie(O), 
-1 

which means that a-n = 1.4 em (see Eq. (2.8.12) ). From oscillograms 
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a b 

c d 

Fig. 4.5.1 AvaZanahes in air at different humidities; 

d=1 am, E=27. 00 kV/am. 

p = 778 Torr, 20 ns/div. 

(a) pH
2
0= 0.05 Torr, 30 l!A/div, 

(b) pH
2
0= 0.85 Torr, 75 l!A/div, 

(a) p H
2
o= 1. 79 Torr, 75 l!A/ div, 

(d) pH
2
0= 7.50 Torr, 75 ~/div. 

such as shown in Figures 4.5.1 and 4.5.2 recorded at different applied 

voltages it is found that a-n is independent of the amount of water 

vapor in air . Figure 4.5.3 shows (a-nl/p as a function of E/p. Note 

that the thus measured a-n values differ from those quoted in the 

literature, because all methods used thus far had a slower frequency 

response and therefore tend to measure the combined electron 

production by ionization and detachment, rather than the real a-n 
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a 

c 

Fig. 4.5.2 

b 

d 

Avalanche curTents in air at different water 

vapor pressures; d= 1 em, E= 28.00 kV/cm, 

p= 778 Torr, 20 ns/div, 400 uA/div, 

(a) pH
2
0= 0.05 Torr, (b) pH

2
0= 0.85 Torr, 

(c) pH
2
0= 1.79 Torr, (d) pH

2
0= 7.5 Torr. 

value. Only Frommhold [Fr 64] treats detachment separately and 

arrives at real a-n values for dry air at high E/p. 

Also from oscillograms such as shown in Figures 4.5.1 and 4.5.2 the 

transit time of the electrons can be taken and with the known 

electrode distance the drift ve+ocity can be derived. The drift 

velocity is independent of the water vapor content. Figure 4.5.4 shows 

v as a function of E/p. In this figure also values of v are given 
e e 

which have been measured by Frommhold [Fr64] in dry air. 

Figure 4.5.5 shows simultaneously measured electron and ion currents 

in air with a water vapor pressure of 11.25 Torr. From the electron 

component it can be seen that the aftercurrent is very small which 

means that most of the formed unstable negative ions are stabilized 
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-Fig. 4. 5. 3 Va~uee of (a.-n} /p as a function of E/p in air 

at 778 TO't''l', 0.05 <. pH
2
0 < 11.25 Torr. 
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Fig. 4.5.4 E~ect'l'on drift veLocity as a function of E/p 

in ai'l' at 778 Torr; 

o our measurements, 0.05< pH
2
0 < 11.25 Torr. 

x from Ref. [Fr 60] , dry air. 

by conversion so that only few electrons are produced by detachment. 

The humid air behaves in this case almost as a "normal" attaching gas 

under the condition a = n (compare Figures 2 • 5 • 3 and 4 • 3 • 1 b) • This can 

also be concluded from the ion current shape since the current 
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Fig. 4.5.5 Avalanahe au:rTent in hwnid air; 

d ::= 1 am, p =· 778 Torr, pH 2 o~ 11.25 To:rT, 

E = 27 kV/am, upper beam 

7.5 ~/div~ 2 ~s/div, lower beam 

75 uA/div, 20 ns/div. 

decreases linearly with time (see Eqs. (2.5.13) and (2.5.14) and 

compare Figure 2.5.3). 

From Eqs. (2."5.4), (2.5.9), (2.5.10), (2.5.15), (2.5.16) and (2.5.17) 

follows in case a=n and T =T : 
P n 

1 !'1' ) 
• • 1 (T )+ i ('1' ) 

p .. n e 

1 T _ _R. 

a+n Te 
(4. 5.1) 

From Figure 4.5.5 the values of the currents and transit times can be 

taken and inserted in Eq. (4.5.1) from which follows a+n= 15.4 cm-1, 

Since a is almost equal ton we now conclude that a= n 3 7.7 cm-1. 

Frollllllhold [Fr64] found for dry air n/p = 0.01 cm-lTott~l for the 
-1 -1 -1 

range 35 < E/p < SO Vcm TOrr from which follows n= 7.78 em at 

p = 778 Torr. By extrapolating his data for a/p to E/p = 34.7 Vcm-l 

Torr-
1 

(he gives only a/p values for E/p 
-1 -1 

-1 -1 
> 40 Vern ~rr ) we obtain 

a/p = 0.01 em Torr which results in a 7.79 cm-
1 

at P = 778 Torr 

in good agreement with the value we found. 

The increase of the breakdown voltage of air with humidity is 

attributed by many authors to the attaching nature of water vapor (see 

[Me 78]). We found however, that attachment in pure water vapor is 
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negligible, in contrast to the results of [Pr 60] and [Pa 72] • Figure 

.. ~ , .. . . . . . . . . ..... . . . .. ' .. . . . . . . . . . .. . . . . . . . . . . . . ' • • • 0 
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a b 

Fig. 4. 5. 6 AvaZanche currents in water vapor; 
-1 

d = 5 mm, p = 14.0 Torr, E = 620 Vcm , 

(a) 4 mA/ div, 20 ns/div. 

(b) 15 ~ / div, 2 ~s/div . 

~ --

4.5.6 shows avalanche currents in water vapor. From the electron 

component (Figure 4. 5. 6 a ) we can see that ionization takes place and 

from the ion component (Figure 4.5.6 b) we can see that there are no 

negative ions (T] = 0, compare ava::.anches i n nitrogen, Figure 4.2.9). 

From the combination of the results of Frommhold and our own measure­

ments we now conclude that the attachment coefficient n of air is 

independent of both the applied E-field (for 32.5 < E/p < 37.5 Vcm-l 

Torr-
1

) and the water vapor content (pH
2
o < 11.25 Torr). 

From oscillograms such as shown in Figur es 4.5.1 and 4.5.2 obtained at 

different humidities a nd wi th different voltages applied to the gap 

the following quantity can be derived : 

c -d
1 ~n {i (T )/i (0)} - (a-nl 

e e e 
(4.5.2) 

where now, not just the drop, but the full value of ie(Tet is 

considered. We found that the value of C is only a function of the 

water vapor content. Figure 4.5.7 shows 1/C as a function of pH
2
o. 

From this figure we conclude that for p H
2
o > 1 Torr: 

c 1 I (0.75 + 0 .29 pH20) (4.5. 3) 
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Fig. 4.5.7 The value of 1/C (C given by Eq. 4.5.2) 

as a funotion of the partial water vapor 

pressure in air. 

in which p H
2
o has to be inserted in Torr and the dimension of C is 

-1 
em 

The electron current in case of a gas in which ionization, attachment, 

detachment and conversion take place is given by (see Eqs. (2.8.5), 

(2.8.10) and (2.8.11)): 

i (t) 
e 

for 0 < t < T , 
e 

in which A
1 

and A
2 

are given by Eqs. (2.8.6) and (2.8.7). 

(4.5.4) 

Figure 4.5.8 shows a plot.of ie(t) vs tin casea=nand pH
2
o=0.05 

Torr (points obtained from Figure 4.5.1a) in which the vertical axis 

has a logarithmic scale. From this figure and the known value of ve 

we conclude that for t ~ 20 ns. 

i (t) 
e 

(4.5.5) 
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The curTent i (t) as a function of time 
e 

for 0 < t < Te. The points are taken from 

Figure 4. 5.1 a. 

Apparently in this case only one e-folding time is important. Later on 

in this section it is shown that the term in Eq. (4.5.4) with 

exp (A
1 
vet) , in case a= 11 and p H

2
o = 0. 05 Torr, is much larger than 

the term with exp(A
2
vet). Also it will turn out that (A

1
+o+Bl/(A

1
-A2l 

almost equals unity. Equation (4.5.4) then simplifies to: 

In case a= 11 A
1 

is given by (see Eq. (2.8.6)): 

From Eq. (4. 5. 2) follows for a= n,: 

i (T ) 
e e 

i
0 

exp(Cd) 

(4.5.6) 

(4.5. 7) 

(4.5.8) 

From the combination of Eqs. (4.5.5), (4.5.6) and (4.5.8) and by 
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neglecting the factor 0.9 in Eq. (4.5.5) we conclude that in this 

0.05 Torr): 

1.5 
-1 

em 

With the known value of n we derive from Eq. (4.5.7): 

0.36 + 0.24 B (4.5.9) 

The next step now is to find 6 and B separately in this case where 

a .. n. For this purpose current waveforms were computed with the 

numerical method described in section 2.9. With a trial and error 

procedure it was found that the computed waveform was in good agree­

ment with the measured one if 6 was chosen to be 1.03 cm-
1 

and 6, 
-1 

2.8 em (see Figure 4.5.9) . 

Fig . 4 . 5.9 

-t 

The aurrent i {t) as a f unation of time . Line 
e 

aomputed with the method desaribed in 

seation 2.9 with a=T) = 7.7 am-1, 6= 1.03 am-1 

-1 
B = 2. 8 am and d = 1 am. The points are taken 

from the measurement of Figure 4. 5.1 a. 

With these values of 6 and S we can check whether the simplification 

of Eq. (4.5.4) to Eq. (4.5.6) was correct. A
1 

equals in this case 
-1 -1 

1.5 em (see Eq. (2.8.6)) and A
2 

equals -5.3 em (see Eq. (2.8. 7)). 

With these values Eq. (4.5.4) can be written as: 

i (t) 
e 

(4.5.10) 
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From this equation it can be seen that for vet not too small (say 

vet > 0.2 em) the second term can be neglected and Eq. (4.5.10) 

simplifies to: 

i (t) 
e 

which is indeed almost identical to Eq. (4.5.6). 

(4.5.11) 

The values of o and B found for p H
2
o = 0. OS Torr can lead to more 

general parameters if we make the plausible assumptions that o is 

independent of both the applied E-field and the water vapor content, 

and that B is a function of pH
2
o only. Let us for instance write B as: 

For (o+Bl 2 > 4 no, Eq. (4.5. 7) simplifies to: 

with Eqs. (4.5.3) and (4.5.12) follows from Eq. (4.5.13): 

and from this: 

B= 0.29 no 

1 
+­

n 

2.30 

(4.5.12) 

(4 .5 .13) 

(4.5.14) 

(4.5.15) 

Since the straight line approximation of Figure 4.5.7 is not accurate 

at low pH
2
o values we use the data for pH

2
o 0.05 Torr to find A. 

-1 
With B = 2.8 em for pH

2
o = 0.05 Torr, Bas a function of pH

2
o is 

given by: 

(2. 7 + 2.30 pH
2
o) 

-1 
em 

in which pH
2
o has to be inserted in Torr. 

(4.5.16) 

Summarizing we can say that for the conditions of our experiments, 

n = 7.7 cm-
1

, o = 1.03 cm-
1 

and B = (2.7 + 2.30 pH
2
0) cm-

1 
while a 

can be derived from the (a-n)/p values given in Figure 4.5.3. 
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Fig. 4.5.10 E~eetron ava~anehes in air; d=1 em, E=28kV/cm, 
-1 -1 -1 

p=778 Torr, a=9.2 em , n=7.7 em 8=1.03 em , 

the ~ines represent the current waveforms computed 

with the method described in section 2.9, the points 

are taken from (a) Figure 4. 5. 2 a and 

(b) Figure 4.5.2d, {a) pH
2
0= 0.05 Torr, 

-1 -1 
6=2.8 em , {b) pH

2
0= 7.5 Torr, 6=20.0 em 

Figure 4.5.10 shows current waveforms computed with the numerical 

method described in section 2.9 for a>n. In this figure also values are 

given which are obtained from oscillograms shown in Figure 4.5.2. 

It can be seen that the computed values are in good agreement with the 

measured values. That, especially at late times the measured values 

are somewhat larger than the computed values, is caused by the ion 

contribution to the current (compare avalanches in oxygen, section 

4.4). Also in cases a<n computed electron currents are in good agree­

ment with measured currents. 

Figure 4.5.11 shows currents caused by ions in air at different 

humidities and with the same voltage applied to the gap, while 

Figure 4.5.12 shows ion currents for the same parameters computed 

with the numerical method. The transit times of the three ion species 

are all chosen equal to Ti. In Figure 4.5.12 also points are shown 
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Pig . 4.5.11 Ion aurrent in air; d•1 em, E=ZB kV/cm, 

p = 778 Torr. 15 JJA/div, 2 JJs/div, 

ii (t) 
60 

C)JAl 

r 

0 

(a) pH
2
0 = 0.05 Torr. (b ) pH

2
0 = 7.5 Torr. 

-t 
a b 

Fig. 4.5 .12 Ion aurrent in air; d=1 em, E=28.00 kV/em, 
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-1 - 1 -1 
p=778 Torr, a= 9.2 am • n= 7 , 7 am • o= 1.03 em • 

the lines represent the aurrent waveforms aomputed 

with the method described in seation 2.9, the points 

are taken from (a) Figure 4.5.11 a and 

(b) Figure 4.5.11b; (a) pH
2
o= 0 . 05 Torr, 

-1 -1 
13=2. 8 am (b) pH

2
o= 7.5 Torr, 8=20.0 am 



which are obtained from oscillograms shown in Figure 4.5.11. The 

computed values are in very good agreement with the measured values. 

With the numerical method it is possible to keep track of the numbers 

of electrons (n ) , positive ions (n ) and negative ions (n ) which 
e p n 

leave the gap per electron which initially starts from the cathode. 

In Table 4.5.1 these numbers are given for dry air, humid air and a 

"normal" attaching gas in which no detachment takes place, in case 

a= n= 7. 7 em -
1 

and d = 1 em. 

n n n 
e p n 

I 
i 

Air, pH
2
0= 0.05 Torr 7.45 23.50 17. OS I 

i 
! 

Air, pH
2

0 = 11.25 Torr 1. 30 8.74 8.44 I 

I 

!"Normal" 

I 

gas 1.0 7.7 

Table 4.5.1 Numbers of electrons, positive ions and 

negative ions which leave the gap per 

electron which starts from the cathode 

in dry air, humid air and a "normal" 

attaching gas. 

7.7 

Since "counting" charge carriers is just what is done with Townsend's 

method (see section 4.1) we may derive from the numbers given in 

Table 4.5.1 values of a and n, aT and nT, which would be obtained if 

Townsend's method were applied without any knowledge of detachment 

and conversion. 

The numbers of the various charge carriers which leave the gap per 

electron which starts from the cathode is in a case without detach-

ment and for ar"fl given by (see section 2.5): 

n = exp{(a-nl d} 
(4. 5 .17) e 

a 
[exp{(a-nl d} -1] (4 .5 .18) n 

p a-n 

n __!l_ 
[exp {(a- nl d} -1] (4 .5.19) 

n a-n 

95 



With the numbers given in the table it follows from these equations 
-1 -1 

that for dry air ~T = 7.3 em and nT = 5.3 em . From measurements 

with Townsend's method Prasad [Pr 59] obtained for dry air ~T = 7. 0 em -
1 

and nT = 4.8 cm-
1

, which differ not much from the above-mentioned 

-1 -1 
values. For humid air follows ~T = 7.6 em and nT = 7.4 em • For 

dry air the value of the attachment coefficient is clearly 

significantly smaller than the value for humid air, and the incorrect 

conclusion has therefore been drawn that adding water vapor to air 

increases n. 

In this section as well as in sections 2.8 and 2.9 we have assumed that 

all negative ions formed by the attachment process are unstable. How­

ever, it may also be possible that two types of negative ions, one 

stable and one unstable, are formed by the attachment process. In that 

case two attachment coefficients have to be defined: ~ 1 as the mean 

number of unstable negative ions produced by a single electron 

travelling 1 em in the direction of the E-field and likewise n
2 

for 

stable negative ions. 

The Eqs. (2.8.1) through (2.8.4) then change into: 

dn (t) = (a- ~1-~2) n (t) v dt +on (t) v dt 
e e e nu e 

dn (t) =an (t) v dt 
p e e 

dn (t)= n1n (t)v dt-on (t)v dt-f3n (t)v dt 
nu e e nu e nu e 

With the solution for the total number o! electrons: 

n (t) 
e 

n 

---
0
--- { (B

1
+6+8)exp(B

1
v t)-(B

2
+6+8)exp(B

2
v t)} 

B
1
-B

2 
e e 

for 0 ~ t ~ T 
e 

in which: 
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(4.5.21) 

(4.5.22) 

(4.5.23) 

(4.5.24) 



B = ~a-n -n -6-S 
1 2 1 2 

(4 .5 .25} 

B = l{a-n -n -6-S 
2 2 1 2 

(4.5.26} 

Equation (2.8.12} changes into: 

i (T } -i (T +dt}=i exp{ (a-n
1
-n

2
l d} 

e e e e o 
(4 .5. 27} 

In section 2.9 the changes in the equations are: n has to be replaced 

by n
1 

+n
2 

in Eq. (2.9.7}, by n
1 

in Eq. (2.9.11} and the term 

n 2 ~xne (p~x, q~t} has to be added at the right hand side of 

Eq. (2.9.13}. 

with a procedure comparable to the one described in this section it 

appeared to be also possible to obtain a good agreement between the 

computed currents and the measured currents for an appropriate set of 

coefficients. The value of a is unchanged, the n-value is now split up 

-1 -1 -1 
inton

1
= 1.9cm andn

2
= 5.8cm (notethatn=n

1
+n

2
= 7.7cm} 

the value of 8 is changed into 5.6 cm-
1 

and S is now given by: 

s (4.5.28} 

To decide which model is the correct one is not possible with the 

available experimental results. Further experimental studies could 

include larger electrode spacings, changes in the gas composition or 

analysis of the various ion species. 

However, both models show that the influence of water vapor on the 

avalanche growth in air is caused by conversion. It is therefore 

important to take conversion into account when an explanation is 

sought for the influence of water vapor on the breakdown characteristics 

in air. Also both models lead to the same "real" effective ionization 

coefficient a-n or a-n
1
-n

2
. 

Further analysis is needed to see how the breakdown criteria of air 

are influenced by the choise of parameters: the classical ones aT and 
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nT or the parameters a,n,o and S derived in this section. Since 

eventually the same number of charge carriers is produced no change in 

Townsend's criterion is expected. In the streamer criterion changes 

will occur since the charge carrier distribution in space will be 

different for the two cases. 

4.6 Avalanches in sulphur hexafluoride. 

In this section avalanches in sulphur hexafluoride (SF
6

) are 

described. 

Sulphur hexafluoride is often used as an insulating gas in high­

voltage equipment because of its high breakdown strength. In homo­

geneous E-fields the breakdown voltage of SF
6 

is about three times 

higher than the breakdown voltage of air. 

The maximum contents of the impurities in the SF
6 

gas, we used, were: 

900 ppm o
2

, 330 ppm CF
4 

and 2.2 ppm HF (values given by the 

manufacturer) whereas the partial pressure of water vapor was lower 

than 0.04 Torr (own measurement). 

Figure 4.6.1 shows currents caused by avalanches in SF
6 

at a pressure 

of 52.9 Torr with different voltages applied to the gap. From 

Figures 4 . 6.1 a and 4.6.1 b it is obvious that SF
6 

is an attaching 

gas since the current decreases with time, which means that n > a 

(see Figure 2.5.3 and Eq. (2.5.4)). The drop of the current shown in 

Figure 4.6 .1 c at t = Te just equals i
0 

which means that in this case 

a= n while Figure 4. 6. 1 d shows a current for the case a>n. That the 

currents after t = T e do not drop to zero is caused by the ion 

contribution to the current. This can be concluded from Figure4.6.2 

which shows simultaneously measured electron and ion currents 

(compare avalanches in oxygen, section 4.4). 

From oscillograms such as shown in Figure 4.6.1 the transit time of 

the electrons can be obtained and with the known gap spacing, the 

drift velocity can be determined. 
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a b 

c d 

Fig. 4.6.1 Currents aaused by ayaZanahes in SF
6

; 

d = 1 am, p =52. 9 '!'orr, 20 ns/div. 

(a) E=6.14 kV/am, 75 llA/div. 

(b) E=6.20 kV/am, 75 IJA/div. 

(a) E = 6. 24 kV /am, 150 IJA/div. 

(d) E=6.32 kV/am, 400 llA/div. 
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a 

b 

Fig. 4.6.2 Cu~~ents caused by avalanches in SF6; 

d=l em, p=52.9 TorT; 

(a) E= 6. 30 kV/cm, uppe~ beam 

0.4 mA/div, 20 ns/div, lOIJJe~ beam 

0.2 mA/div, 2 ~s / div. 

(b) E=6.34 kV/am, uppe~ beam 

0.8 mA/div, 20 ns/ div, lOIJJe~ beam 

0.4 mA/div, 5 ~s / div. The spikes 

on the ion au~~ent a~e discussed at 

the end of this section. 



Figure 4.6.3 shows ve as a function of E/p. For reasons which will be 

explained later on in this section the measurements are carried out 

at different gas pressures; for values of E/p at which ve could be 

measured, ve appears independent of the pressure. For E/p close to 

118 Vcm-
1
Torr-

1 
this conclusion holds for pressures from 5 to 100 Torr 

for lower and higher E/p, ve can only be measured for a narrower 

pressure range. 

Ve 

7 -1 
(10 em s ) 

1 
20 

1.75 

1.5 
90 

Fig. 4.6.3 

• • 
/ 

• / 

• / 

• 
/ 

/ 
/ 

/ 

_... •' ,... ,... 
/ ,... 

,_.... • _... 
/ ,...,... 

100 110 120 130 

E/p ( Vcm1 torr-1> 

EZeatron drift veZoaity v as a function 
e 

of E/p in SF 
6

, 5 < p < 100 Ton>; 

• our measurements, dotted Zine from 

Ref. [Ha 71] • 

The dotted line in this figure is an extrapolation of measurements by 

Harris and Jones [Ha 71] for a lower E/p range, 5.3< E/p <53 Vcm-
1
Torr -

1
, 

where the data turned out to fit the equation: 

v = 1.74 X 10
6 

(E/p)
0

•
51 

e 
(4.6.1) 

That our measurements at higb E/p do not follow this equation is not 

surprising since many types of inelastic collisions occur in SF
6

, 

with efficiencies which depend strongly on E/p. 

Also from oscillograms such as shown in Figure 4.6.1 the effective 

ionization coefficient,a-n, can be derived in the same way as 

described for nitrogen and carbon dioxide (see sections 4.2 and 4.3). 
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CC-11 
p 

-1 -1 
<em torr l 

l 

0.5 

0 

-0.5 

90 

/ 

~ 
v 

100 110 A 130 

v 
/' 

-1.0 
-1 -1 

E/p <Vcm torr l 

Fig . 4.6.4 Effective ionization coe fficient as a 

f unction of E/p, 5 < p < 100 Torr ; 

• OW" measUl"ements, 

0 from Ref. [Bo 71] , 

o from Ref. [Te 74] • 

Figure 4. 6 . 4 shows (a. - n) /p in SF 
6 

as a function of E/p. 

In this figure also values are given which have bee n measured by 

Teich and Brans t on [ Te 7 4] and Boyd and Crichton [Bo 71] • 

From the figure it can be seen that the values of our measuring 
-1 

points for 103< E/p< 132 Vcm can be expressed by: 

k { (E/p)-(E/p)crit} 
-1 -1 

em Torr (4.6.2) 

-1 -1 
in which (E/p)crit= 118 Vcm Torr is the value of E/p for which a 

equals n, and k"'0.024. In the literature (see for example [.Ma81]) 

equations of this type are often suggested: values of (E/p) it vary 
-1 -1 cr 

from 114.3 to 118.6 Vcm Torr while k varies from 0.026 to 0.028. 

The strong increase of (a. - n) /p with E/p is the reason why we had to 

do our measurements at low pressures; the higher the pressure the 

smaller is the range of E/p for which we can measure avalanche 

currents from which v e and a. - n can be derived. With Eq. (4 . 6 . 2) it 

can be shown that at higher pressures even a small scale inhomo-
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genity of the E-field can lead to breakdown through the streamer 

mechanism even though the mean E/p value is well below 118 Vcm-
1
Torr-

1
. 

When a single electron starts from the cathode the number of electrons 

when the head of the avalanche has reached a distance xc' is given 

by: 

or 

n 
e 

£n n 
e 

exp (a.-nldx} 

(a.-nldx 

with Eq. (4.6.2) this can be written as: 

£n n 
e 

XC 

0.024 J E(x)dx 

0 

- 2.83 px 
c 

(4.6.3) 

(4.6.4) 

(4.6.5) 

Suppose that the electric field strength exceeds the critical field 

118 p over a distance xc < d : 

E(x) 118 a p 

in which a> 1. Equation (4.6.5) can now be written as: 

£n n 
e 

2.83 p XC (a-1) 

(4.6.6) 

(4 .6. 7) 

The streamer criterion is reached when ne approximately equals 

5 x 10
8 

(see for example [Me 78] ) or £n ne = 20, from which follows: 

X 
c 

7.07 
(a-1)p 

(4.6.8) 

For example, if a= 1.1 the gap breaks down at a pressure of 760 Torr 

when x > 0.93 mm. 
c 

The gap of our measuring setup broke down at a gapwidth of 5 mm and a 

SF
6 

pressure of 769 Torr, when E/p equaled 116.19 Vcm-
1
Torr-

1
. The 

increase of the electric field strength near the annular gap of our 
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subdivided cathode could be the reason that the critical E/p value of 

118 Vcm-1TOrr-1 was not reached. 

For a homogeneous E-field the breakdown criterion is reached for 

xc = d, so Eq. (4.6. 7) can be written as: 

a_ 
1 

7.07 
= ---pel (4.6.9) 

which shows that for high values of pd, a approaches unity , in 

other words that the gap will break down just above 

E/p = 118 Vcm-1
'l'Q.r.r -l. The relation between the sparking potential 

and pd is in this case given by: 

u 
• 

118 pd (E/p) crit pd · 

a b 

Fig. 4.6.5 CUPPents caused by avalanches in SF
8

; 

d = 5 mm, p = 769 Tol't' 

(4.6.10) 

(a) E=85.2 kV/cm, upper beam 0.8 mA/div. 

20 na/div, lOIJJer beam 200 J,IA/div, 

2 JJB/div. 

(b) E=89.34 kV/cm~ upper beam 27TJA/div, 

20 na/div. lower beam 400 ].JA/div. 

2 JJ81div. 

Figu.re 4.6.5 shows avalanche currents in SF
6 

at a pressure of 

769 Torr. The electron components can be seen to die out very 
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quickly after the start of the avalanche. With Eq. (4.6.2) it can be 

calculated that at a pressure of 769 Torr a -n = -132,9 cm-
1 

for 
-1 -1 

E/p = 110.8 Vern Torr (situation of Figure 4.6.5a) and 

a.-n = -33.6 cm-
1 

for E/p = 116.18 Vcm-1Torr-
1 

(situation of 

Figure 4. 6. 5 b) . These very low a. - T] values are the reason of the 

fast decrease of the electron component. 

The ion component in Figure 4.6.5 a results mostly from negative ions 

which were formed very close to the cathode (compare Figure 2.5.3). 

The ion component in Figure 4.6.5b shows that now also positive ions 

contribute to the current. Als o the current waveform indicates that 

under these conditions detachment takes place, since the current 

increases after t=Te (compare avalanches in oxygen, section 4.4). 

Also it can be seen that secondary processes take place since a 

current remains after one ion transit time. This also can be seen 

from the ion component shown in Figure 4. 6. 2 b which even shows 

current "spikes" caused by individual electron avalanches. Which 

secondary process causes this phenomenon is not clear, but it 

certainly is not photoemission of electrons from the cathode since 

this would occur in a time which is much shorter than the observed 

one (compare avalanche in nitrogen section 4.2). 

These secondary processes of whatever nature will cause the 

apparent (a- TJ)T to be larger than the real (a.- TJ) shown in 

Figure 4.6.4; just as observed in air (see section 4.5). This is 

consistent with the fact that we found a smaller k value in 

Eq. (4.6.2) than other authors. 

4.7 Avalanches in sulphur hexafluoride/nitrogen mixtures. 

In this section measurements on avalanches in mixtures of sulphur 

hexafluoride and nitrogen are described. 

As is mentioned in the previous s ection, SF
6 

is often used in high­

voltage equipment because of its high breakdown strength. However, 

since SF
6 

is rather expensive and its behavior in inhomogeneous 

fields at high pd values is not so good, there is also much interest 

in the breakdown characteristics of mixtures of SF
6 

with more common 

gases like nitrogen or air (see for a review paper on this subject 

Ref. [Ma 79 ] ) . 
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To investigate the influence of adding nitrogen to SF
6 

one could 

measure the breakdown voltage in a homogeneous E-field, or one could 

determine the critical E/p value, (E/p) "t' for which a equals~-
crl. 

In the previous section it is shown that for high pd values and in 

SF 
6 

the two methods lead to the same results (see Eq. ( 4. 6. 10) ) .. 

When mixtures are used one should make certain that the mixture in the 

vessel is homogeneous. Suzuki [su 82] has investigated the rate of 

mixing of SF
6 

and N
2

. He found that, when the mixing is only caused by 

the diffusion process, several hours are needed before the mixture is 

homogeneous. In our experiment the inlet of one gas into the other was 

accompanied by turbulence and in addition an electric fan was placed in 

the vessel to speed up the mixing process. We found that approximately 

5 minutes after the vessel was filled with the two gases (E/p)crit had 

reached a stationary value from which we conclude that the mixture is 

homogeneous. 

We measured avalanche currents in SF
6

/N
2 

mixtures at a total pressure 

of 50 Torr. Since the current waveforms were very similar to the wave­

forms obtained in pure SF
6 

we do not show oscillograms. As we did for 

SF 
6 

we determined a - ~ values for several mixing ratios of SF 
6 

and N
2

. 

Since the value of (E/p) crit is the most interesting quantity we give 

here only this quantity, Figure 4.7.1 shows (E/p)crit as a function of 

the partial pressure of SF
6 

in percents. In this figure also values of 

(E/p)crit are given which have been measured by Aschwanden [As79] 

The full line in the figure represents the empirically derived 

equation which fits our measurements for 10 s %SF6 ~ 60 : 

c -1 -1 
(E/p)crit = 118.0- 2.84 (1.03) Vern Torr (4. 7 .1) 

in which C is the percentage of N
2 

in the mixture. The dotted line 

represents the equation empirically derived by Aschwanden: 

0 2 -1 -1 
(E/p) crit = 4.69 D · Vern Torr (4. 7 .2) 

in which D is the percentage of SF
6 

in the mixture . 

Pelletier, Gervais and Mukhedkar [Pe81] have measured relative sparking 

potentials, RSP (sparking potential of the mixture divided by the 
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( E/plcrit ·--
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• 

(V cm-1 torr-1) 
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80 

• 
0 20 40 60 80 

- "/oSF5 

Fig. 4.7.1 The critical value of E/p as a function 

of the percentage of SF
6 

in the SF
6
/N

2 
mixture, measured at a total pressure 

of 50 Torr, 

• our measurements, 

o from Ref. [As 79] , the fuU Une 

represents Eq. (4.7.1) and the dotted 

Une Eq. (4.7.2). 

100 

sparking potential of pure SF
6

) of SF
6

/N
2 

mixtures in uniform fields. 

For 40% SF
6 

they found RSP=0.87 and for 60% sF
6

, RSP=0.92. 

From our measurements follows that the relative (E/p)crit 

((E/p) 't . t/(E/p) 't SF) for 40% SF
6 

is 0.86 and for 60%SF6 , 
cr1 ,m1x cr1 , 6 

0.93, which is in good agreement with the RSP values given in 

Ref. [Pe 81] . 

In Figure 4.7.2 the mobility K of electrons (K is defined as the ratio 

of the drift velocity and the applied E-field) for (E/p)crit at a 

pressure of 50 Torr is shown as a function of the percentage SF
6 

in 

the mixture. 

The addition of SF
6 

to N
2 

clearly slows down the electrons, which can 

be attributed to the many inelastic collision processes of electrons 

with SF
6 

molecules. 
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The mobility K of electrons for (E/p) •t on 
at a pressure of 50 Torr as a function of 
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6 
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6
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4.8 Avalanches near a solid insulator. 

In this section measurements on avalanches near a solid insulator are 

described. 

Gas insulated systems require solid insulators (spacers) to support 

the electrodes. These spacers tend to lower the breakdown character­

istics of the entire system (see for a review paper on this subject 

Ref. [La 81 ]) . A study on avalanche formation in the vicinity of a 

spacer may give information on the mechanisms causing this influence. 

As a first approach to such a study we did some experiments on 

avalanche formation near a cylindrical teflon spacer. We placed the 

spacer between the electrodes so that the primary electrons were 

released near the cathode-solid-gas triple junction. The laser beam 

was focussed to a diameter of 1.5 mm. Avalanche currents measured 

in this way in air as well as in nitrogen showed no noticeable 

differences with avalanche currents measured in the absence of a 

spacer. 
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Jaksts and Cross reported an influQnce of a teflon spacer on the 

avalanche growth in air [Ja 76] and in nitrogen [Ja 81] in a comparable 

experiment. We suspect that the reported influence may be explained 

as the effect of the spacer on the response of their measuring setup. 

To maximize any interactions between the charge carriers in the 

avalanche and the spacer material we studied avalanche growth inside 

a hollow, cylindrical channel in the spacer material. 

Figure 4.8.1 shows currents caused by such avalanches in nitrogen; the 

diameter of the channel in the teflon spacer was 4 mm. The current of 

a b 

Pig. 4.8.1 AvaLanches in nitrogen near a tQfZon e~face; 

d = 1 am, p • 760 Torr, 

(a) U = 17.00 kV, 75 l!A/div, 50 ns/div, 

(b) U = 28.00 kV, ZObJer beam 17. 2 J,JA/div, 

5 ~s/div, upper beam 1.2 mA/div, 

50 ns/div. 

Figure 4.8.1a, monitored at an applied E-field for which no ionization 

takes place, is very similar to the current which would be measured 

without a spacer (see Figure 4.2.1 a), although the current drop after 

one electron transit time is not so fast. The electron current shown 

in Figure 4.8.1b clearly deviates from the normal exponential growth 

which occurs in the absence of the spacer, and in addition the current 

drop at t=Te is much slower (compare Figures 4.2.6 and 4.2.9). Also 

the ion current shape differs much from shapes measured without a 

spacer (see Figure 4.2.9). 
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The reason for all these differences is not clear. Perhaps the 

formation of surface charges on the insulator deforms the initially 

homogeneous E-field. This would lead to a different growth of the 

avalanche since the ionization coefficient aisstrongly dependent on 

theE-field (see Figure 4.2.8). Also the relation between the motion 

of the charge carriers and the current in the external circuit will 

change (see Eqs. (2.3.1), (2.3.2) and (2.3.3)). 

Figure(4.8.2)shows currents caused by avalanches in a conical channel 

in a teflon spacer. The diameter of the channel varies from 3 to 6 mm. 

In this case the E-field is inhomogeneous because of polarisation 

charges and possible also because of additional surface charges. From 

the currents shown in Figures 4.8.2 (a) and (c) it can be seen that 

the E-field varies in the channel. 

All the electron currents show again the slower drop at t = T e than 

would be measured without a spacer. 

How to derive more information from such currents about the inter-

action processes between the avalanche and the insulator surface 

would be an interesting subject for further research. 
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a b 

c d 

Fig. 4.8.2 Currents caused by avalanches in nitrogen in a 

conical channel (diameter varies from 3-6 mm) 

in a teflon spacer; d=1 om, p=760 Torr, 

(a) and (b) the wider opening of the channel at 

the cathode, (c) and (d) spacer upside down in 

comparison with (a) and (b). 

(a) U= 17.00 kV, 75 \,JA/div, 50 ns/div, 

(b) U = 28.00 kV, lower beam 8. 6 \,JA/div, 

5 'f.IS/div, upper beam 0. 6 mA/div, 50 ns/div, 

(a) U=l?.OO kV, 30 \,JA/div, 50 ns/div, 

(d) U = 28.00 kV, lower beam B. 6 'f.IA/div, 

5 'f.IB/div, upper beam 1.2 mA/div, 50 ns/div. 
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5. CONCLUSIONS 

Improvements of the usual "electrical method" for avalanche studies 

have led to a setup with which direct information about processes in 

the avalanche can be obtained. 

The main improvements are the use of a lasex with 0.6 ns pulse 

duration to initiate the avalanche, the use of a subdivided measuring 

electrode and a decoupling resistor directly above the high-voltage 

electrode. 

The limitations of a subdivided electrode, caused by the Ramo­

Shockley effect, have to be properly analyzed to have both a large 

bandwidth and a current truly representing the motion of the charge 

carriers. 

Under those conditions the current waveforms not only provide a 

direct insight into various processes in the avalanche, but give 

also fundamentally more information when two processes occur in rapid 

succession. 

Since the avalanche can be started with a high number of primary 

electrons no ionization is needed to obtain a measurable signal and 

therefore measurements can be carried out at low E/p values. 

The currents caused by electrons as well as by ions can be measured 

without changes in the setup. In fact the two components can be 

monitored simultaneously which gives additional information about 

processes as secondary emission, detachment and conversion. 

For gases in which only ionization and attachment are important, the 

current waveforms can be calculated with the "classical" equations. 

If also secondary emission of photoelectrons from the cathode occurs, 

the numerical method of section 2.7 gives good agreement between 

computed and measured waveforms. For gases in which in addition to 

the fore-mentioned processes, detachment and conversion take place, 

the electron current waveform can be described by the analytical 

solution given in section 2.8 up to one electron transit time. At 

later times the numerical method given in section 2.9 gives useful 

results. 

Measured avalanche currents in air show clearly an influence of 

water vapor on the avalanche growth. It is shown that this influence 
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is caused by conversion reactions between negative ions and water 

molecules and not by an increase of the attachment coefficient, as is 

generally assumed. 

The critical E/p value of attaching gases, which is important for 

high-pressure gas insulated systems, can easily be determined, even 

if detachment and conversion occur. 

At lower pressures the influence of diffusion can be clearly seen and 

with the theory of section 2.4 numerical values of the diffusion 

coefficient in nitrogen have been derived. 

For some gases values of several discharge parameters derived by us 

differ at low E/p values significantly from values reported by other 

authors. Since we can work with sizeable signals, even at low 

E/p values, our results should be reasonably accurate. 

Preliminary measurements have been done on avalanches propagating 

close to the surface of solid insulators. Surface charges on the 

insulators are important but no further conclusions can be drawn at 

this stage. 
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