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"He had been eight years upon a pfoject for extracting
sunbeams out of cucumbers, which were to be put into vials
rhermetically sealed, and let out to warm the air in raw
inclement summers.. He told me he did not doubt in eight
‘years more, that he should'be able to supply.the Governor's
gafdené with sunshine at a reasonable rate ; but he
complained that his stock was low, and eﬁtreated me to give
him something as an encouragement to ingenuity, especialiy

since this had been a very dear season for cucumbers'

Gullivers Travels, Voyage to Laputa.

Jonathan Swift. (1726)
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ABSTRACT

Tbe construction and operation of a simple, inexpensive,
electrdn—phbton'detector,of the sampled shower type, ié descriﬁed ;
fhe sampling planes consisting of layér§ of high pressure, methane
doped, neon flésh tubes, with CAMAC compatible digitised outputs.
The detectof was tested in a positron beam at energies from 6,5 to
4,0 GeV, No adverse éffects due to the high background radiation -
were experienéed, and an energy resdl;tion of 43% and spatial and
éngularresolutions of 5 mm and 4o (FWHM) were obtained. The maximum
event rate at which the detector could operate was limited to a1 sec_l,
by the presence of internal fields which»fesulted in spuriousness»or
’inefficiency,A The use of modified ﬁoT. pulsing systems has also been
investigated as a means of reducing the internal field.

A modified detector was constructed, utilising large diameter,
low pressure.flash tubes, in an attempt to imp?ove the maximum event
rate, yet maintain the same useful resolution. An eﬁergy resolution of
33% and spatial and angular resolutions of 11 mm and 2o (FWHM) were
obtained, which compares favourably with more complex and expensive
detectors. - Unexpectedly, at.event rates in excess éf a few per second,
the tubes.behaved either spuriously or inefficiently, dué to large internél
fields° |

.Investigations into the mechanisms of formation and decay of the
internal fields have been.made by observation of the digitisation output
pulse.' This novel appro&ch may, with refinement, be of use ih future -
studies of gas Aischarges since it is'parﬁiculaily sensitive to the gas
breakdown ﬁephanism. The significance of the puter.surface rgsistance of
vhe flasﬁ tube has also been demonst;ﬁted to be of importance to the perform-
ance of the tube; a mechanism, which xeéults in the flash tube igniting

spuriously, is suggesfed and a threshold value of the internal field, at

which spuriousness occurs, has been determined.




CHAPTER ONE

INTRODUCTION

(1)

The flashtube was introduced by Cphversi and Gozzini
in.léSS, and in its simplest férm consists of a sealed glass tube,
céﬁtaining a noble gas such as neon,‘placed between plane parallel
electrodes, Thié simple'configurationAis shown in Figuie la. The
passage of an ionizing particle thréugh the tube is determined by
.meaps of auxiliary detectors, which provide a trigger for a large
impulsive electric field to be applied across the gas volume. The
primary ionization, 1eft‘in the wake 6f the particle, avalanches under
the influehce of the electric fiéld producing a discharge of copious |
secondary electrons and photons - which fills the whole tube. The
occurrence of a discharge is_evidenée thérefore of an ioﬁizing particle

. having ﬁraversed_the.tube, and may.be recorded optically, or by means
of a simple electrical probe.

A single. flash tube is rather liﬁited in its applications,
hovwever large sensitive volumes may be constructed by insertion of
further tubes between the electrodes, and by stacking-additiOnal layers,
aé indicated in Figure 1b. In ;his manner complex detection geometries
méy be achieved quite simply. . The fundamental geométry is not regtricted
to plane surfaces, cylindrical configurations have been const£ucted with

comparable ease.

The emergence of the flash tube was closely followed by the
(2)

parallei'plate spark chamber *, which may be qonsidered as a development

of the original flash tube concept. Despite its numerous advantages,

the flash tube has not seen such universal acceptance as the spark chamber,
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and is virtually unused outside the sphere of high energy cosmic

ray physics. The reasons for this restricted uée of flash tubes
becomes.obvious if one compares the properties of the two detectors,j
in thevlight of the general requireﬁents of typiéal cosmic ray and’
accelerator based experiments.

The spark chambér hgs a number of Advantages over the flash
tube array ; it offers a superior spatial resolution, theAéensitive-
time is simply adjuéted, and the recovery time is short, gllowing
operation at high rates in a high backgiound. The spark chamber
contains very little insensitive material (such as-glass tubes) and
the resultanﬁ low scattering probability makes it ideally suited to
magnetic spectrometers. Conversely, the flash tube‘at the time of its
ihtrbduction exhibitedlong.recoﬁery and sensitive times which prevented
its use at high trigger rates or in high background. Also, because of

its relatively poor spatial resolution, dictated by the tube diameter,

'plus the large-insehsitiVe mass of glass, it did not lend itself to

accurate track location. It is principally for these reasons that
thé aécelgratof based.physicist has in the past chosen the spark chamber
in preference to the flash tube array. |

| .The requirements of a typical cosmic ray experiment_diffeg from
that'of the accelerator experiment in many important respects. Cosmic

ray experiments are usually concerned with particles of an energy

unobtainable by accelerators, however the flux of these particles is very

low and in order to obtain a realistic event rate detectors of large )
sensitive voiume are required. As previously mentioned, flashltubes
ére ideal for this purpose, also they do not require continued replacement
of gas, which for large voluﬁes can be prohibitively expenéive. | Thel
enefgy expended in discharging a tube is negligible compared with that

involved in the formation of a spark, hence allowing the use of relatively




simple power supplies. Also, the rise time of the pulsed electric
field can be made long compared with that required’ by spark chambers,
without édverse €ffects and therefore is less likely to present a
sourcé-of élecfrical interference to nearly equipment. The individual
~ nature of the tubes allows statistical studies to be made of the
number of particles in large showers, particle identification by way
of ité ionizing ability, and the efficient recording of many particle-

tracks at any incident angle. A number of ways of outputting the
(3)

information from a tube is available, either by fibre optics or

(4)

electrical probes , neither of which require sophisticatéd electronics,
or alternatively the intense light output is ideal for normal photographic
techniques. fhe cosmic ray researcher was quick td utilize these
"possibi;ities, and the flash tube has rendered efficient and reliable
service in such fields as gxtensigg gir éhéwérs(s), quark.éearcﬁes(6)h
neutrino.studieé(7), and high enexrgy (TeV) cosmic ray spectroscopy .

The present trend of high energy accelerator physics is such that
é need is frequently arising for an inexpensive, large area detecto?,
.capable of proviaiﬁg 4w coverége without the need of particularly high »
spatial'resolutién,.for example, the total enclésure of the intersectioq
of‘colliding.beams to record total particle production upon satisfaction
. of some trigger réquirement, or neutrino type experiments which look for
the particulér signéture 6f a.rare.event, but do not require a high degree
-of spatial resqlution. 7 it ié these and.similar demands,: whose solutién
by conventional ﬁeans would prove prohibig%yely expensive, that has
motivatéd a reéppfaisai of the flash tube as a detector for acceierator
- based experiments, and stimulatéd investigétion into the problems of long
) sensitiQe and recovery time, énd high event rate effects, which have
pfeviously_prevented the use of flash tubes.

The sensitive time and recovery time of flash tubes is typically




100 ps'and 0.5s respectively ; this wili limit the tube to event

- rates of approximately 1 event sec—l, in backgrounds of less than‘-lO3
particles per tube, per second. This i; clearly of little uée to the
majority of acéelerator based expeiiments. However, the use of
Valﬁernating clearing fields and the additioh of a small percent of
eléctr§~negativetgas to the NeHe, hgs reduéed the sensitive and recovéry
times to 1 us and 1 ms respectively(g), allowiné event rates of up to 103.
sec—lvin backgrounds of up to 106 particles per tube, per second. Aé“
these high event rates, it is expected that thé field resulting from
chérges deposited on the inner wall of the flash tube will result in a
-reduction of the tube efficiency. However, the problems 6f these induced
fiéids may be largely overcome by the use of commercially available low
resiétance glass, or by the replacement of Qlass by a plastic(lO). (This
latter method unfértunately requires a constant gas flow to overcome

~ outgassing, and is apparently still-in a_develépment stage)..

In the light of the above mentidned improvement, the flash tube
now represeﬁtsvanlatﬁractive possibility for the accelerator based
experimenter requiring a large.area detector. To deménstrate this, and
also to investigéte thé use of flash tubes in one particular sphere, that
of electron¥photon detection, a detector of the sampled shower type was
built. The decision to build an electron-photon detector was made, since
there appeéred to bé an increasing requirement for large area electromagnetig
.'shower detectors, offering some degree of both spatial and energy resolution
'Preyious detectors such.as lead glass Cerenkov or lead-scintillator
sandwich, only achieve both forms of resolution at the cost of great

complexity and expensé. It appeared that a_total absorption detector,

with sampling planes of flash tubes, could provide ‘an inexpensive solution

to *the problem.

' The results from this shower detector were particularly -




(11)

encouraging . no effects of high background were detected, and

data was taken ét rates of 50 events sec;_l with no apparent deterioration
in efficiéncy. It was decided, therefore, to construct a more refined
detector to investigate fﬁrther.the potential of the flash tube in fhis
partigular application, and of its general use,ip an accelerator environ-
meht; It is the results obtained operating this detector, and a subsequent
further shower detector, desiéned specifically to operate at high event

. rates whilst méintaining a uséful degree of both spatial and energy

resolution, with which this thesis is concerned.
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CHAPTER TWO

THE ELECTRO-MAGNETIC SHOWER : ELECTRON-PHOTON

DETECTION

2.1 INTRODUCTION

| "Electrons and photons are defected by recording the effects of
" their inferaction with matter. Theré are a number of processés by whgch
this interaction may take place, the dominant or most probable process
depends principally upon the energy of the primary electron of photon.
For high primary energies, the dissipation of this energy may involve
many or all of these processes.resulting in the production of the electro-
" magnetic shower. , The design and performance of a detector will depend
’upbn the many parameters of this shower and thg ultimate resolution of an
"idealised" detector is set by the statisticél fluctuations of these
| pfocesses,

For the reasons given abbve, befor¢ emﬁarking upon the subject of

this thesis, a brief account-of the principal electron-photon interactions
with matter will be given, féllowed by a’short description of the most

- common forms of electron-photon detectors in current use.

2,2 INTERACTION PROCESSES

A large number of physical processes are involved in the develop-
ment and decay of an electromagnetic shower(l). The probability of a

particle undergoing a particular process depends very much upon its energy.

This is ilfustrated for three major processes by Figure 2.1 and is

summarised below :

(1) BREMSSTR2BHLUNG, whereby a charged particle is accelerated by

the nuclear electromagnetic or electron field and produces copious low
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energy'photons as it passes through a dense absorber.

(2) PAIR PRODUCTION, for an energy of greater than 1.02 MeV
(the rest mass of two electroos) a photon may materialise inAa nuclear
electromagnetic or electron field in the foro.of an electroh—positron
pair; |

It isAthe two above mentioned radiative processes which are
primarily responsible for the rapid increase in the number of secondaries,

. ranging from very low energies.to almost that of the primary. -

For these secondary eleotrons positrons ana photons of‘progressively
lower energy, further interaction processes, loosely categorised as collisdon
processes, become available. It is by these processes that the'shower
“i{s absorbed resulting in the characteristic absorption tail of the electro—
~ magnetic shower. The primary Ioﬁ energy processes are :

(3) COMPTON_EFEECT, whercby an interaction occurs between an
atomic electron (regarded as free) and a photon. TheAphoton is not
absorbed but is scattered, and proceeds with reduced energy.

(4) PHOTO-ELECT#IC EFFECT, whereby a photon interacts with an atom
and is totally absorbed in expeiling an electron.’

(5) ELASTIC SCATTERING,(Rayleigh, Thompson aad Nuclear Resonant) .
of these processes, Rayleigh scattering is usually the most important,
by which the incident radiation is scattered by the bound electrons, which
do not receive sufficient energy to be ejected from the atom.

It has been shown(2’3) that the resultant showers, whether
initiated by a high energy electron, positron or photon, differ only
Vslightly and it is primarily by the mechanisms outlined above that the
energy of the incident particle is dissipated.

- Hence, high energy electromagnetic particles lose most of their
.enexgy by radiative processes in the production of high energy cecondary
electrons, positrons and photons,v Photons, in turn, produce e+re— pairs,

oxr are compton scattered, resulting in electrons of similar energy to that




| of the initiallphotén. . These electrons produce further photons-in
turn, initiating more secondaries, but of a progressively-lower and .
lower energy;_hénée the initial sharp rise ih the number of secondaries.
Evenéually, however, the radiative léSses (secondary particlé production)
cannot compete wifh the.cdllision losses (absorption of low énerg&
secohdaries), and the shower decays away reéulfing in the long attenuation
tail ; the energy of fhe primary particle being finally dissipated in the
excitation and ionisation of the absorber atoms. i

To illustrate the profile of the ele¢tromagnetic shower, resulﬁing
ffom the above proceéses, Figure 2.2 shows the results of the‘Monﬁe Carlo
'simulétions of Messel and Crawford(3). _ The shower shape is characterised
. by the ppsition.of the maxima, which is seen to vé;y with primary energy,
Vaﬂd the attenuation coefficiént of the shower tail which,for a éarticular
abSofber, is invariant with eneigy. An important prdperty of electro-
magnetic shéwers is the linear. relationship between the primary energy

and the total aumber of secondaries produced in the shower.  This is

illustrated in Figure 2.3 and is utilised by all shower detectdrs'in

determining the primary energy.

2.3 THEORETICAL AND EXPERIMENTAL SHOWER STUDIES

.vMﬁch early work has gone into an analytical solution to electro-

: . 4.5 L . . '
"magnetic shower development( ' '6), However, even a one dimensional study

- of shower development, using simple approximations to the physical processes'

‘resulted in complex expressions extremely difficult to solve. )

.The developmént of the modern computer has allowed the simulation
of the sﬁoWer by the Moﬁte Carlo methed, Qhereby ﬁhe cross sections of .the
various physical pfocesses involved in the shower devélopment are represented
by probability dist;ibutiéns;' Random numbers are used to sampie these

distributions and hence simulate the shower development. This method,
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firét QSed by'Wilson(7) is now the standard approach to theo;eticalf: -.émﬂ
shower studies(3'8'9'10'11’12);

fhere have been many experimental studies of electron and photon
induced showers, almost all utilising the sampling technique, by which
layers of absorber are interspaced with planes of sampling detectors.
The major differences in these experimente erises‘from the type of
detector used in sampling the shower, ideally.it should have a good
multitrack efficiency and'spetial resolﬁtion for particles incident aé'
a wide range of angles{

(13)

Sobers has studied shower development in lead using sampling

detectors of scintillator and spark chambers, and has made a comparison

' (14) (15) (16)

of the two ﬁethods. Likewise Agrinier ; Cronin and Bauer have
also utilized spark chambers as the sampliné_elements. Heuch(l7) used
lucite Cerenkov detectors as the sampling elements_whilst studying shower
development in leed. Ideally, ﬁhe presence ef the sampling‘detectors
should have little or no effect on the development of the shower; In &n
attempt-to achieve this, Jakeways(18) placed various thicknesses of lead
absorber in front of a small scintillator probe which was used to map the
fesulting shower'characteristics. A similar technique was usea by

Crannel(lg) who inserted a small CsI(Tl) detector into a hole in an

otherwise solid block of absorber.
In anticipation of the high energies obtainable from the future
(20)

generation of .accelerators, Muller studied electron shower profiles at

15 GeV using a lead-scintillator cenfiguration, and extrapolated his
results to 1000 GeV. Lede:man( 1) used a MWPC placed between a lead

absorber and a lead glass Cerenkov to study electron shower development

with a view to using the characteristic signature of the electromagnetic

shower as part of a hadron trigger.
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2.4 ‘ ELEéTRON,-PHOTON DETECTION

| There exist many types of-detector.suitaple for electron and
photon detection, the choice of detector is principally determined by
:the enetgy of the incideﬁt radiation and by the type of inforﬁatiph

tspatiai oY energy) which.the detgctor is required to give.'vDetection
_'below‘about 1 MeV is provided by means of semiconductor Si or Ge .
deteétofs(2223’24), gas proportional devices(22'25) and scintillation
detectors(zz). However, the uppef limits to the energy detectable:by
these devices ‘is dictated by‘the problem'of_confining the primary radiation
and the resultant secondaries within the active volume of the detectors.
RAbove a few MeV use is made of the fact that the numbef of secondaries
produced in the resultant shower is proportional to the priméry energy.
.Deteétofs in this energy.range are made to be éensitive4to the number
and'distribution of the shower secondaries, from which éstimates can be
made of the energy and trajectory of the incident radiation; These
detectors fall into two categoriés ; the homogenebus type, in which the
dEtécting_medium is also the absorber, and the sampling type coﬁsisting
of absorber interspaced with detecting planes. A‘brief description of
tﬁe detectérs falling within these two cafegories wili be given since it
| is with thése that the flash tube based detector must be compared.

2.4.1 Homogeneous Total Absorption Detectors
(26,27,28,29)

(1) LEAD GLASS CERENKOV . Lead glass is an ideal
'eléctromagnetic shower detector, since it has a ﬁigh Z (nucleus protop
numbér), énsuriﬂg.the rapid development of the sﬁower, and the transparency
éf the glass allows almost complete collectioﬁ of the Cerenkov light
emitted by the relativistic charged'particles.of the electromagnetic
shower., In ifs simplest form the detector consists of a lead glass

block, sufficient to contaia the shower, to which a photomultiplier tube’

is optically coupled to record the Cerenkov light. Large arrays.are
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usually required to obtain sufficient active area and total shower
containment, An example is given in Figure 2.4. The modular

construction of such arrays allows a degree of spatial resolution,

(29)

) + ,
values of — 11 mm have been reported , however this is only achieved

at greatly increased cost and complexity. An important propertyfis

the ability to distinguish between electroné/photons and hadrons, allow-

. ing its use in trigger systems., . An on-line hadron réjectibn of 1 in 10

has been reported(ze). ’ . _ : L
(2) NaI(Tl) CRYSTALS. The most widely uscd ingrganic

" scintillators are the thallium activated NaI and CsI crystéls(zzz A .

complete assembly‘consisE§ of a scintillation crystal to which is coupled

(30,31,32)

a photomultiplier tube. Until the work of Hofstadber et al the

detector was -limited to energies of less than about 100 MeV; however the
production 6f large single NaI(Tl) crystals has resulted in the containment
of electron and photon induced shéwers of up té 15 GeV, with an energy
resolutionvarying as l.O~E-%1. As with lead glasé the triéger functions
are good, howevér the production of large sensitive areas énd extraction

of spatial information proves costly.

2.4.2 Sampled Shower Total Absofption Detectors

The general form of the sampled shower detector is shown in
Figure 2.4. Assuming the shower to be totally absorbed in the detector
and thé sampling elements are sensitive to-all the shower secondaries
‘passing through or stopping in them, then a I/VE- response with energy
is ekpectedf If this is the case, then the principal limitation to the
}esolution comes from ;émpling fluctuations due to the statistical nature
éf tﬁe showering proéess, which is always present when the ionisation is
not measured throughout the total volume of the absorber., However in

practice, it is usually the response of the sampling elements which is

“the principal limiting factor.
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(1) BCINTILLATOR SAMPLING PLANES . In this

(33,34,35,36,37)
form the sampling planes ~onsist of sheets of scintillatof interspaced
with sheets of absorber, the light from each scintillatorvis recorded_

by a photomuitiplier tube, the outputs from which are linearly comﬁiped

to give a signal which is proportional to the number of shower secondaries.
Séatial resolutions of i-2 ﬁm haye been obﬁained by replacing the single
‘sheet of sciﬂtillator in each sampling plane, by a hodoscope of many

(36)

scintillator fingers "o

(38'2), This detector has

(2) LUCITE CERENKOV SAMPLING PLANES
a similar configuration to the previous one, except that the detecting
elements consist of lucite sheets in which the relativistic charged

particles formed in the showering process produce Cerenkov light, which

is recorded by a photomultiplier tube, as before.

(3) WIRE- CHAMBER -SAMPLING PLANES , These detectors consist
principally of two types, those using spark chambers(l4'l6'39'40) and
those using MWPC(41? sampling elements.  In both cases the number of

tracks in eéch ﬁampling element is recofded'and summed to give a measure
of the total ﬁumber of secondaﬁes in the shower, and hence the primary
energy. Since there.is available a éonsiderable amount of spatial
informatibn concerning the shower structure; an estimate of the shower

axis énd hence the trajectory of the primary can be made.

(4) CHARGE SAMPLING IN LIQUID Arcon(42/43/44,45,46) oy 5o
a relatively new form of detector which consists of sheets of high 2
absorber immeiSed in liquid argon. The alternative sheets of absorber
are held'ag grouﬁd and at a high potential such that an electric field
‘egisfs across the liquid argon, Ionisation produced by the ghower
secondaries in the argon drift towards the absorber. Recording the.

Quantity-of charge. by means of charge sensitive amplifiers gives a measure

of the total number of secondaries and therefore the energy of the primary.
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: + _ _
A spatial resolution of — 3mm has been obtained by collecting the charge
~on individual sﬁrips on the absorber.

(47) lists some of the more important properties of the

- Table 2.1
above mentioned detectors. From this téble it can be seen that few -
detectors offer both a reasonable energy and spatial fesolution, and of
those that do it is at ;he expense of great'cost, complexity and operating
v.difficulties. It is principally these problems which motivated the

construction of an electron photon detector-with sampling by means of flash

tubes, described in the following chapters 3 and 4.
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CHAPTER THREE

AN ELECTRON-PHOTON DETECTOR EMPLOYING HIGH PRESSURE

FLASH TUBES

3.1 . INTRODUCTION

.The detector to be described in thié chapter was designed and
built as a consequence of experience gained operatiné a prototype
i detector.in a positron beam (1'2). The object of this prototype
detectof was to evalﬁate the performance of flash tubes, with short
, sensitive and recovery times, in an accelerator envircnment, and to
'investigaﬁe the potential of-a flash tubé assembly as an electromagnetic

shower'detector. Tﬁe results of these investigations were enqogréging,
no adverse effects'due to“the high background>radiation were encountered,
'spatiai and energy resolutions of + 1 cm aﬁd 48% respectively, were

: obtained, also no deterioration in the resolution at event rates of So'sec—'l
 was ﬁoticeable.

The désign of the deteétor couid clearly be improved in many
respects, the sepsitive volume being insufficient to ensure total shower
containment at high energies, and the use of léfge diameter flash tubes
resulted in poor multitrack efficiency. = In order to evaluate the true
potential of this type of detector, an improvea_device, with increased
sensitive volume, utilising small Aiameter,'high pressure flash tubes, was

constructed. The design and operation of the detector is described below.

3.2 CHARACTERISTICS OF HIGH PRESSURE FLASH TUBES

. Extensive studies of the characteristics of the flash tubes

4
(2'3f ). These

used in this detector have been made by other workers
characteristics have considerable influence on the design of the detector,

and therefore a brief summary will be given here.

&
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The flash tubes were constructed of low resistance JENA 16B

glass'(s)

to reduce the effect of induced electric fields.

Each tube

was coated with a white enamel paint to prevent photons from one dis-

charging tube penetrating into the gaseous volume of adjacent tubes,

thereby causing spurious ignitions. The principal features of the

tubes are given in Table 3.1.

TABLE 3.1 :

- Principal Features of the Flash Tubes

Tube Diameter Glass [Pressure| Gas Recovery | Sensitive
Length Internal | External Type (ATM) Compogl— Time Time
: - tion
A{cm) (mm) (mm) (%) (ms) (us)
50- n 8 8.2-8.8 | JENA | 2.2 70 Ne, 0.6 2.0
' : 16B ' 30 He
+2 CH4

.The parameters of the high voltage pulse used to fire the flash

tubes are given in Table 3.2.

It has been found that the performance

of the high pressure flash tubes is more sensitive to variations of these

parameters, than are the low pressure tubes

TABLE 3.2 :

(3,6).

Parameters of the High Voltage Pulse

Peak Electric
~ Field Strength

(ka _ Cm_l)

‘Rise
Time.Ty

(1s)

Pulse Width, T

L

(RC Decay Time)

(us)

Pulse Delay,T

. (ns)

D

9.5 - 10.0
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The effect of variation of these parameters has some bearing
~upon the design tolerances of the flash tube assemblies (e.g. electrode
separation-applied field), and are ginen'below.

3.2.1 Factors Influencing Efficiency

(a) Pulse Magniﬁude : Figure 3.1(a) shows the variation of the
layer efficiency as a functinn of the appliéd field for a number of rise
times(B). For Tr = 70 ns, the plateau region occurs at approximately
9.5 kv Cm-l, the layer efficiency of 88% at this field value, réprésenfing_
an.internal efficiency of almnst 100%. Fnr applied fields in excess of
10.0 kv Cm-l, spurious flaéhfng occurs, and is seen to fncrease with
-increasing ffeld. Therefore( efficient operation requiren fields of
between 9.5 and 10.0 kV Cm—% C

(b) Pulse Rise Time : The dependence of layer efficiency upon rise
‘time is clearly seen from Figure B;i(b) for two values of applied field(3).

' kc) Pulse Length : The variation of layer efficiency with pulse
width (RC decay constant) is shown in Figure 3.2(3).' It can be seen that
for efficient operation, pulse lengths in excess nf 3 us are required.
However this data.was taken at a relatively slow rate (1 evenﬁ min_l), which
allons tne induced electric field, caused by charges adhering to the tube
wélls, tn decay away. At event rates higher than this, the effect of the
induced’fieldbecomes apparent. 'Since a long pulse will sweep more charge
to the-fube walls,.it is desirable to maintain the pulse length as short
as pnssible, if it is wished to operate at high event rates. For this

~ reason the pulse length was restricted to between 3 and 5 us.

3.2.2 Factors Influencing the Digitisation Pulse

information as to whether a tube has discharged or not is obtained
by means of a small probe in contact with the face of the flash tube, as
shown in Figure 3.3(7).‘ if the tube does not flash, then any rulse

appearing across the resistor R is due to electrical pickup, and may be

eliminated by inserting the digitisation probe inside a screening aluminium
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block. | If.the tube flashes a voltage pulse appears across the resistance
‘R dué to a capacitive coupling between the probe and fhe HT electrode via
the plasma in the.tﬁbe, an equivalent circﬁit for the mechanism is shown

- in Figure 3.4(3). It is required that the pulse from the probe is of
sufficient magnitude to set an IC latch (threshold approximately 4 v)
Which formed part of the readout memory (seé section 3.3).. The following
factors are found to significantly effect the digitisation pulse height;

(a) Dependence of Pulse Height on Peak Applied Field :

Figure 3.5(a)(3)

shows the variation of digitisation pulse height with"
peak applied field for two digitisation p;obe diameters. The two slopes
are due to the two different efféctive capacitances of the probe arrange-
‘menfs. .The slope of the larger diaméter probe being greater due to the
larger. capacitive coupling of the probe.

(b) Dependence of Pulse Height on HT Pulse Lehgth : Tne variation
éf digitisatién pulse hgight with the.length of the applied HT pulse is

shown in Figure 3.S(b)(3). According to the theory of operation of the

digitisation_probe(7), fhe digitisation pulse height will depend upcn the
magnitude of the applied HT pulse at the time of formation of the plasma
" inside the tube.- The digitisation pulse height is seen to increase rapidly
| with the length of the applied HT pulse. However, it should be borne in
‘mind that the results were obtained at a low event rate. An increase in
event-rate will result in a lower effective applied field and hence a
smaller aigitisation'pulse height.

(c)vVariation of Pulse Height with Probe Resistance R:
- . Figure 3.6(5)(3) shows the dependence of the digitisation pulse height
with probe resistance. This behaviour can be understood by reference
to the equivalent circuits shown in Figure 3.4. Ce is the equivalent

capacitance of the probe - HT electrode arrangement at the time of formation

6f the plasma. C ~ represents the stray capacitance of the associated
s _ :
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circuitry. The digi;isation pulsé height is seen to increase with
R-unti; the impedance of Cs makes any further increaée in R.ineffective.

(d) Dependence of Pulse Heiéht with Separation Between the Flash
Tube and the HT Electrode : This dependence is shown, for two probe sizes,
in Figuret3.6(b)(3). 'It can be seen thaf a separation as small as O0.1.mm.

has a considerable effect. As yet no satisfactory explanation has been

found, however the approximate /d2 (where 4@ is the distance between the HT

electrode and the flash tube wall) dependence of the pﬁlse height may:give
some indication of the physical process involved.
(e) Dependence of Pulse Height upon Flashing.Rate : The variation

of digitisation pulée height with flashing rate is shown in Figure 3.7(a)(4)

M
B

g'décrease in pulée height of a factor of 4 occufring when the flashing
rate is increased from 0.5 to 1.0 e&ehts sec—i.' This decfease is caused
.by the induced electric field, reéul£ing from charges from the previous
discharge, adhering to the inner wall of the_tﬁbe. The direction of

this field is such that it opposes the applied HT field, resulting iﬁ a

lower effective HT field(s). It can be seen from Figure 3.7(b)(4)

that
thé‘digitisation pulse height from a tube flashing at a constant high rate
may:be increased by increasingrthe applied HT field. However, this does
not offer a simple solution for an array of flaéh tubes where the flashing
rate is expected to vary across the érray. This would result in an
excessi§ely high applied HT field for those ;ube§ which flash at a lower .

rate, resulting in spurious ignitions.

3.2.3 Recovery and Sensitive Times

The recovery and sensitive times of a flash tube are of particular
-_importancé if it is.required that the-tﬁbe operates successfully in a
high background radiation and at high event rates, such as may be
‘experienced wiﬁh a machire based experiment. The. sensitive and recovery

times of neon-helium filled tubes, doped with methane, have been extensively
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. S 1,2 '
.studied by other workers( ! ). Their results for the high pressure

tubes used in the present detector afe summarised below.

(a) Sensitive Time : The sensitive time is defined as the delay
required between the passage of the particle and the application of the
' HT §ulsé for the internal efficiency to fall to 50%, this represents a
value of‘approximately 45% in terms of the layer efficieney for the tubes
.used in the present detector. A short sensitive time is obtained by
applyihé a square &éve‘clearing'éigid of frequency 100 Hz, peak to peak
voltage of'approximately 106 v."; This ensures that the primary ionisa-
tion left by a charged pérticle is rapidly swept from the gas volume.
'Figure 3.8(a) shows the relationship between layer efficiency and delay in
Aapplication.of the HT pulse, for the tubes used in the present detector;.
it can be seen that the sensitive time iSAapproximateiy 2.0 us.

(b) Recovery Time : The recovery time is defined as that time delay,
éftér_a tube has flashed, for the probabilitg of re-ignition on application
- of a second pulse, to fall to 50%. Shorf reCoyery times have been

obtained by the addition of small quantities of molecular gas, eg.
(2,10) N
4’

" used in the present detector can be seen from Figure 3.8(b) to be 0.6 ms.

02,CO2, CH to the neon-helium. . The recovery time for the tubes

3.3. | CONSTRUCTIQN OF DETECTOR
| A general description of the detector is given, followed by more
detailed accounts of. the principal features of the detector.

'The detector is of the sampled shower type and is shown schematically
in Figure 3,9 and by the photograph in_Figure 3.10. Twelve identical
detector planes were used, 0.6, 1.2 and.l.8 radiatioﬁ length sheets of
lead may-be inserted between each plane, Eleven of these detector blanes
' were.used in sampling the electromagnetic shower, the twelfth positioned

at the front of the detector was used to determine the point of entry, of
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. ;he primary positroﬁ, into the detector, hence no lead absorber was
placed in front of this detector plane. Each detector plane cbntained
two layers df 32 flash tubes, positioned orthogonally such that they
would'provide X—Y_co—ordinates of the incidént radiation. Information
wés extracted from the tubes by means of digitisation probes, the sutput
éﬁlse from a probeAbeing recorded by‘a TTL memory logic, which in turn
was interrogated by the main data handling system. The flash tubes were
fired by épplying a simple RC generated pulse to the HT electrode. To
prevent electrical interference from this pulsing system, the steel frame- -
work which supported ‘the flash tube assembly and pulsing system, was clad'
in aluminium sheet.

3.3.1 Shower Sampiing Module

The detector contained fwelve»identical detector planes, eleven
of which were used fo sample the shower. Each of these modules contained
two parallei planes of 32 tubes, the axes of which were positioned
orthogonally. The two planes of flash tubes shared a commén HT electrode,
which was accurately pésitioned by means of perspex spacers. Since the
region of the HT plateau where the tubes could be efficiently operated was
oﬁly’l Kv Cm--l wide, a variation of 1 mm in the positioning of the HT
electréde results in a change of approximatély 1 kv Cm'-l in the field
strength. It is, therefore, essential that the HT electrode be maintained
in precise alignment with the earth electrodes. These earth electrodes
were formed by the two outer faces of the module. Their separation was

‘maintained by the side members and the digitisation block as shown in

Figure 3.3.

‘It is essential that the positions of the flash tubes be known
acdurately, and that fhey’be positioned as closely as possible, resulting
in -a high layer efficiency. This was achieved by means of accurately

machined holes in the digitisation block, and by . corresponding holes
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inithé opposing side member, as shown in Figure 3.3. The diameter

- of the holes was 9;3 mm and the.distance between their centres 9.5 mm,
resulting in a layer efficiency of apprqximately 88% over an area of’
30.4 cm - x 30.4 cm..

_ The digitisation pfobes, which were 6 BA pan ‘head brasé sScrews,
were located in the digitisation block by méans of perspex spacers.
To:increase tﬁe digitisation probe pickup and hence ghé digitisation pulse
height, 7 mm diameter aluminium- foil discs were giued fo the plane ends
of the flash tubes. .

The data acquisition system required that the information provided
.by the digitisation probes should be temporarily stored, prior to being
read by a computer. This was achieved by ﬁroviding each digitisation
probe with a TTL set-reset latch. This latch, normally in a state
reprcsenting logical 'l', is set to logical '0O' by the digitisation pulse
obtained from the discharging‘tube; In this manner the informastion regardin
whether a tube flashed or not ié permaﬁently recorded by the state of its
-aésociated latch. When this information is no longer required, the latch
may be returned to logical 'l' by means of a reset pulse. The memory
logic for one flash tube is shown in Figure 3.11.

The memory logic circuits are mounted upon printed circuit boards,
each one containing two sextuple | set-reset latches (type 74118) and one
dual four input positive NAND buffer.(type 7440), to give a 12 bit storage
register, Figurg 3.12 shows the circﬁit diagram éf one such 12 bit register]
A total of 72, 12 bit storage registers érg required to service the 768 flash
tubes contained in the detector. These boards were mounted in 32-way edge
connectors} fixed to the undersides of the digitisation blocks.

‘Bs explained in section 3.2.2., it is essential that the HT electrode
was maintained in contact with the flash tube wall.‘ This is a considerable

pfbblem sinée the outside -diameter of the tube may vary by up to + 0.4 mm.




+5v
5.6K
INPUT g
;ggge T ——(e OUTPUT
2 10K
- h
, = ® RESET
RESET €)-
|
1; N < +5vy +5v
. 2 1.0K
t T

FIGURE 311 MEMORY LOGIC FOR ONE FLASH TUBE




8llYL

MIISI93Y INANI 118 2L ¥V ZI€ 38Nl

799997

AG+

AAAAA
9§
AAAAAA
VYYVVy
AAALAA xF J
LA'A AL A ]
AAAAA,

ll

oslL

AD

07YL

JRaN|

AG+

Al

AD



- 25 -

Contact was-maintained Ey means of a strip of folded aluminium foil,
‘attached to both faces bflthe HT electrqde, which expanded against
the flash tubes.

The assembled modules were located in the main de;ector frame,
suﬁh that the tube axes were orientated to 45° £o the vertical, thus
fhe weight of each tube assured a constant‘coﬁtact Between the plane
face of the flash tube and its digitisation probe. Each digitisation
. block was provided.with a machined aluminium ledge, which, when thel -
modules were inserted in the detector frame, provided a support for the
insertéd lead absorber.

The choice of a modular system allowed the removal of a complete
sampling ﬁlahe plus its associated electronics without the need of dis-

mantling the entire detector.

3.4 THE HIGH VOLTAGE PULSING AND CLEARING FIELD SYSTEM

The HT pulse used to fire the flash tubes is of a simple RC
decéfytype. Thi; is obtainéd by charging a high voltaée capacitor,Cl,
to a vol;age Vo, and then by means of a fast switching device, discharging
it to ground via a resistor Rl' The flash tube arrays, of capacitance

C.. are connected in parallel with R, and the resulting pulse, applied to

2 1’

the HT electrode decays exponentially in the manner
= - -t/R(C + C .
v v exp (-t/R(C, J ) -

-The-puising circuit is shbwn-in Figure 3.13. Six 3000 pf, 20 Kv
capacitors were used, each capacitor supplying two modules via a 850'9"
resistbr.‘ Fast switching oflthe éapacitorhto ground was provided by
meaﬁs éf a hydrogen'thyrqtfén (Eﬁglish electric type CX.1157) capable"

of switching-up_to 20 Kv into modules of at least 10,000 pf with a rise




PULSER -

+HV =
SUPPLY [——/VWWW—r

— 100V
DC.
EARTH
ELECTRODE |
\*‘ﬁ i
'REAMA
Rz850n
C=6000 pF
HT . OUTPUT 4 T‘-

ELECTRODE”” l<_PROBES_—>I

FIGURE 343 THE HIGH VOLTAGE PULSING AND APPLIED
© CLEARING FIELD ARRANGEMENT




- 26 -

time of 40 ns, Due to the high électrical noise levels associated with
this type of switching system, the whole assembly was‘placed in a screening
box on top of the detector, as seen in Figure 3.10. The characteristics
of the HT pulse formed in this manner are given in Tab;e 2.

~In order to obtain a short sensitive time, a'ioo Hz; square wave

pulse, of variable magnitude was applied in the manner shown in Figﬁre 3.13.

3.5  DATA ACQUISITION

As explained in section 2.2, the resu}tant high energy electro-
magnetic showers,vwhether initiated by an electron, positron or gaﬁma
ray, are essentially identical, assuming the primary energy to be the
' same. For this reason it was convenient ﬁo evaluate the detectors

performance by use of a positron beam.

3.5.1 The Positroﬁ Beamline

The detector was evaluated usipg the e+ testbeam facility of the
5.2 GeV Electron Synchrotron at the Daresbury Laboratoryz(ll). Thé main
eléments of the beamline are shown in Figure 3.14. The beamline operates
on the double conversion pfinciple. A Photons are produced by interaﬁtion
of the accelerated electron beam with an internal machine target of tungsten
Thesé photons are scrubbed of charged particles by means of a permanent
magnet and collimator slit. The resultan£ photon beam is tgen converted
into electron-positron pairs by interaction with a copper target. Positrons
of the desired momentum are then selected by means of a variable bending
magnet and é collimator. | " .

By this means a beam of energy'from 200 MeV up to the maximum
operating energy of the machine was obtainable. The momentum spread was
aéproximately +1% and the beam size on emerging into tﬁe experimental area
ié 20 mm x 40 mm. The maximum angular divergence of the beam is i_2o.

The test beam méy be operated in two modes, parasitically or by
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means of a beam bump. | The parasitic mode relied on the intéraction of
electrons, scattered from the main circulating beam by other targeting
stations in the synchrotron, with the tungsten target. The beam bump
modé utilises a pulsed magnet, to perturb the circulafing beam into the -
machine targetf The detector was tesfed u;ing the latter extraction
system. Two lengths of beam'bump were available, 0.6 and 1.0 ms. The
latter being necessary to e#tract beam at the highest momentum values.
A beam was accelerated in the synchrotron every 19 ms ; which resulted in
a maximum ektraction frequency of approkimately 50 sec_l. However, since
the action of the beam bump usually disturbed the beam conditions of other
users, extraction was restricted to every 60th acceleration cycle whilst
qsing the 1 ms bump. ~ For higher rates .the short bump was used, ﬁowever
it was not possible to extract electrons above 2.0 GeV using this bump,
hence all high rate data was restricted to positrons of momenta 1;5 GeV
'and less.

The maximum‘positron flux of the testbeam depended principall§
upon the operational conditions of.the accelerator and the momentum of
the positrons required. Extraction waé "tuned" for a particular
momentum by adjusting the position of thé beam bump with respect to the
start of the acceleration cycle which was located by a timing pulse received
at a minimum field of the NINA magnets. Thé flux was controlled by adjust-
.ing the magnitude of the 5eam bﬁmé énd the position of the machine target
AWith respect to the beam orbit, By this means the:flux was maintained
at appfoximately 50_poéitrons per extraction, located within a 1 ms "window"

‘centred in time about the maxima of the beam bump.

The resultant positrons were buﬁched,'which reflected the nature
of the accelerated electron beam from which they-were cobtained. It is
essential that particles within these bunches are not separated by less
than'2 us (the sensitive time of the detector) since this would result

in multiple tracks occurring in the detector.
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The maximum rate at which the detector can be operated in

| thecry is determined by the eecovery time of 0.6 ms. This should

- allow event rates of up to 1 KHz. The normal_extrection modes

mentioned above allow a haximum frequency of 50 Hz, extracting on
‘consecutiVe cycles, or_a.minimum frequency of 500 Hz;-extracting within

a 2 ms beam spill. This leaves the range of 50 Hz to 500 Hz unobtainable.
Should it be required to operate the detector wiﬁhin this frequency range,
it was proposed to use bcth the parasitic and the bump modes of extraccion.
The first particle peing extracted via the bump mode, and at the same time
a delayed gate is triggered allowing a second parasitically produced
particle fo be accepted by the system. By adjusting the gate delay,
frequencies between 50 and 500 Hz may be obtained.

3.5.2 Trigger Logic and Data Handling

A positron produced in the manner described above was selected by
means of a fourfold coincidence of the scintillations Sl > S4 shown in
Figure 3.15. It was also required that this coincidence should fall
within a 1.0 ms wide "window", timed with respect to the start of the
ecceleratioﬁ cycle, to cover the period of beam extraction. This would
ensure that all coincidences resulted from genuine extracted particles.

Upon receiving a satisfactory ccincidence, a trigger was sent to
the HT pulsing system, and the logic paralysed against receiving furtﬁer
‘coincidences. information as to whether a tube flashed or not uas
temporarily stored within the TTL memory logic. Aftei a dela& of 10 ms,
which allowed the effects of the H.T. pulse to pass, the state of the
"768 latches was read out in parellel by way of 6 132-way cables, into
3 256 bit CAMAC input_registers,‘and hence into the BK memory of a PDP 11
computer, which controlled the data acquisitibn prcgram. " Having been

read, the latches were reset by a + 5V level from a CAMAC ourput level

unit. The system was then in a state where it could receive another
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event, and the_pgral&sis was removed from the trigger logic. Upon

a second event be;ng buffered within the ! PDP .11, the buffer was
cleéred by writing its Eontents to disc in the main IBM 370, and
subsequently tovtape. - This completedlone cycle of the data acquisi;ion
program which is summarised in Figure 3.16.

The decision to .send pairs instead of individual events dbwn the
data lihk, was dete;mined by the possible need to operate'the detector
at rates of 1 KHz. The data link buffer of the IBM 370 was unable to
handle the'48 16 bit words arriving every 1 ms. This was overcome by
sending 2 events in one block,.every 20 ms (the cycle time of the
acceleratof); to the link-buffer. This then means that the data taking
rata is only restricted by the speed of the CAMAC system and the cycle
. time of the PDP 11 computer program. For this reason the acquisition
program was written in assembler lahguage, giving a program cycle time of
‘less than 1 ms.

The facility also existed to display individual events, during
operation of the detector, on the vista control terminal. Some examples

of typical events obtained in this manner are given in Figure 3.17.
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CHAPTER FOUR

INVESTIGATION OF THE PERFORMANCE OF THE HIGH PRESSURE

FLASH TUBE CHAMBER AS AN ELECTROMAGNETIC SHOWER DETECTOR

4.1 INTRODUCTION

As explained in chapter 2, high energy electron-photon detection
utilises the resultanf electromagnetic shower.to obtain information
concerning the primary particle. Two important properties of the
electromagnetic shower, which may be used to provide energy and spatial
information are (1,2,3)

(1) The number of secondaries precduced in'the'shower is linearly
related to the primary enei:gy°

(2) The axis of the electromagnetic shower is on average located

. along the tfajectory of the primary‘particle°

The developing electromagnetic shower is subject to fluctuations,
and since .the shower is only sampled at fixed intervals, the effect‘of
theee fluctuatione is likely to be enhanced. Fufthermore the sampling
elements may nof exhibit.a uniform response with energy. to the changing
characteriseics of the ehower at the sampling plane (i.e. changing density
of seeondaryparficles)b For these reasons, all detectors operating on
the shower sampling principle must be calib;éted in a well defined mono-
energetic beam.v

Ideally, the sampling elements should record precisely the number
.and distribution of the secondary particles crossing the sampling plane,
in which case the efrors of measurement of the shower, are due solely to

the statistical fluctuations ir the shower development, and the frequency
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at.which it is sampled, By comparisén of the shower parameters
obtained from the sampling elements, with £hose predicted by theory,
for various eneigies, it can be determined if ihe sampling elements
respond uniformly with the changing shower chéracteristics°

A comparison will therefore be made between the theoretically
predicted shower and‘that observed in the detector, before presenting the

results of the spatial and energy resolution of the detector.

4,2 ELECTROMAGNETIC SHOWER PARAMETERS AS RECORDED BY THE DETECTOR

Positron initiated electfomagnetic showers were studied using.
the detector,in the energy range 0.5 fo 4.0 GéV, data being taken at
0.5 GeVv interx’_rais° 006,'1°2 and 1.8 radiation lengths of lead target
were available for inéertion between the sampling.planes. Approximately
2000 positron'initiated showe?s were recorded for each combination of
energy and target thickness,-the sampling planes providing ipformationAas
" to the number and distribution of the shower secondaries. It was found
that for a given energy the inférmation»provided by'the sampling planes
usiﬁg the different ﬁhickness of lead éarget, differed only slightly, and
"hence the data obtained at a particular energy for the three thickness
of target, were combined to give the number and distribution of the shower
secondar;es as a function of target depth, |

Some principal: features which characterise the electromagne;ic
shower are its ove:ail shape, or transition curvé, the position of the
shower maximé and the attenuationlcoefficient éf the shower tail. A
comparison of these parameters as obtained from.the deteqtor;with the

prediction of theory, will provide inférmaﬁion as to how the detector

responds to the chahging characteristics of the elecfromagnetrc shower
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for various energies.
(1) TRANSITION;CURVﬁ ¢ This curve describes the number of shower
secondaries as a function of target depth. The transition curve obtained
from the deteétor is shown in Figure 4.1. The full line represents £he
Monte Carlo simulations of Messel and'Cféwford (}), using.an electron cut
off value of 2.0 MevV. The broken line represents the exéeriméntal results
obtained from the detector by faking the ﬁean number of flashed tubes in a
particular ‘layer, which gives a meésure of the number of ionising particles
crossing that layer. It can be seenAthat the discrepancy between theory
and experimental becomes considerable with increasing primary energy. This
is a direct result of the flash tubes'ingbility to distinguish between one
or more than one particle traversing its volume} resulting in an increasing
error in the estimation of the number of shower secondaries as the shower
density iﬁcreases°

Correction can be made to the data, accounting for the finite space
resolution‘of the flash tube and its layer efficiency,using the following

(31)

relationship r assuming a uniform distribution of secondaries incident

on the layer of tubes
1n (l—M/M )
o

In (1- u/Mo)

where K = number of shower secondaries crossing the detector plane.
y = layer efficiency.,
‘Mo = numbér of tubes contained within the shower section.
ﬁ,= mean number of tubes-igniting in the layer.

The derivation of this expression is given in Appendix I. .The

data corrected using this expression is given by the dotted curve in -
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Figure 4.1. It can be seén-that at low energies the correction
is a close approximation to the theoretical transition cufve,
particularly beyond the shower»m»axima° The discrepancy around the
 shower maxima, which increaseé with primary energy is due to the
assumption of-a uniform distribution.of shower secondaries no longer
being vali_d° |

| ~The ménner iﬁ which the primary energy is-measured, requires
that the shower is totally contained within the detector. It can be
seen from Figure 4.1, that using 1.8 radiation lehgths of targét between
" each module (representing a total thicknés; of 19.8 radiation lengths),
that the sﬁower‘is almost totally contained, However, using 0.6 and 1.2
radiation lengths of target (6.6 and 13.2 radiatign 1en§ths total thickness
'resﬁecti§ely)(it can be éeen that a considefable portion of the shower is
iost from the rear of the detector.

The deviations from fheory mentioned abové will be seeﬂ to be of
considerable importance regarding thé performance of the detector,
especially with respect to the energy measurement,

(2’ POSITION OF SHOWER MAXIMA ; Theory predicts that the position of
the shower maxima (defined as the depth of absorber at which the probability
of finding an electron is greatest), should be linearly related to the

logarithm of the primary energy. The results obtained from the detector

are shown in Figure 4.2, along with the theoretical(l’4'5'6'7) and
'experimental(g'sflo'll) results of previous workers. It can be seen that

the results are in good agreement with the experiment of Jakeways and

(8) . ) (5)
Calder (see section 2.3) and the theory of Nagel o However,
disagreement between experiment and theory increases with increasing energy.

(3) ATTENUATION COEFFICIENT : It is the photon attenuation which is

responsiblé for the characteristic tail of the electromagnetic shower,
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since most particle productién results from pair producpion occuring
- by photon interaction. Photons of low energy are ﬁnlikely to contribute
to furthe; particle production and aré absorbed from the shower, resul£ing
iﬁ the attenuation of the numbeg of secondarieé with target depth beyond.

_the shower maximum. This attenuation is described by the relationship

Re t, where t is target depth, A is a constant and A is the fractional

rate of decrease of the tail of the transition curve. The variation of

(12)

the photon attenuation coefficient is shown in Figure 4.3 (a) , giving

.a minimum value of 0.27 R.L.-l at 4 MeV.- This is expected to be lower

(13)

if the effect of the compton recoil photons are considered. Figure 4.3(b)
shows the attenuation coefficient as a function of energy, obtained from

the -detector. The average value of 0.24.R.L'.-l agrees well with the
above mentioned work, although there is considerable disagreement with the

(1)

results of Messel and Crawford ' who obtained a value of 0.33.
From the considérations above, it appears that the most significant
problem is:due to the inability of the flash tube to distinguish between one

or more particles traversing its sensitive volume, and that this will be

most apparent in the energy measurement of the detector.

4.3 - MEASUREMENT OF PRIMARY PARTICLE ENERGY
(1,2)

Theoretical considerations show that the number of secondary
iénising particles produced in a shower is linearly related to the primary
energy. Since the number of flash tubes igniting gives a measure of the
total number of secondary particles contained in the shower, this figure
may be used to find.the energy of the primary particle.

Data was taken at energies of 0.5 to 3.5 GeV, using 0.6, 172 and

1.8 radiation lengths of lead target between the modules. Approximately

‘2000 positron induced showers were recorded for each combination of target
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thickness and primary enérgy. The frequency distribution of theAnumber
of tﬁbe ignitioné>obtained for various primary energies and target
thickness is shown in Figure 4.4. Curves.shbwing the number of flash -
tube ignitions as a func;ion of primary energy are shown in Figure 4.5.

It can be seen, particularly for high primary energy and thin target,

that the curves deviate considerably from the linear relationship expected

(1,2)

from theory . The principal causes of this deviation are listed below.,

(1) ©  Failure to contain the whole shower within the detector. Figure 4.6
.shows the number.of flash tube ignitions for each module for 3 primary
energies using 0.6 and 1.8 radiation lengths of lead target. . It can be
seen that the shower is almost completely qontained for all energies using
1.8 radiation lengths of lead. Howe?er, using 0.6 radiation lengths, a
considerable fraction of the total sﬁower escapes from the rear of the
detector. The lateral losses are, however, insignificant compared to

the longitudinai loss, as can be seen from Figure 4.7, which shows the
lateral shower profiles obtained from each sampling plane for 3.0 GeV
primary energy and 0.6 radiation lengths of éarget. |

(2) Inability to distinguish betwéen one or more ionising particles
passing through tﬁe sensitive voluﬁe of a flash tube. The‘secondary
particles constituting the shower are produced on average within a narrow
core, whose axis represents the axis of the shower; As the primary enerqgy
increases, the shower density near the axis is such that the probability

of more than one particle passing through a tube is greatly increased.

This is clearly shown by Figure 4.1, where the greatest deviation between
theory and experiment occurs at the position of the shower maximum.
(3) Effect of internal clearing fields upon the efficiency of the

flash tube(l4’15’l6’l7'18’19). Internal clearing fields become significant
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if tﬁe flash tubes are operated af high rate. The internal fizld of
a flash tupe has been shown to influence.the pefformance of an adjacent
tube, and since the numbexr of tube ignifions increases with energy, the
effect is energy dependenf;

The non-linearity seen in Figure 4.5, due to failure to contain
the shower, may be corrected for by use of the data taken csing 1.8.
radiation lengths of lead. The number of tubes icniting beycﬁd terget
depths of 6.6 and 13.2 radiation lengths may be found by summfng the
number of expected tube igeitions at 0.6 and 1.2 radiation length intervals
respectively, to obtain the number of tubes expected to have ignited had
the shower been totally contained. |

A correction factor for the decrease in efficiency caused by
internal clearing fields has been focnd in the followipg manner for each
combination cf target thicknese andAprimary energy. The efficienciesA
~of the modules were recorded for single particles and the results‘plotted
as efficiéncy as a function of the number of tube ignitions per minute.
Similar data was taken usingvshowers,_the ncmber of ignitiohs in a module
per minute being recorded and the efficiency found from the plot of
efficiency versus event rate. .The correction factor is then the ratio of
the expected efficiency at low rate and the observed efficiency at high

- flashing rate.

The mean tctal number of tube ignitionsvcorrected for longitudinal
‘lossee and inefficiency at various energies fof 0.6 and 1.2 radiation lengths
of target are ehown in Figﬁre 4.8. It can be seen that the non-linearity
is considerably reduced, and the remaining ceviation is principally due

to more than one electron passing through an individual flash tube.

Table 4.1 shows the overall sensitivity of the detector to the number of

secondary particles. This was obtained by comparing the number of observed
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particles with the number predicted by theory, for an energy detection
‘threshold of 2 MeV. It can be seen that the sensitivity decreases as

the total number of electrons produced increase.

TABLE 4.1 : = Individual Electron Sensitivity at Different Energies

Energy |Radiation | Average Total Average Total | Average Total Sensitivity
(GeV) Lengths Number of "Number of - Number of %
' Electrons . [Observed Tube | Tube Ignitions
(Theory) Ignitions (Corrected for (Corrected)
(Uncorrected) |Efficiency,Loss)
0.5 0.6 . 26.5 . 20.0 21.0 79
1.5 0.6 68.0 36.5 © 39.5 58
2.5 0.6 102.8 44.0 50.5 49
3.5 0.6 143.3 48.2 57.0 40
0.5 | 1.8 1.2 - 9.8 10.0 89
1.5 1.8 32.0 20.0 20.5 64
2.5 1.8 55.7 28.5 30.0 54
3.5 1.8 © 81.9 34,7 36.8 45
4.4 ENERGY RESOLUTION

The energy resolution of the detector may be expressed as dE/E

- and was obtained from the following'relationship,

_ N an l/_czN_
E ° N° dE

Mg

where : AN is the gradient of the curve in Figure 4.5 for a particular

value of E

dN is the FWHM of the frequency distribution of tube ignitions

. (see Figure 4.4)
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N is the mean number of tube ignitions

"E is the energy of the primary particle.

The enexgy'resolution obtained using 0.6, 1.2 and 1.8 radiation
'léngths of lead target is shown in Figﬁre 4,9. Because the number of
secondaries in a shower is linearly related to the primary énergy E, the
resolution is expected to improve as . . The experimental points
obtained using 1.8 radiation lengths of lead are found to fit ﬁhe

:relationship

41.6
/E

+ 24,5

wheré R is the resolution (FWHM) expressed as a percentage, and E is the

primary energy in GeV. Fdr low primary energies the resolution is

considerably improved by using 0.6 and 1.2 radiation lengths. . However,

as the primary energy is increased, the effects of the escaping shower and

high secondary densities becomes apparent and the resolutions deviate from
v — . .

the expected 'VE improvement and eventually cross the curve obtained

using 1.8 radiation lengths of lead.

4.5. ' DETERMINATION OF TRAJECTORY OF THE PRIMARY PARTICLE

The secondary pa;ticles constituting the electromagnetic shower
‘are on average symmetrically distributed around the projection of the
trajectory of the primary particle. Use can be made of this to determine
“the pésition of the primary ?afticle. Thé development of an electromagnetic
shower is subject to fluctuations in density and distribution of the |

secondary particles, ‘which introduces a considerable uncertainty in the
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determination of the Shower axis. For this reason a statistical
(20) . . . .

methed has been employed in locating the shower dxis, which takes

into consideration the fluctuations in the development of individual

showers.

4.5.1 Location of Shower Axis

Aainitial esﬁimate of the shower axis was made,'in~which no
account was taken of the fluctuations occuring in the developing shower.
This initial'eStimate made use of the fact that the shower developed with
approximatély circular symmetry around the shower axis. The "centre of
gravity" of the lateral shower section in each sampling plane was found
by ca;culating the geometric mean of the distribution of the flashed tubes,

using the following expression

& v, . .
Y, o= E = | ' (1)
=17 |

- % ' th
where Yi is the co-ordinate of the shower centre in the i module

Yij is the co-ordinate of the jth ignited tube in the i'th module

th
Ni is the total number of ignitions in the i~ module.

To these centroids, a straight line representing the first estimate
of the shower exis, is fitted using the least squares method.

As explained in section 3.3, the point of entry of the primary
vpositron into the deteéfor was located by means of a single flashed tube
in each léjer pf the first module, and to avoid ambiguity only events.~
éatisfying this criteria were accepted for analysis. The deviation of
the point of intersection of the calculated shower axis in the lst sheet of
lead target, from the position definédAby the ignited tubes in the lst

module, is referred to as the "apex deviation of the shower." It must
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be remembered that such a deviation carries an inherent error of
A'i_4 mm (a tube radiusj. This definition of thé apex deviation is
i;lustrated in Figuré 4.10.

As pointed out, this initial estimate of the shower:axis.makes
no allowance for the fluctuations, cauéed by multiple coulomb scattering'
and absorption, which océqr in- the developing shower. The effect of
('these fluctuations can be seen in Figure 4;6, whiéh shows the mean
distribution of ignited tubes in each'modulg, obtained from 820 events.
Although thgse sections, were obtained fér speéific>energy and target
configurations, théy may be taken as typical examplés of sections through
the developing shower. The initial spike is associated with the primary
positron, however, this rapidlg disappears as the distributions broaden
due to scattering and absorption, as thé showér develops in thé detector.

Shower secondaries, located at the sides and rear of the shower are
subject to greater fluctuations in density and‘position, and therefore -
less reliance, when calculating the shower axis, can be placed on the
data they pfovide, than on that provided by particles found at the f;ont
and.core of the shower. . Allowance was made for these fluctuations by
weighting the flashed tubes according to their position in the shower as
defined by thé initial estimate of the shower axis. The flashed tubes
are weighted in the iateral and loungitudinal direction in the following
manner.

LATERAL WEIGHTING: The distribution of  the flashed fubes in each
'sampling plane may be represehted by a function of the Gaussian form(2o)}

and since the spread of the distribution gives a measure of the reliability

"'of the data, it may be used in calculating the lateral weighting factors

for the flashed tubes in the mnrdule. The weighting factor Wij for the
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jth tube in the ith module is given by

CwW,. (Y..) = exp (-

ij ij k. ij) A (2)
(Y,. - Y,)
where q..= ) i cos ¢ : (3)

and :Yij is the distance gf the jth tube in the ith moéule, from the
base of the module.

Y, is the distance of the shower axis in the ith module from the
base of the module.

0. is the quantity representing the spread of the shower in the ith 

module.

. s .t

X, is the fitting parameter for the i h module.

¢ 1is the angle between the shower axis and thz plane of the module.
The parameters listed above are illustrated in Figure 4.11.

Since the incident positrons were restricted to ¢ =0 + 2 ,

then ¢ can be considered as small and equation (3)-can be rewritten as,

R A 9 ~ .
4Gy = —§i-;;- _ : (4)

The width of the shower section in each module is characterised by

the standard deviation ¢ The standard deviations obtained for 3 primary

L

energies and two target thickness are shown in Figﬁre 4.12. The gradual
. O A

increase in width due to multiple scattering and absorption can be seen,

although the increase in width with depth is seen to be approximately the

same for all 3 primary.energies. ‘A fitting factor, Ki, was chosen such
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that the Gaussian weighting function, wij in equation (2) was a close
approximation to the observed profile. vThe value of Ki was\found to
vary from module to module, and also depended upon the primary energy
énd target thickness. An average value, obtained from the values of
Ki uhder'various combinations of energy and target,‘of 3.5, was used in
the final analysis._ If was found that the estimation of the shower axis
was not critically dependent on the value of Ki; and therefore the error
incurred by using an a&erage value of Ki was small,

LONGITUDINAL WEIGHTING : A longitudinal weighting factor was

fequired which took account of the increasing fluctuations of the shower

with target depth. Two weighting factors were tried,'l/Li, where Li is
the depth of target traversed before the ith module, and l/oi, where ¢

i.
is the standard deviation of the distribution of flashed tubes in the

ith module.  The standard deviations of the distribution of the apex

deviations, obtained using various powers of these weighting factors, is

shown in Table 4.2. It can be seen that'the weighting factor 1/02 gives

1/ 2

the best results for bdth-x and Y planes, and hence ¢ was chosen as the

longitudinal weighting factor.

TABLE 4.2 = Standard Deviation of the Bpex Deviation Using Different

Weighting Factors

Longitudinal ' Standard Deviation (mm)
Weighting Factor X Plane : Y Plane
‘ : 8.8 : - 11.5

l/qi ' . .

{1/0,}2 7.4 11.1

i : . A
{1/01}3 6.8 S 11.7
4 .
{1/01} 7.6 | 12.4
1/1;i 7.8 124
{1/Li}2 .' 9.3 | 16.1
{1/Lj§3 ‘12.6 : 19.3
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This result is not surnrising since the value of Ci is

unique to each module, and best describes the shower fluctuations

observed by the particular module.

Using.the weighting factors described above, and employing
equations 1,2 and 4, an improved estimate of the shower axis was made
by means.of a weighted . lterative fit in-the foilowing manner. Having
made the simple first estimate of the shower axis using equation 1, lateral
weighting factors for the fiashed tubes in each moduie were calculated,
and used in obtaining the weighted centroids of the shower, A straight
line was fitted to these new weighted shower centres, using a least squares
method which incorporated the longitudinal weighting factors. A further
set of weighting factors was then calculated with respect to the new
shower axis and the whole process repeated to obtain a second weighted
estimate of the ghower axis.

-This iterative process was continued until the differences in
successive values of the apex deviation converged to a coﬁstant value,
usuélly after about 5 interactions.

4.5.2 Spatial Resolution of the Detector

The apex deviations were obtained in the manner just described,
for some 1400 events, for each combination of target thickness and primary
energy. Examples of the resulting distributions of aéex deviatjions are

shown in Figure 4.13, for two primary enexgies. The spatial resolution

* is defined as the width of the distribution containing 76% of the data.

In the case of the distribution of apex deviations, which approximated to

a Caussian distribution, this is equivalent to the full width at half

maximen height of the distribution. Figure 4.14 shows the spatial
resolution for various absorbers calculated using the above critefia and

making allowance for the uncertainty of + 4 mm in the location of the
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primary positron in ﬁhe first mddule. The spatial résolution is seen

to improve as the primary energy increases and the target thickness
-decreases. The best resolutionlobtained is approximately + 5 mm(FWHM)lfor
3.5 GeV positrons, using 0.6 radiation lengths of lead target between

‘the modules.

"4,5.3 Angular Resolution of the Detector’

Having obtaingd the equation of the weighted shower axis as
described in 4.5.1, it is then possible to calculate the angle of the
shower ‘axis to the normal of the detector planes, for each event. The
distributions‘of the shower axis angles for two primary energies 'is
shown in Figure 4.15. The anguiar resolution of the chamber was defined
in the same manner as the spaﬁial resclution, as the FWHM of the distiibution
of the angulér deviations of the shower axis from the normal.

The flash tube éhamber was arranged in the beam, such that the
positrons were incident normally upon the centre of the plane of the first
module.  However, the positron beam was only defined to 1.20 and this
uncertainty must be allowed for in the calculation of the angular resolution.
Figure 4.16-shows the angular resolution, corrected fof the uncertainty of
1_20, for various target thickness. It can be seen that the angular
resolution steadily improves for all target thickness, with increasing
enerqgy, ﬁntil approximately 2.0 Gev, after which it plateaus. The best
resolution obtained is approximately i_4o,(FWHM), beyond 2.0 GeV, using 0.6

radiation lengths of lead.

4.6 PERFORMANCE OF THE DETECTOR AT HIGH EVENT RATES

When a flash tube discharges the charge produced is swept by

the applied high voltage field. to the walls of the tube, where théy
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will adhere; The presence of these charges on the walls of the flash
tube results in an electric field across the gas volume, tne direction

- of which is such thaﬁ it opposes any subsequently applied H.T. pulse,

and resuits in a lower effective applied'field. These chaXxges rgcombine
by'migration'under the influence of their own field, across the tube walls.
The‘field~due to these gharges is obsérved to decay exponentially, with a
time constant which depends upon the intrinsic,cap;citance and resistivity

1 ' ‘
( 5), and upon the polarity of the applied H.T. pulse(21).

of the flash tube
The later.dependence upon the polarity of the H.T. pulse is not understood,
but result§ in two distinct decay constants, 0.6 seconds for a positive
pulse and 27.7 seconds for a negative pulse, Figﬁre 4,17 shows this decay
of the internal fields for the high pressure tubes used in the present
experiment. | |

| As the event rate is increaéed, so the time between successive
ignitions in which the internal field may decay, decreases. This results’
in a reduction of the éffective appiied field and hence the digitisation
pulse height. | The variation of pulsé height with flashing rate for the
high fressure tubes psed in the prééent experiment is shown in Figﬁre 4.18.
Should £he pulse height fall below the threshold required to set the memory
logiéllétches (approximately 4 V), the tubes will appear inefficient.

Tﬁe average layer efficiency of the detector as a function of event rate

: is given in'Figure 4.19, it can be seen that the layer efficiency falls

by 13% when the event rate is incfegsed from 0.2 to 1.0 event sec .

This rate dependence of the efficiency is unacceptable, especially with-

respect to the manner in which the energy measurements are made.

4.7 REDUCTION OF INTERNAI FIELDS

Two épproaches are available for reduction of the internal clearing
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field, either reduging the aﬁount of charge depositéd on the wéllg,
or alternatively incrcasing the rate of.recombination of charge around
the tube walls. The latter solution requirés the reduction of the
surface resistance of the glass by some surface treatment method. Since
this would require the fabricationkéf a complete set of treated tﬁbes, the
former.solution appeared more attractive. Two methods of reducing the-
émount of charge depoéited on the tube walls were tried and are described

below.

4.7.1 Use of Alternate Polarity H.T.Pulses

By the use of alternmative polarity pulses it was hoped that the
charges deposited on the tube walls during one discharge would be neutralised
"~ by the charges of opposite polarity deposited during a subsequent-discharge
using an applied H.T. field of the oppbsite polarity.  To test this
hypothesis, a series of laboratory experiments were conducted on a single
high pressure tube using a RU-106 source(Zl). . Figure 4.26 shows the
variation of the mean digitisation pulse height with rate of flashing for
alfernate polarity applied fields of 10 kV cm—l. It can be seen that
neither the negative or the positive digitisation pulse height falls
appreciably up to.event,rates of 1.6 events sec I, Figure 4.21 shows the
standard deviation of the pulse height as a function of flashing rate. It

can be seen that the standard deviation of the pulse height increases

considerably with event rate. This is caused by the tube failing to

flaéh'every time the H.T. pulse is appliea. Failure to fire consecutively
results in a smaller digitisation pulsé, since the internal field is not
néutralised. Should the tube fire consecutively, then the effective applied
field will be enhanced by the internal field resulting froﬁ the previous |
discharge, thus yielding a greater digitisation pulse height.

An alternateé’ polarity pulsing system was built for the flash
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tube chamber and tested in the positroﬁ beam. However, it was found
that at event rates in excess of 1 event sec—l, the modules exhibited
both inefficiency and spuriousness.

This waé cleafly due to the effective applied field faliing
outside the limits set for efficient operation of the tube due to the
effects mentioned above. Since the plateau -region of the épplied field,
ih which the tubes could be successfully operated, lai between 10.0 and
10.5 kv cm_l (see section 3.2.1) it was obviously too narrow to allow the
use of an alternate polarity pulsing system, which resulted in a wide range
of effective applied fields.

4.7.2 Use of Oscillating H.T, Pulses

It has been shown that the long tail associaéed with the normal
RC type pulse has a considerable influence upon the quantity of charge
swept to the tﬁbe.walls(zz). Reduction of the pulse decay time results
in less charge being deposited on the wails, but is limited by the minimum
pulse length required for efficient operation of the tube. An oscillating
HT pulse was therefore chosen sinée it is relatively easy to produce, and
the reversal of the field direction would result in charges of both signs |
being deposited on a parﬁiculaf érea of the tube wall, thereby neutralising
one anothér.

An oscillating pulse was obtained by insertion pf a 3 mH inductance
in the high voltage network, as shown in Figure 4.22 (b). A variety of
damping resistors, of between 47 and 424  could also'be included, to adjust
the length ahd mégnitude of the églse train, Examples of the pulse shapes
obtained‘are shown in Figure 4.22 (a). It was found from a study of
layer efficiency with event rate, that the pulse shépe.obtained using 94 Q

damping gave the best results. However, inefficiency was still present,

as can be seen from Figure 4.23 which shows the mean total number of tube
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ignitions as a function of energy for a number of rates. The dependence
of efficiency upon event rate, would invalidate the method used to
determine the primary energy for event rates varying-above about 1 event

-1
sec .-

The onset of inefficiency and spuriousness can be clearly seen
from Figure 4.24, which shows the lateral shower sections obtained for
rates of 1.3 and 7.5 events sec~l.' These distributions should be compared
t§ those in Figure 4.7.which were.obtained at an event rate of 0.1 events

-1
sec .

4.8 | CONCLUSIONS

It has been showﬁ that high pressure neon~helium flash tubes,
doped with methane can operate successfully in an acceleration type environ-
ment. Tests cqnducted with an electromagnetic shower detector using planes
of flash tubes as the sampling elements showed thaﬁ such a detector cén |
offer a competitive degree of both spatial and energy resolution. A
comparison of the énergy resolution of ﬁhe flash tube chamber, using 1.2
and 1;8 radiation lengths of lead target, with other shower detectors, is
made in Figure 4.25. ' It can be seen that for primary energies of 1 GeV

and below, the resolution is as good as, or better, than that‘offered by

the more complex wire chambers, or plastic scintillator sampling devices.
However, at higher gnergies the resolution deteriorates using 1.2 radiation
lengths of lead, due to high shower density and poor cohtgihmentf

Although a deteétor operéting on the shower sampling principle
cannét attain ﬁhe energy resolutions associated with the homogeneous type
of detector, such as lead glass or NalI, it must be remembe;ed that to
attain spatialAresolutions of the order ofi_5mm(FWHM)as<wgs_achieved.with'the

flash tube chamber, results in both complex and éostly devices.
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Furthermore, it is possible to achieve large sensitive areas using flash
tube arrays (the‘cast per tube being independent of its length), which is ﬁOt
generally the case with ‘the other aetectors illustrated in Figure 4,25,

It appéars,thérefore, that flash tubes can-fulfill the requirement
for a simple inexpensive large area electron-photon detector offering a
reasonable degree of both spatial and energy resolution for use on
acceleration baséd experiments. However, the restriction to event rates
of less than 1 event sec-l, due to internal fields, will limit the possible
applicatio;s of the detector. Simple solutions to the problem, in the
form of modified pulsing systems, failed to reduce the internal fields, and
it appears that it is necessary to reduce the surface resistance of the
glass by some surface treatment £o reduce the internal fields. ~Earlier
attempts_at raducing the surface resistance by a coating of stannic oxide

(22)

ﬁad proved unsucceséful  resulting in spurious fiashing. -Other surface
treatments were not tried since it was felt that this would greatly increase
the cost of the detecfor.

It has been pfeviously shown that large diameter, low pressure
methane doped flash tubes, can be operated at event rates of 50 events sec-l,
without deterioration due-to internal fields(BO). It waé decided, there-
fore, to build a-detector usiné these large diameter tubes. To overcoine
the insensitivity due to the large diameter of the tubes, it was de;ided
to use two layers of tubes, with staggered centres, for each X and Y detect-
ing plane. To locate the position of the incident positron, a system of
drift chamberé was used, thus eliminating the large uncertainty (+ a tube 3

radius) which arose when defining the apex deviation in the high pressure

flash tube chamber. The construction, operation and performance of this

detector is described in the following chapter.
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CHAPTER FIVE

‘AN ELECTRON-PHOTON SHOWER DETECTOR EMPLOYING LOW PRESSURE

FLASH TUBES

5.1 .. INTRODUCTION

It hés been shown in Chapter 4 that it is possible to construct
a relatively simple, inexpensive shower detector using planes of flash
tubes as the sampling elements offering a useful degree of both spatial
and energy reéolution; Hoﬁever, the applicationsof this detector to
accelerator based experiments will be limited unless the maximum event
rate can be raised above the present ceiling of less than 1 sec-l.
Large diameter, low>pressure‘flash tubes, have_been shown to operate

(l), without any detectalkle

successfully at event rates of 50 sec
deterioration in their performance. | The use of large diameter flash tubes
results in.a degradation of the detectors ability to resolve individual
particles in dense showers, which will be of particular significance regard-
ing the energy measurement. An improvement may be achieved by the use of
twb'stégéered'layers of flash tubes for each sampling plane. This, and
other improvements were incorporated in the detector described below, which
would enable it to operate at event rates of at least 50 sec"l yet still
maintain the useful resolution obtained from the high pressure flash tube
:chamber.

5.2 DESfGN AND CONSTRUCTION OF THE DETECTOR

The shower detector consisted of eleven sampling modules,

- interspaced with gaps, in which various types and thickness of target
material could be inserted. For these series of tests, 0.6, 1.2, 1.8 and

2.4 radiation lengths of lead and 0.5 radiation lengths of iron were used.
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Each sampling plane contained four layers of-16 tubes per layer,

-arranged in two ortﬁogonal sets of two staggered layers, so as to provide
X and Y co-ordinates of the distribution of shower second;ries,across the
sampling plane. This resulted in a sensitive area of 32 ém squafe.'

A section tﬁrough a- sampling module is shown in Figure 5.1. The character-
istics of the tubes used in the detector are given in Table 5.1. Some means

must be provided to prevént photons fromvone flashing tube from causing an

o -
adjacent tube to flash. Previously, with the large diameter tubes, this

(1)

had been achieved by sleeving the tubes in thin black plastic . To
accommodate this additional material the distance between tube centres must:

"be increased, resulting in a lower layer ‘efficiency. '~ The tubes of the

present detector were,therefore, coated in a thin layer of black enamel paint.

TABLE 5,1:Flash Tube Characteristics

Diameter (mm) Length | Pressure | Glass Gas Sensitive|Recovery
Internal | External | (mm) (Torr) Type | Composition] Time (us)|{Time (ms)
70% Ne
16 18 500 600 Soda 30% He 3.0 7.0
' +
1% CH4

Although it has been shown that painting the tube reduces the
conductiVitonf the outer surface and enhances the éffect of the internal
fields(zz it Qas considered that this would have little efféct upon ﬁhe tube'
performance under the anticipated operating conditions.

To determine the position of entrf of the incident particle into the

detector, and hence the true apex of the resulting shower, twc independent
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systems were adopted which represented a considerable improvement upon

the method used in the high pressure chémber, and are described bélo&.

(1) Eight léyers of flash tubes, of the type described in Table 5.1,
containing eight tubes per la?er,_arranged in two orthogonal sets of four
staggered layers, were placed immediately ip front of the first layer of
target material, where the apex of the shower is located. These layeis of
flash tubes are referred to as theapex planes. The total sensitive area
of the apex planes amounted to 16 cm squaré. Since it is hecessary to '
define single tracks in these apex planes, the probability of showering
must be kept to a minimum. All apex plane electrodes were manufactured
from 1 mm aluminium sheet, as opposed to-the 2 mm.sheet used in the shower
modules. | The total amount of inert material amounted to 0.28 radiation
lengths in the apex modules.

(2) Six drift chambers, each containing.two drift cells, were arranged
in 3 sets of two orthogonal layerg, to resolve the left-right ambiguity and
provide X-Y co-ordinates for the incident particle. The drift length of
26 mm resulted in a detection area of 130 mm x 130 mm, but due to the
‘staggered configuratioﬁ.the area in which tracks could be uniquely definea
was 78 mm x 78 mm.

The drift chambers were of a novei design(3), the cathode wires
being etched on each side of a copper ccated printed circuit board. The
etched field wires on each sidé ofvthe board being:orthogonal, such that
adjacent chambers (one in the X and one in the Y plane) share the same
board, resulting in a low mass, simple configuration which reduces the
likelihood of scattering. The total amount of inert material amounted to
0.05 radiation lengths.

It was intended>not orly to utilise the spatial information provided
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by these chambers, but also to investigate their performance under the
nore convenient conditions of a particle beam, (as opposed to a radio
active source). Hence the geometry of the system of chambers was not

optimised solely for the requirements of the shower detector, (the chambers

being closely stacked resulting in a poor lever arm and hence angular
| resolution) . | |

The assembly of drift chambers was mounted immediately in front
of the apex planes as shown schematically in Figure 5.2 and the ph;tograph
in Figure 5.3. . The performance ofvthe drift chambers and apex planes, and
the manner in which their spatial information was employed is given in
section 5.7;2. |

The Whole assembly of shower modulés, apex planes and arift chaﬁbers;
"shown schematically'in Figure 5.2., was supported in a steel framework, clad
in aluminium sheet to prevent electrical interference from the high voltage
pulsing system. The complete detector system, minus the aluminium sides

is shown in Figure 5.3.

5.3 ELECTRONIC CIRCUITS, TRIGGER LOGIC AND DATA ACQUISITION SYSTEM

5.3.1 H.T.Pulsiqg and Clearing Field System

AThe flash tubes were fired by means Qf a high voltage pulse, of the
RC decay type, applied to the HT electfode.- This pulse was formod by the
éircﬁit shown in Figure 5.4, the switching was achiéved by means of a hydrogen
Eﬁ;yﬁatroﬂ;(English’Electric CX 1157). The characteristics of the RC pﬁlse
are given iﬁTable.s_z,and refer to the pulse>used whilst taking data at a

low event rate. For other operating conditions the pulse was changed

accordingly.
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TABLE 5.2 : Characteristics of the High Voltage Pulse

Peak Decay Rise Delay
Field Constant Time
(kv/Cm) | (us) (ns) (ns)
4.75 2.0 ' 80 400

Since the numbeér and type of ﬁodule supplied by each 6000 pf
.capacitor, shown in Figure 5.4, véried, it was necessary to incorporate
a damping. resistor to ensure that the pulse characteristics were identical
for each module. Without this damping resistor a large spike and excessive
ringing of thelHT pulse occurred in some modules.

To ensure a shcrt sensitive time, a squaré wave clearing field of

frequency 100 Hz, magnitude + 30 V/Cm was applied as shown in Figure 5.4,

5.3.2 butput Digitisatiqn

A flashed tube wés recor&ed by means of a digitisation probe(4).
This ,probe consisted of a brass M6 screw, whose head was placed in contact
Awith tne plane end of the flash tube. figure 5.5 shows the dependence of
£he digitisation pulée heigﬁt upon the applied field for 3 probe sizes; at
an event rate of 50 éec_l. It can be seen that for the particular probe
size (11 mm) and applied field.(4.75 kv/Cm) chosen, the digitisation pulse

height obtained across the 5.6 k{l input impedance of the TTL memory-logic

remains well above the threshold of 4 V required to set the latches.

‘As with the detector employing high pressure flash tubes, the data

acquisition system reguired that the information concerning whether a tube
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flashed or not-éhould be temporarily stored before précessing by the

' on—liné computer. This was aéhieved'by means of TTL latches as described 
in 3.3.1. The latches-réquired to service the 64 tubes of each sampling
module were mounted on 6 printed circuit boards, as seen in the photograph

in Figure 5.3.

5.3.3 Trigger Logic and Data Acquisition System

As with the previous detector tests were conducted usiﬁg the NINA
electron synchrotron test beam facility at the Daresbury Laboratory, as a
source of ﬁonosenergetic pbsitrons. The trigger ldgic and data
acquisition system is shbwn in Figure 5.6. The complete cycle of the data
acquisition system for one event is described below.
(1) A NINA minimum fieid pulse is received at the time of injection.
After a delay, determined by the energy at which it is wished to extract the
positrons, a “windéw" of 2 ms is set. Shouid a coincidence of the
scintillations Sl—* S4 occur within this window, it is taken as evidence that
a positron of known energy has passed into the detector.
(2)  The interrupt register iﬁ CAMAC is disabled against receiving
further information.
(3) A start pulse is sent to the drift chamber T.D.C's.
(4) A trigger is sent to the high voltage pulsing system, approximatély
400 ns has passed-sincg the initial coincidence was received.
(5) ‘After a delay of approximétely 10 ps, to allow the high voltage
pulse and its effects to die away, the s?a;us of the latches is read via
6 x 132 way cablés by 3 X 256 bi:t CAMAC input registers into the PDP 11-05
compufer where it is temporarily buffered, along with the TDC data.

(6) The digitisation latches are reset and the TDC's cleared in

recdiness for the next event.
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(7) The data fo; the event is.sent down the data link, where it is
stored on disc in the IBM 370 computer.
(8) . The paralysis is removed from the interrupt register, ready for
the next event.

The program controlling the above sequence of events was written

(5), which is érimarily designed for testing

in a lahguage called QATY
CAMAC systems., Although it is a simplé and convenient language for this
purpose,; it is rather slow for data aéqﬁisition requirements. Because of
this,- although the détector may be operating at a high event rate, the speed
at which the computer is able to "process" events is determined by the cycle
time of the program. For example, although the maximum rate at which‘the
chamber waé operated was 50 events sec_l, the rate at which the program

could handle data.was 30 events sec_l; This meant tﬁat the computer ignored

40% of the available events, however no bias could exist at to which events

were written to disc, and the data was unaffected statistically.

5.4 OPERATION OF THE DETECTOR IN THE POSITRON BEAM

Before the detectors performance as a shower counter could.be
ascertained it is first neceésary to determine the fundamental requirements
such as field strength, rise times etc., necessary to ensure efficient
operation of the flash tubes. Also, all spurious and inefficient tubes
must be-replacéd and a check méde of the sensitive and recovery times of
the flash tubes. This settlfnﬂ up of the Aetector in the positron beamline
is described below.

'5.4.1 HT Plateau and Module Efficiencies

The most convenient way in which to determine the efficiency of
the detector is to remove the lrad target and measure the ability to detect

- _ : th
straight through single particle tracks. The efficiency of the i~ layer
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being given by

: " .th
o, = total number of ignitions in i~ layer
Total number of events

However, the amount of inert material in the detector is
approximately 2.4 radiation lengths and therefore the probability of a
particle passing through the détector, without initiating a shower,is

~ small. Once a shower has occurred the probability of finding a flashed

~~

tgbe in subsequent layers is greatly increased, resulting in an artificially .
high eétimate of the efficiency of that module. This'can be seen in
Fiéﬁre 5.7, where the efficiency of the modules is seen to rise towards the
tear of the detector. To overcome this problem,-it was decided to take
the 64 tubes of the apex planes in which the probability of showeriné is
much reduced, as a representative sample of the total 768 tubes;

In thié manher the HT'plateau'shown in Figure 5.8 was obtained,
and a field of 4.75 kV/Cm was chosen for efficient operation.

Plots of the beam profile at each sampling plane, obtained for a

" large  number of efents (approximatqu 2000) , revealed the presence of
spurious or inefficient tubes by way of spikes or holes in an otherwise
smooth distribution. These.defective tubes were replaced.

5.4.2 Determination of Sensitive Time

The sensitive time is defined as that time between the passage
of a particle through a flash tube and the application of the HT pulse,
for which the internal efficiency fails to 50%. For the tubes used in the
present experiment this represents a layer efficienéy.of~approximately 40%.
By means of a gate generator, a variable delay could be introduced
between the fourfold coincidénce and the tfiggering of the high voltage

pulse. For each delay approximateiy 1000 events were taken at a rate
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of 10 eventé min—l; ~ The results are shown in Figure 5.9, and by the
above definition a sensitive time of 3.0 us islbbtained. This is in
- good agreement with the results of other workers.

During these tests a square wave clearing field of frequency
100 Hz, magnifude + 30 V/Cm was applied across the tubes.

5.4.3 Determination of Recovery Time

The recovery time is defined as that period of time necessary
between the flashing of the tube and the application of a second high voltage
pulse, for the probability of spurious reignition to fall to 50%.

A simple prqgram was written using CATY and is outlined in
Figuré 5.10. Due to the speed of the CATY program, and the short time
interval between successive HT pqlses, it was only possible to handle limited
quantities of data,for this reason only the behaviour of the X planes was:
studied.

Because of the short time delays between the first and second
pulse, care had to be taken to ensure that the output of the power supply,
at the time of applying the second pulse, did not fall below the value
réquired to ensure efficient operation of the -tubes. The output of the
power supply was matched to the pulse forming networkAby insértion of a
.séries resistor in the charging line. . The optimum valﬁe of this resistor

was found empirically to be 138 kQ.

The detector was operated at an event rate of 10 min-l, and a
minimum of 100 events recorded for each value of delay between the lst
éna 2nd HT pulse. The results are given in Figure 5.11, giving a recovery
pime of 7 ms, a factor 6f 12 greater than that of the earlier worke;s(l)'

The method used here to determiné the recovery time is considered

: ' 6 . .
superior to that used for previous measurements( ), since it allows the
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-study of reignition patterhs of individual events, and those eventé where
an ionising particle passed through the detector immediately before,
or during the application of the 2nd HT pulse may be easily identified’

and rejected.

5.5 ELECTROMAGNETIC SHOWER PARAMETERS RECORDED EY THE DETECTOR

As explained in section 4.2, a comparison of the major parameters
of the electromagnetic shower recorded by the deteétor, with those predicted
by theory, can be of assistance in understanding the behaviour of the
detectqr since both the energy and spatial measurements rely on a uniform
response to charges in both the number and the distribution of the shower
secondaries. |

Shower data was taken using poéitrons in the energy range 0.5 to
3.5 Gev, 0.6, 1.2, 1.8 and 2.4 radiation lengths of lead, and 0.5 radiation
leﬁgths of iron 5eing used as target materia;. For eagh energy-target
configuration approximately 2000 events were taken at a rate of 10 events
min . Thé principalr parameters relaﬁing to the nﬁmbér and distribution
of the shower secondaries are the transition curve, the position of the
shower maxima and.the‘attenuation coefficient of the shower tail.

Figure 5.12 shows both the experimental and theoretical transition
curves j; obtaiﬁed for 3 primary energies in lead. The theoretical curves
are obtained from the Monte Carlo simulations of Messel and Crawford(7) for
a threshold level cof 2 MeV. The data from_thé detector has been presented
in two forms. 'Firstly, the averaée number of flésh tube ignitions in a
single layer of tubeé has been plotted as a function of target thickness

preceeding the layer. The discrepancy between theory and experiment is a

fzotor of approximately 2 worse than that occurring with high pressure tubes,
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which reflects the inébility with increasing-diameter to resolve

indiVidual particles in dense showers. The dotted curQe represents the
data éorrected for this finite spatial resolution. The relationship used
to cér;ect.the data (see Appendix 1), assumes a uniform flux crossing the
'layer of tubes. It can be seen from the deviation between theory and the
corrected.data that only at large target depths and low primary energy does
this assuﬁption start to become valid. -

The position of the shower maximum!defined as the target depth

at wﬁich the probability of finding avsecondary is greatest, is shown in
Figure 5.13. It can be seen £hat the results obtained using lead target
_agree with the‘theory at low energies but deviate towards greater target
depth with increasing enexgy. This again is due to the dependence of the
flash tubes ability to resolve individual particles, upon the particle
-density. which,coupled with the fact that the shower secondaries lie on
average w;thin a cone, results in the peak number of tube ignitions, (which
is a function not only of the number of particles, but also their density)
1occurring at greater target depth. The experimental results of Backenstoss
et al(e), obtained using scihtillator sampling in iron are included in
Figure 5.13 for §omparison with the data obtained from the present detector

‘using iron target. The positions of the shower maxima for various primary

energies in lead and iron are given .in Table 5.3,

TABLE 5.3 : Shower Maxima -and Attenuation Coefficients

Energy | Position Qf:ShOWer Maxima (R.L.) | Attenuation Coefficient (R.L—l)
(GeV) . Lead Iron Lead Iron

0.5 2.6 + 0.3 1.7 + 0.1 0.27 0.40

1.5 4.2 + 0.4 3.3 +0.3 0.26 0.30

2.5 5.0 + 0.4 4.2 + 0.3 0.24 - 0.30

3.5 5.4 + 0.4 5.0 = 0.4 0.24 - 0.29
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Also given in Table 5.3.are'the'attennation'coefficients'obtained
fof §arious energies in lead and iron by means of a least squares fit to
the'data points beyond the shower maximum. The decrease of the attenuation
coefficient with increasing energy again results from tﬁe poor resolving
powers of the flash tubes However, the values of the attenuation ¢6efficienﬁ
at 0.5 GeV, where the effect of particié density is not excessive, are in
(9) | 1

good agreement with the values given by Siegbahn of 0.27 and 0.42 R.L.-_

for lead and iron respectively.

5.6 " ENERGY MEASUREMENT

The primary.energy is determihed in tﬁe same mannexr as fof the
previous detector, the mean number of flashed tubes beiné taken as a measure
of the number of shower secondaries,which is proporticnal to the primgry
energy. The number of flashed tubes may deviate considerably from the
. number of secondéry particles in the shower, due to failure to contain the
shower within the volume of the detector and the inability of the flash
tube to resolve individual particles in dense showers as shown in section 5.5.
Theée defecté result in an under-estimation of the number of secondaries with
incfeasing energy. |

An indication of the longitudinal shower loss using 0.6, 1.2 and
1.8 radiation lengths of lead is given in Figure 5.14, - It can ke seen
that even at 0.5 GeV, uéing 0.6 R.L. iead, a considerable portion of the
shower escapes from the rear of the detector. Containment can be assured
" by the use-of thicker target, 1.8 R.L. lead almost completely contains a
3.5 GeV shower. However, the use of thicker target results in greater
statistical fluctuations in the number of shower secondaries, and therefore
may not necessarily mean an improved resolution. quses also ocrur in the

lateral direction, but are small compared to thé longitudinal loss, as can
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be seeﬁ from Figure 5.15, which shows the shower éhapes obtained at
3.5 GeV using 0;6 R.L. lead target, the worse enefgy—target configuration
as regardsushower containment. Table 5.4shows the percentage of shower
contained within the détector‘fqr various target thickness and energy.
The>number of tube ignitions as a function of energy. corrected for shower
ldss givés a closer approximation to the linear relationship predicted by

theoty,

TABLE 5.4: Percentage of Longitudinal Shower Leakage

Target | Energy Number of Tube Percentage of ‘Number of Ignitions
(R.L.pb)| (GeV) Ignitions Shower Contained | Corrected for Loss
0.5 - . 25.5 76.8 32.2
_ 1.5 56.0 ‘ 69.3 - 80.8
°6 a5 75.7 56.3 134.4
3.5 89.9 48.8 184.2
0.5 40.3 96.0 41.9
1.2 1.5 67.1 93.9 ‘ 71.5
2.5 97.4 92.4 7 105.4
3.5 S 123.2 89.8 137.2

- The remainingAdeviation from lineariFy is primarily due to the poor
"individual electron sensitivity of the large diameter tubes. The
sensitivity éf a single layer of flash tubes at various target depths arnd
primary energy is shown in Table 5.5. The inverse relationship between
sensitivity aqd.the number of particlés crossing the layer can be clearly
seen. The sensitivity falling to a minimum at the target depth correspond-
ing to the position of the shower maxima.

The choice of two staggered layers of tubes for the X and Y

sampling elements eliminates the insensiftive volume due to the thickness




TABLE 5.5 :Individual Electron Sensitivity of a Laver of Flash Tubes

‘as a Function of Energy For Various Target Thic¥ness

Tafget Target Individual Electron Sensitivity (%)
Thickness Depth 7 T
R.L. Pb : R.L. Pb | 0.5 GeV | 1.5 GeV | 2.5 Gev [ 3.5 GeV
1.0 98.1 91.2 90.7 80.3
1.8 84.2 69.1 61.6 54,9
2.6 76.7 61.7 48.0 40.6
3.4 68.0 52.6 43.5 26.1
4.2 67.1 48.6 40.5 33.4
0.6 5.0 66.5 51.4 45.4 38.2
5.8 64.6 51.1 44.3 34.1
6.6 - 61.6 53.6 51.5 40.7
7.4 57.1 53.6 51.6 40.8
8.2 53.2 . 52.8 50.8 |  42.6
9.2 57.1 50.9 52.7 42.7
2.2 81.7 73.1 66.1 62.7
4.2 71.5 57.2 40.0 35.6
6.2 75.4 53.8 44.1 . 34.1
8.2 74.4 59.6 49.3 35.5
10.2 69.6 65.7 58.1 35.0
1.8 - 12.2 68.4 7.6 66.7 47.7
14.2 64,7 70.1 65.9 48.3
16.2 46,9 67.9 65.8 50.7
18.2 44.6 63.6 60.2 50.0
©20.2 - 50.0 61,7 49.3 48.6
22.2 44.6 © 60.0 50.0 52.1
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of the tube walls that occuis Qith a sipgle layer of tubes. However;
since the sensitive volumes of the two layers overlap, a situation may
arise, particularly at low secondary particle density, where the number
of flashed tubes is.an overestimate of the number of secondary parficles.

"Assuming a uniform flux, the worst possible overestimate,- from pure
geometrical considerations, is by a factor of 1.6. Further consideration
to this problem is given in Appendix i.

5.6.1 Energy Resolution

Since the number of tube ignitions does not remain proportional
to the number of shower secondaries, and hence the primary energy, it is -
not possible to use the FWHM of the frequency distribution ofAignited
tﬁbeS'as a measure of the énergy resoluticn of the detector. The energy
‘resolution, dE/E, ﬁas calculated using the following expression, which took

accounb of this lack of proportionality

gE _ N & 1
E E' N " dN/dE
- where : gg—is the.gradient of the curve, shown in Figure 5.16, of the mean

number‘of tube ignitions as a function of energy E
dN is the FWHM of the ftequency distribution of the number of tube
ignitions for a particular E. Examples of these distriﬁutions
are éiven in Figure 5.17
N is the mean numbexr of . tube igpitions for a particular E

E is the primary energy in GeV

The resolutions obtained using this relationship, for various
primary energy and target are giVen in Table 5.6and .shown in Figure 5.18,

. : . 1
The resolution of the detector is, in theory,expected to improve as //E,




- TABLE 5.6 : Energy Resolution Using One and Two Layers of Flash Tubes

midimess |prevgy | Fesolscion ) | Tarer fpnamny | o
(R.L.Pb) (Gev) 2 Layers | 1 Layer | (R.L.PDb) (GeV) "2 Layers | 1 Layer
0.5 57.7
1.0 37.7
1.5 33.3
0.6 2.0 35.6
2.5 37.5
3.0 34.3
3.5 38.7
0.5 44.9
1.0 40.8
- 1.5 41.3
1.2 2.0 40.7
2.5 42.2
3.0 42.1
3.5 40.2
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.and the experimental points obtained using 1.8 and 2.4 radiation lengths

of lead target, are found to fit the relationships

19.2 + 42.1//&

el
il

32,5 + 25.8/VE

.
i

respectively,.where R is the resclution (%) and E is the primary energy (GeV).
| At low energies, the resolution is seen to improve using 0.6 and

1.2 radiation length lead, however the resolution rapidly deviates from the
expected l//E. improvement due to leakégé and individual electron sensitivity.
A best resolution of approximately 35% was obtained at 2.0 GeV using 0.6
radiation lengths of lead.

_The improveﬁent in energy resolution resulting from using 2 layers
of staggered tubes can be seen fr;m Table5,6 which show the resolution
calculated using one layer of tubes only. The change in resolution

an/

' 1
should be governed by the >//§' improvement of N obtained using two
layers of tubes. In practice, however, the resolution deviates from this
1 _
expected //5 improvement at high and low energies, due to the differing

response of the 1 and 2 layer configurations to the changing parameters of

the shower.

5.7 SPATIAL AND ANGULAR RESOLUTION

The technigque used to determine the spatial and angular resolution
of the detector is almost identical to that employed with the high pressure
flash tube chamber. Use is made of the fact that, subject to statistical

fluctuations, the shower of secondaries is uniformly distributed radially '
around the extension of the trajectory of the incident positron. Thus
if the longitudinal axis of the shower is found it may be projected forward

to find the initial point of interactioh of the primary,called the shower ape
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The deviation of the showerx ape# from an accurate.measurement
.of_ﬁhe position of the primary‘particle, obtained from the drift chamber
assembly is then determined. The FWHM of the frequency distribution of
these deviations, for a lafge number of events, is then used as a . measure
of the spatial resolution. The angular deviation of the calculatéd shower
axis from the normally incident primary is obtained from the equation of
the shower axis. The FWHM of the frequency distribdtion of these angulér

deviations gives a measure of the angular resolution.

5.7.1 Fitting the Shower Axis

Each sampling plane of flash tubes will give a lateral section
through the shower. The shower sections shown in Figure 5.19 may be
taken as typiéal sections. The centre of gravity of the shower section for
an individual event is fouﬁd by calculéting the geomeﬁric mean of the

distribution, using the following expression

I | |

Y, = Y, . | _ GN)
i=1

where §i = 1is the co-ordinate of the centre of gravity of the shower

in the ith module
. . th | | . .th

Yij = is the co-ocrdinate of the j ignited tube in the i module

ni = 1is the total number of tube ignitions in the ith module.

| To the 22 shower centrOids obtained for eéch X and Y plane, a
Straight line is fitted gsing'the least squareslmethod, and a first estimate
of the shower axis is obtained. This initial estimate of the axis takes no
account  of the statistical fluctuations to which the developing shower is

subject, and which results in‘the information in the head and core of the
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Shower being more reliable than that of the tail ahd sides. To account
for these fluctuations the data is weighted in the lateral and Iongitudinal
directions according to the position, with respect to'the initial estimate
of the shower axis from which the aata originated..

- In calculating tﬁe lateral weighting factor, use is made of thé
approximéte gaussian form of the distribution of flashéd tubes, as can be
seen in Figure 5.l9f The lateral weighting factor for the Jth tube in

the ith module is given by the following relationship

v ) |
Y,. = -q,. 2
Wy () = e (- ay) , (2)
_ Yi' - Yi cos ¢
where iy = J (3)
g ,
i
‘ : th . _th
and Yij = is the distance of the j tube in the i module
from some fixed reference point
Yi = 1is the distance of the shower axis from the same. reference

point used in the definition of Yij

¢ = 1is the angle between the shower axis and the perpendicular

to the plane of the modules
oi. = 1is the standard aeviation of the shower in the it'Zh module

o .. " . _
since ¢<2°, equation (3) can be written as

S & B : .A (4)

The data was weighted in the longitudinal direction according to

l/o where ¢, is the standard deviation of the distribution of ignited tubes
i
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in the ith module, and best represents the fluctuations in density
and position of the shower secondaries at that plane. The variétion
of the standard deviation of the shower profile with depth is given in
Figure 5.20, for two target thickness and 3 primary energies. It can
be seen thét there is no appreciable variation of shower width with
energy.
The shower axis was fitted using an iterative. process which

incorporated the lateral and ;oﬁgitudinal weighting factors. * Having
first obtained the unweighted initial estimaﬁe of the shower éxis by
me?ns of a least squares fit to the shower centroids, obtained using
equation (1), a new set of shower centres, - laterally weighted with respect
to the initial shower axis , are calculated. To fhese new shower centres
an improved estimate of the shower axis:is obtained by means of a least
squares fit, incorporating the longitudinal weighting factor l/ci. A New
weighted shower centres are calgulated with respect to tﬁe improved estimate
of the axis, and the process continuea. - Upon completionAof each iterative
loop the values of the showerlaxis angle¢ and the intercept of.the_axis

- Ty . .
with a‘deﬁ;neg reference plane (situated in the drift chambers) was recorded.
The itérative: process was caﬁtinued until the §alue of the intercept and
"¢ converged to approximately constant value, which usuaily occufred after
5 ;iterativé :loops. ’

5.7.2 Determination of the Position of the Primary Particle

Having calculated from the shower data the trajectory of the
primary positron,.it is then necessary to refer this calculated position
to a more accurate estimate of the primary trajectory. Previously, in
the caée of the high pressure flash tube chémber this had been achieved
by two orthogonally positioned layers of tﬁbes, placed iﬁmediately in front

of the first layer of target material. This situation was improved upon,
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in the present aefector by employiﬁg systems of drift chambers and
sﬁaggered layer; §f flash tubes.

The assembly of drift chambers andlflash tubes, is shown for
éne plane by Figure 5.21; The drift chambers,designed by A.R.Hedge
at Durham, were of a printed céthode type, the cathode Qires being‘etched
on each side of a copper coated prinéed circuit board. The etched field
wires on éach side>of the board being orthogonal, such that adjacent chambers:
(one in the X énd one in the Y plane) share the same board, resultiné in-a
simple low mass configuratoh which reduces the likelihé@d of scattering.
The use of 3 staggered layers, as shown in Figure %.21, overcomes the left-
righ£.ambiguity, which withAa drift length of 26 mm provided a sensitive
area of 78 mm x 78 mm over which the éfimary position may be defined
'uniquely.

It was necessary not only to use the drift chambers to provide
ihformation concerning the pogition of the primar§, but also to determine
the'spaﬁial resolution of the chambers using the particle beam. The
éeometric'requirements of these two aims were conflicting, the_shower
‘detector’ requiring the drif£ chambers to be well separated to provide the
maximum 1e;ér\arm, whereas the spatial resolution méasurements required-the
chambérs to bé clqsely stacked to avoid the surveyipg problems associated
with a widely spaced systém. The latter system was adopted, and a spatial
resolution of + 0.25 mm was réCOrded, although the angular resolution of
:the syétem_(i_Zo) was. poor,

To avoid total dependence upon the drift chambers, the perfofmance
Aof.whicﬁ was uncertain prio? to conducting the tests, a system of 8
.staggerea'layers of flash tubes, arranged in two orthogonal sets of 4
staggefed layers, were employed. These were referred to as tﬁe»apex
planes, one of which can be-seen in Figﬁrg 5.21. The positron'beém,

" incident upon_this array of flash tubes wes restrained by the trigger

scintillatorsA to a divergencé of 1_20, and therefore only.a limited number
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of patterhs‘of tubg_ignitions can occur .n the apex planes. “These.12
patterns are given in Figure 5.22 along with their associated spatial
error,

To each of these detector éystems a'reference plane was assigned,
as shown in Figure 5.21. The point of intersection of the calculated
shower axis with these planes is then determined and the deviations AD and
AF for the drift chambers and.apex planes respectively obtained. Ideally,
since the flash tube and'dfift chamber assemblies have é'poor angular
resolution, the plane in which the deviati;n of thefshéwer axis is #ecorded
should be lécated as close as‘possible to the first sheet of Earget material
in which the shower apex is situated, in which case it migh£ be expected
that‘AF would represent. a more accurate measure of the true spatial resolu-
tionf ngever, the large error, EF associate§ with the flash tube

, yielding

éssembly results in the deviation AD’ with its smaller error ED

" a better estimate of the true spatial resolution of the shower counter,
although the plane in which AD is measured is further removed from the

target sheet. For this reason the spatial resolution of the. shower counter

\

is defined with respect to the drift chamber array.

\ *
5.7.3 Spatial Resolution

. The spatial resolution of the shower detector was defined as the
FWﬁM of tﬁevfreqdency distributions of the deviations AD’ Distributions
of AD were obtained for approximately 3000 eveﬁts, for each combination.ofi
energy and target. Examples of these distributions are givén in
- Figures 5.23 and 5.24 for 1,0 and 3.0 GeV, using 1.2 R.L. lead.

The dependence of the spatial resblution upon the primary energy

and target thickness is given in Figures 5.25 and 5.26. The spatial
resolution is seen to improve'rapidlylwith increasing energy for all target

thickness, up to approximately 2.0 GeV, after which it plateaus. This
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plateauing is thought to.be due to the podr individual electron

sensitivity of the flash tubes. Hence, although the density of particles,
and therefore the information obtainable near the core of the shower
increases with primary ernergy, the number of flashing tubes remains
approximately the same resulting in no further improvement of the resolu-
tion. A best resolution of approximately 11 mm (FWHM) was obtained using
0.6 R.L. lead target, for energies of 2.0 GeV and above.

The improvémént obtained using two sampling layers of tubes can
be seen fromTable.5.7 which shows the spatial resolutions obtained using
one and two layers of tubes in each sampling plane, It can be seen that
in all cases the resolution is improved, however the improvement is by less
than the factor 1//5 which may be expectéd by sampling the shower twice.

Unlike the énergy resolution, the spatial resolution is expected
to be 1e§s sensitive to the shower escaping froﬁ the reér of the detector,
To investigate this dependence ;he ana}ysis programme was run on 3 §ets.6f
data, 0.6, 1.2 and 1.8 radiation lengths of lead at 3.5 GéV. In the
analysis the rearmost modules were successively "masked" so as to contribute
no‘infofmapion to the fitting routine. The results are givén in Table 5.8
and Figﬁre 5.27. It can be‘seén that beyond 60% showef containment, very
little improvement is obtained. This is due to the relatively slight |
contribution of the rearmost modules to the fitting routi;e owing to the
uncertainty associated with the data obtained from the rear of the shower,
This dependence of resolution upon containment may be of importance in
designing a detectér-for a specific requirement.,

5.7.4 Angular Resolution

- In calculating the angular resolution the assumption is made that
the primary'positrons are all incident normally upon the first sampling

plane of the shower detector. This is not strictly true, s;nce the




TABLE 5.7 : Spatial and Angular Resolution using One and Two Layers

" ‘of ‘'Flash Tubes

Target Energy Spatial Resclution (mm). Angular Resolution (deg)
R.L.Pb GeV 1 Layer 2 Layers 1 Layer 2 Layers
0.5 18.3 16.2 4.8 4.1

1.0 16.5 14,1 3.0 2.6

1.5 14.4 12.0 2.6 2.3

0.6 2.0 14.3 9.8 2.2 2.0
2.5 13.8 11.6 2.6 2.5

3.0 - 14.4 .11.8 2.2 1.9

3.5 13.3 11.3 2.0 1.8

0.5 20.2 20,2 7.4 6.1

1.0 18.6 16.4 4.5 3.8

1,5 14.9 13.6 3.9 3.2

1.2 2.0 16,3 13.6 3.4 2.9
2,5 15,5 13.1 3.2 2.8

3.0 15.0 - 15.5 3.5 2.9

3.5 18.5 17.9 3.6 3.1

0.5 28.8 27.2 13.1 10.5

1.0 19.9 18.3 9.1 7.4

1.5 17.0 15.5 7.2 5.9
1.8 2.0 20.5 16.4 6.8 5.3
2.5 17.8 16.5 6.2 5.1

3.0 17.7 15.9 6.0 4.8

3.5 16,7 16.2 5.2 4.2




TABLE 5.8 :

Dependence of Spatial and Angﬁlar Resolution Upon Shower

Containment,
Absorber Number of |Percentage of | Spatial Resolution Angular Resclution
""hickness Modules " Shower (mm) (Deg.)
(RL) used in Contained
Analysis Within 1. . A
Detector X Planes | Y Planes|{ X Planes|Y Planes
11 77.6 11.35 11,11 1.79 - 1.83
10 72.3 11.17 11.26 1.97 1.87
_ -9 66.1" 11.24 11.40 1.83 1.93
. 8 58.8 11.45 11.50 1.91 2.04
ﬁgﬁgiﬁﬁliZQS“ 7 50,2 11.74 | 11.71 2.04 2.25
3.5 GeV 6 40.6 12.10 12.71 2.19 2.59
, 5 . 30.7 12.42 14.66 2.67 3.03
.4 20.8 13.70 14,34 3.34 3.98
3 12.0 16.54 15.77 5.03 5.60
2 5.4 20.15 17.47 9.26 10.08
11 97.5 15.57 17.97 2.97 3.10
10 95.0 15.47 18,39 2.98 3.20
9 90.2 15.50 - 18.33 3.06 3.26
1.2 Radiation . 8 - 88.5 15.61 17.96 3.09 3.36
Lengths Lead 7 83.0 15.67 17.92 3.19 3.42
3.5 Gev 6 75.0 15,60 18.14 3.35 3.50
' 5 65.0 15.71 18.39 3.55 3.69
4 51.0 15.76 18.85 4,04 | 4.52.
3 33.0 17.49 20.41 5.35 6.07
2 16.0 121.35 20.79 9.31 10,45
11 100,0 15.18 16.56 - 3.29 - 3.84
io 99.7 14.91 16.63 3.34 3.94
9 98.5 15.63 16.43 3.51 3.98
1.8 Radiation 8 97.5 15.45 16.09 3.54 4,13
Lengths Lead 7 95.0 15.53 l6.02 3.63 4,22
3.5 GeV 6 91.0 14.64 16.33 3.67 4,35
5 84.0 14.94 16.52 3.70 4.49
4 72.0 16.02 15.58 4.08 1.77
3 55.0 17.46 16.56 5.19 '6.14
2 31.0 21.61 - 17.55 9.10 9.85
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scintillator telescope onlf restricts the primary positrons to within
_ i_Z? of the normal. Having obtained the equation of the calculated
showér axis, the angular aeviatién of the shower axis from the normal is
.calculated. The fWHM 6f the frequency distribution of these anqular
-deviations for some 3000 events is defined a§ the angular resolution,
Distributions were obtained for all combinations of target and primary
energy, examples of typical distributions obtained are given in Figure 5.28.
The dependence of the angular reéolutidn upon pfimary energy and target
thickness is shown in Figure 5.29; the data has been corrected Zor .the
i_2° uncertaihty in the beam angle. The behaviour is very similar to
that of the spatial resolution, the resolution plateauing beyond 2.0 éev,
‘due to the individual_electron sensitivity of the tubes, A best angulér
resolution of 20 (FWHM) is obtained beyond 2.0 GeV using 0.6 R.L. lead.

" The effe;t of using one andvtwo'layers of flash tubes in a sampling
plane is shown inTable 5.7 as with the spatial resolution an improvement
is ébtained using two gampling layers, although less tﬁén fhe factor'l//E
which may be expected,
3 érom Figﬁre 5.30 andTable 5.8,it can be‘seen that contéiﬁmeﬁ£

beyond 60% results in little improvement of the angular resolution in agree-

ment with the behaviour of the spatial resolution.

5.8 OPERATION OF THE DETECTOR AT HIGH EVENT RATES

One of the problems which preyenfed.the operation‘of the high
pressure flash tube chamber at high rates was the decrease of the digitisa-
tion pulse height with increasing event rate, such that it fell below the
4 vV threshold réquired to set the memory logic latches. This is due to
the presence of induced fields which oppose the applied HT pulse, resulting

in a fall in efficiency of the tube. Tests conducted upon the low pressure
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flash tubes using a RU 106 source, at an event rate of 50 sec—l, showed
that even for applied fields as low as 3.75 kV/Cm, the digitisation pulse
height remains well above the threshold required to set the memory logic
latches, as can be seen in Figure 5.5.

If the detector is to operate successfully in an environment of
'high background.radiation at a high event rate, it is necessary that the
efficiency, sensitive and recovery times, are unaffected by operation at
high rates, The behaviour of these quantities with changing event rates
were investigated and the results given below. |

5.8.1 Effect of Rate on Efficiency

In the manner described in seciion 5.4.1, efficiency measurements
were carried out fog a number of event rates up to 50 sec_l.

Since it is known that the effect of the induced field increases
raéidly with rate, it was decided to operate the detector further above
the knee of the high yoltage élateau, ensuring that the opposing induced
field did not result in too prematire a fall in the efficiency. Also,
since the magnitude of the induced field depenmdsupon the length of the

(10)

“high voItdge pulsé ’ thevmeasurements were repeated for two pulée'léngths..
Figﬁre 5051 shows the averaged efficiencies for the X and Y modules for two
applied pulse lengths. It can be seén that there is a distinct difference

in the behaviour of the X and Y modules. For both pulse lengths the Y
modules rapidly become ;purioué above an event rate of 10 sec—l° However,
for the 2 us pulse, the efficiencies of the X'planes after an initiél

increase in spuriousness begins to fall, preéumably by the backing off of

the applied field by the induced field. The use of the longer high voltage ..
pulse causes the X planes to behave in a similar manner to the ¥ planes,
becoming»prdgressively more spurious with event rate, It isvclear from

these results that the large diameter flash tubes are unexpectedly sensitive

 to the_effect,bf induced fields, behaving . .in a manner similar to that of

.tthHiéﬁ,pféSSure tubes.
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Eigure 5.7, which shows the response of the individual modules
at eyent rates of 0.9 and 50 events sec , using a pulse of 4.75 kv/Cm
of duration 2 ﬁs, exhibits the same striking.difference between the X
and Y planes. The Y planes, almost without exception, become totally
spurious at high rates, however the X planes fall into two distinct
categories, one spurious and one inefficient.

This behaviour is clearly due:%ields caused by charge deposited
upon the inner.walls ofMthe flash tube, however an explanatidn of the
difference in behaviour of the X and Y planes is difficult. :Care was
taken to ensure no preferential positioning of a particular tube production
batch within the aetector,further, exchanging the X and Y tubes produced
no change in the behaviour of the modules indicating that the cause is
assoéiafed with some difference in the X and Y modules. 'Adjacent X and
Y planés shafed the same high-voltage pulse source, hence any fault in
the pulse forming network would cause a similar response in adjacenf X-Y
planes; this was not observed, also the pulse shapes in ;djacent X-Y
modules were seen to be .identical. A difference in the electrode separation
will résult~in a chanhge in~th§‘applied field, 1 mm difference corresponding
to appréximately 0.5 kV/Cm charge in field strength. All shower modules
were manufactured to the same tolerances and weré essentially identical.
However, since the X apd Y_modules were manufactured in éwo separate

production batches, it is possible that such a variation did exist.

5.8.2 Effect of Rate on Sensitive Time

The sensitive time was measured in the same manner as described
in section 5.492,'for'two event rates of 0.5 and 5 events sec_l.  The
results are sﬁown in Figure 5.9. During data acquisition, a lOQ Hz, -

+ 30 V square wave clearing field was applied across the tubgs. It can

be seen that a factor of 10 increase in event .rate produces a 40% increése
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in sensitive time,

The sensitive time of the flash tube is determined by the ability
of the primary ionisation to remain free within the volume of the gas.
This is.influenced by a number'of factors, principally recombination and
drift, under the influeﬁce of fields to the tube walls. It is expected
that due to the increased induced field.across the flash tube at high
rates, the loss of primary ionisation due to drifting to the tube walls
would also increase, resulting in a2 reduction of the sensitive time, " Since
the reverse tendency is observed it is suggested that the increase.in
apparent sensitive time is not due to the primary ionisation remaining,
in the gas volume, but due to é secondary charge productioﬁ mechanism,

resulting from the presence of the high induced fields.

5.8.3 Effect cf Rate on Recovery Time*

The recovery time was measured for 5 rates between'1 and 20
events sec-1 with an applied field of 4.75 kV/Cm, leng£h 2 ys, using the
technique described in section 5.4.3. The reéults are shown in Figure 5,32,
After a steep initial rise the curve plateaus and starts to fall.-,'Thg.
reason for. this fall is thought to be due to the reduction of the effective
applied H.T. éield by the induced field. Although care was taken to ensure
that the 2nd applied pulse would produce a field of 4,75 kV/Cm, to ensure a
normal efficiency, the effective applied field was far less, For example,
assuming a decay constant of 3.0 sec for the .induced field and assuming an
applied field of 4.75 kV/Cm, the strength of the induced field, after 50 ms
(cofresponding to the period associaﬁed with an event rate of 20 sec-l) will
be approximately 1.l kV/Cm giving an effective applied field of 3.65 kV/Cm,
which is below the field strength required for maximum effieiency. This
calculation is only_ihtended to illustrate the problem which is more. complex .

. involving a dynamic equilibrium of many factors,
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It is suggested that the rise in thelrecovery time with event
" rates is due to the same secondary charge production process which

influenced the sensitive time.

5.8.4 Effect of Rate on Energy and Spatial Resolution.

VThe;méthods employed in the measurement of energy and position
require that the detector responds uniformly to the changing parameters
of the electromégnetic shower, It is to be expected that should this
- response also depend upon the_evént~rate of the detector, it would completely
invaiidate any attempt to measure the primary energy and posiﬁion.

Figure 5.33 shows the mean numbexr of tubes igniting as a function

of event rate for 1.0 GeV primary energy and 0.6 radiation lengths of target.

It can be seen that the mean number of tubes igniting increases dramatically
above an event rate of 10 sec-l. This is due to a mechanism, as yet not
fully understood: but associated with the induced field, which is responsible

for theipresence of free charge in the gas, resulting in spurious flashing.\

The fall of the curve beyond a rate of 40 sec_1 is due to‘the_almost complete %

backing off of the applied field by the induced fiéld° Such a.dependence

\

on event {ate would make it impossible to measure energy by the present

methed,

Thé dependence of spatial and angular resolution upon event rate
is shown for 1 GeV and 0.6 radiation lengths oflead'targét in Figure 5.34.
It-appears that the resolution vafies very little with rate, however this
is due ﬁQ the fact that the spurious flashing tubes are located along the
axis of the showef, which varies little with successive events, and results
in an enhancement of the distribution of flashing tubes in each sampling

'plane. Should the primary positron be incident over a larger area and a
- wider range of incident angle, it is expected that the spatial and angular

resolution would deteriorate appreciably.
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5.9 DISCUSSION

The principal aim in designing the low pressure flash tube
chamber was to demonstrate that such a detectcr could offer an energy
and spatial resolution comparable to that obtained using high pressure
flash tubes, and further, that such a detector could operate at event
ratesAréquired by typical HEP accelerator based experiments.

The first of these objectives has been achieved. The detector
has been shown to work successfully in a high background envifonﬁent sdcﬁ '
as experienced on accelérators. An energy resolution of 33% obtained at-
1.5 GeV using 0.6 radiation length§ of target compares well with the
fesolution of 43% obtained with the high pressure flash tube chamber. The
energy resolution is seen to follow a l/fE dependence as expected and had
it been possible to contain the shower completely at high‘energies, using
0.6 radiation lengthé of target, the figure of 33% is expected -to be improved :
upon. Spatial and angular resolutions of 11 mm and 2° (FWHM) respéctively
were -achieved, compared with 5 mm and 4° obtained with ghe high pressure
flash tube chamber. Bofh the energy and spatial resolutions are seen to
be influeﬁéed at high energies, by the inability of the flash tube to resolve .
individual particles in dense showers, due to the width of the tube. it
has been shown that good energy resolution requires almost total containment
6f the sﬁower, whereas little improvement in spatial and angular resolution
is achieved beyond 60% containment. These would be important considerations
in the design of a future deteétor.

The second objective, to operate the chamber at high event rates,
produced unexpected results in the light of the experience of previous ’
wérkers(l), The low pressure tubes, chosen because of their relative
insensiﬁivity to the effect of induced clearing fields at high rate, were

seen to become spurious or inefficient at rates .in excess of a few per
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second, in a'similar manner as the high pressure tubes.

The principal; difference between the present tubes and those
operated by earlier workers at rates of 50 sec_l, is that the former
tubes were painted and the latter sleeved in thin PVC tubing., It has
been subsequently shown(z) that painting the tube increases the resistivity
of the outer surface whiéh has been shown to considerably enhance the effect
of the induced field., It is quite probable that the sleeved tubes; at
the time of their use, exhibited a much lower external surface resistance,
which would explain their successful operation at a rate of 50 ::ec—l°

The original sleeved tubes were»operated in the presernt detecﬁor
using, identical H.T. pulse characteristics as used for their earlier
operation; these tubes were seen to behave in the same manner as the painted
. tubes., This, however, is not a fair test, since the tubes had been stored
in a warm dry atmosphere for 3 years, which would result in an increase in
. the outer surface resistance.

Although the mechanism by which the ihternal fieids are produced,
.and thé_manner by_which they reduce the efficiency are well under--

stood(lo'¥}’l?)

P- satisfacto;y explanation of the mechanism by which f?ee
charge is made available to the gas volume has yet;to be given, Many
processes @ay produce free charge in an electric field of the magnitude
of the induced field, The following phenomena, first observed by
Francis(l3) is suggested as the most likely cause. It has been found
~that charges residing on the surface of glass insulators may be easily

removed from the surface by the application of DC electric fields of less

than 1 kV/Cm. The phénomena was observed whilst studying discharges in

neon, contained in a soda glass tube, a similar configuration to that of the -

flash tube. The charges residing on the surface were conclusively shown




to be responsible for the free charge in the gas, which resulted in’
spurious discharges.

Fields'of the order of 1 kV/Cm have Eeen seen to exist inside the
flash tube for long periods éfter the tube has ignited. Therefore,
under the influence of their own electric field the charges are removed
from.the wall, resulting in the tube flashing spuriously upon application
of the next H-,T° pulse.

If flash tubes are to be operafed succéssfully atvan e&enf'faté..
which satisfies the requirements of the typical accélerator baséd experiment,
the factors influencing the formetion and decay of the induced field musf

be fully understood. Investigations to this effect are described in the

following chapter.
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CHAPTER SIX

A STUDY OF THE FLASH TUBE DISCHARGE MECHANISMS

AND FACTORS INFLUENCING THE INDUCED FIEID

6.1 INTRODUCTION

In’thg light of the unéxpected results.obtained whi;st
operating the low pressure flash tubes at high event rates, it is clear
that further investigation into the discharge mechanism of the tube is
necessaryAif a solution to the problems of the induced field is to be
found.

A novel approach has been made in attempting to understand the
discharge mechanisms, by studying the behaviour of the digitisation pulse
under various operating conditions. Because of the manner in which the
digitisation pulse is formed, this method is particularly'sgnsitive to the
plasma density in the tube, . which has a bearing upon the resultant internal
fiela;‘;hé may be‘used to estimate-the progerties of thié fieldo. |

Tﬁe éignificance of the outer surface resistance, which is the.
most probable explanatién of the failure of the present low pressure tdbes
to operate &t the high ratés obtained by previou§ workers(l), hag also been
investigated. This was achieved by observing the behaviour of the sensitive
time, which is field dependent‘z), as the outer surface resistance of the
tube was changed.

The behaviour of tle sensitive time was also used to investigate the
dependence of the magnitude of the induced field upon the applied HT pulse
parameters, such as pulse length and frequency of an oscillating HT pulse,

The results of these investigations are presented below.
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6.2 - THE FLASH TUBE DISCHARGE MECHANISM FROM A STUDY OF THE

DIGITISATION PULSE

A study of the digitisation pulse may appear to be a rather
indirect method of investigqting the discharge mechanisms occurring
inside the fiash tube. However, sipce the digitisation pulse is formed
: by a capacitive coupling of the digitisation probe to the HT electrode
by way of the gas plasma, thé_tgchnique is expected to be particularly
~sensitive to the changing plasma conditions and hence the discharge -

mechanisms occurring in the tube.

6.2,1 The Discharge Mechanisms

(a) THE TOWNSEND MECHANISM : An energetic chargealpagticle,
traversing a gas will lose energy by excitation and ionisation of the
gas molecules, resulting in a trail of ionisation along its path. The
ﬁotal amount of ionisation dis;ributed along the track may be found from

the following relation,

_ GE/dX

total '/
. ‘ o

where: ] total number of ion pairs created per unit length of path.

dE/dX = energy loss by primary particle'per unit length of path
(eV/Cm).
' Vo = average energy to create one ion pair {eV).

" For example, a particle in neon at atmospheric pressure is expected

to liberate on average some 37 ion pairs/Cm of path. Upon application of an

electric fiéld these primary ions will accelerate towards their respective
electrodes., If sufficient energy is gaihed then collisions between the -
gas atoms and the electrons will liberate further electrons, which in turn

.accelerate and result in further ionisation. In this manner‘multiplicat@on
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occurs and an avalanche is rapidly built up. The electrons will

-l)(3)

‘ 7
travel rapidly (v 10 Cm.Sec towards the anode, whilst the more

1, (4)

) massive positive ions move more slowly (& lO5 Cm.sec ) towards the
cathode,
The number of electrons produced by an electron in moving a

distance dx is given by

dn = adx

where o is the first Townsend ionisation coef_ficient° Hence the number

of zlectrons produced in length x, by one electron is given by

n = exp {(ox)

In this manner the number of electrons increases exponentially
‘as the avalanche crosses the tube, and in the case of the flash tube,
terminates on the anode wall. The arrival of the positive ions at the

cathode wall results in thelrelease of further electrons, which in turn

\

will avalaéche across the gas volume,
\ ‘4 .

' The discharge in the flash tube is not limited to the immediate
~ volume traversed by the ionising particle. Photo electrons produced in the
initial avalanche will result in further charge production, principaily by
collision with the glass walls remote from the initial avalanche. These
photo electrons produqed at the cathode wail will result in further
avalanches, and in this mannef the discharge will propugate down the length
of the tube at approximately 0.24 Cm/nosec(z). |

The increasing number of electrons and positive ions. deposited on

the anocde and cathode walls will result in an induced electric field

opposing the applied HT field. In this manner the effective HT field across
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the gaslwill decrease until a stage 1s reached wheré the field will no
longer maintain sufficient multiplication and the discharge is self
quenched,

(b) THE STREAMER MECHANISM :. When higher electric fields are
applied across the gas a second phenomena, the streamér effect, will occur.
Some doubt exists as to the exact mechaﬁisms by which the streamer is
formed and only a simple médel will be presented here,

When the number of ion pairs produced in the Townsend dischaige
reaches approximately 106, the space'charge effect caused by the sebarating
clouds of electrons and positive ions becomes significant, and the electron _
avalanche begins to slow down due to the attraction of the positive ions.

(5)

- Raether suggested that the criterion for the transition of an

avalanche to a streamer is given by

where : xc = the critical length cf the avalanche,

Tpis:condition is represented by -some lO8 ion pairs, by>which the
applied field is effectively n;utraliséd by the space charge dipole, and
charge recombination starts'to occur, This results in the isotropic
production of UV photons; which ionise molecules outside thé region of thg
primary avalanche. Those ions produced in this manner, at-the head and
tail of the avalanche, will experience an enhanced field due to the presence
of the électron and positive ion cloﬁds, and will rapidly form new avalanches,.
and the process continues. Those ions producéd at the sides of the avalanche-
will encounter a reduced field and contributg little to further multiplication

The new avalanches produced at the head and tail of the original
avalanche will merge with it forming the streamer which advances towards the

8 _ )
cathode and anode at about 10 Cm.sec l, The streamexr will be seen as a
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bright filament of highly ionised gas surrounded by a dark region where
little multiplication occurs,

The interaction of photons with the catﬁode wall will produce
further avalanches along the length of the tube, which may also develop

into streamers. Eventually, as with the Townsend mechanism, the discharge

is self-quenched.

Figure 6;l'shows_botﬁ Townsend and streamer.avalanches occurring
in avflash tube filled with Ne:He (98:2) at 600 torr. For high fieLdsA‘ i
of 6.4 kV, Cm—l (Figure 6.1 (a) ) the bright filaments of the streamere,
interspaced with dark low fleld areas where little multlpllcatlon takes
-1

place, can be clearly secn. At the lower field of 3 6 kv. cm ' the»

tube is filled with a diffuse glow, which is due to the Townsend mechanism

alone.
6.2.2 Experimental Technique
The digitisation of flash tubes by the use of an external probe
was first introduced by Ayre(6)° The magnitude of the digitisation

pulse depends upon the plasma density and the magnitude of the HT pulse at
the time of formation of the plasma. It is expected, therefore, that the
size and shaoe of the dlgltlsatlon pulse will depend upon the discharge
mechanism of the flash tube,

The expetimental errangement is shown in Figure 6.2. The flash
tube to be studied was placed with its plane end in contact with the head
of the digitisation probe, which was held to ground by a 5.7 k Q resistor
chain, acfoss which the digitisation pulse appeared. Single ionising B

particles were selected from a 1 m Ci RU 106 source by means of a twofnld

coincidence of the scintillators Sl and S2° Upon obtaihing a coincidence

the logic was paralysed against further coincidences for a period of time

vwhlch ‘depended upon the event rate at which it was wished to operate. The
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Il

high'voltage thyratron puiser was then triggered, discharging a 3000 pf
capacitor through a 3.3 k § resistor, resulting in a pulse of rise time
60 ns, and RC decay time of aktout 10 us, appearing on the HT electrode.
The tubes under investigation were coated in a thin layer éf
white enamel paint to reduée the effects of water vapour contaminating
the outer surfaée of the tube, which is known to influence the induced
fields occurring in the tube (see section 6.3.3). Thfee gas mixtures,
typically used in flash tubes, were investigateé°

» These were Ne: He

(70:30) , Ne:He (98:2) and Ne:He (70:30)+ 1% CH,; these will be referred

4

to as gas types I, II and III respectively. The characteristics of the

tubes are given in Table 6.1,

TABLE 6.1 :

Characteristics of the Tubes

Glass Diameter (mm) Pressure Gas Composition (%)

‘Type Internal | External | (Torr). Type I Type II Type III

s95 Ne:He Ne:He Ne:He

Soda |~ 16 18 600 70:30 9812 70:30
N : _ :

Glass i ' +1% CH4 '

6.2.3 The Digitisation Pulse Cutput

Figure 6.3 shows the digitisation pulse output for a tube filled
with type II gas for 3 values of applied field. The pulse shapes were

obtained as traces from an oscilloscope photograph. It can be seen that
for fields of 3.1 kV‘,Cm-l the digitisation pulse is small, as may Se expected -
since the discharge is almost solely by the Townsend mechanism and hence the
plasma density is low. A small second peak occasionally appears after the

- Townsend pulse ; this will be seen to be associated with the appearénce of
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FIGURE 6.3 DIGITISATION CUTPUT PULSES FROM THE

FLASH TUBE FOR VARIOUS APPLIED FIELDS
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very weak streamers; As the field strength is increased, the second
pulse ingreases rapidly in size, as the production of dense streamers
rapidly increases the caéacitive co@pling to the HT electrode. It
should be noted that at no time does the streamer pulse occur without
the prior appearance of the Townsend pulse, as may be expected. The

| time between the two pulses is not constant for a fixed field value,
however, for higher field values the streamer pulse occurs increasingly
earlier,

The distribution of pulse heightsAobtained for a tube:filled with
gas type II, uéing a field of 4.9 kV.Cm-l, at a rate of 14 events min—l,
vis.shown in Fiqure 6.4. It can be seen that there are two distinct groups
inﬁo which the pulses fall, associated with the two types of discharge
mechanism. At low field values some small streamer pulses do occur, as
can be seen in 6.3. These will be stored in the PHA as Townsend pulses,
since only one peak was recorded for egch pulse,

6.2.4 Percentage of Discharges Involving Streamer Formation As

A Function of Applied Field

The number of discharges which take place by the Townsend mechanism,
4 .

and the number involving streamers may be found from the distribution of

pulse heights as seen in Figure 6.4. To obtain the transition from dischafge:
SOlely by Townsend mechanism, to that dominated by the occurrence of streamers:
pulse height distributions over a range of field strengths were obtained.
Figure 6.5 shows the percentage of discharées involving streamers as a
function of'applied field of both positive and negative polarity, for a tube
filled with gas type I, at an event rate of 10.8 min—l. It can be seen

that for a field strength of 5.1 kV°Cm-l, 50% of the pulses are due to
stréamer breakdown, whilst at the higher field of 7.0 kVDCm-l, the streamer

mechanism is seen to completely dominate. Similar relationships were
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obtained for gas types II and III, and the positive and negative field
strengths necessary for 50% and 100% probability of streamer formation

are given in Table 6.2,

TABLE 6,2 : Field For Streamer Transition

Negative Applied Field Positive Applied Field
Gas ’ (kv.Ccm~1) (kV.Cm-1)
Composition 50% 100% i -50% - loos .

: Probability - | Probability | Probability Probability
Ne:He (70:30) 5,1 7.0 5.0 6.0
Ne:He (98: 2) 5.9 6.9 5.1 6.4
Ne:He (70:30) 4.5 6.0 4.5 5.8
+1% CH4

It can be seen that there is no significant difference in the
épplied fields required to give streamer breakdown in the 3 gas types.

The probability of a streaﬁér-occurring, for a particular applied field
value, is bfeater with é positive HT field, than with a negative one;

This is in agreement with the results of Breare(7) who found that with

the high pressure flash tuPes the induced field was sign;ficantly less with
a positi?e HT field, and consequently streamer formation occurs at a 1qﬁer
applied field,

An approximate value of the field strength necessary for the
formation of-streamers may be simply obtéined by the theory developed by
Meek(8), who éroposed that the transition from avalanche to streamer takes
place WHen the field intensity due to the positive ion cloud becomes

comparable to the applied field. This may be expressed in the following

manner,




(1)

where : N+ = positive ion density
v = first Townsend ccefficient
Xo = distance of aavance of the avalanche
ro = radius of eléctron avalanche head,

The radius of the avalanche head may be expressed using the

one dimensional diffusion equation

r = V2Dt

’V2DXO/V ' (2)

where : D electron diffusion coefficient

v electron drift velocity

Assuming the positive ions are uniformly distributed within a
{ o
sphere of radius ro, then the electric field intensity (Er) at the surface

of the sphere may be calculated using Gauss's law.,

4 3 T
E = = Tr N e (3)
x 3 7o + //Zﬂe r 2
. o 0

substituting for N+ and ro into equation (3) gives

L. e 0 exp (a XO) v @
r 2DX
3 T eo o) .
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where e is the charge of the electron,
Using Meeks criteria for the transition to streamer breakdown,
E = Er' where E is the external applied field, and using the -relationship

= n E, one obtains

Q
T

3T € ¢2DXO/V

nEXO = 1n o (5)

In derivingvthis relationship a number of assumptiohs have been
made. | Owing to space charge effaects there éxists some'uhcertainty as
éo the field experienced by the electrons, and therefore their drift
>velocity, V. However, it can be seen from equa;ion (5) that nEXo is
not strongly dependentObn the value qf V. Eurther, it is assumed that
E = Er' as suggested by Meek,'however it was noted by Hopwood(g) that the
electrons at the rear of the advancing electron cloud, ahead of the positi&e
space éharge, ekpgriences a reduced fiéld due to space charge effects, and

therefore Er = KE where K < 1. However, nExO is seen to vary little -for

\ “
values of K between 0.1 and 1.-

9

12 put, 6= 1;6'xf161 c,

Substituting the values €, = 8.854 x 10 °

1

-1 2 - ' 5 -1
D=2x10 ! M .,sec , V =10 M.sec into equation (5) one obtains,

105/§;

n

= 6
n?xo in (6)
From this relationship the field intensity required for streawner
formation may be obtained by means of a graphic method. By plotting
equation K6), for given values of preésuré (P) and Xo, on a graph of n as
(10)

a function of E/P ; by knowing the value of E/P at the crossing point of

the two curves, one can obtain the field intensity for streamervformation.
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This is shown in Figure 6.6 for P = 600 torr and X =0.5cm 1.0 cm
: : o)
and 1.5 cm. The values of E required for streamer formation are

given in Table 6.3.

- TABLE 6.3 : Calculated Field For Streamer Transition

X_ (Cm) 0.5 | 1.0 | 1.5

E (kV/Cm) | 6.0 4,92 4.26

.Considering the crudeness of the calculation, and that it was
carried out for pure neon, the calculated field values are in reasonable
agreement with those obtained experimentally using 1.6 cm internal diameter

' tubes, as given in Table 6.2.

6.2,5 The Effect of Rate on the Probability of Streamer Production

- The Induced Field

. The discharge that occurs in a flasﬁ tube, as discussed. in-
section'6°2,l, is self—quenching, due tq the backing-off of the applied
field, due to charge deposited on the inner wall of the tube. These charggs
are expected to be removed by movement around the walls, enabling opposite
charges to neutralise. The field due to these charges has been observéd

to decay according to

E = Eo exp - (-t/T1) : ' (7)
where: Eo‘= field at time t = O

E = field at time t

T = decay constant,
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The decay constant, T, may be expressed as T = RC, where § 
is the resistance of the glass surface and C is.the intrinsic capacitance
of the tube.

The magnitude of the induced field will increase with increasing
flashing rate, and this will exhibit itself by a decrease in the percentage
df discharges involving streamers, at a particulaf applied field. The
percentage of streamers occurring as a function of event rate, for an
applied field of 5.6 kV.Cm_l, is shown in Figure 6. 7,_for‘a tube’fiiled"':'
with gas Type I. The percentage of discharges involving streamers is
seen to fall with increasing event rate, indicating an increase in the
induced field. Similar variations were observed for tubes filled with gas
Types II and III. |

Since the fall in the percentage of streamers is directly due to
the presence of the induced field, an attempt was made to obtain a value
for the induced field and its decay, by relating the data contained in
Figures 6.5 and 6.7. This was achieved by taking the Aiffefence (for
a particular percgntage c¢f streamer discharges) in the applied field'qt -
a high event “rate (Figure 6.7{, and the applied field-at a low event rate
(Figure 6.5), where the effect of the induced field is negligible.. . This
difference is accounted for by the size of the induced field.

The decéy of the induced field with time, obtained in this mapner;
is given in Figure 6.8, for a tube filled with gés Type I. Although there
exists - a slight difference in the deéay rate of the induced field, for
negatiQe énd positive applied fields, it is insignificant compared with the
differences obtained by Breare(ll) using the high pressure tubes, this may
be due to the large fields (= 1l kV.Cm-l) required to operate these tubes.

| The general shape of the decay curve is in agreement with that
obtained by more-direct methods(lZ). The field is seen té initially decay

rapidly,'and then, after a few seconds, the rate of decay slows. It is
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suggested that thexe are tﬁo mechanisms responsible for the decay of the
induced field. At low field values (E < 0.2 kV.Cm-l), the do;inant
mechanism is by conduction of charge around the inner walls,.as described
by equation (7). At higher field valﬁes where the induced field decays
more rapidly a second mechanism; first observed by Francis(13), whereby
the charges are freed from the walls under the influence of their own
field and cross the gas volume, becomes of significance. An estimation

of the contribution of this second mechanism to the decay of the. induced

field and to the spurious behaviour of the tube was made in the following

manner.

_A least squares fit of equation (7) to the decay curve, for values
of induced field less than 0.1 kV.Cm-l was made. In this region the
decay is exponential and due to movement of the charge around the tube wall.
The effect observed by Francis is considered insiénificant at these field
values, since the tube did not exhibit spuriousness at rates of less than
1 seé—l, thch indicates the absence of free charge in the gas; The decay
of the induced field associéted with the positive applied field obeyed the

following‘relétion,

E = 3.8 exp (~-t/1.35) (8)

(2)

which, assuming a value of 5 pf for the capacitance of the tube, gives

a value of 0.3 x lO12 Q for the resistance of the inner wall of the flash
tube.
above field values of O.l'kV°Cm—l, the field decays more rapidly
due to the fréeing of charge from the wall into the gas volume. Assuming
-1(3)

6
an electron drift velocity of 5 x 10 Cm.Sec , charge will cross the

tube in 0.3 us, for these field and pressuré values, The difference




between the decay rate given by equation (8), and the decay rate observed

at high field values (Ef in Figure 6.8) gives a measure of thélcontribution

of the removal of charge from the walls to the decay of the induced field.
These differences are plotted in Figure 6.9; It can be seen |

that the decay éf the induced field due to this effect follows an exponential

relationship given by

E, = A exp (-at) | . (9

since Ef is due to the charges residing cn the tube walls, equatioﬁ (9)

can e rewritten as,

ne

Ef = ——= = A exp (-At)
4re 4 :
o
where: n = number of charges residing on the wall.
d = diameter of the tube.

- Therefore the rate of loss of charge from the wall'is given'by,

i
{

-

an 4neod2 :
T - = Adexp (-At) (10)

This relation is particularly significant since it allows an
estimate to be made of the rate of injection of free charge into the gasr
volume, and hence the onset of spurious flashing.

Values of A and A were obtained by means of a least squares fit
" of equation (9), to the points in Figure 6.9, and assuming a value of 0,3
for the probability of a single electron to initiate a discharge(z), then

.Vthé probability of 50% spurious flashing occurs at time values of 3,5 sec.

S S -1
This is equivalént to a rate of approximately 0.3 events.sec =, which is
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somewhat lowerAthan the valué of > 1.0 events.sec_l at which the tubes
were observed to become spurious, However, considering thé approximate
manner in which the rate of emission of charge was arrived at, and the
neglect of such effects as charge recombination in the gas, the agreement
is quite good.

It has beeﬁ suggested that back sparking may also be the cause

(2), however, although this

of the rapid initial decay of the induced field
has been seen to occur, such a violent exchange of charge across the. tube. -

would probably result in a discontinuity in the-decay éurvé.

6.2.6 Townsend and Streamer Pulse Height as a Function of App’led

Fleld and Event Rate

.Due to the capacitive coupling of the digitisation prQbe»to the
HT electrode the digitisation pulse height ié expected to be sensitive to
changes in the effective applied field acrosé the tube. The mean Townsend
and étreamer pulse heights wege obtained for slow event rates from the
distribution of pulse heights, as seen in Figure 6.4. The yariation of
Townsend and streamer pulse height with applied field is given in Figure 6.10,
for a tube filled Qith gas fype I. Very little difference ir behaviobr.éf
the pulse %eiéht, with the 2 gas types was observed, The difference in
pulse height obtained using positive and negative appiied fields was also
insignificant, unlike. the results obtained by Breare(7), who found that the
pulse heights were considerably higher using a posi#ive épplied field,
The variation of the Townsend pulse height with applied field is much less
than that observed with the streamer, This is to be expected since there
is an upper limit to the charge density (defined by the Reather criteria(s) ),
beyocnd which the Townsend avalanphe transforms into a streamer.

Tﬁe“mean Toewnsend and streamer pulse heights, as a function of
flashing rate, is given in Figure 6.11, for a tube filled with gas type I,

After an initial decrease in pulse height, up to an event rate of
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approximately 2 sec—l, the mean pulse height of both the Townsend and
the streamer discharge is seen to remain almost constant. A similar
behaviour wés observed with the other gas fillings and the difference
resulting from using positive and negative applied fields was found to

be insignificant.,

6.3 " EFFECT OF INDUCED FIELDS UPON THE PERFORMANCE OF THE FLASH TUBE

Two types of induced field are expected to occur in the flas

0

tube, one due to charge deposited on the inner wall of the flash tube,
and the other due to charge induced ﬁpon the outer wall of the tube,
These fields were studied with respect to the resistance of'tﬁe outer

surface and the shape of the applied HT pulse, by observing the sensitive

- time of the tube in the manner described below.

6.3.1 Influence of the Induced Field upon the Sensitive Time

A convenient method of studying the effect of induced fieldé upon
the performance of a flash tube is to observe its sensitive time under

varicus operating conditions., The sensitive time is defined as that period

 of time between the passags of an ionising particle througﬁ the tube,"and

l~ .
the application of the HT pulse, necessary for the internal efficienc¢y of

the tube to fall to 50%. An analytical solution to the sensitiﬁe time of
4 A
the flash tube was first performed by Lloyd(l ), who considered diffusion -

to the tube walls and recombination as the sole means of loss of the primary

ionisation, and obtained a value of approximately 100 us for the sensitive

) time °

For low event rates this figure is'in agreement with experiment,
however, as the event rate is increased, loss of the primary ionisation to
the tube walls, by drifting under the influence of the internal fields occurs;

and the sensitive time rapidly decreases. -
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. (15)

Holroyd has performed Monte Carlo simulations to estimate

_the effect of différent drift velocities (and therefore internal fields)

upon the sensitive time of a flash tube. The results obtained in neon at
760 torr, for various drift velocities opposing the applied field, are
given in Figure 6.12. Velocities above 10_3 Cm.sec_1 (corresponding to

fields of less than lO“3 V.cm.l (2)

), have a considerable effect upon:
the sensitive time of the tube, and use can be made of this to provide an

indication of the magnitude of the internal fields.

6.3.2 Experimental Arrangement

The tests were conducted using tubes of S95 soda glass, 16 mm
internal diameter, with 1 mm‘thick walls, approximately 500 mm long, filled
with coﬁmercial grade neon at 600 torr pressure. Individual tubes were
initially sleeved in thin black polythene, to prevent cross ignitions by
photoné. The tubes were arranged in four layers, each layer containing
six tubes; Cosmic rays were used as a source of ionising particles,
triggering being provided by means of a scintillator télescope, giving~an
event rate of approximately 9 min—l. The tubes were figed by means of a
high vqltége.pulse, of 60>ns rise time, formed by discharging a:condenser.
through a(3mH inductance and a series resisto;. Two. types of HT pulse
were used for the investigations, ahd are ;hown in Figure 6.13.

Figure 6.13 (a) shows a non-oscillatory pulse obtained by use of a large
series damping resistor ; the oscillating pulse éhown'in Figure 6.13 (b)
was obtained by removing the resistor. A field strength of approximately
5.0 kV.Cm-l-was ﬁecessary to ensure efficient operation of the tubes.

.The layer efficiency of the assembly of tubes was obtained by
recordiné the number of tubes igniting aloqg the cosmic ray track.. Since

the tubes in each layer were in physical contact, the layer efficiency was

related to the internal efficiency by the ratio of the internal and external .

tube diameters.
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.6.3.3 Effect of the Outer Surface Resistance Upon the Induced

Field
The efficiency of the flash tube array was measured for two
different values of outer surface resistance’which occurred :-
(1) Immediately after manufacture, when the effect of surface
contamination is expected to result in a low surface resistance,
(2) After the tubes had been cleaned and heated (te drive off water
vapour) and painted with white cellulose peint, and therefore exhibited
a high surface resistance.
“ The fesultant variation of layer efficiency with time delay for
the *two surface conditions, using the»non—oscillater§ HT pulse is given
in Figure 6,14 for an event rate of 9 events min-l. The resultant sensitive
times of 11.0 us and 2.5 us obtained before and after cleaning and'painting
tﬁe tubes respectively, indicate that the conditions of the outer surface
"of the flash tube has a considerable influence upon the effect of the
induced field appearing across the gas'of the tube,

It is assumed that the conductivityiof the outer surface of the

flash tube‘influences the availability of free charge on the outer surface

'
{ Y

of the tube° .This charge induced on the outer surface-of the tube results
" in a field in opposition to that due to the charge adhering to the inner
surface of the tube, resulting in a reduction of the clearing field appearing
across the gas volume. The resistance of the outei surface was determined
by attaching aluminium foil to each end of the flash tube, which was then
connectedvin series with a capacitor and a 2 KV power supply. By observing
the rate of charging of the capacitor a walue of the time constant was
obtained and hence the resistance. Valges of lO13 and 1014 Q were obtained
before and.after_painting.

An estimate of the magnitude_ef the field resulting from the charge

residing on the outer surface was obtained in the following manner. The
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field (E), appearing across the gas volume may be expressed as,

£
=
m
[a]
1]
td

]

field due to internal charge

=
]

field due to external charge

From -Holroyds Monte Carlo data,given in Figuxe 6.11, a éfaph 6f'
sensitive time as a function of drift velocity may be obtained.- From

this graph, drift velocities of 1.3 x 105::<:m.sec—l and 2.9 x.lO5 cm.sec-l

‘are associated with sensitive times of 11,0 us and 2.5 us respectively.

Using the data of Fack and Phelps(3) for electron drift velocities in neon,

this is equivalent to fields (E) of.2 V.cm and 30 V.cm. Since the field
(E), is small compared with the applied field and the two sensitive times
were obtainéd at the same flashing rates, it is expected that the field due
to the internal charge (Ei), should be the same in both caseé, and heuce

one can write

‘.

where E_  and Ex are the fields due to external charge on the high and low
*1 2
resistance outer surfaces respectively. Thus a change in outer surface

resistance from 1013 Q to lO14

Q , producés a 28 V‘.cm_l change in the
external field and a resultant change in sensitive time of 11.0 us to 2.5 us.
* The variation of sensitive time with flashing rate is given in
Figure 6.15, for uﬁpainted and painted tubes with surface resistances of
lO12 f and 2 x 1013  respectively. The sensitive time of both sets of

tubes falls with increasing rate, although the fall is less rapid for the
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‘tubes with the lower surface resistance, indicating a greater availability
of free charge on its outer surface.

6.3.4 Dependence of the Induced Field Upon the HT Pulse Length

It is to be expected that the amount of charge deposited on the
wallé of the flash tube will dépend upon the length of the HT pulse. With
electron drift velocities of approximately 5 x lO6 cmc.sec_l (3), for the
typical field and gas pressure of the ﬁeon tubes, the electrons are
expected to be swept to the walls in approximately 300 ns, which is in

(2)

agreement with the observed duraticn of the discharge of about 150 ns .

‘s . . . . 4 -~1(4)
However, the positive ions, with a drift velocity of 5 x 10 cm.sec ’
remain almost stationary in this time, and HT pulse lengths of approximately
30 us are required to remove these ions from the gas volume. For pulse
lengths shorter than this the fraction of the ions not adhering to the wall
will drift back,recombine and neutralise an equivalent number of electrons
on the opposing wall, resulting in a reduction of the induced field.

The rate of increaese in the number of positive charges residing

on the tube wall (dn/dt) may be expressed in the following way

rate of deposition of charge on the wall

£
jag
]
Ia]
0
e}
f

>
il

decay constant of charges moving around the wall.

If the tube is considered to contain a uniform distribution of positive
ions within its volume (the electrons having been swept from the gas), then

since the positive lon drift velocity is proportional to the electric field

.it‘experienées,




D = KV
V = field
- K = a constant

and therefore,

dn n
—— = KV_._.
dat A
If, for this simple treatment, one ignores the effecf of space

charge, then the field across the gas (V) is equal to the applied field

minus the field due to charges on the wall, i.e:

<
1

Vo exp (-t/1) -c¢cn

where: Vo. initial value of applied field at t =0

decay constant of the applied field

n = number of_charges residing on the tube wall
- ’ ' - N - 1

o)
i

‘= a constant,

and therefore,

dn _ - n
T - K (Voexp( t/1) cn) B
or, dn 1/ _ L
, ® t 0 (cK + "71) =KV _ exp( t/1)

Therefore, the number of charges (n), residing on the tube wall

after a time t, is given by,

A = EYP exp (-t/1) (1 - exp (-At) )

e

1/

cK + A - 1/

"

where . A
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It caﬁ‘be seen that the amount of charge deposited on the tube

walls is exponentially dependent upon the pulse lengi:h° A more rigorous
treatment would include the time dependence of the components of A, since
K, C and A will all depend upon the field strength, which varies with time.
To investigate the dependence of the induced field upon pulse

length the non-oscillatory pulse was used, and the variation of .the
efficiency with tiﬁe delay of the HT pulse, for various pulse lengths (base
width) waé recorded, and is shown in Figure 6.16. It is cleér from tﬁel
behaviour of the sensitive time that the internal field increases with HT -
pulse length, The dependence of the sensitive time upon pulse length is
given in Figure 6.17, and is seeﬁ to ihcrease exponentially with increasing
pﬁlse length, as predicted Ey the above relationéhip. Beyond a pulse
length of 10 us, no further decrease iﬁ sensitive time was observed,
indicating that all the rositive ions had been swépt from the gas volume ;
this is in reasonable agreement with the‘crude estimate of 30 yus, oﬁtained
from the drift velocity. |

| _Although the use of a short HT pulse reduced the effect. of the
induéed.fiéid; it was also noﬁed that the light‘intensity of the discharge
decreased with decreasing pulse length, indicating a corresponding decrease
in the plasma density, which may have a significant effect -on the digitisa-
tion puise height.

6.3.5 Effect of an Oscillating HT Pulse on the Induced Field

The use of an oscillatingpulse is expected to decrease the internal
field, since the ch%rge will oscillate about a mean position, instead of
being swept in one direction, thus reducing the probability of collision
with the tube wail° As the frequency increases so tbe amplifude of the
oscillation will decrease, reducing further the amount of charge available

to the wall. Fufthermore, charges of both signs will be deposited on the
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same wall, resulting in a further reduction of the internal field,
To investigate the effect of an oscillating HT pulse upon the
" sensitive time the resistive load was removed from the LCR pulse forming
circuiti.resultiné in an oscillating pulse, as shown in Figure 13 (b).
The behaviour of the layer efficiency as a function of delay, for a number
of different frequency pulses, is shown in Figure 6.18; the sensitive time
is seen to increase with increasing fregquency indicating that less chérge
is swept to the tube walls. The dependehce of sensiéive time upon pulse
frequency is shown in Figure 6.19, it can be seen that the rate of increase
. of sensitivé time falls above a pulse frequency of 80 k Hz. It may be
neceésary to apply pulses of frequency greater than 1 M Hz to ensure minimal
charge deposition. Holroyd(z) found that using pulses of 2 M Hz, the
efficiency time delay curves‘wére in_good agreement with the theoretical

(15)

predictions of Lloyd , which indicates a vefy small internal field.
6.4 DISCUSSION
It has been seen that the discharge méchanisms oécurring in a flash.
tube may-bg studied by observing the digitisation output pulse. Thg .
coupliné of the digitisation probe to the HT electrode is sensitive to £he
plasma conditions inside the discharging tube; and two plasma states aré
evident, since the distribution of digitisation pulse heights fall into two
distinct categories. The behaviour of these two groups, .under chanéing
applied field conditions, indicates that they are associated Qith the
Townsend and streamer discharge mechanisms. This view is further supported
by the dbservation‘that the field strength required for transition from
predominantly Téwnsend discharge to predominantly streamer, measured using
this technique, is in agreement with simple fheoretical calculations.
This technique for studying the flash tube discharge mechanism
~may be improved upon, principally by more sophisticatedAprOCessing of the

raw output pulse, since the presént method cannot distinguish between
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- Townsend and streamer pulses of approximafely the same magniiude, which
occur at 1§w applied field values. With refinement the technique may
_represent a useful tool in the study of gas discharges themselves.

A study of thg pércentage of dischafges occurring by Townsend or
streamer mechanism, for varying field strengths, using the above technique,
has allowed the decay of the.internal field to be measured. Two decay
constants are apparent ; at long time values the field decays by movement
of chargé around the inner wall, the value‘of the decay constant depending
én the inner surface resistaﬂce and the intrinsic capa;itance‘of the. tube,
For shorter time values and hence larger fields, a second mecﬁanism becomés
domiriant, whereby cﬁarges are removed from the walls of the tube into the
gas. The field values at which this effect becomes of significance is seen
to be > 0.2 kV.cm—l, which is in égreement with the obseryations of earlier
ﬁorkerél3z Therate of injection of free charge inpo the gas, as a function
of field,has been obtained and is in reasonable agreement with the time
period associated with the onset of spurious flashing, which supports ihe
idea that the emission of charge from the walls is the main source of

1

sbuiioué flashing as thé even£ rate is increased.
éﬁe ;esistance of the outer surface of the flash tube is seen to
have considerable influence upon ;he magnitude of the induced field
occurring across the gas volume. The induced field is reduced for low‘
values of éuter surface resistance, which suggests that it is the availab-
ility of charge to the outer surface. which results in a field in opposition
to that due'to the charges adhering to the inner walls, résulting.in a
lower induced field across the gas. This may result in raising'the
threshold .at which spurious flashing occurs, and is the most likelf

explanation of the differences observed in the performance of the present

tubes and those of earlier workers.
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The quantity of charge deposited on the inner wall of the'tube
may be considerably reduced by the use of a shorter HT pulse or an
oscillating pulse. ’Tﬁe former may present problems due to the weakness
of the discharge effecting the digitisation pulse height. The use of a
wéll defined square pulse from a Blumlein line will remove the long tail
assoqiated with the RC formed pulse, which is responsible for a large
proportion of the charge swept to the wall, and possibly at the same time
maintain an intense discharge. An oscillating pulse of frequency greater:
than 1 MHz will ensure almost complete removal of the intefnal field effects,
however difficulty'may be encountered in applying such a highvfrequenqy-
pulse to large capacitive syétems, also the electrical noise may present
problems.

It is clear that the problems of operatiﬁg flash tubes at high
rates stem directly from the presence of charges deposited on the inner
wall of the tube. Attention to the above details, plus the use of low
resistance méterials (such as JENA 16 B glass) in the construction of the

tubes, will enable them to Le operated at higher event rates than at

present} without the problems of inefficiency or spuriousness.
{
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CHAPTER SEVEN -

CONCLUSIONS AND SUGGESTED FUTURE WORK

7.1 CONCLUSIONS

It has been shown that a calorimeter of the sampled shower
type, using plahes of flash tubes as the sampling elements can be
successfully operated in an accelerator type environment. The simple.
elemegtal'nature of the deteetor allows large sensitive volumgs to be
obtained, inexpensively, in keeping with the anticipated requirements
6f the current trend of accelerator based HEP expériments. Furthermore,
the simplé metﬁod of outputting information, by means of digitisation
probes, has been shown to be highly compatible with CAMAC data acquisition/
eontrol systems.

The detectors performénce was evaluated using a mono-energetic
positron beam over the energy rénge 0:5 to 4.0 GeV. The number of tubes
ignitihg in a shower may be used as a measure of the primary energy, also

- : ' \ ) ) '

" the trajeqtory of the primary may be determined by means of
[N

a weightea fit
to the ¢¢n£roids of the groupé-of tubes igniting in eéch layer. In order
to resolve the maximum number of individual particles in the dense showers,
the detector employed small diameter (8 ma internal diameter), high pressure
(2.2 atmospheres) flash tubes. With this detector an energy resolution
of approximately 40% and spatial and angﬁlér resolutions of + 5 mm and4o
(FWHM) respectively,were achieved, which compares favourably with more
complex and expensive devices; |

The performance of the detector was influenced at high energies
by the inability of the tubes to resolve individual particles in the dense
showers, and by shower'leakaéevffqm,the rear and sides of the detector.

These problems may bé;reduced, or eliminéﬁed, by improvements in the
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detector design. The sensitive time, (approximateiy 2 ué)} of the
tubes, ensured successful operation in the backgrounds'expérienced

in the experimental area, no spurious flashing being observed. A

more serious probiem arose when attempts were made to operate the detector
at high event rates. The recoveryltimé of the tubes, (approximately
0.6 ms), should in theory allow event rates of up to 1 KHz, however at
rates in excess of 1 per second, the tubes were observed to become
inefficient or to flash spuriously. This'behaVioﬁr is a direét fésﬁlt'~
of internal fields, associated with the charges from the discharge
adhering to the inner wall of the tube. Attémpts to reduce the amount™
6f charge deposited on the wallé, by the use of alternate polarity and
oscillating HT pulses were unsuccessful, due principally to the narrow
HT plateau over which the tubes can be operated.

In order to demonstrate that useful resoiutions may be obtained
at the high event rates demanded by typical aceeierator based experiments,'
a further detector was built using larée diameter (16 mm intefnal diameterf
low pressure (600 tofr) flash tubes, which had beenlshown to operate at
rates of $£ IeastlSO‘Hz, with no detectable deterioration in efficiency.
inlorder to improve the pcor multipartiéle efficieﬁcy~of the detecting .
planes, (due to the relatively large tube diameter),two staggered layers
of tgbes were employed in each sampling plane. A system of drift chambers :
wés also incorporated to obtain an improved estimate of the spatial
resolution of the detector. An eneigy resolutionAof 33% and spétial and
angular resolutions of 10.5 mm andZO(FWHM), were obtained, which compares
well with those of the earlier detector. Unexpectedly, -the tubes behaved '

in a similar manner to the high préssure tubes, at event rates in excess.

of a few per second.

Investigations were therefore made into the discharge mechanisms

and the formation of the internal field. These investigations were
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" carried out by obseryation of the digitisation pulse, a method which

may prove.of use to other investigators of gas dischérge phenomena.

fhe results showed»that the quantity of charge deposited on the inner

wall can be considerably reduced by use of a shorter HT pulse, and
possibly removed completely by means of a high frequency (> 1 MHz)
oscillatory pulse. Furthermore, the resistance of the outer surface

~of the fiash tubé has been shown to have consideraﬁie influence on the
strength of the internal field, due to the ability of charge to 'aé:c':u.mul‘a'té. '
on the outer surface, resultiné in a field in opposition to that. resulting
from charge deposited on the inner surface. This is the.most érobable.
explanation of the failure of the present low pfessure tubes to operate

at a high event rate, since their painted surface offered a high resistance
to charge movement. ‘

The source of free charge to the gas filiing, which results in
spurious flashing, has been shown to be due to a mechanism, whereby charges
are liberaﬁed from the wall into the gas volume -under thé infiuence of
their own field. _The irternal field~threshold for this effect is
approximately.0.2 kV.cmul, beyond which spurious flashing will occur upon
the.application of the HT pulse.

Although the present event rates are sufficient to satisfy a
numbexr of machine baéed experiments (see below),vit.is essential that if
the ﬁseful properties of the flash tube shower detector are to become
available to a wide range of experiments, methods of reducing the deposited

charge, and speeding its decay,must be found, allowing the detector to

operate at high event rates.

7.2 - SUGGESTIONS FOR FUTURE WORK

In spite of the present raté restrictions, large volume detectors,

employing fiash tubes are being proposed and constructed for 2xperiments
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~ (principally hadron shower detectors for neutrino inveétigationé) in

(2,3,4,516)_ These detectors primarily

a numbgr of'laborato:ies
employ plastic flash chambers consisting of honeycomb extrusions, mainly
of polypropylene. These chambers are‘considerably éimpler to construct
than the traditional glass flash tubes, and allow a wide range of geometries
to be simply obtained. They do, howevér, have one drawback, in as much as
the outgassing of the plastic material requires a constant gas flow through
the detector to prevent poisoning by electronegétive impurities. For
large volume detectors this may prove expensive (in the case of venting)
or complicated and unreliable (in the case of recycling). Although the
lower resistance of the plastic removes the problems associated with élear-
ing fields, at the event rates so far obtained (< 10 per sec), the eventual
rate limit is‘determined~by the recovery time of these tubes, which at
‘present stands at'apprdximately 70 mé(s)'
Consideration is also being given to installing flash tubes around
the inner walls 6f hydrogen bubble chambers(7'8); The flash tube is ideal
for this application since because of its simple constructioﬁ and pperation,

it reqﬁifgs'g minimal amount of attention, and hence avoids expenéivehéhut
down of the bﬁbble chamber. ’ Furthermore, since the spill time thfough
the bubble chamber is accurately known, the flash tubes may be made
permanently sensitive, by application'of a HT pulse oﬁ the same duration

as the spill, allowing event reconstruction in time, as well as space.

if such a system is to be expected to operate at the rate of the present
rapid cftling bubble .chambers, considerable research must be made intolthé
decay of the internal fields,which will be very slow at liquid hydrogen
temperatufe.

In the light of these developments and future trends, it is

suggested that further work should focus around the following three main

‘areas.

pl
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A) A more complete understanding of the factors affecting

the formation and decay of'the internal fields, also information concern-
ing the surface phenomena which sets the lower threshold for removal of
charge from the surface of the tube, since this determines the onset of
spﬁrious flashing. A search for an "ideal" material from which to
con;truct flash tubes. This material should have a low resistance
(approximately lO7 Q), and be easily workable. (. i.e. extrudable plastic),
and machinable, yet show little tendency to outgas, allowing the use.of
a sealed systém. It is unlikely that a material satisfying all these
criteria and remaining inexpensive, will be found.

B) A Monte Carlo simulation of electromagnetic/lepton and hadron
induced showers in the inhomogeneous absorﬁer of the detector would allow
the design parameters to be optimised for par;icular applicatiops. Such
.factors as sampliné frequency.diameter of tubes or deqree of shower contain-
ment for maximum energy or spatial resolution wiil vary according to the
demands of the experiment. The present expefimental'reéults; and thosé of
~other w9rkers} are insufficient to predict the dependence of the performgnce
upon tﬁesg pqramefers. The problem 1ends.itself ideally to thé Monte.Carlo
technique, and in the light oé the anticipated wide application of flash
tubes, such a study will be very valuable.

| C) A wide range of readout ic available tp the flash tube, apart
from thedigitisation étobes used in the present experiment, normal
photographic techniques, or iconoscopic systems, based cn the vidicon tube
méy be used. Further the optical problems of viewing a large array may
be overcome by the use of cptical fibres, up to several metres long, to
-locate.the light signals to a small area where they can be more. conveniently
recorded. The use of digitisation probes in conjunction with a magneto-
strictive wand (of the type commonly gsed in -spark chambers), may €nable a

whole plane.of tubes to be read“éutkqﬁite simply.
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As the size of detectors increase, so the cost of the readout
will beéome a dominant factor in the overall cost of the detector, and
consideration should be éiven to the type of.readout most suitable for
a particular application. ForAexample, for a detector whose sole
requirement is measurement of energy, it may simply be sufficient to
sum the total ;ight output, using a photomultiplier tube and optical
fibres to obtain a sufficientiy accurate estimate of the energy, eséecially
if the detector forms parp of a trigger, réquiring a rapid determination -
of an upper or lower energy threshold. Alternatively, if thé centroids .
gf shower samples are required, a digital method, possibly employing magneto-
_ strictive wands may offer the best solution. Further, this digital
information is ideal for handling by hard-wired processors(g), whereby
trigger decisions (i.e. to fire a bubble chamber) can be rapidly made, or
data compressed for maximum tapeAutilisation. The use of such processors
with digitised flash tubes has already successfully demonstrated thé
potential of such a technique. Should the flash tubes Se operated in the
continually sensitive mode, then timing information will.be‘required Fo
record‘thg exact moment of passage of the particle th;ough the tube. A
jitter in the fofmation time of the discharge is to be expected, and this
will be further accentuated by the response of the particular readout system. -
An.investigation into ﬁhe timing jitter associated with éhe optical and’
electrical probe_methodsvshould be made to:determine the system best suited
to timing requirements.

In conclﬁsion, it can be said that the flash tube, which was the
forerunner of many of the gaségus discharge chambers in present use, after
many years of neglect, is likely to become én invaluable addition to the
Vtoois of the future acceleiator based physicist. = However, many problems

remain to be solved before its general use throughout the high energy

physics community.
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4
APPENDIX I

RELATIONSHIP BETWEEN THE NUMBER OF PARTICLES INCIDENT

UPON A LAYER OF FLASH TUBES AND THE NUMBER OF TUBES

OBSERVED TO FLASH

Oné of the major problems associated with the use of flash .
tﬁbes as eleménts of a shower détectoi is the inability to distinguish —
between one, or more than one, ionising particle passing through the
sensitive'volume of the tube. Therefore when the density of particles
(assﬁmed-uniform) increases beyond a certain value,the numher of flashed

_ tubes no_loﬁger equals ﬁhe number of ionising particle; crossing the
layer; A relationship between the number of incident particles and
the osservéd number of tube ignitions can be obtained in the following .
: ﬁanner.

‘Suppbse a uniform flux of K particles is incident normally

'upon.a layer of Mo flash‘tubes,*aé shown in Figure.AI.a, if all tubes
.are in contact thelikelihdodAaf:a particular tube being hit, for one
particle inc;dent on a iayer of Mo tubes, is given by

1/

Prob. hit = M,

the probability of this tube flashing is given by

: . .
Prob. flashing = n. /Mo

where n>is the layer efficiency of the tubes.
The probability of the tube notAflashing is given by .
n/,,

Prob. not-fléshing = 1 } Mo




(a)

)

FIGURE Al

T

*

K PARTICLES

LAYER EFFIENCY =N

MEAN NUMBER OF TUBE IGNITIONS =

M= M, [1- (1-n/M,)K]
K PARTICLES

FHT

Fi 2M, - 10/ Mo %)

MEAN NUMBER OF TUBE IGNITIONS (M} FOR

. K PARTICLES INCIDENT ON M, TUBES
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4

Therefbre for K particles incident upon the laYer, the
probability of é particular tube not flashing will be giyen by

K

n/M )
[e}

‘Prob. not flashing (K particles) = (1 -

The probability of the tube flashirg is therefore given by

: X
Prob. flashing (K particles) =1-(1- n/Mc‘) o -

and the mean number of tubes flashing in a layer containing Moftubes

is given by -

A gimilar approach may be used to'predict fhe mean number of
tﬁbes flashing.in a system of two s;aggered layers. If the two.layers
ére displaced by half é tube width, as shown in Figure AI.b, then the
likelihood of a particular tube.being struck fo?_a single pérticle
inéident upon the: layer is given by |

Prob. hit- = léﬁ + %)

[e]

-

Following the previous reasoning, the mean number of tubes
flashing in a layer of Mo tubes, Mo + % wide, with a uniform flux of K
particles incident normally upon the layer is given by

M = M
. o)

1. —V{l fn/(M; +LQ}K§ .

and.the.mean number igniting in two independent layers is given by

)

- n@oﬂ,);“s

T
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The relationship between K and M for 1 layer and 2 staggered
.}ayers of tubes, for Mo =Al6_and n = 0.8 ;s shown in Figure AI.2,

It can be seen .that the use_of,two layers results in an over-estimate
of M up to K = 20, after which the value of M falls below that of K.
kThe significan;é of the width of £he flash tubes may be-seen from
Figure AI.3, which‘shows M as a function of‘K for 5 Yalues.of Mb' As
Mo increases, which is equivalent to decreasing the width of the flash
tube, the curve approaches the linear relationship between M and K, fof"

n = 0.8, assuming an infinitely narrow sensitive volume for the flash tube.
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