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A survey is given of the time regquired, and
the physieal processes which ocecur, during the delay
intervnl between the application across two cold electrodes
of a uniform electric field of sufficient magnitude to
produce dreakdown and the actual instant of breakdown,

The ionisation processes are described in
terme of the firet and seoond Townsend ionisation
ecefficients and the Townsend breakdown criterion
derived, Sxperimental Sechniques sre reviewed for
study of the initial electron avalanche.

The statistical time lag is defined,
experimontal techniques for ite study desoribed, and a
review given of the effeet of various experimental
conditions on the value measured. The theory of
statistical time lag ie given in detail for the case
of secondary emission from the eathode and shown to
agree well with experiment,

‘Measurements of formative time lag at a |
pressure of a few millimetres of mercury sre explained
by secondary ionisation at the cathode due to positive
ion ismpeet. A survey of carly messurements of
forantive time lag in air ot stmospherie pressure is
diseussed together with additional evidence and shom
to indiente that the low pressure mechaniss does not
apply at high pressure. The reasons for the




proposal «f an alternative *émmr“ mechanien are
then reviewed and the Streamer theory describdbed and

compared with oxperiment.

Subsequent experimental investigations,
deseribed in detail, are shown %o confliet with the
Streamer theory and support the Townsend theory of
secondary ionisstion at the eathods due to positive
ion and photen impact.

Finnlly, the two theories are reconciled hy
the proposel that although the megnitude of the delay
interval may be esloulated on the dasie of the Townsend
theory, the filsmentary spark whieh occurs in some
cases is explnined by a transition of the current dbuild-
up process to the smm-ntntmm
of the delay interval.
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Aslels Electrical breakdown of & gus is sn
irreversible transient process, which marks the trens-
ition from one stable siante tc another more stable
atate under an applied potential difference.

LeleZa In the initial stable state, which exists
before breakd the current ies usually within the range
10™20 Amp to 107" amp, and is due to the transport of a
compuratively suall number of elactrons und ionised atoms
or molecules existing within the gap, probably by the
action of cosmic radistion. This current will be
referred to as the priming current i .

Aeleds In the final stable state, the current has
increased by seversl orders of magnitude, and is
independent of the originel source of ionised particles.
The setual value of the current is limited by the impedance
of the external cireuit, and has s stable value such that
the sum of the potentisl differences ceross the external
resistance and discharge gap is equal to the applied emf.

Leleds The potential difference across the electrodes
below which this transition eannot occur is herein
referred to as the breskdown voliage.

Aele5s  Breakdown does not ocour ss scon as the
breskdown voltage is spplied. The iime interval which
elapses between the instant of applicantion of the
breakdown voltage and the occurrence of breakdown is
referred to in the title as the “"delay inssrval”.




Aslebe The magnitude or duration of the delsy
interval is delined as the "time log®. The expression
*delay interval® was chosen sinoe 1€ ie intended to
discuss, in addition to this duration, the physical
processes which oocour between the spplication of the
breakdown voltagse and the occurrence of breakdown.

This is necessary in order to assess theoretically the
reasons for the varied values of time lag obtained by
different investigators under different conditions of
electrode geomeilyry and gas pressure.

Aeleds The tine sero of the time lag is defined as
the instant when the applied voltage becomes equal to
the breakdown voltage.

AsleBa The end of the time lag, i.s. the instant

of breakdown, has been defined in dilferent ways by
different investigators in sccordance with the technigue
of measurement which has been used by them. The
prineipal definitions which have been used are:-

(a) The inatant when the applied voltage scross the
gap starts to fall to the velue charseteristic
of the second stable state.

(b) The insteont when the current f{lowing scross the
inter-elecirede gap reaches = certain value which
is alwaye meany orders of magritude greater than
the priming current. ;

{(¢) The instant when intense light is emitted from
the inter-electrode gap.

Asl.9.,  Fortunately, the value of time delay

obtained is virtuslly the same, whichever definition is
used, Lut cure will be taken to point out any differences
in definition when comparison is made between the results

‘.




obtained by different investigntors.

beZele Zlectriecal breskdown of the gas between the
slectrodes invelves a rapid incrense in the number of
charged particies (electrons and positive ions) in that
region. It is the rate at which these are produced
which determinea the time lag.

beleZa This process is briefly as follows:-

During the first stage, sxternal ionising
agents such sis coaszie rays produce alectrons which
move towards the ancode, and positive ions which move
towarda the eathode, under the asction of an applied
voltage betwuen the electrodes. If the applied
voltage is inovessed, both elestroms and positive ione
are accelersted, snd at a certain value of applied
voltage, the electrons receive sullicient energy in each
free path from the applied field to ionise neutral gas
atoms or molesules by collisiom. Ihe current between
the electrodes is inoreased, but nevertheless would be
reduced to sere if the source of primary ionisation were
remnoved.

4:2:3s  This is often oslled the “first ionisation
proceas”. Sinece the electron density increases with
distance from the cathode owing o lonisation, the
distribution of charged particles is often called an
"eleoctron svalunche™.

As2.4, This sleciron avalanche slone is insufficient
to cause breakdown for which sn additional “second stage"
or "secondary ionisation process”™ is essential.
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be2e5e ¥hen breskdown occurs, the current is
gelf-muintained, i.e. independent ol the scurce of
primary ionisantion. The secondury ionisation proceas
sust be such that an electron which leaves the cathode
can start a firet ionisation process, the products of
which are capable of liberating at some future time at
least one more eleciron.

Ae2e60 Zhis second ionisation process may consist
of any or all of the following principal mechanisms:

(a) The emission of electrons from the eathode by the
impaect of (1) positive ions, (Z?) photons, or
(3) metastable atoms, or a combination thereof,
which have been produced in the inter-electrode
gap by the first ionleation process.

(b) 7The ionisation of neutral gas atoms or molecules
by collisions with (1) positive ions, (2) photons,
(3) eleotrons or (4) metastable atome produced
by the first ionisation process.

{e) An incresse in the rate of the first ionisation
‘process snd of (a) and (b) esused by a change in
the potemtial distribution seroes the gap,
resulting from an accumulation of space charges
within it.

A.2.7s  The type of secondary ionisation process
active depends on the gas pressure, slectrode geometry,
and spplied veltage, and the sssesszent of which of
these is the most important, is necessary before a
theoretical réason for the vslue of time lag can be
provided.

As2.,8. In as much as the particular process
determines the value of the brexkdown voltage, and the




rate of incresse of current with applied field, the
measurement of these two quantities is essential to
explain the observed values of time lag.

AeZe9e The type of secondary ionisation process
zlso affects the time lag in the following way:
The rate of ionisstion is a function of:~

{a) The efficiency of the secondary ionisation
process, i.eé. the aversge nusber of electrons
produced per ionising agent. Ihis dejends on
the eleetrie field in the region of ionising
impacts. :

{b) The time whieh elapses between the liberation of
the secondary ionising agent from its parent atom
or molecule and an ionising ccllision with an
atom of the esthode (case (a)) or the gas (ecsse (b)),
This is = function of the mean free path, velocity,
and jonisation cross section of the ionising agent
in the gas considered. :

422,10, In general, it can be assumed that:

(2) the transit time of an electron between the
electrodes is negligible compared with the
traneit tize of s positive ion.

(b) the traneit time of & photon between the
electrodes is negligible compared with the
transit ¢f an electron.

Ae2.11, Conseguently, the value of time lag in many
cages provides a good indication of the secondary
ionisation agent(s) seting.

As2.12., From this brief introduction, it will be
seen that the $itle chosen does in fact cover a field
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whioh inveolves the underst-nding of the busie
prineiples of eleotrieal breakdown in gases, although
this puper will deal specifieally with the interw
pretation of the observed values of time lag in terss
of firet and second ionisation processes.

Aedele The magnitude of the delay interval or
alternatively the tise lag is the sum of the "Statistieal
Lag® snd the "Formative Lag", the megnitudes of which are
mutually independent.

Fre ™ The occurrence of breakdown depends on tweo
independent factors. As already deserided, breakdowm
oceurs when & combination of the first and second
ionisation processes snsurss that the gurrent is
independent of the souree of primary ionisation. OUme
initinl slectron only is sufficient to start this
process, apd the Formative Time Lag is the time between
the beglnning of the elestron avalenche started by this
partieular electron, and the instant of breskdown, whieh
mummuwnmw;amm.u
muuhl.ﬁ.

Asdslds A2 will be explained in more details later,
the firet and secondary ionisation processes are

governed by the random mature of the moticn of the gae
atoms due to their thermsl snmergy. Consequently, each
electron which is & potential ionising agent folleows a
sig-ung path. 1Its energy varies from impact to impaet
owing %o the fact that the time between impacts and the
direction of motion with respeet to the direction of
the applied field vary fros impset %0 impact. The

effeet of this is thet not every electron starts sa




svolanche which eventually leads to breskdown, In
addition, if the supply of prisayy electrons is small,
m for example to a low primapy current from the
sethode, soxne time may elapee betwean the epplication
of t'» bLreskdown voltage and the arvival of a suitable
aslectron in the gup.

Asdeds  Both these factors produce a "Statistical
Leg”® which is defined as the time interval between the
application of the breakdown voltage =snd the formation
of 8 free electron which will &fdrt an electron

7.

m which in Mnm ﬁﬁ mﬂm ionisation

sfals  Omly cold csthode discharges under unifers
9014 conditions will be considoved. This ig Decouse
of sathenatieal complieations whdeh arise by the
trentoment of the non-unifors field onse and which tend
ummthnWmﬂmwt

Asbefs  The renge of gas prescures studied is from
the opder of microns of mercury to approximately
atmospherie pressure. The beat way to specify the
senge is to refer to Paschen's Law, which states that

the breckdown voltage is a funetion only of the product

of ges prescoure p and electrods separation 4. The
oy limit of pd considered will be of the order of
* ws Hg x em which is eguivelent to & gap of a few

contimetres ot atmospherie precsurs,

bafsls  Host experimental resulte given rdlate to air,

e S




avallability. Data for nitrogen and the noble gases

Lafeda Hetails of experimental technigues will be
given where appliceble with specisl reference te thelr
relishility for comparison of theory with experiment,

beBsls a«mnpummum&auuama
the mm tmmtu%nmet
mm:afmmmuammmm
interyretetion of time lag values.

LsBsZs  The existing knowledge of the types of

ionising sgent which occur during the second stage is

naxt mm, withk particular reference to Townaend's
ssoond Ionisation Coefficient and the results of early
measurenente of it which to some extent bave retarded

the understanding of the breakdown yrocess at high gne
Pro|umre. -

 AsSe3s  The random neture of collicions within the

mummmaumnmmmm»

lag with reference to the effeet of cathode materisl,
irradintion and gas pressure on the ssgnitude of the
 lag.

£sDs8s  The subject of formative time lag will de
introdueed by a survey of the difisrent measurement
tec'niques which have bDeen used. Jetails of early
methods will then be given, and o deseription given of

|
|
:
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sanner in shich subsequent experivwnts have diseredited
the “treansr theory will then be feseribed and analyesd,
Evidense will be given to support the view that the
Poruative Uine Lag may be ealculstod on the dasis of
the Townsend Theory of breakdows 2% beth low and high




Balels  Consider two plane parallel sleetrodes 4
separuted by o distance d, between whish a voltage V -i
is appiied, If the applied voltage is increased, 'é
mwmuwawn«mmnmm %
MM&::&IWMM%&: |
reschos o saturation value i at A, ¥hen the voltage 4
uwwsmummum ‘
owing %0 the action of the firet ionisation process
and later in combination with the ssocndary ionisation
Process broakdown occurs at O,

Belela wmmmmmw
'Wmmumimmmm

of electvode separation for a fized value of epplicd
field. e found thet for a given spplied field the -
current 1 inoressed with electrode separation and that
8 lincar plot was obtained if log i s plotted against x.

fe8¢ logi = ocxelogl, B.1.2.1.
By asttorentiass

.g.u n.:.z.»a.
s e T Bale2e3s

WM”:@W&ﬁmmd
- new elsotrons liberated by one elsetren in travelling




-13
ot

AR
,7:760 rmm Hg

|
'Bl‘?dl\doun
Voltage,

ﬂﬂ)‘l@d Field € velts /r.m.

Corrent as afunchion of °PP“9d field E atconstant pressure

il e




unit distanee in the direction of the applied field.

The sversge nunbar of collisions per cm. is egqual %o

the average number of collisions per second divided

by the drift veleocity of the electrons in the direction

of the field ©s The electron drift velocity is =

function of the energy gained Letween impacts and

therefore o function of § A or o function of = . Since

~ the muxber of iupects per second is proportiocnal to the
pressure for = given sleciron onergy we may write:

« L .
, = “’) Bolo 2!‘.

Bel.ls  Townsemd repeated the experiment just
deseribved for various velues of applied field and gas
pressure and found m&%‘ is the following unigue
function a§o

g - Amng Bele3ele

. where A and B are experimental constants for a given

m;uxmm»wwumusmmm«,
and a satisfactory theoreticnl basis has not yet beem
given. lievertheless, eguation U.l.3.1. has been used
with success in the theory of formative time lag.

Belabe It is important to remamber that o is an
average, and not a fixed guentity for every individual
eleoctron. 7The electrons move nlong a zig-zag path to |
the snode, with a velocity which is termed their thermal %
mmt:nmmm«mmumm
alsctron temperature Te.

B,1.5. The mesn veloelly measured in the direction
of the field is ealled the &rift velceity w. 4s a result
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of thedr high thermal veloeity v »>»u the slectrons
diflfuse sideways on their way to the mm

HelsBa Because of their much gresier mass, the
drift veloaity of the ions back to the eathode is
about oue undredth of the drift mmw of the
eleotrons.

m The above theoretieal concept of the nature
of the sleetron avalanche has been confirmed by the

experinentes of Raether and his collabovators 1941-1949
who have perfected the uee of the Yilson Cloud Chamber
rarmmm.

He228s  The cloud chuaber consists sssentially of
two papallel electrodes contained in sn expansible
chambeyr as shown in Fig. 5.2.1. The chasber contains
the gas %0 be studied mixed with water vepeour which is
brought into a super saturated condition by the
expansion of the bellows, shown ut /s The eathode is
usually divradiated by ultra violet light which produces
sufficient numbers of photoslectrons at the eathode
surfece tc reduce the statistical lag to & negligivle
values A voltage pules, applied to the electrodes
electron swvalanche by impact ilonisation on its way.
This sleotron avalsnche is arrested before 1t reaches
the snode by the use of a voltage pulee with a flat top
of duration less than the transit time of the electron
avalanche between osthode and anode. Then the chasbey
expands inmedistely after the application of the pulse

s e iy 3 S e T R S e o
ST T i s T T TR R S s e SR
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the vapour condenses on the charged particles in
preference to the neutral atoms. it is then possible
to photograph the avalanche by a camera synchronised
with the expansion mechaniem of the bellows.

BeZalds The profile of en svalanche recorded by
such & photograph ie uweuslly as shown in Pig. B5.2.2.,
which also shows an approximate disgrammatiec
representation of the distribution of the charged
particies. The arrows show the direction of the
resultant electric field surrounding the avalanche.

BeZeds This technique has been applied by Raether
1941~49 %o air at high pressure for which the time of
formation of the electron avalanche is of the order
of 10.1 BEC.

Belals By measuring the len;th of the avalanche for
various values of pulse duration, the drift veloeity
of the electrons can be uneasured.

‘ . Por example, Haether found that in air with
== 27 volt/om/lig the arift veloeity u was 1.3 x |

Y ‘/mo

Bs2:7s This method is unique in thet it supplies &
visual check of the theoretiesl proposals. It is also
extresely sensitive and may be spplied to = large range
of applied voltages. For instance, although at high
858 pressure breakdown ocours when ocd = 20, individual
avalanches may be observed for applied voltages which
correnpond to values of « 4 of about two. Of course,
ae the breakdown voltage is reached, the photograph alse
contains the products of the secondary ionieation
process as well as the firet.
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Be2.8s On the other hand, slthough this
expeérimental technique does provide an extremely
valuable insight into the nature of the current builde
up progess, the guantitative anzlyses bdased on the
values of the avalanche dismeter and avalanche velocity "
must be treated with caution. The prineipsl errors
involved are (a) the observed width of the streamer

~ depends on the expansion ratio of the cloud chamber,
{(b) sinee the electron snd positive ion density will enly
gradually decrease with distsnce from the avalanche saxis =
the observed breadth will also depend on the sensitivity

- of the photographic plate and (c¢) avalanche veloeity ean
only be computed from messurements on = number of
independent avalanches which msy not necessarily bde
identical.

et e g eyt e e e e et

Bedele  Vhereas Hsether's cloud chamber technique
demonstrates the shape of the initial avalanche, it
does not detect the random nature of the individual
avalanches. A demonstration of this latter effect
1 has been obteined by the following slectrical method
aleo developed by Raether 1955.

e

BeldeZs  The apparatus consists of plane parsllel
eleotrodes of capacity C connected in the circuit as
shown in Fig. B.3.1. ©hen the avalanche is formed
the current produced by the motion of eleotrons and
positive ions causes & voltage drop across the external
resistence R. The temporsl variation of this voltage
ean be observed via a wide band smplifier on the sereen
of the oseillograph.

Bededs In the case of merc series resistance the
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energy roguired by the charge carriers %o drive
ther through the gas is derived exclasively from the
eleetrical energy of the condenser, In the latter
case s potential drop would be produced acroess the
discharge track, which would take place in two
SLagesiw

- {a) A vapid potential fall within the very short
Suration of the transit time Te of approximately

Vo =2 & oxp.x d Bedadele
<8 ©

This is due %o the motion of the electrons.

{b) 4 siow linear voltage drop within the ion
tramait time Tp approximately

¥p u-§<l —O‘A)m'oti BoledeZa
This is due to the motion of the positive ions,
Thess relationships have besn derived by Sohmidt 1954.
Bededs  Uince e exp.~ d is the total eharge
transferred, the total voltage drop sorcss the condenser
By :
Y «§expxd B.3ebele

mwuamuaﬁmryww

BoleSe If it is desired to study the slectron
current only, the value of R may be adjusted so that
is just sufficient to cancel out the slew volsage drep
caused By the ion current within the lomg transit time.

e

%’
|
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B.Jefs The sensitivity of the apparatus is limited
by the noise at the input of the amplifier which is
about 20 x 10°° volt. Unfortunately, this limits

the avalanches which can be studied to those with
smplification above a eritieal eamount. For example,
if the injut eapacity including the capacity of the
diseharge track is about 1 x 10™1 farad, the svalanohe
must have an saplification exp.o d of 10" in order to
raise itself as a rectangular pulse above the noise
level. |

Bedels Until this difficulty cen be overcome, it
will not be possidble t0 use this techanigque for the study
of gases with a strong secendary ionisstion process,

In faet, in all pure gosee the secondary ionisation is
80 great that breakdown ccours before the eritieal
amplifioation of 10% 1s resched.

BeJefs  Nevertheless, this technique is useful for
obtaining & better undorstending of the avalanche
provesses, and has been applied successfully by Raether
1955, %o the case of a gos mixed with organic vapours
to inhibit the secondary ionisation process. If the
value ¢f ¥ is decreased in this way, the value of

expe < 8 necessary for breakdown will be increased, and
by this technique amplifications of 10! could be
obtained which were readily detectable above the nolse
level.

Beleds It is essential for the ionisation potential
of the gns to be greater than the ionisation potential
of the vapour. It is then possible for vapour ioms to
be produced by charge-transfer on impaet with gas ions,
These vapour ions do not release slectrons st the

cathode owing to the faet that their knietic energy is
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low beenuse of their high mass and low mobility.

Belellls The rendom nature of the processes within
the electron avelanche has been demonstrated by this
technique, in the following manner:- Several
oseillograph recorde are superimposed as shown in
Fige Ba3e?s The eletron component of each avalanche
is #0 rapid that it does not give any photographie

- record with the oseillograph time base used., 7T_ was

ealoulated to be about 0,05 usee. The length of the
rectangular pulse gives the ion transit tise 'l;. which
therefore enables the ion veloeity to be esleulated
for a partiocular gas filling and field strength. The
verticel height of the pulee is proportional to the
total number of charge carriers produged. It is
found that in spite of the discharge conditions bdeing
carefully kept constant the smplification faetor is
subjeet to large fluctustions. As already discussed
thie spread is due %o large variations in the first
ionising impacte.

The distribution of pulee heights of the individusl
elsetron avalanches in a uniform field is shown in
Fige 5a3e3s In Seetion 0,2.10. & mathematical analysis
will be given, the result of which confirms this
experimental observation.

Bedsls A third method of cbserving the electron
avalanche has been developed by W. Legler 1955, by
detecting the light quantas formed in the avalanche by
electronie impact. Excitation is alwsys preseant with
ionisation and the light enitted is produced when the




16,
excited atous fall o the ground state.

Bad.2s The pensitivity of the spparatus was largely
dependent on the sutput of the phoitc-entiode and the
proportion of the light emitted by the avalanche which
can fall upon it. The wavelength of the light which
eould be detscted was limited %o valuee of 2200% wy
the window of the multiplier and it was found that for
. this renge of wavelength the light snitted wes
equivalent %o approximately one quantusz for every two
ionie puivs.

B.4.3. he sensitivity of this tecimique compares
favourably with the electricsl method. Up to the
present 10" of avalanches with sn anplifieation eap.X dé
of 4 x 15° have been deteoted. It should be possible
by the use of different gecmetry and ingroved
photomeathodes to incresse the semsitivity y, 107,
which thaas coupares with the eloud chauber technigue.
However, snlese the avalanche can b arprested My the
uee of & fiat topped pulse ae in the aloud ghamber
technique, 1% 19 necessary %o inhibit the secondary
mechanisns 58 in the eleotriesl method.

Bededs  These techniques have demonstrated the nature
of the elsciron avalanche which agress with Townsend's
theoreticel comcepts In particuler the random nature
of the ecliision processes has been emphasized. 4
desoription will next be given of the secondary precesses
which form the second stage of the delay interval,

BuS.)e  Am deseribed in ssotion H.l.2. Zownsend

e
;
i
:
1,
4
;




found that fer & given applied field She logarithm
of the current was proportional to the electrods
However, when he extended the work to
higher values of applied voltage he found Shat the
current increased beyond the extrapolnted linear curve.
shis inerease was sttridbuted to additioemal ilonisation
sroduced by the second ionisation sluge.

4

BeSetn ganders 1913 examined the prollse in greatey
detail and his results ere given in "ig. B.J.1. I%
will be choerved that for values sf«% ises than 110,
the plote are strictly limear up %o ths peint of
breakdown. This cbservetion hee gresily influsnoed
the thesry of electiriesl bhreskdown, s nee it implies
thet brestdown mey oecur without secondary iomisation.
Firet of sll, it was sseribed to veliags fluectustions
in the I.7. scurce, bat repeat experissnis mads by
Pesin 1036 and lster by Sowls 1538 and Hale 1939 who
claimed thet thelr voltage sources ware stable
appeared %o confirms thoe result.

Beleds Gepently, ¥. Llewellyn Jones =nd bis
saescistes have succeeded in develeping & vollage scurce
guffisienily steble to demonstrate that secondary
ionisation doss in fact ocour in all sasss of breskdown.
This will be dealt with in more deisil in seotion

Pe5.9« onwapds.

BsSeds  Towmeend first of sll attriduled the

upourving e additional ieonisstion prodused by the
izpues of segative ions and asutral stone or melecules.
After sboul 1915 4t was reslised thet the negetive
eharge servisrs are not negative ione Wt Irss electrons
and the artre ionisetion wme then stiriduted to the

impaet of socsitive iong end neutral atoems. &f ecourse
all ionisatior by electron - noutral atoms impscis are
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classified as the firet ionlsation process.

BePals Towneend assumed by analogy with « , &
secondary ionieation cocefficient G , which was defined
as the nunber of electrons produced Ly = positive ion
in unit dietance in the direetion of the anode,

_ Congider s slad of gse of thickness dx
situated x en. from the eathode.

Lot it contadn p positive lons per sg. om.
of area botwaen the eathode and the slab, =nd let the
number of positive ione generated per sg. om. of area
in the distance d-x detween the alab and the anode be
reprosented by gq.

Then the number of electirins reaching the
mumﬂﬁunmty

F = :0 +*+ P+ g BaSe5ele

:mmn is the number of elesetrona leaving the cathode
/“¢

The mamber of ioms produced/em’ in a distance
ix is

(B, + ) % @x+ g8 dx  B.5.5.2.
Hence from eguation BeS.5.1.1
L o« (e P s (e op)8
= (F, + pix=0) + B8 Be5e5alde

BuSeSede
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(o & X -
ex, i = 1,%% Be5e5:5e

This equation represents the curved parts of Pig. B.%.1.,
and is the baale equation for the sction of first and
second lonisation coefficients. « may bes obtained
from the gradient of the lineer portione for which 8 1is
Z6T0.

| B.5.6. Towmsend 1915 demonetrated that for s limited

range of - * was the following unigue funetion of 3:-

wivs

wih s i

= C expe p% BeSe6ele
where C and U are constant for = partiecular gas.

Be5.7  The eriterion for which i becomes infinitely
great is:

o = - /6 m.("("/e)! 3:50761&

Townsend used this criterion for the threshold of
breskdown,.

BeS.8. Bmmdﬁmém&mu»
m@zmaﬁ»mmua?fwmmnu

BaSeTele applies nay be deterained, which gives the
value of the breskdown voltage. This theoretieal
vulue may then be compared with experimental values
obtained in the same apparatus aas used to measure X
and 8 «

Ee5+9s Townsend showed that good agreement is
obtained for air at low prescure.

B.5.10. Uinee Townsend's originsl suppoeition, it
has been cetablished that the probability of ionisation
by impacts between positive ions ond neutral atoms is
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very ssall. In the ease of szany gases, especially
heliwm, there is a high probebility of eharge transfer
on inpaet between a positive ion and neutral atom.

The affoet of thie is %o reduce the mobility of the
ions within their psreant gas. The coulomb forces
applied %o the 20118 sphers model of a gee must in this
esse B2 replacsd by wave-mechanieally defined exchsnge
faorees, whose net effect iz to ineresase the collision
ergea section of positive ione within thedir psvent gane.
The snergy of positive ione is thereby kept so low
that the probability of producing ionisation of a
neutral atom on impast is unegligible.

B.5s:0s Later, instesd of using O Townsend proposed
an elfernative secondery soefficient y  defined as
the probability thet o new electron -nf be ecreated at
the eathede by each iupoeting positive iont-

Consider plane parallsl sleg¢trodes, and let

t‘umcmmmummu
sxternal sources.

H = number of electrons reashing the anode.

i, = total mumber of elsctrons leaving the oathode,

Then the number of new sleetrons liberated in the gap

which is equal to the mumber of positive ions liberated
in the gas is N - N, so that:~

By = Wy e 3 (N-m) BeSell.l.

¥

B+ X
L1 ..-!-g-?l'- BeSell.2.
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But,

¥ = 1!; @Xp.ol X BeBe11l430
Therefore, e

APe l

= e !l* . BoSellede
From which, ' =

B = B gou g&?‘m BaBeliabe
or, ' |

X :
i = 1°r—.——b?'——‘—-—-17 o ax =Y BeS.11l.6.

) 4 4 xpmm‘mu -;(E_-_-p-r,m,e*u.mm
L« 3 =8 2l BuSe11.7s

¢ (™= F" BlPet R

I':,G is smell compared with X 80 $het X =« 8 = ¢
sguation 2.5.11.7. may be compared with eguetion B.5.5.%.

ilee, it may be assumed thad

> ~ d — o
lience an alternative expression for the breakdown
eriterion is '

: A/P(.ﬂ*d“‘“l) = 1 Ba5.11,.%.

meMammcmanmnmmm
Criterion.

Be5.18. This result is significent boesuse it
demonstrates that although ionisaticn by positive ioms

in the gas is very unlikely, the eguation which represents
it ia oo 1ike the eguation for elestron emission at the
cathods by positive bombardment that meseurement of growth
of current or breakdown voltage would not eaaily
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distingulsh between the two.

Bede13s Thotons produced during the firet electron
avalanche may also release electrons from the eathode.
¥ p way o Gefined as the probability that an elsctren
will be libersted at the cathode by = photen produced
within the gape Thereas all positive ions resch the
eathode, photons sre radiated in runden divections so
that it is negessary to define s frection t‘, of the
photens produced which reach the eathode. usr

re resants the number of photons produced for every
positive ion produced im the electron svalanche, the

| nusber of clectrons emitted at the eathode by this
; procees pox positive ionm in the gap e

.4 ’ﬂff, BeBel3al,

Bede14, Thotons sre also subject to attenuation by
absorption sad re-emission.

Bs3:10s In some cases, it ie possible for electrons
t¢ be relecsod st the cathode by the fmpnet of '
~ metastable atoms or molecules. Iy mnalagy with the

. previcus gese, the mumber of electrons produced at the
cathode Uy metastables per positive ion in the gap is:

S aiute ’ Be5.15.1.

Be3:16s In conclueion, it is mesn %o be likely that

{a) Fositive ion bombardment of the cathode,
(b} Photon bombardment of the sathode,
{e} Hetastable combardment of the eathode.

These may be combdined %o o genere: .
I = B+ 585, ¢ 20, B.5.a6.1.

Gt it g S s T sl e T e S S e e s T o YT
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Calels As sutlined in seetion i,3.2. the magnitude
of the statisticnl time lag depends escentislly on
two facture:-

(a) The availability of initiastory electrons
@s2s the magnitude of the primdng curvent.

{v) The dependence of the sbility of each
potential initiatory sleetron to produce
breskdown, upon the randem natuve of the
ionisation process in addition %o the
nagnitude of the applied field, gas pressure
and geometry.

The source of primary electrons may be either

- the esthode or the gas. Eleotrons oan be released
from the eathode if the energy of the iondeation agent
exceeds the work function of the esthode which is _
usually within the range 4 - 7 electrons volta. Tor
ionisation within the gas a higher enorgy is generally
required, equivalent %S¢ the ionisation emergy of the
constituent atoms or molecules which may be roughly
within ¢he range 4 to 24 volts.

C.2.1s  The theory of statistical %ine log when the
gas acte as the souree of priusry eleotrons is :
complicated by the fact that the megnitude of the iag
ie dependent upon the position of the electron when
liverated. Consequently, very little suscessful
tine, although feymann 1950 has made sn attempt to de
“..




CeBels Un the other hand, the theory of statistical
time lag when %@ cathode acts ne the souree of primary
elsctrons is well established and will next be deserided.
Ae desoribed in section 3.1.2., an electron emitted at
the cathode will on average produce on ite way to the
anode an avalanche of exp.o 4 eleetrons. IThe nusber of
positive ions produced is exp. < d - 1, and if 4% is
assumed that all of them reach the cathode, the number of
new electirons produced at the cathode due o this single

be (“ﬁ. X G- 1) Cele2als

Thie expreoseion will be ealled the sultiplication faetor
. The breskdown oriterion is:

E = 1

as shown by equation Ba5.11.9.

:fitumémtmwmm
formation is nogligible and thet the eleetrie field
betwesn the eleotrodes is uniform, it is possidle to
caleulate the prodability P that the atetistical time
lag will be greater then & certain tise .

8s2.3. The fullowing snalysis is due to Nertz 1937.
Ihe value of ¥ is governed by the rendom nature of the
motion of slectrons snéd positive ions. The breskdown
eriterion must therefore be applied to the average of

& number of consecutive avalanches. Por instence, if
after the first avalanche due to ome electreom no further
electrons are sndtted from the cathode, them breakdown
¥ill not oceur. Alternatively one, two, three or more
‘electrons may be relessed after the first avalsnche.
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which may or may not produce another slectron st the
cathode. I after a nunber of such svalanches 1t
happens that no eleetron is released at the onthode then
breakdown still does not occur, i.e. the net value of

B is atill soro.

CeZede Consider the ease when an elsetron from the
eathode produces an avalanche which comisins N ions.

Le% u) represent the probability that these N ijons will
iiverate from the cathode ) eleotroms, ingh of these
electrons may originate an electron avelanehe, Leét the
probability that no subseguent sleotrem is produced at
the cathode s & result of & single avalanche be G, i.e.
¢ is the probability that the avalanche segquence will
stop. Taoch avalasnche is independent of the others.
fianee, from the theory of probebility for independent
varisbles, the probebility that an avalanche of )
positive ions does not produce breskdown is

3
‘) q CeZedels
Then acaording to Loeb & Meek 1941
v K '
€ = 2 ﬁl Q Celod 2,
Q = 0
The probability of the liberation of an from the

cathode by a particular positive ion ie 5,,. Then u )
the prodability that § ions will liderste from the cathode
omuw-mmu.mtmm-

() %mmv§d§ poeitive iems producing
\ slectrons = X, . This sssumes that the

positive ions are mutually independent.

{v) mmya:-—\ positive ions

not producing =n electron st the eathode
sﬁzax)"“ |

;j
4
i?
=
3
:
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{e) The number of waps of choosing | positive
ions from ¥ positive ions = gco .

. - LR :
dete ﬁ\) E] 5§ (1 - 89) ﬂo 3320‘#.}.

" . R =
- = (1 - KP) (I‘:’?;) QQ ‘uozt‘o‘?c_

Combindng egnation Celided. with equation Celededet

\ =l 3
| , ¥ B, Q@ 0Cu2s4.5.
¢ = (=) 5 (o) o '
. %
l‘ﬂ G = {1 - KP): (1 * %:a":) ﬂ'.?.&gét

on Q @ (35 - K? & K’Q}x ColalaTs

Let ¥ regresent the probability et‘ breaikdown prodused by
one initiatory electron,

finee § = le? Coledosla
le? o (1= K’?): Cololinbe

ia'a i = W 3-2«»&;1&:

Yinoe N = (expex d = 1) S B = NS  0.0.8.11.

and ¥ = CeZadel2,s

mmmum*s.z’x.mmama
Poni,

g
5
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$s2e0s 4 relationship between ¢, and K may be
ohtained in the following mommer:

it K& represents the nunber of electrons leaving the
cathnde per second, then E*? At representes the
probability of the ocourrence of breakdown within the
Then the probabllity of o time lag which exceeds t ie
equal te the probability ¢f the non-occurrence of ,
mmnm«tuﬁMth_ bet this interval
be divided into s intervels of duration O %.

Then the probability of Hreskdown after t = ¢ is:

ST

(§ rs,m)’ CoZaBele
- ' PH_%
or (1 - “"‘i&")' CeleBals

== axpe (~FNS) as @40  0.2.5.3.
ility of a time lug between ¢ and it e

oxpe (=P _8) x PN 2t CuZeSeds

byt . '
o Pgh expe(~ PE t)at

T T, e e %
o 8 = t - g&*ﬁ’ﬁﬁ;

CofaBieba

ts =

Ga2:6s  If experimentsl iave on 1 to be mads of
vmmmmammxmum
to raduce the formative m m to 88 emall y votye &
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posaible together with & small wvealue of i, Ueually
the probability of breakdown F mey be regarded ss
unity in such am investigation, whereupon equation
Celefiefs bocomes:

%2 = t Ca2.6,1,

S22sls  Conesider an experiment in which a large
number of seasurements of siatistical time lag are made,
Let the nuaber of messursnents made be n.

Lets the susber of messurenunts for vhieh the pbeserved
statisticnl time lag ies lonsey tham ¢ secs. de fge

Then the probebilify of bveskdown after t secs. ies

ColeTede

which from equation C.2.5+3« is equal to exp.(-F¥ i}.
if, se deseribed in the previcus section, the
experisental conditions are such that P = 1, we have

M% = -l g : : ColeTaZs

Henoe, by plotting M;‘W t;t can be derived
mmm&”‘”f“‘m‘m‘mﬁi Such n
Plot is shown in FPige T2,

S22,8s It is convenient ot this point to return to
mwm«rm,muwxmmw
fﬁ!“g mmwweogo‘ck in order to
cbiain thie equation, it was sosumed that en ioniseing
electron produces B electrons snd ¥ - 1 ions. The
Positive iome in turm produce V more slectrons at the
eathode. But by the very random nature of the colidsion
Proveases one electren {rem the cathode will mot always
produsce & - 1 positive iocans. ntm.m-mm
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demonstreated by Haether as dsscribed in section B. 3.
Squation Cs2+4.3« is therefore not strictly correct
snd veither is equation Cefedel2., which 18 derived
from 1t.

Ca2e8:  In the following analysis due to ¥ijsmann 1949
more vorrect versions of these egquatione will be
Gerived, First of all it is necessary to caleulate
the probability p (H,x) that one particulsr electren
leaving the oathode has become an avslanche of

B sleotrems snd ¥ - 1 pesitive ions after a distance x.
p (Lyx) 12 the probability that an sleetron dves not
ionise sn atom &% all in ftravelling & distance x.

pllyx) = expelwxx) ’ Ce2e9eds

p(B=1, x*} is the probvability that cne electron frem
the oanthods has become am avalanche of H-l alectrons
at x% Consider the iaterval x' %o x' + dx, aand let
us suppose that during this interval one more electron
is relessed by an ionising cellision. The probability
of such sn scourrence is the produet of the three
following guontitiesse

(2] 7The chanoce that one electron will ionise
@ neutyral stem = o dx°,

{5) 7The number of ways of choosing that ons
dlectron from Nl slectrone = Hel,

{e) The chanee that ench of the other ¥ - 2 .
slectrons will mot heave sn ionising collision
= (1 - o axt)™2,

_de0. the probability thaet H-l slectrons at x*
bacome N electrons at x* + dx' is:

ok dm* (Bed)(2=ctax*)™2 g.2.9.2.




As dx® == 0 equation C.Z.9.2. becomes

(§ - 1) « ax* Ca2e9e e

Therefore the probability that there are N electrons
at x* » &' ies

P (3 - 1., x* )(H - 1} o 4% Co2e9ede

The probability that none of these N electrons ionises
between x' ¢+ dx' and x iss

m;(“"‘“”‘m" ) CeZeBuabe

Therefore the probability of N eleetrons at x is the
product of expressions C.2.9.4. and Ce2:945.,

i.c. P{R‘l, x* )(M)( =8 ) .mg.(-'u B{x—x" 1) Ce2eTebs
%mtm,

p(N,x)- [: p(F=1, x*){H=1){ )exp.(-xN(x-x"))dx' 0.2.9.7.

From which |
p{N,x) ' - expe (= x) (exp. n—i)"l‘ Ce2.948.
4%t the anode | . |
Nl |
p(l,d) = exp.(=fxd)(exp.ocd-1) Ca2e9.9.
2 ¥ = expectation value of N

(> <] :
T = ) ¥ plnd) = expaxd €.2.9.10.
= |

o ,p(’ o) = é}*{ﬁ) Ce2.9.11.
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) L 1= ; =1 CeZaTell,
= ( ,) 9

Usually ¥))1 ena ¥)) 1,
Therefore,

p(F,8) ‘= Ae oxpe(am) Ce249413.

- B e |

$s2.10s This equation hos been confirmed by the
experinonts of Sasther 1055, descrided in seetion B, 3.10.
In Shese experiments, the height h of the oscillograss
was o neasure of the number of electrons ¥ produced., oy
etudying the results on u Sotal nusber of oscillogrems n
Esether counted the nunber dn with s nusber of electrons
between § end di. Then the probability that the mumber
Foand B o 48 18 22, But from equation G:2.9.13., thie
probability given by p(Nd)N is given by & exp.(-i)as,

| 4 ¥
Henoe & . % m;—%m Co2e1001.

Raether plotted the value of log (2 3B) against ¥, snd
founé that a straight line was cbtained, as shown in

Fige Be3ede The gradient gives the value of ¥ = exp.x 4,
which sgreed well with the emperimental walues of o¢
obtained by other nethods,

E22e1ls Omoe the wulue of p(N,d) hes been derived, we
may continue to derive s more correet expression for o
than derived by ferts in the following manner which is
due S0 “ijemann 1949. As before, we use the eguation:

,\ =0 o

& o u q CeBobeZe
T
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The valus of uy is now devived:
plil,d} represents t:e probehility that the avelanche
dus %06 on initial elesotron from the cathode contains
Hel positive ions. %o regiire the probability that
these fHel will produce | secondary electrons wshen
they recth the cathodie, i.e. "the probadility that |
ponitive ions liberate siscirons at the cathode
*multiplied by' the probubility that Nele\| do not
‘aultiplied by' the munber of ways of selecting them,”

St g; (1= x;&"l“‘ ("oy)  cezalla.
;‘..f v L Bl )
: fhsrei&m, 9, = Z ﬁﬁ,i) 8, b’ {1-6’ )

eaz‘MQ

Substitute for p(¥,d) frem shove and we obtain

\]
"1 * QT
T = x (B} Ceellede

ht.g&smwm«mtm
eventuslily esitted from the sathode hy an imitial
- electizon.

PRI T

o
§ = xp\mm{f‘oc dx' - 1) Celellede

If eguation Ul2.11.3e 45 now subatituted in egquation
CoZalleda

Colellaba
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There are two solutions %o this egquation, namely:

eel S » % _ Co2elleTe

PuoO Pwl -% Ce2e11.8,

for V(V, for V)V,
7hie solution is compared with that of Hertz in Fig, Ce2.1.
1t should be noted that the adove caleulation applics only

whon the formation of spoee charge before breakdown ie
negligible.

Caldels The probability of breakdown after time ¢, vis
um(-l’ﬁt). derived for the case of a constant ap pxug
voltage in section Ce2s5e, must be modified to -zp.(-j PN at)
for the ease of impulse breskdown due to the application of F
a mm ‘which increases with time. Celdelal.
mru.maw.mxmmnmm
foctor 1s a function of time.

é

hmu‘upnu?uamneu of time, the
m&mﬂ betweon I and M given by equation U.2.4.12. I
met first be simplified. Provided the overvoliage is
sonll KPP ie small compared with unity.

w e v deslpol) Codedee

P
& e 14{ - Sl
& 7= H-1 Co3eleds

i may now de replaced by Ce2.2.1. and the value of umity
egquated to ¥ (upoot @ = 1) from the Townsend breakdown
eritorion,

e ; . X#’-("(. + Ax )4 - 1] CelelsS.
; - X’ [mo °‘.‘ - 1]
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m«ommmmuoc at the breakdowm voltage,
and Ad denoctes the incresse in & due %o the applied
- overvoltage at which breakdown ocours.

:
; - ’m. (Y4 ‘(“PQAO( d - 1’ ﬁ.!‘l.“
since F = Clexpexa-l)=2 Ce3eleTs
' Y 4 -
‘i 3% * 2 X,‘ expeX @ S"‘ Ce3el.B.

mwum in squation C.3.1.6.

= 3%atempdnan) Gedelede
i %; %4« Ce3elad0,
Singe AN is the change in o« during the time lag ¢, we
write ‘ |
' P ekt Celelell,

then substituting in Codelels
The prodability of breakdown in time ¢ isi-
-m-vj: Frae Cadelal2,

wwm%nwtatmm

by intogration the following expression for the probability

of breskdown after time € with the applied voltage rising

lincarly with time.
expe {-i@ g Cedelol3e

mw«uwmtmunmam
veltage.

Wmuuumwmmumm the

mmmmmmunm

i
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Gedals A study of the gstatistiosl time lag has
aeually been made for one of the two following recsonsi-

1. The need $o sliminate the statistical time lag
in measurements of formative time lag.

2, The use of measurements of statistiesl time lag
for the detersination of the rate of eleatron
spission from & eathode surface.

The practical sspeets ¢ these two problens will next
be gonsiderad.

$sds2e  The effect on the statistical time lag of
eathede irradiation.

The statistical time lasg may be reduced by 1mnn

of the eathode to relesse additiomal primary eleoatrons.

thpes principel types of irradistion sre used, nemely,

{a) Caxbon irve, (v} Eeroury Yapour Lamp, (o) Spask

discharge scross elecirodes in sir a2t atmospheriec

pressure. All produce a highk intensity of ultrs viclet
{1 lauination.

mwmrnnﬂumwm:
mx-ummﬁl@”ﬁmmn.