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ABSTRACT

An investigation has been made of the characteristics of the current
limited spark chamber, in which it was found that certain anomalies existed
in its operation. Such discrepancies are not found in the operation oi
the more conventional types of chamber. They are thought to be due to
charge deposited on the dielectric walls producing'internal electric
fields across the gas which reduce’ the chamber efficiency. The variation
of the cleariﬂg field has been in&estigated in regions far from the
discharge, and would appear to beApresent throughout the chamber.

‘Measurement of the decay constant of the charge agreed well with
the value calculated considering'the chamber capacity and surface
resistivity of the glass, although on application of this constant, to
determine equilibrium values of the clearing fields, a second, much
longer decay process seemed to be suggested.

A theoretical model for handling such small clearing fields has
been examined, and applied to the system, thus giving an indication of
the eleqtron drift velocity and density of charge deposited on the walls
The development of an approximate semiquantitative model of spark
bréakdown shows how different pulse delays will affect the growth of
streamers, and describes qualitatively certain characteristics of the
discharges noted during chamber operation. However, the lack of more
.detailed knowledge of certain discharge parameters does not allow a

more detailed comparison.




CHAPTER I

Introduction

The detectors used to study elementary parficles and cosmic rays can be
divided broadly into two groups, those used purely for counting and those used
as track forming devices, The former group comprises such instruments as the
‘ionization, proportional, and Geiger-Miller counters, scintillgtors and the Cerenkov
counter; whilst the second group contains the various forms of spark, streamer and
avalanche chambers, the bubble chamber and much more recently the wire proportional
chamber,

Of ‘all these instruments it is the gaseous ones that are of interest Lere,
and more especially a ﬁarticular form of spark chamber known as the "Discharge’,
or "Current Limited Spark Chamber", which is becoming important in cosmic ray
physics.

Every type of gaseous detector consists essentially of a closed vessel
containing an appropriate gas in which the electrodg system is placed; the latter
may be two parallel plates in the simplest case or a very sophisticated system
of wires in the most complex, However they all detect the ion pairs produced
in the gas by an incident charged particle, ﬁith or without further multiplication,
The ionization chamber is probably the most basic of these detectors and normally
is a parallel plate or cpncentric sphere condenser constructed inside a.suitable
enclogure filled with gas up to several tens of atmospheres, A small D.C. voltage -
borween the electrodes collects the ion pairs without any gas amplification,
and they are m-asured with charge sensitive preamplifiers, Such detectors were
used extensively in early cosmic ray research (1),

The natural extension of the ionisation chamber is the proportional counter

where the property of gas amplification is used. The geometry in this case is

usually rectangular with the anode as a thin wire running down the axis; thus

for particles traversing’the counter parallel to one side the response is

practically independent of the position of the trajectory. The potential

e is just sufficient to-allow gas

difference applied between cylinder and wir




amplification in the high field region within a few wire diameters of the
anode, Amplification factors i,e, the factor by which the initial ionization
increases due to avalanching depends on the gas used and very critically,
(exponentially) on the applied voltage; vaiues as high as 1044can be attained,
Typical recovery times are of the order of 100 microseconds, governed chiefly
by the removal of the positive ions from the gas, The counters use is very
extensive due to it's reliability in measuring ionization (2),

Increasing the applied potential across a proportional counter increases
the gas amplification to such an exﬁent that the output pulse height becomwes
independent of the initial ionization, Such a detector is known as a Geiger -
Muller counter and is a device for simply registering particles, irrespective of
their charge etc. The explanation of the independence of pulse height on
ionization is that very considerable electron multiplication now occurs around
the central wire and a large number of photons are emitted, these photons give rise
to further avalanches along the whole length of the wire, Other photons give
rise to electrons at the cathode, but because of the shielding due to the
positive 1ion cloud around the anode there is no further multiplication and the
discharge ceases., The positive ions drift to the cathode releasing electrons
and photons which would now start further ﬁndesirable-avalanches; to deal with this
problem a ''quenching agent'" such as alcohol or ethyl bromide is generally used,
l'hese neutralize the positive ions in collisions before they reach the cathode,
and absorb ény photons; when they reachjthe cathode they de-excite without
liberating electrons. Such a Geiger Mﬂller tube has a useful 1life governed
bv the amount of quenching agent present at that time,

This counter as mentioned above is used primarily as a particle detector,
If however several are arranged in line and an output pulse required from each
simultaneously one has g forﬁ of particle telescope (3), but because of the
necessity of removal of thé positive ions the recovery time is of the order

of milliseconds and it has now almost completely been superseded by the

scintillator,




As indicated above the Geiger Muller tube although basically a counter
can be used with others to form a particle telescope, the resolution of which
is not pa;ticularly high unless a large number are taken over a long path
length: with thg advent of the spark chamber (4),(5) tﬁe situation changed
dramatically . -Several such chambets separated by distances of inches gave
resoluﬁions of better than 1 mm, These chambers consisted of parallel ;ets of
electrodes held accurately apart in a gas, normally argon, with a high,steady
potential across them, This voltage had to be carefully adjusted until it was
just below the sparking voltage; a spark would then occur when an ionizing
.particle traversed thg gas between the plates. For small angles to the electric
field the sparks followed the particle track very well,but the whole system was
extremely erratic and unstable due to a) non-uniformities in the electrode
separation, b) the requirement of a high degree of cleanliness, something which
was very difficult to achieve over a long period of time, Robinson (6) however
did show that by using a completely sealed system it was possible to do very useful
work with it,

Cranshaw and de Beer (7) devised a much more satisféctory method of
operation which reduced the spurious discharges and also the necessity of having
accurately spaced electrodes. Using a Geiger telescope to indicate the
traversal of the chamber by an ionizing particle a very high voltage pulse was
gpplied to one of the electrodes within a few microseconds. This pulse, rising
in some tems .f nanoseconds to several times the static breakdowp voltage of the
gap caused a spark to form along the track of the particle; the spurious rate was
considérably less than 1 per cent with efficien&bs of 93 per cent. The gas
filling they used was air, which lead to cheapness of design, but several
disadvantages acrued from this; the breakdown voltage is large, necessitating
the use of very narrow gaps or very high voltage pulses, and oxygen has a very
strong electron affinity severely hindering the discharge build up, Nevertheless

they did show that by leaving a small clearing voltage across the chamber plates




the mewory time was reduced to the order of microseconds, far shorter than
in any previously known detector, making it‘very attractive for use in high
intensity particle beams,

The crucial step was taken by Fukui and Miyamoto (8) who first used a rare
gas filling instead of air. /Their researches showed that such chambers were
easy to operate and very reliable, providing that the applied pulse h;d a
short rise time, and it's delay in application small., The use of a steady D.C,
clearing field reduced the memory time of the system to a satisfactory value for
use with machines (some hundreds of nanoseconds),

The mode of operation of the spark chamber is very similar to that of the
above detectors; the ionizing particle leaves a trail of ion-electron pairs
in the gas such that when a high voltage pulse is applied the electrons are
accelerated rapidly, (the positive ioms due to their inertia move a negligible
distance duriong this time), they collide with other gas molecules ionizing
or exciting them and ;hese secondary eleétrons also take part in further.
ionization., Hence the original electrons avalanche very rapidly (with a
velocityikf107 cm,secfl) until the electron cloud reaches a cgrtain c;itical
size when it's electric field is equal to that of the applied one, At this
point the electrén mqltiplication by collision process decreases and secondary
glactrons tﬁat have been produced in the gas by the photon flux from the initial
avalanches start to accelerate in towards these avalanches., This process is
kuown as the streamer mode and it proceeds at a velocity of¢a108 cm, secfl,
Whee the sireamer crosses the gap between the electrodes the resulting spark
effaectively shorts out the chaﬁber pulsing system so the voltage collapses and
the discharge is quenched.

With all the early chambers the méthod of spark location used was

photographic, but one cannot take full advantage of their short memory time as

the dead time of the cameras is very long compared with that of the spark

chambers, Maglic and Kirsten (9) first tried to determine the position of the’




spark by the use of two micfophbﬁeé boéitibned independently in the chamber,
this was successful, but-became very complicated if more than one discharge
was present, -

Replacement of the metal electrodes by parallel wires was first used by
Galbraith (10); the spark current must now flow down the wire or wires to which
the spark is closest and several methods of detecting this current are available,
Galbraith used small ferrite cores threaded on each wire; the spark current
changing the magnet state of the core on the appropriate wires. The cores
could be interrogated later by a computer.  Gianelli (11) and Perez-Mendez (12)
made use of the magneto-strictive effect, which has proved much easier to handle
than magnetic cores when very large area chambers are used entailing tens of
thousands of wires., Much development has also been carried out by g. Charpak (13)
in developing the above and many other useful methods of digitization. All the
above types of spark éhamber are highly efficient for up to ab;ut ten simultaneous
particles; this is very satisfactory when simple nuclear interactions are being
studied, but for the detection of electron showers where very large numbers of
particles are presént'the "Limited Discharge Chamber" is necessary., Besides the
use of rare gas fillings in their chambers Fuhﬁ%yand Miyamoto also placed an
ingsulator bet&een the metal electrodes and the gas, nameiy a sheet of glass.
Hence the discharge grew until the streamer reached the c¢hamber walls, but
because of the high impedance present . a spgrk channel could not form and unless
the high volusge pulse was removed the discharge spread throughout the chamber,
in a similar fashion to that in the operation.of the flash tube,

The fact that negligible current flows in the discharge means that few gas
impurities are removed from the chamber walls in comparison with the more
conventional chamber, thus dispensing with the necessity of an extensive gas
cycling unit, The use of glass as the insulating material, compared with

Perspex is very advantageous in this respect being much easier to degas and clean

of contaminents, One of the chambers of this type used in work described in' this




thesis: has beengingbpenationrfor about -two :years) .and. has recorded over a
million discharges without showing any déterioration.

The pulse length :equired_for satisfactbry discharges to occur depends on
the gap width, but is in the region of 100 nanoseconds. In this mode of
operation the chamber can register the positions of particles with densities
up to 1 per cm% (14), viewing can be either from the sides enabling 90° stereo
pictures to be taken;or from the top i.e. parallel to the electric field; if one
of the electrodes is made from wires or conducting glass. In some cases an even
more advantageous mode of operation is in the "track chamber moda" where the system
is arranged so that the particles travel perpendicular to the electric field and
are viewed through an electrode, Seen like this the track is registered not by
a single discharge, but by very many across fhe chamber, enabling very high
accuracy to be‘obtained in the measurement of particle position,

From the limited discharge chamber has followed the wide gap spark chamber
with electrodes separated by some tens of centimeters, this detector proves to be
more isotropic in it's response to the direction of the initial particle than
any of it's predecessors and has been developed by many (notably Russian) groups
(15),(16), and even a digitized mode has been constructed. This has led to
perhaps the ultimate in track detectors the "Streamer Chamber" (17). The mode
of operation is similar to the Limited Discharge Chamber except that the
high voltage pulse is even shorter (~ 20 nmnoéeconds) which in-effect means that
the discharge is limited within a few n#noseconds of the streamer mechanism
being initiated. The electrode separation is also usually very large (20 - 40 cms)
thus enabling high working volumes comparable with bubble chambers., Because
of the early curtailing of streamer growth there is little streamer interaction
which leads to complete isotropy with respect to the incident particle trajectory.
Viewing, again like the Limited Discharge Chamber is through the electrodes,

and perpendicular to the field,

It is the further study of the properties of the limited discharge chamber




and in particular the effect of the insulating medium that will be presented

in the following chapters of this thesis,
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CHAPTER 2

Theoretical considerations of the diséhérge

In the Introductory Chapter the basic points concerning the discharge
mechanism in limited current spark chambers were outlined briefly. 1In
order to account in more detail for some of the properties of these
detectors the avalanche and streamer mecﬁﬁbisms will be studied to a much
greater -depth. .

The physical processes occurring during the development of a streamer
discharge are very numerous and complicated. Early.workers in this field,
notably Raether (1) and Meek and Craggs (2) discussed the most basic ones,
which are outlined here. Consider the spark chamber as a pair of electrodes
a distance E cms apart enclosing neon gas, an ionizing particle traverses
theAﬂetectorlnormal to the plane of the electrodes creating ion-electron.
pairs in the gas. A pulsed electric field of U volts/ém. is very rapidly
applied across the plates causing the electrons to accelerate and drift
towards the anode; as the drift velocity of the positive neon ions is
several orders of magnitude smaller than that of the electrons, they may be
considered motionless for the duration of the pulsed fields that are considered
in this work (~50 nsec.). The electrons while drifting will undergo elastic
and inelastic collisions with neon atoms. If the magnitude of U/p is
large enough (p =.pressure of gas in mm. of Hg.) then the energy gained by
,an electron between collisions may be sufficient for ionization of the gas
-@toms to occur rather than elastic ot exciting collisions The electrons
produced by this process will also be accelerated by the field and give
rise to further ionization, Consequently, as the creatéd neon.ions can be
considered stationary)the ever increasing number of electrons crossing
the gap leaves behind a space charge cloud of positive ions. Such a process

is known as electron avalanching and is described by the Townsend first
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ionization coefficient @, defined, as the number of ion pairs created by omne
electron per cm, of path length in the field difection. Thus the number of
electrons created between x éndx&dxis given by dnl= a.n.dx where n is the
number of elect?ons at the point x. The coefficient @ is a strong function
of the electron energy and hence appliéd field,as is shown in Fig.(2.1).

!

As the ionization increases the applied field becomes greatly distorted
in the region of the avalanche Fig.(2.2). It is enhanced at the head and tip,
whilst reduced between the two charge clouds by an amount equal to the radial
field intensity Ur due to the space charge clouds. Meek and Craggs suggest
that as Ur becomes comparable with U a slowing dow?{of the avalanching process
occurs; such a retardation takes place when the number of ions and electrons
reach 107 to 108.

However as mentioned above the electrons also undergo elastic collisions
resultingAin the excitation of neon atoms; with dqlexcitation’resonance and
ultra-violet photons are emitted, Mohler (3) has shown that neon atoms. can be
photdionized by such radiation from other neon atoms, and it would therefore
seem reasonable that ion~electron pairs exist in the gas in the neighbourhood
of the avalanche; this is treated frog a more theoretical point of view by
Lozanskii (4). Such an elect}on produced close to the avalanche head would
be repelled by the intense electric field of the negatively chargedcloud and
éause‘fufther ionization: at the tip these photoelectrons would avalanche into
the positive ion cloud. This process of multiple avalanching caused jointly
by the increase in localized: electric fields and:photoionizing radiation
is known as the "streamer mode'" of breakdown. Finally the coalescing of tﬁe
avalanches will lead to a uniform discharge channel crossing the chamber.

Because the avalanche builds up through an ionization by collision process
the velocity of propagation is typically that of the electrons drift

7 - . .
velocity in the pulsed field i.e. 10 cm.sec.1 whereas considering the
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étreamer mechanism proceeding by photoionization the propagation velocity
iSnuIOS cm.sec’:1 The light output from the avalanche is very low indeed,
but builds up very rapidly in the streamer phase as the rate of production
of excited atoms is, like the relative propagation velocity much greater.
Fig.(2.3) sums up descriptively the various stages in the growth of a
dischdrge.

Clearly the growthibf spark is a statistical process and consequently
the number of electrons will be subject to considerable fluctuations. This
will be most predominant in the very early stages of the avalanching process
when such deviations will be later magnified. The case also arises of sevefal
avalanches developing close together, and as the condition for the avalanche-
streamer transipion depends upon the number of electrons in the avalanche
head, two or more such avalanches may coalesce giving rise to the critical
density and hence a streamer. The streamer so produced will originate earlier
than that developing from a single avalanche, and as the propagation velocity
is so much greater than in the avalanche stage such conditions become
important in determining the operating parameters of a chamber. If the total
ionization of the incident particle is considered the problem becomes further
complicated as ﬁhe density of electrons will not be uniform across the track,
and with the presence of a delay between the traversal of the particle and the
pulsed electrié field this non-uniformity will be more relevant. Ihe
possibility of two avalanches forming simultaneously, but outside each others
sphere of influence leading to two separate discharges becomes very real.
Consequently the light output from such asystem (for a fixed pulse height and
length) will depend not only on the number of Streamers, but also on their
individual life histories.

It is therefore obvious that the development of a photographable

discharge 1in a current limited spark chamber is an extremely complicated
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process for which no quant%tative theory exists; nevertheless a semi-
quantitative model will be constructed describing the most important parts
of the process. .

The statistical fluctuations in the development‘of the avalanche from
a singlé ion-electron pair has been considered by Wijsman (5) and an outline
is given below. |

The chamber is represented by electrodes in the yz plane at positions x = o
and x = E, The probability of an electron which started at the cathode having
grown to an avalanche of n electrons after traversing a distance x through the
gas is defined as P(n,x), assuming that only one ion-electron pair is
created per ionization. It therefore follows by definition that the
probability that an avalanche will contain (n-1) electrons after travelling
a distance X is P(nal,xo),. The probability that only one of these (n-1)
electrons will ionize between x and tx + dx) is

n-2
(n-1) & (xo)don l-a(xo)dx.:l I

a(xo),is the first Townsend coefficient in the .region-xo to (xo + dxo).
Thus for dx_— o equation (1) becomes:-

(njl) a(xo).dxo S II
The.avalanche now contains n electrons and the probability that none of these

will ionize in the region (xb + dxo) to x is described by:-
x .
ekp( -\f Ct(xo) dxo> 111
X, _

Thus P(n,x) is given by the products of P(n-l,xo) and equations II and III

taken .over the range o x, :

P(n, x) = /.ﬁ:P(n-l,#o).(n-l{:?(xo)dio:] exp[}n/;x a(xo)dxo:]:] v
. . : o

e

,fhis leads to the solution given by Wijsman as

n-1
exp[-n[: a(xé)dxo:l Eex;('/ : a(xo) dx°> -l] - \4

P(n,x)

n~-1

r‘.[_?/“ o] [f o 1] | v
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The mean number of electrons in the avalanche after having traversed a

distance x is
. /.adx
: o
e

n = ;{jn.p(n,x)

substitute into equation VI

P(n,x) = % (1 -% )
n n VII

This is the probability that an electron after traversing a distance x
in the gas has given rise to an avalanche containing n electrons.
In all the cases considered below n >> 1 and equation VII can be
approximated to - |
P(n,%) ~ -}- exp(-"/7 ) VIII
Equation VIII is a further épp:oximation in that for very large values
of n > lO7 the value of @ will be reduced due to space charge effects

and this has not been considered,

The probability of an avalanche containing more than n electrons is

L

n -
Letting ¢= o/n then a differential probability function G(¢) can be

given by
(e'n/ﬁ) dn = e-nola

;3||,_. 

defined such that an avalanche having ¢ in the rangee to (e+de) has the
probability of occurring of G(e)d.
i.e. Glg.x )de = e-gdg IX
r o
So far only one initial electron has been considered whereas in a spark
chamber there may be several contributing to one avalanche. If therefore

we have k initial electrons the total number of particles,nk in the

avalanche will be given by

Where n, represents the contribution to the final number of electrons from

.th-
the avalanche initiated by the j t electron,
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=2

k
n
definin €, = Kk .
j=1
If the parameters ej are distributed according to equation IX it

has beeh shown by Chikovani (9) that the normalized differential

in the range ¢

probability for the occurrence of € to (€k + d€k)

k
is given by
1 . k-1
= — -
G(Ek,xo) | W) (§) " “exp( k) df'fk X

Thus the probability that after traversing a distance 1l the avalanche
which initially started from k electrons contains a number equal to

or greater than no‘is given by

SRR k-1
1 /
| P(n ,1) = —Fm5—| € exp(-€)de XI

|
which by changing the variable frome€ to tz/2 becomes

177 P (k-1) 2
: t exp(-t~/,)dt XII
T (1) 26 D) 2

‘ . JZno/a

which is the function representing the}{2 distribution,

P(n ,1) =
)

Raether (1) and Meek and.Craggs(2) considering the critical number
of electrons required in the avalanche for the transition: to a streamer
to occur concluded that it was reached when ax = 20, which is
consistaent to a.first approximation with experimental evidence and
simple theoretical. calculation.
Therefore the number of electrons present at the transition. time
is given by
n_ = exp(20)
0
8
n_ ~ 10
o
Let S be.the."Meek .Length" (or formative distance):- the mean distance

through. which one .electron initiating .an avalanche. . has .to travel before.

the avalanche streamer transition: occurs, As (a/p) is proportional to
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(U/p) then for a given applied high voltage pulse.
J 2 =] 2 explas) =J2(expa (s-1))
- exp(al)
n
but from above n = exp (20)
hence J_Zi =J2(exp 20(1 - 1/s)) ‘ ' XIII

In this theory it has been assumed that there is no retardation

of avalanche growth for large space charge fields, this is clearly
an approximation, which will underestimate the time required for
the avalanche to reach the critical size.

Fig.(2.4) shows curves of the probability of avalanche -
streamer transition agginst the disFance travelled by the avalanche
in the electric field (normalized tolthe Meek length). Several
values of the initial number of electrons (k) forming the
avalanches are shown.

It is clear that when several electrons go into forming a
single avalanche the probability of transition to a streamer in a
given distance increases very rapidly and becomes asymptotic for
large numbers of electrons. The abscissa although only describing
a small variation in 1/s is véry significant, for a formative
distance of 0.3cm. the equivalent formative time is~ 30nsec. and

: . . . 8 -
considering that the streamer propagation velocity is~ 10 cm.sec

a variation of 10% in formative time would mean a 0.3 cm variation
in streamer length. It is also apparent that an avalanche starting
from one electron only ha¢ a 3§,8% probability of transforming to a
streamer in the Meek_length. This,it will be éeen, has been
approximated in the next chapter, where it has been assumed that

the Meek length represents a step function in the transi.tion:

probability for a single electron initiated avalanche,
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At the preseﬂt moment only single avalanches initiated by one or
more electrons have been considered, but along the track of an ionizing
éarticle there are many closely spaced electrdns, and there arises the
distinct possibility that adjacent avalanches developing from them will
interact with each other. Chikovani (7) described a model to explain
the growth aﬁd distribution of streamers from particles passing normal
to the electric field, this will be modified and extended,and an
approximate model put forward t6 describe the case where ﬁarticles pass
parallel to the applied field,

Ro_is defined as the linear size of the area normal to the field
within which the development of avalanches is suppressed by the streamer. Fig(2.5)
Rl is the size of the area within which avalanches interact. The
distribution of ionization across the track of a particle travelling normal
to the plane of the electrodes is described by a Gaussian function. The
volume of thé chamber around the track will be divided into columns of size
R0 X Ro and length E, the distribution of these columns is such that the
track center goes axially down their length., From the definition above
only one discharge can form per column. FEach column will contain a nﬁmber
of subcolumns of dimensions R1 X R1 X E; these subcolumns are also arranged

such that the center of the track passes through the center of a sub-

column
The number of subcolumns in a column is given by
2

A = (Ro/Rl)

For ease of computation the number of electrons per subcolumn is found
assuming né loss at the chamber walls, so that é uni%orm probability
existed of finding an electron anywhere along the track,

| Thus for a subcolumn of length E given by X s Xy Yoo yé the number of

electrons present at time t = t is given to a first approximation by
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Q.S.E.ION.(erf(xz) - erf(xl)).(erf(Yz) - erf(Yl))

. where ION = number:of electrons left in chamber at time t=t
X 0= xl/Z\/Dt

Y =/, /Dt

A
The .number. of. electrons.per.subcolumn.is calculated. for every .subcolumn

”in.eachmcolumn“forhamdistanceuof210;/Dt.from.thencenter of the track,'thus
>90%“ofwa11“initialMélectrons are included..

~Let the.height and. length.of. the.pulsed.electric .field be U~kv/cm and
T nsec..respectively However.as these.parameters.are such that. a complete. .

‘dischargemwillnoccur,itnisﬁfirstunecessary.to‘consider the .case where'the-pulse

< T (where t._. = mean.formative time of discharge and let it

f

1ength.xs‘t1 <}tf

.slowly increase . until t =.T, the pulse. height. remaining.constant at U.

- For t = t; .let the.distance .travelled by.the.avalanche be 11,.such that

The. track of .the particle.is now divided .into "slices" of length 11, in
.‘eanhmslice“theremwillnbewsuhcells.all,of,which.are.potential centers for the
development.of.an avalanche. . Hernce in.the .pulse of length ty there is a
- -probability.that. the.avalanches in & slice will.reach .the ‘critical size
.and.a transistion ;oustféémer oceur in that.glice..
1 , o s LY . . th
.Then Pijn( l/S) will be the. probability .of autran31s\}on.1n the i
_ ’ h
.Wsubcell,inmthe.nth.slicerfAthe jt” column covered by .the.track, for a pulse
of.length.tl equivalent to an avalanche length 11“.(see Fig.2.6).
.To4determineuPijn(1l/S).the probability of occupancy of that particular
_$ubcell. by.at. least.one. electron .must .be found,"
' . . th ~ .th
_Let,Nij.be.the”number.ofusubcells.ln the i~ subcolumn of the j

column,_andwoij.the“averageunumber of electrons. in that subcolumn assumed

uniform,
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Then the number in the subcell in the ith subcolumn in the nth slice
of the j column is given by

0.. =p..
ijn. l}jNij
Then the probability of this subcell being occupied by one or more electrons

is:~

= (leexp(-aij )) XIV

ijn n

and the average number of electrons in the occupied subcell is given by
F = < % jn >
ijn , l-exp(- aijn) XV

The probébility of a subcell with this number of electrons in it

transforming to a streamer in a distance 1l is given by equation XII.
" Where the limits are/J 2(exp 20(1-11/3)) and infinity.

Let thig prbbability be'P(F,ll/S).

The mean number of transiﬁﬁions/slice - during the pulse of length t1 is
iven by . .
: T 1 T 1
Zpijn ("1/g) = 25(}5‘, g Hya
i= i=1 ‘

, A . th .
Therefore the probability of one or more transitions in the n = slice of

the ;" cell is A |
p. (1170 = (1- ex -’le (t1/ ):|> XVI
jn S { =1 ijn S

However there are N slices_across the gap, hence the mean number of
layers in the ij cell in which a transition has occurred is
L 1 X L
= P, 1 . XVII
P,/ = Z in (179
n=1
If Pj (ll/S) <1 then it is considered that no streamer had occurred in that

cell for the Value of pulse length t, equivalent ‘to 11, consequently

1 was increased to 12 until Pj(lz/S)= 1 when a streamer was present in the
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jth cell and was considered to be advaﬁcing écross the rest of the gap
for as long as the pulse lasted. |

This criterion for streamer production is an approximation, a more
exact method would be to calculate the probability distribution as a
function of pulse length for all the columns considered and consequently,

a probability distribution of stfeamer lengths. However for the purposes
of this thesis the present method is sufficient to indicate the variation in
streamer growth.

Assuming that the streamer velocity is considerably faster than for
avalanche propagation, then the final mean streamer length for the jth cell
wiil be given by

te Yoy + (T - £ Vo

avalanche propagation velocityrvlo7 cm,sec” b

vhere V.=
av
VSt = streamer propagation velocitys Va
tk = length of pulse required for a transition to occur in the
.th
i cell,

Cavalleri (9) shows that for a similar gas mixture the streamer velocity
varies with streamer length (or time after the avalanche - streamer
transition has occurred) for lengths between 0.2 cm and 2 cm (~Onsec, to
~20nsec) after transition. This is due to the fact that it requires a
finite time for the photoionization-mechanisﬁ to build up to a steady
state value, see Fig.(2.7).

In connection with the above point a further épproximation has been
made in the théoretical.model, As is always the case if a streamer forms
in a column at a pulse length tk <T then it is assumed that this streamer
will advance across the gap as the pulse length further increases, bug for
a given pulse length t.r such that tk§t£<T there is a finmite probability

that the rest of the avalanches in the gap that had not yet transformed to

~
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streamers, and which had not been swallowed up by éhe advancing streamer
(during the timg interval tr - tk) would transform, hence two or possibly
more streamers would be present. This would effectively shorten the time
required for the streamers in that column to cross the chamber, however
because of the considerably faster propagation of the streamer relative to
the avalanche it is considered a second order effect.

The possibility therefore arises éf obtaining some information of the
relative light output from the discharge for variation in delay time between
the traversal of a cosmic ray and appli?ation of pulsed electric field; if
the delay is long enough to allow severél discharges to occur then the
relative intensities amongét them may be determined as well as the total
light output,.

However several experimental relationships appear to exist describing
the variation in streamer brightness as a function of streamer length (8),
(9), (10), from a linear relationship (8), through a square law (9), to an

exponential function of Davidenko (10), thus'ﬁhere would appear to be no
real agreement. The results from (9) seem statistically the superior and
the errors on the SLAC linear relationship are large enough to make a square
law possible. This leaves Davidenko in complete disagreement although an
important point in this case is that he was studying the transition stage
and the streamers never grew to very long lengths, whereas the other two
references were considering much "older" streamers. Consequently it would
seem reasonable that without any further evidence a relationship of the

form:- I ¢ " (where I = light intensity and n = constant ~2), is a suitable

compromise.

Even so the above equation can only be a very poor approximation, there
is no theoretical justification for any of the above experimental relation-
‘ships, but both length and brightness are known to be strong functions of

pulse height, length and initial number of electrons. Nevertheless even
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with such meagre evidence it is possible to get some indication of how a
current 11m1ted spark chamber will behave under a given set of conditions.

The spark chamber itself will further modify the discharge; the
dielectric walls apart from acting as "sinks" for the initial electrons
diffusing in the gas will become charged as the electrons in the streamer
head are deposited on them, This charge will cause a field to be built up
which opposes the further propagation of the discharge, two consequences
of this appear likely, (a) the streamer velocity will decrease to some
extent and (b) the discharge will spread out as it reaches the wall. No
investigation was made concerning (a), but indications from qualitative
studies of the area of radiating gas at the end of the discharge as the
applied pulse was varied confirm that it spreads to quite a considerable
distance from the streamer channel as the applied field increased (a distance
of~2cm is not unreasonable for a field of 13-14kv/cm). If a very diffuse
track is being considered i.e. a long time delay between cosmic ray and
high voltage pulse then the variations in the "wall discharge'" was even
more pronounced. The brightest streamer occurring along the cosmic ray
track (probably initiated by several electrons) had a distinct érea of
radiating gas at it's end, whereas another streamer (caused probably by a
single electron) at a considerable distance from the track was narrower and less
bright with little or no radiating gas at it's ends. It would also seem very
unlikely that the streamer velocity through the gas close to the glass and
normal to the field is anytﬁing like as large as it is across the chamber gap.

For numerical ca}culations it is necessary to define values of the
parameters Rl’ R0 and 1max/S for the applied pulse. The first two of these
are regarded as constant irrespective of pulse height and length; there is

no quantitative experimental results to confirm this, only Cavalleri (9)

suggests that the streamer interaction length is a function of streamer length,
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Indirectly, Chikovani(7) found good agreement between theory and experimental
results, indicating a poor &ependence onvthe above mentioned parameters. If
R1 is also a function of (I/S) it would be expected from gas discharge theory
to be a weaker pne than the streamer interaction function; consequently R0
will be considered a fixed quantity. It should be noted that in the present
case there is a second factor operating to decide Ro which was not present

in either (7) or (9). If charge is built up on the chamber walls due to the
 first streamer. this might well .inhibit..later ones.. . ..

. The.average diameter of a. discharge would be.a reasonable .choice.for. . the
.value. of Rl’ preferably one initiated by.a single electron, such. as can be
obtained by.irfgdiating»amchamber with U.V..light and pulsing it .at.random,
Ffom.suchmexperimentsma.valuenoquTIS cm,. would not.appear. unreasonable:
Chikovani.(7),.quoted,alvalue.of.0.16. cm,. for. a .pulse .of approximately the
same length and height as used in the work described here,

A value of Ro'is more difficult to obtain, but two methods both described
in Chapter 6 in connection with the spatial resolution of the chamber were tried
and the result used here is 0.5 cm,

The effective length of the pulse in terms of (1/8) is certainly a very
strong function of pulse height and length, with the use of an exponentially
decaying field it is impossible to define it exactly, as would be the case for a

square pulse., However the photomultiplier measurements described later (Chapter 5)
confirmed é formative time of 30 nsec. and suggested that as the light output
reached it's peak after a further 20 nsec., the period of streamer growth was

< 20nsec,, thus 1/S will be ~1.67, Variation of this ratio with pulse height was
beyond the scope of tﬁe present work the measurements being made only at the
pulse height at which the theory is to be applied.

Assuming the above mentioned values for these ;hree parameters the mean

. , 1 .
number of streamers -at a given (" /S) value for a particular cell were worked
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out as a function of delay time between particle and pulse, and hence the
relationship between pulse delay and the effective (1/S) value for a streamer
to form. This can lead to an estimate of relative discharge length and
brightness, assuming no loss at the chamber walls. Fig.(2.8) shows a curve
of mean probability of discharge against (1/S) for Ro = 0.5 cm and 0.8 cm
as a function of time delay. Fig.(2.9) indicates the values of (1/S) at which
the above transition criterion is satisfied against time delay of pulse
application, both for Ro = 0.5 and 0.8. 1In both figures the central column
around the track is considered.

The actual application of the theoretical model to experimental
results will be left to Chapter (7) when the results will be discussed

to greater lengths.
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CHAPTER 3

Spark Chamber Operation - Theoretical Considerations

The theoretical aspects of streamer development having been discussed in
the previous chapter it is intended to describe the physical properties 1i.e,
memory time, efficiency etc, of a spark chamber by a theoretical model and to
later establish the fact that sealed spark chambers do not show characteristics
identical to the more conventional types of chamber, A éualitative
explanation of these anomalies will also beﬁgiven.

The detector consists basically of two parallel plates enclosing twe
sheets of glass between which is the inert gas, The effect of the glass
dielectric on the high voltage pulse can be considered negligible, thus in
effect the voltage dropped across the gas is almost exactly that applied to
the chamber, The separation of the dielectric material is Ecm.and the gas '
pressure 760 mm, Hg, A charged particle traversing the chamﬁer normal to’ the
plane of the electrodes will create ion pairs in the gas along it's track,

The number of such ion pairs per unit track length has beeniexténsively'Studied,
but notably’in_neon by Eyeions et al, (1). Using proportional éounfers
filled with a mixture of neon and methane at partial pressures of 400 mm. and
44 wm, . of mercury respectively they determined the energy loss of traversing
muons by means of pulée height measurements from each counter, The momentum
of each muon was simultaneously measured with a spectfoéraph. In this manner
'che variation of energy deposited in the gas i.e., ion pairs created, was
determined as a function of muon momen tum, fhis variation showed an increase
of about 25 per cent over the meaéured moméntum range from 1;5 GeV/c to about
100 GeV/c° From these measurements the most probable number of ion-electron
pairs created by muons in neon per cm. of track is about-34 at 760 mm.Hg.

This figure represents the totalvionization in the gas; the primary
ionization ié about 12 ion-electron pairs/cm at 760 mm.Hg.(Z), In the

following theoretical considerations the total ionization will be considered,




26

but an approximation has been made in that the distribution of these ion-
pairs is assumed Poissonian in order to simplify the calculations, Whereas
the primary ionization doés exhibit Poissonian characteristics the total
ionization follows a Landau'distxibution,therefofe with the relatively large
diffusion coefficient for electrons in neon the Landau distribution will
dominate in all cases being considered,

The spark chambér volume can be considered as composed of two "sections";
see fig, (3.1) One part (the formative distance ‘s') iﬁ which an electron
has a very small probability of forming a discharge on application of the
high voltage pulse and the remainder of the volume where electrons are easily able
to initiate discharges.

Using this basic idea it is possible to calculate the theoretical
efficiency of a spark chamber, i.e, the efficiency being defined as the
probability of a visible discharge occuring after the application of a high
voitagé pulse following the traversal of an ionizing particle,

If the number of free electrons produced per cm, is No then the total
number in the gas will be No’E at time t = o, Assuming‘that N1 of these
are in a position in the chamber such that they are able to initiate a
discharge and that any one of thgm can produce such a discharge, the
probability of & discharge éctually occurring is given by Poissonian statistics
as (1 - exp (an)); This however is the definition of efficiency

dees (1= exp (-N), |
| In the operation of any spark chamber there will always be a delay
(sometimes deliberately) between the traversal of the ionizing particles and
application of high voltage pulse, and during tﬁis time electrons can be
removed from the gas in several ways.,

a) Rec&mbination

b) Attachment

c) Drift in electric field

d) Thermal diffusion
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a) Recombination

As neon is an inert gas "Preferential"” recombination will not take
place. Such recombination where the electron never gets outside the sphere
of influence of the parent atom only becomes imporgant when electronegative
gases are present, Nevertheless ordinary recombination between electrons
and ions will occur, The rate of loss of electrons due to this type of

recombination is given by
== = -R.n_.n,
e i

where n and n, is the electron and ion concentration per unit volume
2 - 1
, , . . ' . -7, -1
respectively, and R the recombination coefficient given as 2 x 10 1ion

lcq, se;fl for neon (4);

Thus the fate of recombination of electrons and positive ions 25 ﬁ sec,
after the traversal of the incident particle will be about 7 x 10-5 ions
ccm1 secnl, It would therefore seem reasonable to suppose téét recombination
processés are insignificant in the operation of the spark chamber as described
in this thesis,.

b) Attachment

This loss mechanism becomes important only if large quantities of
electronegative gases are present in the qhamber, the most serious gas of
this type being oxygen., The loss of electrons by this process can in general
be represented in the form |

| .dn

It = - h.py.n.

attachment probability per collision

where h

collision frequency for an electron with the impurity molecule,

~ 1,3 x 1011 sec-1 from kinetic theory.

i
' ted .
A curve of attachment probability in oxygen plot,as a function of electron
energy is shown in fig.(3.2) taken from (5). The two maxima that are present

_ N
are thought to be caused by two different processes. The first maximhhfor the




28

low energy electrons is due to combination directly with an oxygen atom to
form the ion

O2 + e —>02

whereas that at thelhigher electron energy is caused by the electron
dissociating the oxygen atom on impact and then‘comﬁining with one of the
atoms to forﬁ an ion,

0, +e =20 +0
Heyn (6) has shown that the thermalization time for electrons in neon at
atmospheric pressure liberated by muons is about 500 n sec., In every
experiment in this present work delay times larger than 2 p sec. have been
employed, Consequently it can be presumed that the production of molecular
6xygen ions will be the dominant process, The attachment probability per
collision will be about 3 x 10,4‘

Loeb (7) has shown that the probability of the release of such an
attached electron by collision with another gas atom is negligible for
fields applied to the gas of the magnitude used in the following experiments,

The loss of electrons can now be expressed by

%Etl-=-40n.'p
where p is the concentration of oxygen atoms in ppm,

Ifp is small as indicated by fhe original gas analysis shown in
Chapter 4, then for periods of the order of hundreds of microseconds the loss
by attachment is negligible, However as.it ﬁas not possible to analyse the
gas after a chamber had been operational it is feasible that the oxygen
concentration may have increased due to outgassing from the glass., Therefore

the effect of various concentrations of oxygen on the efficiency were

investigated as shown later, to *put an upper limit on a possible concentration,

¢) Drift in an electric field
The'effect of a static electric field is to cause the electrons to drift

towards'the anode (relative to the applied field) and hence to be removed from
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the chamber., Because of the large drift velocities in neon, 104 cm/sec to
105 cm/sec even sﬁall fields of about 1 volt/cm, can reduce the efficiency
to zero over several tens of microseconds. Although clearing fields were
not usually applied intentionally it will be seen later how it appears that
they are always present when the chamber is operated, hence they will be dealt
with iﬂ more .detail when the theory is fully developed.
d) Diffision
The eiectron; released in the gas by the ionizing particles will diffuse
throughout the chamber volume due to their thermal motion, and some will

impinge upon the walls where it is assumed they will remain, The rate of

diffusion across a unit area is given by Fick's law in one dimension

ot oxZ . (D)
Where D is a constant of proportionality known as the Diffusion constant and
has a value of 1800 cm2 sec_1 for thermal electrons in neon gas at one
atmosphere pressure, Whilst the electrons are thermalizing they will have a
Diffusion constant somewhat larger than‘the above value, but as the
thermalization time is so much shorter than any delays considered it's effect
is small and can bé ignored,

The solution of the above equation should therefore give rise to an
cscimate of-tﬁe theoretical efficiency of a spark chamber as'a function of
delay time in application of the high voltage pulse. Because the length and
width of the chambers are much greater than the depth the one dimensional
solution is perfectly adequate, |

The chamber can be represented fig.(3.1) with the electrodes in the yz
plane with one of them going through the origin. The depth is E cm. and
particles will be assumed to travel along the x axis, The pulsed field applied
is of magnitude -Ux and the formative distance s is consequently given by

(E-p)., The ionization is considered as being uniformly distributed along

the track length,
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The solution to equation (I) required must satisfy the following three

boundary conditions:-

a) n(0,£) = 0

b) n(E,t) =0

c) n(xo,0)= 8(’x—x0).

_Condition (c) assumes -that at time t = o an initial electron at x can
: o

be represented by a 'delta function, d(x - xo),

The general so1ut10n is given by

. - \2
n(x,t) = Kfﬁ . 81n< >, gxp{ _<}gg> D} t. (1D

m—l
E -
/B(x - xo). sin <E’§E> dx
o ' v

where Bm is given by
. sin [/ d
\ E

Therefore the partlmﬂarsolutlon is

] [ NCH e | R

;_. | .
n(x,t) = ° —. 51g< ). 31n< >, exp { -(Eﬂ > D} t
m=1 L
However for an electron-at X -at time t = o to be capable of forming a discharge

at some time t = t; it must be present in some part of the chamber at that
time outside the formative distance,
The probability of this occuring is described by
p "—'I_ o 2
n(x t) = P(x ,t ) = 1 - cos . ,sinl "o ), exp | - 1 D| t
m E T E
(I11)
Equation III is solved for every electron in the chamber, but before this
can be done a value of the formative distance and hence p, must be found.
Fisher and Zorn (8) give a curve of formative time 7, plotted against
' aﬁplied field fig.(3,3), from which it can be séqn that for the magnitude
of pulses applied (Chapter 5) a value of certainly not more than 30 n sec
would be in order, This does not conflict with similar results obtained by

Burnham et al. (9) who plotted corresponding curves as a function of pulse
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rise time, However in the latter case quantitative comparison cannct be made
as all rise times considered in the paper are considerably slower than used
on the ﬁresent sealed chambers.

Assuming the velocity of avalanche propagation as about 107'cm/sec. then
a formative distance of about 0.3 cm, would seem reasonable. In fact
calculations showed that an error in this estimation of + 0.1 cm, affected
the solution less than the experimental error.

Fig., (3.4) shows a curve of tﬁe'probability of an electron surviving after
a delay time of 40 p sec., in a position so as-to be able to initiate a
discharge, against initial position in the chamber, for three values of
formative distance. Ionization was taken as 34 ion pairs/cm. and a 15 mm.
deep chamber considéred,

Using-the relationship €= (1 - exp(-n))
the curves in fig,(3.5) were drawn of expected chamber efficiency against
delay time before application of high voltage pulse for the same three
formative distances, Comparing the 0.3 cm formative.distance curve with the
curves obtained experimentally (Chapter 6) it can be seen that theoretically
the efficiency should remain high for a much longer time than it appears to.
Onépossiblepartial explanation is that of attachment to oxygen impurity
from furthef outgassing of the glass caused by electfon bombardment, and this
appears likely as all the curves areasymptotic to the same efficiencies at long
time delays. This cannot be proved absolutely conclusively, because of the
impossibility of getting a gas sample from a used chamber, but a calculation

of the effect can be made by a modification to the diffusion equation given

above, which now becomes,

an é
. = - D.B n - hymn
ot dx2 v v

the solution for a formative distance s = E-p becomes

o 1 . .2 g
P(xo,t) = %\ —_i.{ 1 - co§< E%%)},(exp)(— {%[ } D + hv> t} . sin< mzxo >. v

=1
1l
—
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Note that oxygen impurity cannot be the complete solution, because
experimentally the efficiency at a given delay is a function of the pulsing
rate,

Solutions to equation V detailing chamber efficiency plotted against
pulse delay time as a function of oxygen impurity are shown in fig.(3.6)

a formative distance of 0.3 cm, was used, Even for the experimental curve
taken at.the slowest pulsing rate there would appear tobe only poor agreement
with the closest. fitting oxygen impurity curve, indicating that the oxygen
impurity, if greater than the gas analysis showed must be less than about

460 ppm.

The chief conclusion drawn is that although the oxygen impurity may have
risen since the chamber was constructed it is not playing the dominant role
in determining the efficiency of the chamber for delays between traversal of
incident particle and the high voltage pulse being applied, As will be
indicated by the experiments described in Chapter 6 an "internal" electric
field appears to bé the cause, it's direction being opposite to that of the
pulsed field. Such fields,certainly for the slow pulsing rates have
magnitudes_of'about'a volt/cm, or less, The treatment of such small fields
theoretically is most fully done by an analytical method similar to the
above caléulation9 rather than the more approximate method used by Burnham
et al, (9). The latter method is best suited to the case where the clearing
field cémpletely dominates all ofher processes,

The introduction of an eléctric field into the theoretical calculation
is given below in outline, the more detailed solution is given in appendix (1).

Fig. (3.7) shows achamber again in the yZ plane with an applied high
voltage pulse -U, and an electron drift velocityAdue to a clearing field

of -V along the x axis, No gas impurities are considered.
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‘The differential eﬁuétion now becomes;
dn . - D th .y on :
3t dx2 dx VI

the boundary conditions remain as in the case of ordinary diffusion.

nlo,t) = o

n(E,t) = o

'n(}.{oso) =§(X -JXO)
The general solution is given by

[o.0]
n(x,t) = ZmeoeXP(+BX). sin (@ x). exp (-a?t)
m=1 where B = V/2D
) N2 2
(5 {6 ]
4
w = m7/E
A é% _exp (-on)',sm(a)xo)
hence the particular solution is .
[o.0]
=\ 2
m(x, t) ziJE.sinqub)wexp (ﬁ(x-xo)).sin(wx), exp -(azt) VII
m=1

The probability of finding an electron initially at x = x att=o in a

position in the chamber able to form a discharge, after a delay of t = t is

given by 1
oo
2 , . _— 5
P(xo,t) =7 }E}ln(axo),exp(-sxo). (af + 52) exp(-a°t),

m=1

{ exp(+Bp) . (48 sin(gp) - @ cos (wp)) +a§ VIII
for the case when v = Bi= 0 it can be seen that equation VIII becomes the
solution of the normal diffusion eqﬁation (III). Theoretically this solution
can be used for any value of drift velocity v, but it is apparent that as it
becomes>> 2D (v about 5 x 105 cm/sec,) the absolute arguments of the
exponentials become large and the equation consequently very ina%urate, hence
the'épproximation of Byrnham et al. The effect of the clearing field is

expressed in terms of the electron drift velocity and not as a simple function
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of field directly; this is because there is no constant relationship between
the two, Tﬁe concept of a mobility is not vélid on theoretical grounds as the
electrons do not have the same energy distribution as the surrounding gas
molecules, Also the effect of impurities. even in very small quantities have a
large effect on the drift velocity making cdmparison with standard curves
difficult,

Fig,(3.8)‘indicates the survival probability outside the formative
distance after a time delay t, as a function of initial electron position, for
two delay times with-an electron drift velocity of -5 x 104 cm/sec, The
formative distances is 0,3 cm,

In order to verify equation VIII an ordinary spark chamber with plate
diameter of 13 inches and separation 15 mﬁ, was constructed and flushed through
with a neon, helium 70/30 mixture at a sligﬁt overpressure. The applied high
voltage pulse had the same rise time and characteristics as that apﬁlied to‘
the sealed chamber in order to ensure a similar formative distance. A constant
and accurately known clearing field was applied so as to sweep electrons out of
the chamber in the opposite direction to the high voltage pulse and the
efficiency as a function of delay time between traversal of cosmic ray and
applicatien of the voltage pulse measured 'to a high accuracy. A 4 inch square
scintillator telescope was used to trigger the device and only particles
<20o to the applied field were accepted, After these measurements had been
taken the cleuaring field was switched off and the chamber efficiency
remeasured to ensure no reduction due to any gas impurities, These results
were in greement with normal diffusion theory,

The efficiencies and corresponding delay times for the case with the
fielde,
clearingkapplied were substituted into equation VIII and with the aid of a
computer the effective electron drift velocities required to produce such

results calculated. These are shown in fig,(3.9) assuming a formative distance

of 0.3 cm: for a formative distance of 0.5 cm, the resultant difference in the
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drift velocities is less than experimentai error. The slight increase’in
the drift velocity with longer delay times is due to the total ionization
having a Landau distribution rather than the Poissonian one assumed here,
but the error ig small compared with later expefimental ones, indicating that
the theory is a good approximation., The value of the electric field
obtained from fig. (3.9) differs by a factor of about three with the one
actually applied which was - 1,35 v/cm.

It is now posgsible to take the experimental results described later
and knowing the direction of the "internal" clearing field built up to
calculate it's magnitude from equation VIII and hence deduce how it varies

with the conditions under which the chambers are operated.
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CHAPTER &

Experimental Apparatus

"The Spark Chambers

The spark chambers used were constructed by International Research and
* Development Company of Newcéstle from soda lime glass, The composition was
oBtained from the manufacturers and is given below: |
Silica (SiOZ) 71=737%

Sodium Oxide (NaZO) 13 = 16%

Calcium Oxide (Ca0) 5 - 10%
Magnesium Oxide (Mg0)2 - 5%
Potasium Oxide (K20) 1%

Aluminium (A1203) 0,05 - 1,5%

Traces of Sulphw Trioxide and Iron oxide (Fe.0.) were also present,

273

They consisted of a sealed glass box, the top and bottom plates being
.600 mm.x 600m,x 30 mm, thick with side walls 10 mm, or 15 mm, height and 6 mm,
thick. This gave two sizes of chamber with gap widths of 10 and 15 mm, The
glass surfaces were glued together using a shell epoxy resin (vapor pressure

> m. Hg) and baked to 150.C

.<10“7 mm, Hg) and the chambers were evacuated (<10~
for at least 8 hrs, before filling with Neon., The gas composition was measured

with a mass spectrometer from a sample taken at the time of filling and is given

below
Neon- ' 98.72 per cent
He 1.28 per cent
‘ NZ/CO 42 ppm by volume
CO2 5 ppm by volume
02 2 ppm by volume
A 1.1 ppm by volume

The chamber electrodes were usually made of aluminium plates and placed
directly against the glass outside the box with an overlap around the chamber

edges of at least one chamber depth to ensure field uniformity (better than 4%)
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near the walls, The electrical capacity of the 10 mm, wide chamber was
300 pF. and the 15 mm, one 200 pF, In some circumstances a wire electrode
was used with a pitch of 2 mm. so that observations could be made through
one of the glass plates parallel to the applied field,

Spark Chamber Drive System

Cosmic rays traversing the chamber were detected by means of a
scintillator telescope and coincidence system which triggered a val{fe pulsing
unit, delivering a <5 kV, pulse to the trigger electrode of a conventional
trigatron spark gap; on firing an exponentially decaying pulse was applied
to the chamber, If more than one chamber was Being run at any one time then
because of thg high output impedence of the valve pulser it was used to drive
a master spark gap which fired one or more slave gaps eacﬁ applying a high
voltage 'pulse to its re;pective chambér, A delay<varying from 1,5ps to
infinity could be introducéd between coincidence unit and valve pulser,

In order to verify the position of an-incident particle two trays of flash
tubes were placed above and below the chambers, each bank pulsed separately by a
spark gap system controlled By another valve pulser (see fig, 4.1). Each tray
consisted of four layers of 18 mm, external diameters, 16 mm, internal, filled
with néon to a pregsure of 600 mm, Hg., A paralysis could be applied either
to the chambers or flash tubes or more commonly to both,

Valve Pulsing Unit

The sciuncillator telescope unless otherwise stated was of size 225 mm, x
225 mﬁ;, much smaller than a chamber; it was always placed so that cosmic rays
entered the chambers at an angle 20° to the field and through the central
region (thus eliminating any non-uniformities in the field due to the dielectric
walls).

The valve pulsing unit (fig.42) consisted of a two stage amplifier whose
output was fed into a cathode follower which drove a hard pulse modulater tetrode

valve. This last valve had an anode voltage of + 6 to 7 kV, but because of it's
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high output impedance could only drive one spark gap down a few feet of cable,
Most of the minimum delay time of the whole drive system was due to this valve
pulser and was typically 1.5 microseconds,

Spark éaps used_were aiways of the air uigatronvtype witﬁ a central
tungsten wire as trigger protruding through the cold electrode, but insulated
from it by a‘glass sleeve, Negative t;igger pulses were used;(to reduce jitter)
with heights from -4 kv to =10 kv according to mode of pulsing (valve pulser
or master gap), this was well clear of the minimum triggering voltage of -2.6 kV,
The main gap could be adjusted to allow voltages from + 3> k¥ to + 30 kV to be
switéhed, the total delay timg betwéen trigger and main. gap being typically
100 nS with jitter of 100 nS., Thus variation in this délay was always negligible
comﬁéred with any further delay used,

In order to get very fast rising high voitage pulses the trigatrons were
operated close to the chambers and low inductance Bariup Titanate condensers used
togéther with low capacity, low inductance pyrolytic resistors as the resistive load,
Typical pulses.applied to a 15 mm, chamber are shown in (fig,kﬂb Even faster
rise times could be achieved by using special capacitors built actually onto
one of the electrodes, These consisted of an extension being made to the pulsed
electrode onto which was placed a thin aluminium plate separated from it by 15 thou
of melanex sheet (fignhéu)_The size of the plate was designed to give a capacity
of 1000 pf and the whole structure was "potted" in electrically insulating
Araldite., Such condensers operated Weil up to applied voltages of 30 kV when
flashover occurred, rates of rise of voltage of 1 kv/aS could easily be achieved,

The measurement of the high voltage pulses was made by two independent
methods:=

a) A S,A.C, high voltage probe,

b) A specially constructed "transmission line divide" network.

The second method was preferred because the former did suffer to a small

extent from the severe r,f. radiation.







Transmission line probe

This type of probe described by Fletcher (1) and Schneider (2) is
constructed by extending the chamber electrodes and "sampling" the pulse by
means of a third electrode placed close to the earth plate (fig.4.5)., The
equivalent electrical circuit can be represented to a good approximation by
(fig.4,6) where Zo represents the'input impedance of the oscilloscope
(in this case a Tektronix 519 hence zo was 125 ohms and purely resistive). The
attenuation ratio is the inverse of the two capacities C and Co'

In o?der that differentiation of the puise does not occur-CoZ0 must be
much larger than the RC constant of the pulse being measured, and so that the
probe produces only a very small perturbation on the pulsevit must be very close
to the earth plate, This latter condition requires that an insulating medium
be present between it and earth and hence because of the dissimilar dielectrics
of the transmission line and probe the metallic film muét be“less than the skin
depth at the highest pulse frequencies, Pulse oscillation§ must alsé be
damped’out by ensuring that the probés resistive component is much larger than
it's inductive one at the operating frequency. Schneider found that gold film
evaporated onto mica was very satisfactory, but it would appear that commercially
available mylar has the required properties. The insulating side was glued to
the earth electrode by clear lacquer and an electrical contact made to the
aluminium film at it's center, this was taken directly to a 125 ohm, General
Radio connector mounted on the outside of the electrode., The whole of the
mylar film was then coyered with clear lacquer giving a leakage resistance

greater than 108 ohms,

Calibration of such a probe was carried out at 30 Hz mains fréquency using
a high impedance 6scillosc0pe probe to compénsate for the long time constantsg
involved, Comparison between them and the S.A.C., type was very good, They
also proved to be extremely free from r.f. interference and there appeared to be

negligible drift in attenuation over periods up to a year.
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The actual discharges were recorded photographically on either Kodak 2475
or Ilford Mark 5 33mm, film,the camera aperture varing from £1.5 to 3,5. The
shutter was continuously open and the film wound on whilst the electronics was
paralysed usually for about 9 seconds which also gave ample time for the chamber
capacitors to charge up from the H.T, geénerators, The largest value of the
charging time constant used being 0.1 sec, | | |

Light Measurements

Light output from the discharge was measured using a Mullard 53 AVP
photomﬁltiplier mounted coaxially in a 30 inch long seéurely earthed brass/
aluminium chinder to provide essential shielding against r.f. The anode was at
ground potential ana directly coupled into 50 ohms; the =1800 volts was supplie&
tﬁrough a filtere& power supply stable to > 0,17 and pulses were observed on a
r,f. éhielded and filtered Tektronix 551 oscilloscope.

The linearity of thé ‘photomultiplier was determined by the application of
Athe-invgrse squaré'law using a pulsed neon discharge tube designed to give a
"point" source, Fig, 4.7 shows the photomultiplier output pulse (into 50 ohms)
as a funétion of the normalized light intensityo TheAsystem can be seen to be
linearlfor pulse heights up to -1,6 volts, which agrees well with the
manufacturers specifications., It should be noted that with this form of
circuitry the tqtal 1ight intensity is the integral of the output voltage pulse,

Under normal operating conditions the dark current pulses ﬁere typically
- 50 mV high, and the r.f, noise level =150 mV at worst,

Charge Measurements

. .Measurement of charge build up and decay in the spark chambers was made
using a very high impendance Dolezalek electrometer, The input capacity of
the instrument and associated leads was measured on a bridge and found to be 20

picofaradé, The input resistance was found by charging the electrodes to'a few

volts and observing the needle deflection as a function of time (see fig. 4.8).

The value of the resistance did alter with time presumably due to changes in the
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humidity, but was usually about 5 x 1014 ohms and never fell below 1014 ohms,
The electrometer was calibrated in the usual fashion for several values of the
needle voltage and a set of such curves are shown in (fig.4.9). The deflection
refers to that on a scale at a distance of 1 meter,

This form of electrometer:is only useful for measuring potentials up to
30 volts, above this an ordinary electrostatic voltmeter was used, The input
capacity and resistance were measured as described above (fig.4.10) and the
seﬁsitivity_by using a calibrated oscilloscope.

It can bg seen from this curve (fig.4-10) that above about 1300 volts
the voltage did not fall exponentially, but rather faster, This was found to be
due to corona discharge occuring around the input connector and was effectively

N~

removed by greater insulation.
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CHAPTER 5

The General Propertiés of the Chamber

Operating Conditions

~ The form of the discharge along a particle trajectory depends very

critically on the léngth and height of the pulsed field applied and to a
somewhat lesser extent on the chamber gap widtﬁ, In the conventional type
of_spark chamber as soon as a streamer crossed the gap it formed a low
impedance spark channel to ground and the voltage across the chamber dropped
accordingly,automatically extinguishing the discharge, In the current
1imited spark chamber, because of the glass dielectric, there is no voltage
drop when the streamer crosses the gas gap and unless the pulse is removed
externally the discharge will spread across the insulator. Alsc phetons
emitted from the discharge will cause excitation of the surrounding gas(1l) and
U.V. light may give rise to photoelectric emission from the glass surface (2).
In both cases further streamers may result if an elect;ic field is still
present across the gas,

Accordingly the pulse height and direction must be such that the streamer
just reaches the glass surface yet emits enough light to be reasonably. easy
to phatograph, For the two sizes of chambers used (10mm x 15 mm gap widths) the
exponentizl decay constant of the applied voltage pulse necessary to fulfil
the above requireﬁents had to be less than 100 n sec., and peak fields typically
10kV/cm. Ircreasing the length of the pulse introduced a general glow in the
volume of the gas around the discharge and severely limited the working range.
Wiﬁh an expénential decay constant of 1lu sec the chambers either completely
discharggd on pulsing, with many fine streamers crossing the gap, or they
didn't respond at all, according to the height of the applied field, It also
appeared that the shorter the pulse the greater the variation on peak pulse-
height possible, consistant with e&ceptable tracks, this still applied for

pulses with. decay constants of about 20 n sec. The occurrerce of spurious
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discharges also decreased with decreasing pulse length, although these were
always less than 0,5% if the chambers were clean and dust free, Values cf
pulse decay constant used varied from 40 n sec, to 100 n sec. and peak pulse
heights from ~8kv/cm, to -14kv/cm, the resultant chgmber operation is
briefly summarised in Table'(l)° Fig.(5.1)shows curves of efficiency
agginst pulse height for two pulses, with exponential decay constants of

60 n sec, 50 n sec, respectively, each for two delays between passage of
particle and application of high voltage pulséa

Because of the small gap widths, and short pulse lengths required it
was very ﬂecessary to have faét rising pulses: although no quantitative
results were taken; in general the shorter the rise time the narrower was
the diécharge, being typically 1.5 mm. to 2 mm, diameter at 2p sec delay
for pulses with rise times (10-90) of 20 n sec,

In using the detector éor determining the spatial position of particles
it is necessary to know how well one can locate the trajectory, In order to
determine this three chambers were placed one above the other each separated
by a distance of three cms. A pair of scintillators forming a particle
telescope were positioned top and bottom of the chamber stack such that any
particle traversing the. latter would be less thdan 15° to the direction of
the'app'lied=fiéldn Only pﬁotographs that included a single particle in each
gap within 15° to the field were considered, For such frames the deviation ¢
of the center of each spark at it's cathode end from the best straight line
passing through tﬁree such points was noted., Fig(5.2)shows the resultant
probabiiity distribution from which the standard deviation of a spark from
the particle track was determined as 0. 32mm, Comparing this with the mean
distance an electron can diffuse during the 2 usec. delay in applying the
high voltage pulse (in 2jt sec, the mean distance diffused by an electron

is 0.85 mm) it is seen to be considerably less, which is a strong indication
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that it is Pot the position of a single electron that determines the streamer
position in this case, but rather the position of the highest electron density
as indicated in Chapter 2,

The parameters of the applied pulse were, peak height -11,6kv/cm,, R.C.
decay constant 50 n sec, rise time (10-9@5 20 n sec.

For particles which traverse the chamber at small angles to the applied
field the discharge tends te lie along the line of ionization, however
there is an angle at which rather than follow the particle several sparks
occur in the chamber along the trajectory and spatial resolution is lost,
Hence it iS.important to know the relationship between the trajectory and
spark inclination for particles at various angles to the applied high voltage
pulse,

In order to investigate this a chamber with a 15 mm., gap was aligned
with a bank of flash tubes above and below it each separated from it by 40 cms.
A scintillator telescope was adjusted so that cosmic rays could traverse

the system at angles to the applied electric field varying from 0° to + 50°,

The voltage pulse applied to the chamber was -11,0 kv/cm, peak, with a decay
constant of 60 n sec and rise time (10-92? of 20 n sec. Photographs
containing only one particle in both chambers and flash tubes were considered
and the aegle 2 between the particle and apblied field measured by means of
the flash tube trays., The angle ¢ between the discharge and the estimated
parficle trajectory was then measured and figa(iﬁ) shows the histogram cf
the probability of a spark following the particle track for the different
angles between the particle and applied field. The cell width is 9%, It
can be_seeh that only in the range O to 99 do the discharges fcllow the
particle to within the measuring error ¢§ , although t0'within~2(f the
agreement is good to 30°.

A simple explanation of the slanting discharge which will lead to an

estimate of the maximum angle at which the discharge will follow the particle
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trajectory can be seen by considering two electrons at slightly different
distances from the anode, The first one is closer to the electrode and
on the application of the high voltage pulse it avaianches towards it. The
second electron avalapcheslsimilarly, but because of the fiéld distortion
due to the .space charge in it's head and that in the tail of the first
avalanche it will gro; towards the former.

Hence it can be geen that for neon gas where the initial electrons are
on average 0.08 cm. apart the ma#imum spark angle is given to a first

approximation by sinnij 3pt , In the above case t = formative time =
0.08 -1 o
30 n sec, so the maximum angle is about sin 0.16 = 9, Considering the

approximations made in neglecting the effects due to the space charge build
up in the avalanche head as well as that due to the interavalanche inter-
action the agreement is good,

Memory Time,

In some experiments it may be essentlal for the Logic to decide whether it
is necessary for the chambers to be pulsed after the traversal of an ionizing
particle; in which case it would be important to know the memory time of the
detector, This is best estimated by plotting an efficiency against pulse
delay (between ionizing partiéle and application of high voltage pulse)
curve. Such a curve (a) plotted in fig.(5.5) for a pulse of -11,0kv/cm
peak height, 60 n sec decay constant and 20 n gec rise time (10-90)., These
measuremenis were carried out immediately following one another starting
from the shortest time delay, each point took about 40 mins and the cosmic
ray rate was 0,010/min/cm2. curve (b) shows another curve obtained with an
identical pulse and cosmic ray rate, but taken by starting at the longest
delay time and waiting 4 hrs. between each point during which time the
chamber was not operated, At the start of each new poinf about 15 mins was
allowed before filming began. Increasing the waiting period betweén points

to 6 hrs made no difference to the result nor did the order in which the
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various points were measured.

Comparing curve (b) with the expected one from Diffusion Theory (c)
shows immediately that some other very dominant process must be present;
"either tﬁere is a much larger gas impurity present than the measurement at
filling gave, or there is perhaps an electric clearing field operating 3ue
to. a charge built up on the insulator surface caused by the discharge, The
former explanation does seem less likely, Because if oxygen or othér
electronegative gases were being released into the neon then one would
expect a steady deterioration with use which has not been observed, The
fact that curves (a) and (b) differ would appear to indicate a "memory"
between each delay setting which is certainly operative for 30 mins, but
not after a few hours, this could be related to the apparent inefficiency
of the chamber at long delays compared with theoretical calculations,

It shéuId be noted however that although the chambers have a high
efficiencyAfor many tens of microseconds the spaéfhl resolution decreases
very rapidly with increasing time delay. For delays as short as 10 p sec.
the£e is alfeady occuring not just one discharge but several clustered around
the trajectory of the incident particle, this is due to the thermal diffusion
causing enough separation between the electrons to allow more than one
stfeamer tc¢ develop independently,

Recovery Time

| a-snes

The rccovery time of the chamber is defined as that time after which a
spark has occurred. in thé gas that another particle can be registered
without the previous discharge re-igniting., To determine this parameter a
chaﬁber was pulsedlZ B sec after the traversal of a cosmic ray and then again
after a delay varying from 1.5 m sec to several tens of seconds, irrespective
of whether a second cosmic ray had passed through or not. The pulse applied
on both cases was the same (-11,0 kv/cm peak, 60 n sec RC decay constant,

rise time (10-90): 20 n sec) ., Photographs were taken of the discharges;
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at short delays less than about 0.25 sec it was obviously impossible to
resolve two separate discharges, but it was already known qualitatively that
the recovery time was of the order of 1 sec, If a second delayed pulse was
not applied then a bright fine discharge occurred in every case along the
trajectory of the incident particle, however on application of the second
pulse radially symmetric secondary discharges occurred with the position of
the initial discharge as their centér. With increasing delay between the
two pulses the area of the chamber covered by the secondary discharges
increased, but the further they advanced from the initial one the fainter
they became, For delays greater than 400 m sec the number of secondaries
began to decrease as did their distance from the incident particle, Delays
greater than 1,2 sec no reignition occurred at all, It would therefore
appear that the natural recovery time of the cﬁamber is about 1.2 sec for
this high voltage pulse., Varying the pulse height did produce an effect, a
decrease of 1 kv/ecm reduced the ;;;g:;FXime by about 25%, but the intensity
of the initial discharge was also reduced,

Fig. (5.4) shows a curve of the mean distance of the secoﬁdary discharges
farthest from the incident particle plotted against the square rcot of the
delay time in applying the second high voltage pulse, 1In order to produce
these secondarv discharges it is necessary to have free electrons present in
a position in the gas such that the transition to a streamer can occur when
the second high voltage pulse is applied, Diffusion theory indicates
that a perfectly free electron has a negligible probability of survival ia
the chamber after a time delay of about 1 m sec at which time 80% of those
remaining would be within 2,7 cm of their initial position,

Nevertheless it can be seen from Fig.(5.4) that the first part of the
curve exhibits a linear relationship suggesting that some form of diffusion
process is taking place., The breakdown of such a relationship at longer

delays can be explained partially by a lack of photographic sensitivity,
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but much more probably :due to a loss to the chamber of the cause of the
secondary discharges, An estimate of the "diffusion constant" associated
with the seconéary discharges can be made from the linear region of the
curve., If it is assumed that the mean distance of the discharges farthest
from the incident pérticle is that distance in which about 807 of the
discharges occur then r «~ \f}.éDt
- !

D = r2/3,6t ~ 75 cm2/sec<from the 6urve,) :
Von Engel(4) gives a value for the diffusion céefficient of neon ions in pure
neon as 0,16 cmz/sec, at atmospheric pressure, and for electrons,1800 cmZ/sec,
Even allowing.for the fact that the chambers have 2 % helium present as
well as the approximations in the calculation, the .figure of 7/5 cm2/sec is
in disagreement with both of these possibilities. It is therefore reasonable
to assume that neither positive ions, metastable states of neon atoms or free
electrons in the gas are the cause of the long memory, and that .perhaps the
linear relationship in fig.(5-4) is fortuitous, Further evidence supporting

these points is given below.

Clearing Fields

The effect of an externally applied clearing field both on the efficiency
versus pulse delay characteristics and the recovery time was considered,
Concerning thc latter of these two propertles one would expect from the above
facts tha; such a field would have little or no effect and this indeed was
the case fur the values of fields considered,

Because the efficiency of the éhamber under normal conditions suggests
that some e&he§ factor other than simple diffusion ié acting and due to the
pessibility of this being some kind of internally generated clearing field
an approximate value of this field was calculated at 0.3 volts/cm for the
O,O‘l.'/min/cm2 rate. In order that this be a small perturbation on the
externally applied one the latter was chosen with a value of + 2.86 v/cm,

the pOostive sign indicating that the electrons are being swept in the same
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direction as the high voltage sweeps them apd the negative sign vice versa,
Fig.(5,6) shows the two efficiency versus time delay curves for the
above field when the high voltgge pulse parameters were -11,0kv/cm peak
height, 60 n sec delay constant and 20 ns rise time(10-90). These curves
would appear to be very‘reasonable, the field has pulled the efficiency off
faster than normal as would be expected, and the difference in the two

curves being due to the formative distance. A measurement of this parameter

- from the two curves given a value of about 3 mm although the error is large.

Fig. (5.7) is a plot of the effective electron drift velocities that would
give rise to Fig.(5,6) as a function of delay time, Both curves within
experimental error lie on the same line, although as one lies consistantly
above the other there might be a real difference between them, but less
than the error, |

The very high drift velocities predicted at long delays can be explained
by the fact that (a) the light output from the discharges at very low
efficiencies‘is very low and some were not recorded, thus making the
efficiency appear lower than it actually was, hence high drift velocities
and.(b).we have assumed a Poisson distribution for theelectron ion pairs
whereas it is in reality a Landau distribution.

1f the internal clearing field were not a small perturbation on the
externally applied one and as will be shown later it also oppcses the direction

of the tigh voltage pulse then the two curves will be expected to split

‘slightly in exactly the fashion as seen in Fig.(5.7). .

Using the values of drift velocity to determine the actual applied field
by extrapolation of the curves for drift velocity against applied field
in pure neon, giveé:in (3), it would appear that the "theoretically"
applied one is a factor of three less than the actual applied one,

However it is unwise to deduce anything from this as the electron drift
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velocity is very strbngly dependent on any impurities iﬁ the neon.

As noted above even with clearing fields sufficient to remove any
free positive neon ions witﬁin 100 m sec the recovery time of the chamber
d;d nop-alter from it's previous value of about 1 sec although the memory
time was duly reduced, This is regarded as conclusive proof that neither
free electrons nor ions give rise to this long recovery time.

Very high values of clearing fields i.e.. 120 v/cm reduced the chamber
efficiency to zero within the mininum pulse delay available with the
system (1,8p sec){ _The recovery time was also zero under these conditions,

A further discussion of this recovery time will be given in a later
chapter,

Digitization

When operating spark chambers in large experiments it is often not

possible to record the data photographically because of the time involved

in later analysis, therefore digitization methods are commonly used, With

the limited discharge chamber the current flowing in the external circuit
due to the discharge is negligible making the commonly used methods 1i.e.
magnetostrictive, core, and current splitting impractible. Sonic location
involving the placing of piezo-electric tranducers against .the outside surface
of the chémber walls was also tried, but proved unsuccessful.

During a discharge the fact that there is charge moving in the gas
suggests the possibility of a capacitive method of location (5). Such a
method was tried with liﬁited success énd will be " only briefly described,

The central part of the grounded-electrode was replaced by thin strips
of copper mounted on insulating board, the copper being face downwards
against the chamber surface and of width 2mm, with separation between strips
of 1 mm. At the end of each strip was mounted, between it and ground a

small 56 pF. condenser Fig.(5.8). The potential across any condenser
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could be measﬁred'by selecting that condenser with a rotary switch which
discharged it through a Tektronix X10 low voltage probe.

If a chamber that hadn't been operational for several hours was .
selected and thevfirst one or two discharges passea from the high vﬁltage
electrode to one of the grounded strips then a pulse of up to 4 volts was
obtained across the condenser on that strip, and for fine sparks there was
no cross talk between strips, The memory of the capacitor storageﬁpresumably
governed by the condenser leakage resistance,was about three seconds.

However after a few discharges had occurred anywhere in the chamber the
"digitization effect" disappeared completely, but would return again after
about 4 hours if the chamber wasn't used.

If one assumes that the pulse on the capacitor is caused by the
re-arrangement of charge in tﬁe system,due to the capacity change in the
chamber when the streamer crosses:the:. gap, then after the occurrance
of a few discharges there must be some.sort of screening effect oécurring,
perhaps due to the deposition of charge on the inner surface of the glass.
Various methods were tried to remove such a deposition such as the application
of clearing fields, both AC and DC ahd the random pulsing of the chamber,
but all gave negative results. Were it possible to remove this charge
perhaps by the presence of a thin"conducting” layer on the inner glass
surface the ab&ve method would appear to yield a distinct possibility for
digitization of the limited discharge chamber.

Light Output

The screened photomultiplier as described in the previous chapter was
used to observe the light emission from discharges in a small portion of the
chamber, such that the intensity distribution due to the inverse square law

was small compared with statistical errors. In order that the tube was

not operated into it's non-linear region a series of calibrated, neutral

filters were introduced into the light path. The directly coupled putput
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meant the use of an infegrating amplifier when measurements of the light
intensity were required; the integration constant always being about 3.5 p sec
The spark chamber used had a 15 mm, gap and the high voltage pulse applied
the following parameters,rise time (10-90) 20 n sec., exponential decay
constant 50 n sec, and the peak'pglse height was variable,

Fig.(5.9) shows a typical light pulse from the chamber operted with a
2 p sec delay between incident particle and application of high voltage pulse
~11,6 kv/cm, The intensity rises to a maximum within 20 n sec and decays
away in a further 80 n sec (these measurements were made using a Tektronix
551 oscilloscope). Smaller applied fields gavé'smaller and shorter pulses,
with a miniﬁum width of 30 n sec to 40 n sec, It was not possible to estimate
exactly how much of the discharge is being observed, Whether it is simply
only the streamer phase or more likely the latter part of the avalanche
and the streamer,

Fig.(5.10) is a drawing from an oscillograph showing both 1igh£ output
and high voltage pulses, It appears that a 100 n sec delay occurs between
the application of the high voltage pulse and the peak of light emission
(note the high voltage pulse has been inverted for better comparison), the
jitter in this delay was less than 5 n sec, However there was an overall
delay in the phoomultiplier and associated cables of ab&ut 50 n sec more
. than in the voltage probe circuit, Therefore in real time the light emission
reached maximum'intensity 50 ng after fhe pulse was applied; assuming a
formative distance of about 3 mm, (i.e.: formative time about 30 n sec.)this
allows 520 n sec, for streamer growth which is considered not an unreasonable
time,

Using a longerggime base it was noticeable that there was some activity
‘well after the main discharge has ceased (1 to 10 psec), when it appeared
that more light was being emitted. One explanatian would be the decay of

metastable states in the gas, however ‘this is thought to be unsatisfactory




Horizontal scale 40 nsec./division

Vertical scale 0.5 volts/division

5.9 LIGHT OUTPUT PULSE FROM DISCHARGE
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Lower trace shows high voltage pulse
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when the amount of 1ight‘actua11y emitted is considered. It is difficult
to explain why so many metastables should decay together during such a short
time interval especially many microseconds after the initial streamer.
If however a large quantity of charge is deposited on the glassby the
streamer, then on it's cessation a very high potential gradient would be
expected to exist across the gas in the opposite direction to the applied
field (the positive ions would for the most 22;:; still be in the gas, only
electrons would be on the glass surface in any concentration). The gas might
then break down if an electron became available to initiate an avalanche \
e.g. from the decay of a metastable neon atom. In that case a "backspark"
would occuf and appear in light output very similar to the initial discharge.
There 1is ; situation wﬁich gives this idea greater credibility, and
actually provés the existenée of "backsparks"- it will be described briefly.
The gaé in a sealed chamber was sgbjected to a large D.C. field (14 kv/cm)
upon Which it broke down regularly in a series of discharges each occupying
éome 50 cm2 of chamber area, A 1 kilohm resistor in series with the chamber
allowed the measurement of voltage pulses caused by the charge movement
associated wiﬁh.each discharge. For a 10 mm wide chamber the number of
electrqns associated with each discharge was of the order 10}} If the field
was reﬁoved it was noted that after a period of a féw seconds after the
-é}séharges had ceased, they began to build up again and visible gas bre;k-
ldown occurred, The oscilloscope showed voltage pulses, but of opposite
polarity to those observed with the D.C. field, the number :of electrons

1 . .y
associated with each discharge in this case was about 2 x 10 O, definitely

less than before. This is considered conclusive proof thaf "backsparks'" do
occur as a result of D.C. breakdown and it is not unreasonable to assume
that they can occur under pulsed condition,

The distribution of "backsparks' with time after the initial discharge

was studied as a function of voltage pulse height for a fixed pulse length
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and decay constant; and as a function of pulse delay for a fixed height

Qnd length., 1In all cases the rate of discharges was 0,0lO/min/cmz. Due

to an inevitable earth loop in the recording circuit the first 500 n sec
after the application of the high voltage pulse had to be ignored because
of "pick-up” in the electronics; however from the shape of the distributions
it would appear‘that only a small amount of information has been lost.

Fig,(5.11) shows two such distributions for peak fields of - 10,3 kv/cm
and -12.3 kv/cm respectively and a delay in application of these pulses of
2 psec, The means are 4,2 + 1.3 psec and 4.2 + 1.3 psec. respectively; it
-would therefore appear that the mean time for the occurrence of a "backspark"
is constant irrespective of pulse height and this agrees with five further
values obtained for other values of pplse height, the mean of all these
results is 4,1 + 0.2 psec, The errors indicated are one standard deviation.

Fig. (5.12) shows two of the distributions observed as a function of
pulse delay time., The peak pulse height was in this case -11.6 kv/cm with
other pulse parameters as above; the first distribution was taken with a
delay of 39 T'Z psec and the second one 56 + 2 psec. Again theAmeans agree
both amongst themselves and with two other points at 2 psec and 20 psec delay,
being 3.9 + 0.2 psec,

It would therefore seem that the mean delay for a "backspark" to occur
after the intial discharge is 4.0 psec and is either independent of pulse
height and pulse delay or only a very weak function of one or both of these
parameters. The probability of a "backspark" occurring for every discharge
would appear to be 0.6 to 0.8, it is certainly no lower but may be higher;
because of the necessity to use different filters on different occasions
‘the absolute sensitivity of the instrument varied. When a "backspark" did
occur there-were occasions when a small chain reaction followed the first
'”triggering" up to four. more all within a few hundred nanoseconds of each

other, The typical rise time for the light output was 100 ns to 120 n sec
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and'the intensity of the order of 10% that of the initial discharge.

The distribution of light intensity was also studied as a function
of Pulse height for a fixed pulse length and delay time, and as a function
of delay time for a fixed pulse height and length, Unfortunately not only
single discharges were observed, b;t a small number of pairs of particles
as well, Showers were also registered, but were excluded from the pulse
height distributions by assuming a known rate of such events and removing
the requisite nﬁmber of the largest pulses, On most occasias the presence
of a shower was easily seen as the peak height was so much greater than that
of any single discharge, Fig,(5.13)vinc1udes two such distributions for
peﬁk fields of - 9.74 kv/cm and -10.7 kv/cm respectively. 1In both cases
the intensity is plotted in arbitrary units, Fig.(5.14) represents a plot
of logarithm of relative light intensity against applied pulse heiéht also
on a logarithmic scale. It would appear that a linear.relationship exists,
in this case giving a power law equation between light output and applied
pulse height, T En where n = 13,5 + 3.5, However because of the
relatively small range of the applied field the logarithmic scale is almost
linear in whigh case Fig.(5.15) can be plotted, yielding a relationship of
the form I<x.ekE where k = 1,2 + 0.3 cm/kv., Bulos (6) obtained a relation-
Ship'of the simple power form with n = 5,2 + 1.0,but this was considering
the avalanche - streamer transistion rather than a fully developed streamer.
However both relationships may be fortuitous as there is no "a priori"
reason for éssumingleither,'

The pulsé delay times considered were identical to those used above
for the “backspark"ugﬁalysisa and Fig.(5.16) shows a plot of logarithm of
relative 1ight intensity against delay linear relationship given a equation
of the form I efmt where m = 2,7 + 0.5 x 10'2(p sed;{

. The significance of such a relationship will be discussed in more

detail in a later chapter, but it should be noted how rapidly the intensity




;Number.of events

56

48

=
(@

\N
N

n -
=

o 1 2 3 0. 1 2 3

Light intensity (arbitrary units)

a - applied field ‘-9.74 Kv/cm.
‘b - applied field -10.70 Kv/cm.

N

5.13 PROBABILITY OF OCCURLNCE OF BACK SPARK AGAINST LIGHT INTENSITY

FOR TWO VALUES OF APPLIED FIELD

N




100

T

units)

50

<7
d

Light intensity (arbitrar
w

2.3 2.k 2.5 2.6
Log(applied pulse height)

5.14 CURVE OF LOG(E%&; SPARK LIGHT INTENSITY)AS A FUNCTION OF

LOG(APPLIED PULSE HEIGHT)

100

50

10

Light intensity (arbitrary units)

10 112 13
Applied pulse height (Kv/cm.)

5.15 CURVE OF LOG(Béag'SPARK LIGHT INTENSITY) AS A FUNCTION OF
: Sl

APPLIED PULSE HETIGHT




70

T+

T

[RAARERRNE KNT
1
T
}
¥

JI8 St g

10

0 - ] ol

(satun mMMhﬁﬁﬂth_thmcmvcﬁ 1u8TT

ied pulse delay (microsec.)

Appl

-11.6 Kv/cm.

igﬁt

GHT I

Applied pulse he

FUNCTION OFE

AS A

NTENSITY)

-
LI

SPARK

5

F LOG(

5.16 CURVE O

" APPLIED PULS

A

E DEL




59

drops with delay time, a factor of two for about every 25 usec delay.
From the above it is possible to realize some of the general
characteristics of a sealed spark chamber and their limitations; however
there are one or two anomalous effects, notably concerning the efficiency
measurements, that are not observed with the more conventional spark
chambers., It would seem that perhaps these are being caused by some form
of charge build up on the dielectric surface, or even polarization of the
material, which gives rise to an "internal clearing field" thus reducing |

the efficiency, It is the purpose of the following chapter to investigate

these effects in more detail,
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CHAPTER 6

The investigation of ammalous effects in the chamber

If the assumption is made that an internal clearing field is being
built up due to the discharge, then it's direction will be important both
in determining it's magnitude and mode of production, Two methods both
semi-quantitative will be given by which the direction was found, the
first one was by measurements of chamber efficiencies whilst the second
and more direct one was by voltagevmeasuremgnts after the chamber had been
operated for a period, The 1atter’will be described later in this chaéter
under the section dealing with the use of the electrometer,

'Ihe first experiment was basically to charge the chamber by breaking
doﬁﬁ tﬁe gas by means of a steady D.C. field, aﬁd immediately measuring it's
efficiency to cosmic ray particles at a fixed delay, as a function of the
time after charging Fig.(6.,1) case 1, Then repeating the whole procedure,
but with a négative D.C. field Fig.(6.1) case 2,

Using a chamber with a 15 mm, gap width a D.C., field of +10kv/cm was
applied for one minute and then within one minute the chamber was operated
so as to detect cosmic rays, the pulsing conditions being such that the
electrons in the discharge were driven against the same electrode as they
were due to the D.C, field, (case 1 above)., 1In order that the pulsing
should not perturb the system too much only ten pulses were applied erf
a period of two minutes every twenty minutes and with a delay of 24 psec.
between cosmic ray and application of high voltage pulse. The time
required for the chamber to reach it's normal efficiency for the pulsing-
conditions used was found to be~2% hrs., when the experiment was
repeated with a 2p sec, delay instead of 24 psec, the time increased to
~3% hours,

With the high voltage pulse in such a direction that it drove
electrons against the electrode charged positively by the 10 kv/ecm. D.C.

field (case 2, above), then for the 24psec, delay it took ~11/3 hours and




0 —

1“15 . *{"l‘
' Case 1 :

+DC t- o ‘ _:»' fVP

- = | A fi.

Case 2
‘ ‘ DC Breakdown Pulse Breakdown

6.1 DIAGRAMATIC REPRESENTATION OF THE DC AND PULSE BREAKDOWN EXPERIMENT

F T

a . . b
| : -2 . 2
a - Telescope 22.5 x 22.5 cn. rate 10 “/min./cm.
‘ -3, . 2
b - Telescope 9.0 x 9.0 cm. rate 7.5 x 10 3/mln./cm.

6.2 DIAGRAM OF DOUBLE SCINTILLATOR EXPERIMENT




i

62

for a 2 psec, delay,~3/4 hours to return to it's normal efficiency. These
results would appear to imply a charge deposition on the glass surface by
the discharge which will give rise to an electric field in the opposite
direction to the applied, pulsed one.

How soon it takes the "internal clearing field" to reach an equilibrium
value for a given repetition rate is another important parameter. This
was studiedvby running the chambérs continuously at various time delays
between cosmic ray and high voltage pulse for periods of up to three days,
photograéhing every few hours for about an hour, The films were then
analysed both for chamber efficiency and any variation in the brightness
of the discharge. Over a long period of several days there was no change
in efficiency within statistigs (300 eveﬁfs), and as far as the statistics
allowed there was no change over the first few minutes of chamber operation
(~15 events), However for long delays the first few discharges were always
brighter than the rest irrespectiveof where in the chamber under the
scintillator they occurred, and after several days operation the intensity
dropped very slightly, less than a factor two, It would therefore appear
thgt equilibrium is attained rapidly requiring about ten or so discharges
only, and that one discharge can effect an area of the chamber some
distance from where it occurred, Because experiments carried out on the
chambers only lasted the order of a few hours at most the slight drop in
brightness of the discharges over a period of §evera1 days was considered
negligible,

Due to the equilibrium requirement chambers in experiments were
always given fifteen minutes puising before any measurements were taken
to allow the system to settle down,

The clearing field .at positions éﬁéy from the discharge.

To further investigate the effect that a discharge in one part of the

chamber had on another part the 22.5cm x 22,5 cm scintillator telescope




63

was moved to one éide(the left side) of the chamber, but sufficiently
away from the walls for any discharges to be ungffected by the non»uniforg
field which arose due to the dielectric and edge effects caused by the elec-
trodes, The efficiency of the chamber was then measured for a rate of
cosmic rays of lsz/min./cmz, and several delay times up to 100 psec,, the
results were in exact agreement with those obtained under similar. conditions
at other times (see Fig.6.4) indicating that position ofwtﬁe discharges
in the chamber has only a.small if.any effect on the efficiency., For the
2 psec., 40 Hsec, and 55 gsec, delays'the.efficiencies were measured very
accurately, A second scintillator telescope was then introdiuced above
and below the right hand side of the chamber (see Fig. 6,2), similar
precautions being.taken concerningufield'uniformity as on the other side
of the chamber. It had an area of 9 cm x 9 cm, and separated by 16,5 cm.
from itfs inner edge to the inner edge of the larger teléscope. Both
telescopes drove the same pulsing unit,

The efficiency of the chamber with the smaller telescope was
meaéured for a delay of 88 psec. between particle and application of high
. voltage .pulse,. the puléing rate being 7.5 x 10‘"3 discharges_/min/cm2n The
two telescopes were then run simultaneously such that with a known delay .
on the 10,92 discharges/min./cm2 rate the efficiency of the area of the
chamber undér the smaller telescope was measured for the fixed delay of
88 psec, and at the slower rate of pulsing, To ensure that a cosmic ray
didn't cause the right-hand. side to be pulsed too .soon after the left-hand
side and vice vers.a3 so not allowing“the power supply to charge the condensers
.to their full veltage a one second paral&sis was applied .between the two
telescopes. The whole experiment was repeated with the two telescopesv
on the opposite sides of the chamber to those above. The results are
summarized in Table (1). A second repeat. was also done using the 10 mm

wide chamber and a similar effect observed,
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ex¥ec mol
To prove that there was no edeetsical effect prodicing such an

effect two similar chambers were placed end to end under the electrodes
with the two walls in contact midway between the two scintillator
telescopes, Ihe experiments were again repeated exactly as described
above and in no case was the efficienéy of .the chamber under the
sﬁaller telescope effect by the other discharges in the other chamber.
Thus the effect was not due to any e;£2:;2;;i§process.

These results show two points quite decisively; firstly that a
discharge occurring in one part of the chamber will affect all other
parts immediately (within a few seconds) and secondly and more interesting,
the amoﬁnt by which the fast pulsing rate éffected the other side of
the chamber depended very critically upon the delay between the particle
traversing the chamber and the application of the high voltage pulse,
even though the efficiency was still 100 per cent, thus indicating that
there is some property of the discharge which changes quite rapidly with
these sqrté of delays, yet-it affects the efficiency by a'negligiblet
amount, The values of the clearing field present in fhe chamber under
the smaller scintillator will be calculated in the next chapter, and the
whole result discussed in greater depth,

The, charge decay constant

In the first section of this chapter the direction of the internal
clearing field was obtained, an indication of it's decay constant was
wdetenmnedby'utilizinglphe above double scintillator experiment, The
10“2 dischérge/min/cm?. rate was run with a delay of 2 psec, and
simultaneously the other side of the chamber pulsed under the same
conditions as in the above experiments. After 23/4 hours of operation
the fast rate of pulsing was switched off and the efficiency of the
chamber under the smaller scintillator telescope observed as a function

of time., Fig.(6.3) shows a histogram of the efficiency of this part of
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the chamber binned over ten minute periods against time after switehing

off the faster pulsing rate on the other side of the chamber. The horizontsl
dashed lines iedicate the equilibrium value before and after switching off

the telescope, From the earlier work it would appear likely that the

actual slow pulsing rate would perturb the décay of the clearing field,
nevertheless the histogram would suégest a decay constant of ~45 minutes
assuming an exponential decaying process; thist constant refers:to a decay in the
efficiency, but to a first approximation the decay constant fér the

eharge on the glass is the same, If any perturbation was occurring it

would be expected to act so as tc hinder the decay, therefcre the decay

constant sheculd be somewhat smaller than the above wvalue,

In Chapter 5 the first anomdllous effects were noticed by the fact
that an efficiency against time delay curve depended upon how the
measuremenes were taken, the only consistent results being cbtained when
one ensured that the "memory" of fhe chamber of one particular experiment
had decayed before another was attempted. Ensuring that this was always
the case the effect of various pulsing rates on the efficiency against time
delay curves was determined; several curves are shown in Fig.(6.4), The
tiigh voltage pulse applied was-11.0kv/cm,, rise time 20 n sec., (10-90) and
exponential decay constant of 60 nsec, It is immediately apparent that
the rate of discherges has a very strong effect even at these rather slow
values, however for long delay times between cosmic ray and high voltage
pulse the curves appear to be asymptotic to the same line, and it might
be reasonable to suggest that this is the theoretical limit due to
impurities and diffusion, Fig.(6.5) shows ehe theoretical values of the
electron drift velocity required tc produce the experimental efficiency,
plotted against the delay time ﬁor‘the various pulsing rates, and it is

clear that this is not the case. These curves have been calculated
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field

assuming the intermpal clearingAwas opposing the applied high voltage
pulse, a formative distance of 3 mm. and an oxygen impurity of 2 ppm.

If perhaps the oxygen impurity had risen appreciably during thne
Lifetime of the chamber this might account for the seemingly constant
value of the electron drift velocities at long delay times., Hence the
awves in Fig,.(6,5) were again evaluated for different quantities of
oxygen impurity up to 400 ppm. The results showed that any further oxygen

PAPMW 9
impurity could only play a small part in the reduction of the,drift
velocities, because for concentrations of 100 - 250 ppm they were reduced
by a constant factor< 2 and never approached zerovfor the longest delays,
whereas as the concentrations tended towards 400 ppm, there actually appears
3 slight minimum in the velocity curves which does not seem at all
reasonable,

Hence it is concluded that although the oxygen concentration in the
gas may not be as low as the initial analysis showed it certainly cannot
cause the effect of finite electron drift.velocities at long delays, The
calculationé.were also repeated assuming a 2 mm, error had been made in
tﬁe estimation of the formative distance, the resultant difference was less
than the ewperimental error,

Modes of production of clearing field

The assumpticn técitly made above that the clearing field was due
to charge deposited on the glass directly from the discharge, requires
that this charge Se able to move to great distances from it's initial
position within seconds in order go account for the effect observed in
the doubie scintillator experiment, However there are other methods of
producing such a field, perhaps the two most obvious being; poizrization
of the dielectrig under the electrodes due to the high voltsge pulse,

and secondly the emission of photoelectrons from this dielectric by
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ultra-violet light from the discharge. Considering the first
possibility Fig.(6.6) shows a plot of dielectric loss against
frequency for sheet glass of similar type to that used in the spar‘
chambers (1), which indicates a minimum in the megacycle region risins
quite considerably as the frequency drops and D.C. conduction becomes
more important., In order to determine whether the high voltage pulse
was causing any polarization a chamber was pulsed by means of a pulse
generator at a repetition rate of 1/sec. for several hours, the high
voltage pulse being identical to that used in normal chamber operation,
Immediately after switching off the effiéiency of the chamber to cosmic
rays was measured for a long delay between the particle and the pulse
at a rate of 10-3 discharges/min/cmz,the result was in excellent agreement
with a éimilar measurement made without any previous pulsing.

It should Be noted that when pulsing from a pulse generator the
voltage dropped across the glass sheets is~ 4% of the applied pulse
(i,e.» 400 volts), whereas when a discharge occurs the voltage across
the glass in the vicinity of the streamer is~ 5kv, However even if
polarization occurred at that point it ecould not account for the clearing
field effect abpearing in a different part of the chamber some distance
away. This in.conjunction with -the fact that literature on the electrical
properties of glass seems to indicate that such an effect is not very
probable (1),(2) suggests that under the conditions prevailing in normal
chamber operation polarization is unlikely to occur.

The emission of photelectrons from the glass under the action of
ultra-violet photoné certainly does occur as the photon energy is ~16eV,
well above the photoelectric threshold for glass (4). The radiation
emitted frém the dischgrge reaches it's_maximum intensity ~50 nsec, after
the applicétion of the pulse so that photoelectrons will mainly be
emitted whilst the voltage i; decaying although quite a considerable

field will still be present in the gas. One such electron released
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from the anode side of the chamber will see this field opposing it

and would be very unlikely to be removed from the glass surface., However
a similar-electron on the cathode side would be accelerated into @ -

gas and- give rise to a small avalanche before the field had dropped 7.

a negligible level. Such an electron would leave behind in the glass

an "un-neutralized" sodium ion with which recombination would not be
easy. This type of production mechanism could explain the building up
of clearing fields in the chamber far from the discharge, and the
expected direction of such a field would be the same as if electrons

had been deposited straight from the streamer,

A semi-quantitative experiment described below suggests that
although this process may have some effect in the production of a clearing
field it is not the dominant one. A chamber with a. 15 mm gap was used
with two scintillator telescopes in the same fashion as for the double
scintillator experiment, however the earthed electrode was now split in
the middle and three thin aluminium strip electrodes inserted into the
gap. The central one being 1 cm wide could have any potential applied
to it with respect to ground by means of a battery: ﬁith respect to
the high voltage pulse it was "grounded" by a 0, 1lpF condenser, The
other two strips were 1,5 cm wide and acted as '"guard" strips., The
spacing between each of the strips and the main earth electrodes was
<0.5mm., see Fig.(6.7). |

It was hoped to demonstrate whether this central electrode when
held at a potential with respect § ground would isolate one eide of the
chamber from the ocher. If the clearing field was caused by radiation
no isolation effect would.be expected whereas if electrons "mcved" across
the surface an effect would be likely, On the left hand side the fast
cosmic ray pulsing rate of 10-2 discharges/min./cm2 was operated

with a 2psec, delay, whiist on the right hand side the slower rate of
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7.5 x 10"3 discharges/min./cm2 with an 87 usec. delay was simultaneously run;
the applied field was about IOZ lower than in the previous experiments.
Discharges occurring in either side of the chgmber were always more than 6 cm.
from the nearest guard strip.

The efficiency of the chamber for the slpwest pulsing rate was
determined with the other telescope operating, the potential applied to the
gentral electrode being zero, and this agreed with a similar measurement
for the case when the earthed electrode was a single sheet of aluminium,
indicating that the physicalysplitting did not in itself affect either side
of the chamber. With only one telescope operating at a time, the efficiency

- of either side of the chamber was unaltered when a bias of 4+ or -8 wvolts was

!
1

placed on the central stfip electrode.

Table (2) shows the results obtained using a bias of + or -8 volts
with respect to ground on the central s;rip electrode.

When both sides of the chamber were operating together the
efficiency on the right hand side rose when a bias potentigl of either
+ or -8 volts was applied, although the statistics are poor.. Therefore the
bias was having the effect of isolating one half of the chamber from the
other as far as the clearing field effect is coﬁcérned. This would seem to
suggest that perhaps a charge movement over tﬁe glass surface does give
rise to the greater part, or all of the infernél clearing field, and that
this movement was being suppressed by the applied potentiagl. In chapter 7
further evidence of a theoretical nature will be pfesented to suggest that
the radiation from a discharge is not intense enough to cause a clearing
field as large as the one observed.

Accurate measurement of the charge decgy constant

The presence of a clearing field built up most probably by direct

deposition of charge onto the glass surface having been established,
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accurate measurements were made to determine it's decay constant, These
fell into two categories:- a) "static measurements", where a chamber
was charged up by the application of a D.C. potential large enough to
break the gas down, and then after isolation the decay of the voltage
racross the chamber was measured by means of an electrostatic galvonometer
down to several hundred volts, and then from a few tens of volts to ~zero
by means of an electrometer, b) "dynamic measurements", where a chamber
was operated under normal coqditions for a period, then both electrodes
~isolated and the potential between them measured as a function of time
with the electrometer,

a) Static measurements

A 10 mm.wide chamber was used in these experiments and had a steady
field of 5 kv/em épplied across it for 1 minute; during which time the
gas brokg,doﬁn repeate&ly,a steady state being obtained within a few
seconds (gauged from the steady rate of discharging). At this time
an electrostatic galvanometer was placed across the chamber, The
chamber electrodes were then isolated from the charging supply when

"back sparking" occurred in the gas, this continued until the charge
on the glass surface had been so reduced that the reverse field across

the gas was less than the breakdown value,

The decay of the pétential was then measured by means of the
gaivanometer, the R.C. deca? coﬁstant of the measuring circuit being
>1043a$1mmh 1a£ger than the decay of thé voltage being measured.
’The‘capacity of the galvanometer was approximately ten times smaller
than the chamber. The equivalent circuit is shown in Fig.(6.8).

From this it can be seen that the relatioﬁship between the
| potential measured on the galvanometer and: the potential across the

gas due to the deposition of charge on the glass surfaces is given’

approximately by
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Vm = CgVg(20g +€)) -

(c,Ce +[ 2Cg + cljzm) (1)
where Cg = capacity of gas in chamber
C1 = capacity of glass sheet under electrode
Cm = capacity of meter
Vg = potential.across gas
Vm = potential measured by meter,.

for Cm<< Cg and Cg << C1
equation (1) approximates to
Vm~ Vg,

There appeared to be some effect of either temperature or humidity

on the decay constant, but for the former it was less than 207 for a
5%¢ change in temperature, Fig.(6.9) and (6.10) show two typical
curves for an initial field of + and -5kv/cm, respectively, The mean
decay constant obtained from four experiments.was 980 seconds.

With thé system being similarly. changed a period was allowed for
the potential to decay to ~20. volts assuming.the decay constant as
determined above, the electrometer probe was then placed in contact
with the isolated electrode and the potential measured as a function
of time; again the. decay constanﬁ of the meter circuit was small
compared with that of the chamber. Fig,(6.11) shows a typical curve
giving .a decay constant of 1030 seconds: experimental agreement between
the two sets of results at the different voltages indicates that for
charge accumulating on the glass surfaces as a result of discharges in
the gas, the decay constant is about 1060 seconds, -

Before all of the above experiments and the following ones were
carried out the chambers were cleaned with alcohol and acetone and

a sheet of clean melanex placed between each aluminium electrode
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and the chamber, such that it protruded well outside the edge of the
electrodes, this prevented significant current flow around the cutside
of the chamber,

b) Dynamic measurements

For these measurements a 15mm wide chamber was operated at a IOQ3

discharges/min/bm2 rate with a field of-11.6 kv/cm. rise time 20nsec. (10-90)
and decay constant of 50 nsec, for approximately an hour after which

the ﬁulsing system was disconnected, the electrodes isolated and connected
to the electrometer, The resulting potential and it's decay were then
measured, Fig,(6,12) gives one such curve obtained, The equivalent
circuit is the same in this case as shown in Fié,(6.8). The decay
constant of 570 seconds is clearly visible,

The experiment was done some ten times for various delays between
cosmic ray traversal and application of high voltage pulse, and the
general shape of ﬁhe curves obtained was the same, The ~600 second decay
alwéys being present, but sometimes there would appear to be another
much longer decay constant also opefative, however this was not always
reproducible, The relationship befween the peak potential across the
<electfodes after operation of the c;amber for a fixed period and the
delay in pulse application indicated a general‘trend towards smaller
voltageé for longer delays, but here too quantitative figures:were
not reproducible, although peak voltages of~'8 volts (2pseé.de1ay) to
~0.4 volts (56 psec delay) were recorded.

It would seem reasopable to concludé that the internal clearing field
buiit up ovér short operational periods decays exponentially given by a
constant = RC where-d is the capacity of the system and R appears to be
the surface resistivity of the glass;some dependence of7 on temperature

and, or ﬁumidity appears likely. Assuming this to be the case, one

obtains a value for the surface resistivity in the 10 mm. wide chamber
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of 2 x 1012 ohms/square and in the 15 mm. one of 5 x 1012 ohms /square,
which considering the mode of manufacture is regarded as good agreement
both between themsélves and witb the values obtained from direct
measurement (about 1013 ohms/square. see chapter 7) In none of these

measurements was it possible to control the surrounding temperature,

although the variation was less than 5°¢.

-

The possibfiity of another decay constant of even longer period
(many hours) cannot be ruled out, although the evidence for it is as yet
meagre, almost certainly because such a process would require.many hours
of chamber operation before it became noticable.

Discharge Resolution

Attempts were made to determine the resolving power of the
chambers, i.e. the closest distance between two incident particles
that could be accurately resolved by the system. Almost certainly the
limit is determined by space charge effects between two streamers, i.e.
Whether or not coalescing between, or inhibiting pf one or more discharges
occurs. Two methods were considered, both were intended to determine
jus£ how close together two discharges could develop without seriously
affecting one another, |

Firstly a wire electrode made from 4 thou., Cu-Be wire with a
pitch of 2 mm. replaced the earth electrode and the chamber was operated
in the conventional mode,. Obsérvation through the wire electrode showed
one discharge following the track of the incident particle, however
With a delay of 25psec. added to tﬁejﬁulsing circuit, several discharges
ocurred due to thermal diffusion of the electrons. Observations
were made on the separation of the cent}al discharges from one another,
from which it appeared that the average distance of approach was 0.5 cm,

The second method involved observation of the chamber operating in
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the track mode (particles travelling normal to the pulsed field),
photographing the diépharges through the wire electrode, With the same
pulse parameters as above; peak field - 11.6 Kv[cm., rise time 20 nsec.(10-90),
exponential decay constant of 50 nsec.and a 2psec. delay, 525 cm. of t: ck
was measured to determine the number of stre;ﬁers/cm‘ Due precaution was
taken to select only sections of the tracks where'the initial electrons
deposited were’in the active chamber volume, outside the formative distance.
The mean streamer density was found to be 1.2/cm, of track, giving the
average distance of closest approach as 0.83 cm, 'in disagreement with the
earlier figure.

The discrepancy between the two measurements can be explained in terms
of thg clearing field. The chamber was operated in the track mode, the delay
being increased from 2psec. to l5usec. in an attempt to measure the
diffusion of the electrons about the original track, but the efficiency
dropped to approximately zero, because a very large clearing field was being
built up.

The effective rate of pulsing equivalent to using the chamber in the
more conventional mode was estimated as 4 x 10-2 discharges/min./cm? a factor
of four 'greater than any previous rate considered. It is therefore
impossible to quote a definite resolution, as fhis parameter too is very

dependent on the pulsing rate and therefore on the applied high voltage

pulse.
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CHAPTER 7

Discussion & Conclusion

The properties of the sealed chrrgﬁt limited spark chamber -
having been studied in the two previous chapters,'an attempt
will now be made to correlate the most important and interesting
results together with ‘the theoretical approach, resulting in a
déeper unde;standing of the characteristics,

An ionizing particle crosses the chamber leaving a trail
of electron-ion pairs, after a time t, a high voltage pulse is
applied and the reﬁaining electrons give rise to streamers. It
is known that these discharges give rise to an accumulation of
charge on tﬁe insulating surface,such that a small electric clearing
field exists across the gas long after the Qischarge has been
_extinguiéhed.- This field is not limited to the volume of the
chamber initially defined by the discharge, but'is present at
ﬂistances of more than 20 cms. The direction of the field oppoéeé
that of the ﬁigh voltage pulse, and the creation of a second discharge
in opposition to the first tends to nullify it,

If direct polarization of the dielectric By the discharge is
considered unlikely (Chapter 6) then ﬁhere would appear to be two
possible processes giving rise to a charge accumulation. (a) Charge
deposited on the gurface from the discharge - this would include
electrons in the high energy tail of'their energy distribut;on that
actually‘penetrate the sufface (1), but as their energy is very
low (few tens of electron volts) the number that would penetrate
to any distaﬁce would:beusmgll and insufficient to account for the
size offclearing’fielh(opserved. However such eleectrons would be
expected to be'very effectively "trapped" in the glass matrix and
recombination with a ‘'thole" could only oCCQr through ”hop?ing",

1
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Electrons deposited on the surface would see a "potential well"
due to the difference in work functions (2), (apéroximately 4.8 eV)
and would certainly be unable to escape by thermal excitation. A
concentration of such electrons would attract positive ions into
close proximity resulting in wall recombination, such a process
is expected to be very efficient, because when the electron and
ion get within each others sphere of influence there is alway; an
atom or molecule.of the surface material ready as a third body to
remove any energy liberated. Such a recombination would be governed
by an expénential.decay constant., If the electrons were present as
deeply trapped charge then-a high field region would exist across
the dielectric surface almost certainly causing field emission '
reéulting in eventual neutralization of the charge and perhaps the
ejection of electrons into the gas. To be able to explain the effect of
the clearing field being present at great distances, the charge
deposited must be mobile with an effective "velocity"21 cm/sec.

The second possibility (v) is the emission of photo-electrons
by ultra-violet light from the discharge. Experimentally there is a
suggestion. (Chapter 6) that it cannot be the dominant cause, but it
has an attraction in that it can easily explain in a qualitative
fashion .how the field is pro&uced at great distances from the discharge.
It will howeQer be very strongly suggested that even from a
theoretical point of view it cannot account for the magnitude of the
fields observed. Firstly a brief explanation of what is thought to
occur on release .of such electrons.

The peak of light emission from.the discharge occurs ~50 nsec after
the application of the high voltage pulse.and most.of the radiation is

emitted in the 20 nsec, around that time, During this period the
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applied field is decaying and has an initial value of ~7kv/cm. so that
congiderable gas amplificaﬁion woﬁld initially occur, but the
probability of many electrons regching the opposite electrode with
more than thermal energy is very small. Electrpns that did diffuse

to the wallé would attract positive ions from the gas-and recombine in
a fraction of‘g second, That would leave the initial photoelectron
and a pos;tively charged "hole" very probably on opposite electrodes
giving rise to the internal electric field.

For such a hypothesis to be tenable therlight intensity must be
great enough to produce fields of the correct magnitude even at
distances of ~20 cms (see Chapter 6)l. Consider then a discharge
across a 15 mm gap containing approximately 1010 electrons and
hence about 1011 excited states, in agreement with pﬁotographic
density measurements of Fukui et al.(3). The only radiation emitted
by the neon atom capable of photoionizing glass is the,ZIS0 - 31P1
line which has an energy of 16.7 eV, and the number of such photons
incident per cm2 of glass surface at a distance of 20cm can be .
estimated; see Fié.(7.1),

The figure arrived at for the photon flux is 2 x 105 per cm2¢aac,
whereas to create a clearing field of 0.05 volts/cm (a typical value
encounted) one requires a density of 2 x 104 electrgns/cm2 of surface.
This would lead to an estimate quantum efficienc& for photoelectrons
from glass of 0.1. However Rohatgi(Zj gives an experimental value
of <1O-3, and the above calculation assumed that all emitted photons
actually contribute to the clearing field which seems an unreasonable
assumption. Clearly such a difference of at least two orders of
magnitude is unreasonabie, and the conclusion that must be drawn is

that ultra-violet radiation does not cause the clearing field generally

observed in the chambers.
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" The fact that this proéeés does occur means that it will
almost certainly give rise to a clearing field although it may be
very slow to build up. The deéay constant qf the cﬁarge might also he
expected to be large aé the photo-electrﬁns.w?ll come from the volume
of the glass just below the surface and not be readily accessible
for recombination, In consgquénce it is proposed that the most
probable éause of the clearing field observed in the chambers is
charge deposited directiy ontb theiglass from the streamer.

The external field having Been-removed after spraying electrons
onto the anode and a much smaller quantity of positive ions on the
cathode, the discharge and light emission cease and a fairly uniform
positive ion distribution will exist in the gas across the gap. The
electron distribution however is highly distorted due to the large
quantity on the anode, As only a small quantity of ions are
deposited on the glass space charge effecfs produce minor distortions
allowiqg an estimate to be made of the number, Von Engel (4) gives
the drift veiocity for positive neon ions in neon as~3 x 104 cm/sec.
for fields of ~5kv/cm. and assuming that such a field is present
for ~50nsec. a positive ion would drift~1.5 x 10-3 cm. However
in the discharge 1.5 cm. long there a;e;;iolo positive ions, thus
~107'will have been deposited on the glass.

A'sgmilar calculation in theAéase of the electron deposition is
not pogsible for with such large numbers, space charge effects would
lead to sériéus field distortions. Ne;ertheless it does seem
reasonable that whilst the externally applied field exists across
the gas electrons will steadily accumulate until a reverse field
close to the surface and comparable to the applied field is built up.
At this point the discharge in that region would ﬁave ceased (due

to the zero nett field), but because the externally applied field is
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still present charge from closer to the cathode would be drifting
towards the anode, Consequently the streamer will broaden and even
split, depésiting more electrons onto the glass in a region of lower
density, (Fig.7.2). Such discharges are indeed observed branching at
their anode end especially whén rather 1érge high voltage pulses are
applied.

It is also suggested that the area of radiating gas around the
anode end of the discharge is due to electrons exciting gas molecules
near the glass suffage,.Although the actual area from which the radiation
comes need not define the extent of e}egtron movement on the glass,
the latter probably extends to farvgréater distances than the excited gas.
The required electron'concentratipns giving rise to fields of~ Skv/em. is
2 x 109/cm2 and assuming-that this charge occupies an area of the glass
surface of the same size as the radiating gas Gﬂcmz) then~ 2 x 109 electrons
need be deposited. This is about 20% of the total electron number in the
discharge, and considering what has been said above about the deposition
process it is thought to be an under rather than an over-estimate,
Fig.(7.3a and b) show a diagramatic representation of the charge and
field distributions that are suggested as being present during and after the
discharge,

The breakdown having ceased in the chamber the charge movement becomes
very complicated; About 0.1% of the positive ions are on the glass at the
cathode and 320% of the'electroﬁs on ‘the anode, but covering a much greater
area than the cross section of the discharge, and from the previous
discussion about the properties of glass it would seem likely that tle
greater part of this charge is firmly attacied. Therefore as the externally
applied field is removed over a peri;d of ~50nsec., the electrons in the

gas close to the anode in the high field region of the trapped charge will
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drift back.into the approximately uniform positive ion cloud, -

although the nett charge of this cloud musf remain positive. Because

the drift Velocity of the ions is low compared'toﬂthat of the electrons it
will be considerably after the pulse has decayed away before any
appreciable moveﬁent takes placej but they will move :towards the anode,
attracted by the trapped negative charge. Recombination will occur probably
without the emission of much radiation due to the preserice of the wall
.(see above) , but it is possible that a high field region will occur
around the periphery of .the ion cloud close to the anode‘where the
electrons were deposited on the glass.far from the discharge. 1In such a
region :the field may rise to aboVeAbfeakdown for the gas (~1:5 kv/cm for
neon) and localized d’scharges could occur, this woula expléin,the
"backsparks! .seen to occufmafterma“discharger“

The.rise time of the light from such.sparks .is 100 to 120 nsec., but it
is difficult to decide from this whether a purely Townsend, or streamer
mechanism is occurring. The apparent mean delay time of 4 psec. before
ﬁhis discharge occurs could be explained in terms of the time required for
a sufficient fractién of the positive ion cloud to move into a position
such that a high field region occurred across a significant volume of
the gas. Tae éeeming independence of this mean delay time on pulse height
and pulse delay is strange, and no satisfactory explanation can be found
as the delay time would be expected to increase as the pulse height decreased
and pulsg delay increased. However because of the poor statistiecs any real
variation may have been masked. A very accurate study of the "backspark"
as a function of the chamber operation should lead to a much better
understanding of the process both‘in the spark chamber aﬁd in the flasna tube
where it is also known to occur. Fig.(7.3c) shows the charge and field

distributions that are believed to exist after removal of the high voltage pulse
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The above discussion‘assqmed thét the charge was held firmly on the
glass surface unable to move from it's place of deposition; this is not
thought to be the case. Thisvcharge;(at tae preéent moment the electrons
;nd not the positive ions are being considered) -apart from giving
rige to a high field region in the gas.will also cause a field of
1comparab1e magnitude to exist across the glass; and because of the
distribution a smaller one tangentially across the surface. The chambers
were pumped down and baked out during their manufacture, but they were not
chemically cleaned and visuaL.inspect;on~a1wayé showéd minute. dust particles,
and even grease marks present on the surface, This would be expected to
give the glass surface an effective resistivity leds than the normal values
quoted.for sodium-silicate glasses. |

It is important to realise however that glass is not an electron
cdnductor, but an ionic one: in‘the.glass used in the construction of
these chambers the charge carriers are chiefly sodium ions, and the values
for the resistivity etc., are for these carriers. There is cértainly no
"a priori" reason for assuming that_eléctrons would give the same values,

In fact there is no immediate reason why electrons should travel through the
glass volﬁmq or'"over" it's surface at -all, as .the-structure on the

molecular level is so fragmented, and the concept of a conduction band only
exists over distances of< 1002 « On the other hand experimental measurements
show (Z)chét for soda glass electrons have a mobility through the volume

of 5 x 10’5-cm2/volt/sec, this is not due to true electronic coﬁductionpbut
by the electrons "hopping'" between small potential traps caused by the
imperfections in the atomic structure. The movement of electrons over

the surface of glass (sodium silicate type), which had been treated in a
sfmilar fashion to that used in the spark chambers indicated an effective

"surface resistivity" of'v1013ohms/square (5), and the conduction process




85

was ohmic. The presence of extremely small quantities of water vapor in
{ .

thé volume surrounding the glass reduced this value by at least an order of
magnitude. Thé above measurements were made Both Qith electrodes &irectly
in'coptact with the surface and by spraying'eiectrons on to it, the
resistivity being the same .on each occasion,

Two.pbssible methods of conduction appear as candidates to explain
these seéming}y low values for the resistivity: a value for the mobility
of electrons in the glass volume was.givgﬁ above, and it is possible that
the same process of "hopﬁing" could occur juét below the surface.
Estimations of the number of electrons required to give the currents present
in the above measurements (5) when the charge was being sprayed onto the
surface were made,_using the mobility given in (2) and gave values many
orders of magnitude greater than would seem reasonable for such a system.
This would strongly suggest that the process of electron "hopping" in the
glass is not sufficient to explainAthe resistivity measured.

The second possible process is basically much simpler., The test
specimens to ensure compatability with the I.R.D. process of chamber
construction were not chemically cleaned and it is suggested that despite the
pumping down of the surrognding gas volume etc., there are still impurities
preseat oa the sufface as well asﬁmonqmolecular layers of water. This is
borne out by reports at the Sheffield Conference on Glass Technology (6)
and (7) that to remove all the water vapor from a glass surface, as well as
that‘absorbed intd the volume takes many days of pumping down to very low
pressures (10-5 torr.) and heating to temperatures of~ 300 C.

Hence it would appear that electrons deposited on the glass surface
will:be spread outwards by the tangential electric field present due to
their initial distributioﬁ, thislwill make it more difficult for
positive ions remaining in the discharge column to recombine. Superimposed

upon the drift'velocity over the surface the electrons will also be
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. diffusing due to the density gradient. .Nothing is known quantitatively
about the speed of diffusion of elegtrons or ions over surfaces, but
Loeb(8) claims thaf "it can be great on.glass suffaces."

Regarding thé positive ibns on the glass surface at the cathode
even 1egs is known,.accepting Loeb's statement above means that diffusion
can occur and presumably will; whilst there is evidence (8),(9),(10) that
inéulating surfaces sprayed with positive ions emit electfons by the process
of field emission., It is very'unlikely that in this case there could be
field emission from the'volumé of the glass, for the fields estimated to
be present are at least an ordér of magnitude.tw low (fields required are
>105 volté/cm), but very fine aust particles énd surface irregularities
do exist and in such regions considerably higher Valges of fields are to
~be expected, enéuéh to caﬁSe the emission of electrons in some cases with
energies as high as 26 ev.

Therg is some experimental evidence concerning the use of the spark
chambers that would support this idea. The typical spurious .rate of a
qhamber as mentioned elsewnere in this thesis is very low, but one particular
chamber had a rate of 50%, all occurring in a fairly restricted area and
uonly when true discharges caused by cosmic rays occurred. If the chamber
was not used for a period of ~day and was then.pulsed using a pulse generator
at .a normal.cosmic. ray rate no .discharges occured at all in the gas. However
if it was pulsed to deteet cosmic rays (pﬁlse parameters being identical to
those used above) the spurious sparking occurred as soon. as cosmic ray tracks
were recorded and they built up over a period of some hours,(it is not known
wihether the build up was asymptotic to a value of 100%). The chamber
was considered practically useless because of this and duly sent for cleaning
and refilling, but not before a visual inspection had been made of the glass
surface in the region where the sburious discharges had occurred. A

large quantity of dust particles were present, stuck to both éides of the
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'chamber; the largest protfgdﬁng'VImm; into fHe gap. Unfortunately
at the time the significance of such an observation was not appreciated
and no quantitative observations were made.

The overall effect on. the positive ions of field emission is
thought to be a slowing down of their movement. Presumably the emitted
electron would lead to the ﬁeutralization_of the ion, but it would leave

the dust particle or glass with a much less mobile positive charge.

Comparing all the numeroﬁs processes which aie believed could occur
it is suggested that for the ghort term opefation of-tﬁe chambers (a few
hours at the repetition rates used above) the movgmept of electrons and
ions over the surface prédominates over all other mechanisms. Despite
the mobility measurements of (2) it appears that the high vol£age pulses
are too short to allow anything but é very small fraétion of the negative
charge to be drawn deep into the glass. Alfhough a steady state situation
will arise the eleétroné are probably able to spréad faster and further over
the glass than the ions, and recombination takes pléte on the surface,

An important point theréfore arises, if this hypothesis ig valid then the

edges of the chamber play an essential part in the neutralization process
£ov

and substitution-e£ these walls for a highly insulating material would

be expected to alter the chamber characteristics completely. The

possibility of long term effects, which are belieyed to exist will be

mentioned later in this chapter.

The initial value Qf the clearing field present in the vicinity of
4the discharge mﬁst be a few kv/cm. ,but within a few tens of microseconds
it is reduced to well below the breakdown voltage for neon gas by
"backsparking" .such that fields Q£ <S0v/em. are pfésent by the time the

products of the discharge have bgen removed from the chamber volume, This
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then decays by the above process. It is difficult to define a decay
constant for -the process .in terms of localized discharges, but if the chamber
-1s considered as a~whole.a decay constant depending upon the surface
resistivity of the glass and capacity of the chaéber would be expected..

Iu the case éf the 15mm., chamber this would be ~2000 seconds, whereas a

time constapt of 600 has been observed, which gonsidering the overall lack
of precise knowledge of the recovery mechanisms and condition of the glgss
surface is regarded as good., There is élso géneral agreement with the
estimate pfﬂthehreéovery constant from the double scintillator experiments.

Tfeating‘thg wiole cﬁamber in this fashion does not allow anything
to be said about the uniformity of the clearing fiéld over the surface.

For periods between pulses.comparable with the decay constant 7the surface
charge distribution would be expected to have become fairly flét, but for
much shorter periods (e.g. fractions of a minute) a peaked distribution
must be present with it'g maxiﬁum in the region of the discharges. Neither
an experimental nor a theoretical investigaton has been made concerning
this point.

In the &ouble scintillator telescope experiment (Chapter 6 - which
could be used in a more refined faéhion to investigate the clearing field
nonwuniformity) tﬁe-efﬁiciency of the .slow pulsing rate changed according
to the.delay imposed upon the faster rate. The calculated electron drift
velocities required to cause this efficiency change would be expected
to be directly proportionél to the charge density on the glass surface in
that part of the chémber, which to a first approximation is expected to
be proportional to the quantity of charge present in the fast discharge..
The light output from this discharge is also expected to be proportional
to the amount of charge present so that some general agreement between the

light output measurements and electron drift velocities is to be expected,
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As mentioned in Chapter 2 the light output from a streamer iSo‘(length)n
where therbest estimate 1is n ~ 2 ,some agreement here will be looked for. -
Table (1) is a brief<summary of the relevant data from the double
scintillator experiment gshowing computed drift velocities for the slow

pulsing rate, It can be seen that'for the case when no fast rate was
in operation a clearing field alfeady existed under the other telescope;
this was presumably due to thg slow rate of discharging ana has been

bsubtracted‘from the other values so that. the relative change in drift
velocity can be estimated,

From this table it can be geen that the ratio

i e T2 o= 15+ .3
Vio T 40
(1)
V) T3 = 2.0+ .5
V.. % &, -
55 55

where V2 represents electron drifﬁ velocity under the right hand side
telescope due to 2usec delayed rate on the other side of chamber, and(r2
the cha;ge density giving rise to that velocity where it is assumed

that v = const x electric fielq’which is true in this range of velocities.

The ratio of the light intensities from the discharges in left hand

side of chamber are

o= 5 4
Lo
T2 = s 42
Iss

Comparing this with.the ratio of the charge densities (eqns 1) there is fair
agreement although the errors are very large. It can be concluded
that there is no strong disagreement with the idea that the clearing

field at points distant from the discharge is proportional to the
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amount of charge present in that.discharge. .

From the theoretical considerations in Chapter 2 some estimate can
be made of the streamer length., An equation was given-in Chapter 2
describing this length, however as already shown Vg is not a constant,
but a function of streamer length,or the time since the avalanche streamer
transistion occurred. Assuming a mean value of the velocity obtained
from Cavalleri curve by integrating with respect to'ghe time after the
: transition,, the expected streamer length is given in Table 2.

It can be seen that the ratios of the squares of the lengths for the
various delays is not proportional to the corresponding light intensities,
.a law closer to I x 14 would appear more suitable. However until more
accurate parameters for the discharge can be obtained definite conclusions
cannot be drawn,

Perhaps the most striking th;ng about the streamer lengths is their
actual magnitude. Even after the iongest delay.of 55 psec the length is
larger than the chamber width. Some of this may be due to an over-
estimation in the effective pulse length and in the actual streamer
- velocity, Nevertheless it is felt that the "true" streamer length jif the
glass wglls were not present would be of this order, It is thought that~the
glass walls apart from physically limiting the streamer.iength do slow
- down it's propagation,.because of the charge built up on the walls.

The fact that the light output is such a strong function of delay is
another important indicatien of a process removing chargeAcreated by the
incident particle. Diffﬁsion theory gives a value of 27 for the mean
rmumber of electrons remaining in-a 15 mm spark chamber after a delay of
~55 psec. Of these 80% would be. contained in a volume .given by l.4cm x
1.40m.x chamber width, such a volume would contain ~8 streamer columns

indicating that as many as 8 streamers are likely to occur, and the
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discharge: theory indicétes that durihg the pulse length the probability

that all the streamers do occur ié ;pproximately unity, although all at
'different‘stageg in Fhe pulse. However direct observation show that only
three or four at the most do occur and that théy are rather weak. This
suggests late streamer development and probably initiation by only one. "
elecfroh, The .theoretical considérations indicate. the possibilitf of all
forming, but if the eiectronAdensity was very low theﬁ there is a possibility
that occasionally one of them would be lost in that it's avalanche

coalesced with another to form only one streamer. An estimation of the number of
electrons at time ta55 jigec ;gives ~4 whereas from the experimental efficiency
a value of 4.8 is obtained. A similar estimation can be made using the 40psec
delay efficiency and agreement is as good.

In all of the above cases when the streamer mechanism has been considered
the distribution of electrons across the chamber has been taken as uniform.
This is clearly not the case, especially when an electric field is present
and the number of electrons in ﬁhe gap low, But such an approximation was
made to save computation time.

If no clearing field were ﬁresént an interesting situation might arise.
As the pulse delay time is;increased the maximumbpossible nuﬁber of discharges.
that ‘could occur would likewise increase, the formative time for each
streamer would get slightly longer so the final light output'from each one
‘would'drop. The total light output however,being the product of the number of
streamers and the light output from each one, might conceiveably increase over
a range of delay times: Detailed calculagions using the theory have not been
done, but it ié hoped that perhaps experiments with streamer chambers may
disprove ér verify this point.

* ok Kk ok Kk
Using the value for the clearing field decay constant obtained from the

various experiments,it is possible to make a simple estimate of the value of
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the clearing field as a function of discharge rate etc.

Let T be the decay constant and b the amount of charge deposited on the

glass per discharge, and q the amount present at time 't per unit area, then

the rate of change of charge is given by .
%% = R.b. - qﬁr where R is number of discharges/

.unit area/unit time

solving for boundary conditions

o at t = o and = t =
q a a q qo at t to

gives

[

q

R,b/(<}~(exp-t/7)>
. - t ‘
if t v+ then e 4r<1~so that.the equilibrium value for the surface charge

density is 9, = RbT, or as the electron drift velocity is proportional to

field then
| Vo RbT.

Therefore the electron velocity should be directly.proportional to rate.
Note that R is the real rate of dischafges and not the spark chamber pulsing
rate, the two parameterg being linked by the chamber efficiency. Fig.(7.4)
shows the electron drift velocity plotted against true éparking;rate for
the curveé shown in Chapter 6, Fig.(6.4). The various pulsing rates from
which the sefs of points are derived are shown on the figure.

It can be seen that for the true.discharge ratesg 10-2/min/cm2 the above
relationéhip appears to be valid, but at higher rates thg drift velocity
increases steadily to much large values than predicted. Such behaviour cannot
be explained by the parameter b not being constant, dge to different numbers
of electrons initiating the various streamers and §uggests another process
becoming dominant. The exact nature of such a mechanism ig not known, but
it should be noted that at these repetition rates (~2 x 10'2 discharges/min/.

cmz), which for the telescope used correspond to ~10/minute in the chamber

one is approaching the recovery time of the system.
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Only a one second paralysis was applied between events whereas the
recovery time was 1.2 seconds, suggests that perhaps some spurious discharges
were occurring as well as the true'streamers, however the rate of spurious
dischérging to account for the non-linearity is unrealistic and wasn't
observed at the time.

Another interesting fact arising from the figure is that for zero
discharge rate a finite electric field was present, this is the same effect
ﬁhat was mentioned eaflier when it was suggested that an increased oxygen
impurity was the cause. Such an "initial" field is even more unexpected
because before these measurements were taken the system was allowed more than
a day of no operation to settle down, and then the usual precautions were taken
during the experiments. It is very unlikely that it built up over.the series
of experiments as the first point taken was on the 10-2 discharges/min/cm2
curve for a long delayed pulse and if that measurement was enough to cause
such a field then it would be expected that the other ones would cause a
p;oportionally large field, a fact that is not observed. It is possible that
this small initial field is a manifestation of a true polarization of the
glass volume perhaps caused by charging of the glass which occurred during
cleaning at some earlier period, or by stresées set up ,in the system at the
time of manufacture or even by a non-uniform temperature distribution in
the glass.

The long recovery time has been explained by Miyamoto (11) as due to the
high charge density in the remaining discharge column giving rise to ambipolar
diffusion of the charge, It is suggested that such a process, if it does occur
cannot explain this long time. Firstly such recovery times do not occur in
conventional spark chambers where they can be simply explained in terms of
electron diffusion to the walls.. Secondly, the spread of the spurious

discharges to several centimeters from the initial streamer within
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several hundred milliseconds is incompatible with such diffusion coefficients.
The process givingArise to the long recovery.time must therefore be a property
of the glass, such that electrons are : availgble in a suitable part of the

gas for some hundreds of milliseconds. i

The fact that the chamber volume in which the spurious discharges occur
increases with t%me would indicate a movement of the causal agent, perhaps
éver the glass surface. This could be §ubstantiated by the seeming agreement
with a diffusion process Ehat is bbtgined from experiment, however it is
thought that too much emphasis should - not be  placed on such an agreement
evoking a process about which so little is known.

Nevertheless, charge is certainly moving over the glass whether by a
diffusion process or not, The removal by the high voltage pulse of electrons
directly from the surface is considered very unlikely, since experimentgally it
has been shown (2) that they cannot be removed by ultra-violet light of
wavelength >2537thhich has considerably more energy than they can gain
from the field applied. Apart from this, any electrons present on the glass
would be expected to be on the anode. The positive ions on the cathode could
however cause field emission to occur as has been dealt with previously, and
it is felt that tﬁis is the most satisfactory explanation at ﬁresent of the long
recovery time. Therefore the spreading of the spurious discharges around the

initial track would give some indication as to the motion of the positive ions.
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Conclusioﬁwéﬁaﬁfﬁfﬁfé-bek

In this thesic the general characteristics of the sealed, current limited
spark chamber have been described and an attempt made to explain some of them
by means of a semi-quantitative theory describing spark chamber operation.

An aﬁproximate model of spark breakdown has been developed and used to explain
qualitatively vari;tions in the discharge seen in the chambers under
different operating conditions. If more infdrmation was available gn the
development of streamers a more quantitative application of the theory would
have been attempted.

The chambers of the size used in this work appear to have a-long lifetime
ﬁithout any need of refilling, irrespective of whether they are used or stored.
There is soﬁe'indication however that larger chambers constructed in a similar
fashion may be mechanically unsatisfactory with'resultant contamination of the
gas. Operation is relatively easy providing sensible steps are taken to
minimize the inductance of the discharge circuit thus enabling the use of
fast rising voltage pulses. The accuracy of track location for very short
pulse delay times is comparable with that obtained with the more conventional
type of chamber, but decreases rapidly with increasing delay.

Due to'the presence of the dielectric surface charges build up. and severely
ré$£rict the efficiency. The greater the rate of discharges per unit area the
worse this effect becomes. The rates used here have all been fairly low, but
even at the fastest for which quantifative results were taken the change in
efficiency became noticeable after only a few microseconds delay. This fact
is disﬁurbing in that where this form of chamber has a great advantage over
Other types of spark chamber, namely in éhe registration of showers, the

effective repetition rate may be very high, although the showers do not occur

very often.
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The actual interaction between the charge and dielectric and the resultant
" mani festations appear numeroﬁs and complicated, and it is considered that the
most realistic approach to fiully elucidate the problem is not by a detailed
study of the chamber opefation, but rather by a study of the glass surface
and it's reaction to ulttaviolet light, irjected charge etc. Nevertheless
there wguld appear toAbe strong evidence in support of the idea that charge is
deposited onto the .glass and that it does move over the surface, eventually
recombining. The part played by radiation although smaller in the short term
may over long periods of intensive operation pfedominate, giving rise perhaps
to a long term component of the internal clearing field, which has only been
suspected in the  above work, whereas it is an estgblished fact in flash tube
operation (12). Direct polarization may also be a candidate for this process,
but it has been dealt with elsewhere.

The thickness and density of the chamber walls might mean that in
low energy experiments particles would lose an unacceptably large fraction of
their energy, or if nuclear interacting particles were involved then a too
higher rate of interactions occur in the walls to make the chambers a
viable proposition. The use of melanex waliS‘would however effectively
eliminate this disadvantage.

Photography of the discharges although harder than for normal spark
chamber is not .difficult with~£ast~£ilm; the possibility of digitization in
the above. case does .seem remote, but if a glass with an.inner semi-conducting
surface was used it may begome éossible. This aspect of chamber operation is
certainly one for future déveldpment as such conducting glass is expected to
effectively remove the charge deposited within milliseconds. This will also
affect the chamber recovery time if it is due to field emission as the charge
will not be present for such long times. However before'any suqh modification
can be -undertaken it is necessary to have a much tighter control on the con-

struction of the chambers in that really clean chambers must be produced,
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and the ability to analyse the gas, other than at the time of filling developed

in order to ensure that no impurities have contaminated it.

The use of similar types of chambers to study the streamer breakdown

~ process appears a practical proposition as B- sources of known energy can

be,inserted into the walls. Such a system need only be a few hundred cm3in
volu@e allowing very fast, short, -high voltage pulses to be applied with greater
easé‘thén can be done on the usual type of streamer chamber. With thié

system a disﬁincg possibility exists of getting a one to one correspondence
hetween streamer density and ionization, and also quantitative agreement with

the streamer mode of breakdown.
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APPENDIX. I
Solution to the equation describing the motion of electrons in a

spark chamber, under the influence of an electfic field and thermal

diffusion,

Fig.(A.1) shows diagrgmatically-the spark chamber with electro&es'
in the yz plane, and of gap width E. A constant electric field e#ists in
the + x direction giving rise to an electron drift velocity of -v in the
% direction, The externally applied pulsed field of magnitude - Ux/E causes
a formative distance s to eiist.

Consider a volﬁme of gas along the x axis defined by x and x + dx and
of uﬁit cress section,

Let density of electrons at x be n per unit area.

Let density of electrons at x + dx be n +(é§i) dx pér unit area,
' ox

Nett loss of electrons from volume in unit time

- - D,azn’+v.a-n dx.
: 5% 7. 8¢

D = diffusion constant for
electrons in the gas.

Rate of change of electrons in volume

= 3n . .dx.
St
equating éﬁ;= Dbzn von
ot T2 T d¥x 1

'Equation (I) is the differential equation describing the electron motion,

The boundary conditions applicable are

n(o,t) = o.
n(E,t) = o.
nj(xo,o) = §(xfxo),
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- 102

It can be solved by separation of variables to give a solution of the form

n(x,t) = H,exp(fx), <F,epryx) + G,exp(1ux)> . exp (4}2 t)

where H,F and G are arbitary constants

a separation constant

g ="/2D

o] ¥ 2 &l
w_%JD_’ D

substituting the first two boundary conditions, two of the possible three

solutions becqge trivial leaving

n(x,t) = ZAmo'sin(wx),exp(ﬁx).exp(-_azt) II

=1
" where ¢ = m’IT/E

e )

From equation II,Am is given by the third boundary condition and the

orthoganality relationship such that

. 4E .
Z § (x-x ),exp(-ﬁx),sin{lﬂT_:_;) dx =
. i o | (o] 7 )

" , [ mTx . [ karx
ZJAm.51I< £ > sm( E ) dx,
o ,
whence k=1 :
_ 2 . [ mx
A =% eXP(-BXo). sm( - o>

therefore the particular solution of the diffusion equation required in this

case is:=

o0
. . )
n.(xo,t) = Zﬁnéin(axo).exp(-ﬁxo),sin(wx).exp(BX),exp(—oz t) TII
m=1 lettingw= mﬂ/E

This describes -the probability of an electron at x = X at time t.= o being

betweeh x and x + dx at time t = t,

For such an electron to be useful in contributing to a discharge then it

must be present in the chamber between o and p at time t = t,




103

P
P(x ,t) = [th(x ,t) dx.
o 1's o
\ ' 2 . : : 2
P(x ,t) = Z %, sinfwx ).exp(«px ). 1. . exp(-a't)
[ E o o't =5
m=1 " + 87

[ exe (B). B sin(yp) -w 08 (wp))+ w}




