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ABSTRACT

The developmesut of a high energy electromagnetic shower
detector for use in high energy electron or photon detection,
particularly in machine experiments, is describéd. The detector is
a modified version of a prototype chamber, which was successfully
teéted, and which is deséribed briefly in this thesis. The
detector gives fully digitisgd information from which incident
particle energies and trajectories can be eztimated.

L The detector consists of twelve flash tube arrays sand-
wiched between lead target. A total of 768 fubes are employed.
‘They have an internal diaméter of 0.8 cm., a wail thickness of
0.03% cm, and are filled with a gas ﬁixture of Ne(fO%)—He(BO%) t
2% CH4 at 2.3 atmospheres presqnfe. The operation of these tubes
'ﬁnder various working conditions has been extensively studied and
‘. the results are presented in the thesis.

. " The detector has-been tested in the positron beam at the
Daresbury Laboratory, where digitised information was obtained
using a computerised data acguisition system.

The energles of the positrons used ranged from 0.5 to 3.5
GeV, Analysis of the data showed that the chamber operated satis-
factorily in high backgrourds of radiation and was very capable in
.the detection of electromagnetic showers, giving energy and spatial
resolutions comparable to those obtained by the con&entional,
more complex and more expensive detecting systems.

However, the use of the detector was restricted to working
~at several events per minute, due to the build up of large induced

'cleéring fields inside the flash tubes.



VI

The build up of these fields is shown to be greatly reduced

by the use of a modified pulsing system, and further tests are to

. be carried out using this pulsing system, with the view of increas-

ing the working rate of the chamber to 50 Hz.



CHAPTER ON

INTKODUCTION

cosmic rays. A flash tube consisis of a sealed zlass tube filled

“with an ineri

o
() -

as positicned between two parallel-plate electrédes.
"On the passage of an ionizing particle through the tube, the plates
are vulsed by an electric field of magnitu@e a few kilovolts per
16 primary ionizing varticle
.are accelerated towards the anode plate and gzain sufficient energj to
produce secondary glectrons. The avalanches generated produce
luminous discharges which may be pNOuoor iwhed, or digitised
lﬁfOlmd ion may be obta in d from probes placed on the tube windows,
Several arrays of these parallel-plate electrodes filled
with flash tubes constitute a flash tube hodoscove which may oe
sed to define particle tragectorles.
flash tubes, because of taelr very long sensitive and
recovery times vere mainly confined to cosumic ray research, whereas
the sparik chamver, a 1atér develonment of the flash tube princinle,
‘nad a number of characteristics which justified its use iﬁ mnany

exveriments vith rvarticle accelerators. These included 2 short and

adjustable sensitive time, a greater efficiency in detecting single
lonizing particles, a short recovery time and a smaller volume of

insensitive material., This meant that spzark chambers were used
exclusively in the fast rate accelerator. exreriments. Development

in the field of flash tubes

6a

greatly declined and a lot of thneir

FURHAM. UlWr g‘\\\\
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versaztile characterisiics were overlooked. However, the work done
by several grouwrs on thelr develoxment, notably the recent work &t

Durhan sad Rome, has opened up uew possidvilities for their use in

One important way in which flash tubes could greatly

1
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of high energy rhotons or electrons in accelerator experiments are

described in the folloviag paragranhs.

lglass or lead/scintillatér sancwiches, . Detectors which give both
spatizal and energy infqr@ation usually-ufilize several differenf
detecting techniques. The trajectiories of the secondaries vroduced
"in e shower arc noraally studied 5y spark chanbers, prop onal .

counters or lead scintillator hodoscoves, and the enerzy of the

| ]

incicdent rarticle s obtalned mainly from a total abSO“WLWOQ
device such as a lead glass hodoscope or a lead/scintillator sand-
wich »laced oehind the trajectory detectors. However, some energ
information may be obtained from the trajectory detectors.

A detector which has been used recently at the CERY
Intersecting Storaze Rings to detect »hotons and electrons in the
1l - 10 GeV range consisted of a spark chamber-lead glass combination
(2). Track location was given by ten planes of wire spark chambers

with magznetic core readout and energy measurements were ziven by



two walls of lead-glass Cherenkov counters consisting of 76 glass
blocks, each viewed by a vhotomultirlier.
NIIIAC,
A similar detecting technique kas—been used on the Omega
s LI M3 Y, LI 0
experinert (3) at CERN where the vositions and momenta of Jr s

will £e
having energies up to 100 GeV wmme measured from the detection of

the ganmas produced from the yy decay mode of the TTO Se

Spark chambers and lead/scintillator sandwich combinations
‘have also been used for photon and electron detection (4,5,6), the
most recent by Basile et al. (5) where photons and electrons in
the energy range of 1 GeV were measured. The detector consisted of
two six-gap, thin plate spark chambers folléwed by nine saandwiched
elements, each element consisting of a spark chamber and & plastic
sciLtillator. tlost of the infcrmation obtained from-the detector
was-recorded by photogréphic methods. The tréajectories of the
secondaries produced in & sﬁower were studied by the thin plate
Spa_k chambgrs and energy information was obt alned from the total
numbep_of s»arks counted'in the rear spark chamnbers together with
pulse héight reasurenents from the scintillators.

Allkofer et 21, (7) used 21 glass spark chambers inter-
spaéed with iron tafgets in the detection of electromagnetic snovers,
The zlass spark chambers had a much greater : ulfﬁurecl efficiency
than conveational spark chambers cmploying metal plate électrodeé,
hoviever, the repétition rate of the detector was restricted to
several events pef ninute.

4 detector has recently been proposed‘fof photons in the
energy range 1-- 100 GeV on a Super Proton Synchrotron experiment
at CERN (8). It consists of & .pre-shower deitector comprising a
lead-scintillator sandwich with crossed scintillator hodoscopes,

a three.plane proportional chamber, and finally two lead glass

hodoscopes each containing 240 glass blocks.
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The use 0f a drift chamber lead glass combination to give
spatial information in shower development has been proposed by Rosny

~ . 4.

n o gersueds vaere uviae

showers are detected by & sandwicn of lead targests and orthogenally

placed <lash tube arrays (9, 10). This method could zrovide a
simnle and inexpensive alternative to the very complex and exvensive

systeas used at present., In this method, turee dimengional

Y =

Flash tubes heve 2 rnumber of features wihich make them very

sulitable for the detection of high energy photons and electrons in

I
=

accelerator exveriments, The wost important is high multitrack

- o=

efficiency, whicn enables then to be used in the detection of
showers. This high multitrack efficiency results from the use of
he tube material; the nigh resistarce limits the current

1

flowing in a tube so that all the available energy is not taken by

any one tube. Spark chambers on the other hand, have low multi-
track efficiency (11) due to the robbing.of available energy by
one or more sparks.

ol

.The high multitrackx efficiency of flash tubes has been
fully exploited in the »ast in the field of cosmic rays by many
workers, the most striking exaaple being that of the large scale

flash tube hodoscope chaunbers used by the air. shower zroup at Kiel

- (12). )

(17).
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A simple and inesper
information has recerily teen develoved (13) and has bsen

successfully used on several comwvuter linked flash tube exveriments

Flesh tubes are also very robust, unlike aany of the wire
chanbers used in cshower detection, and they are found tc
reliable and reproducible resulis after many years in service (14).
Also_they do not possess tae added comnlications of operation such as
a gas flow syetenm or accurately positionsad uirror systeums wmresgent

in spark chember exderiments.

They ars very flexible in tzat they can.vpe made into any
reg ed shane, hence LI geomelry detectilion iz rossible uszing

circular tubes. They can also be diszmeuilec and re-sssembled inic

arrays of Giffercat configurations and hence utilised in other

Another advantage in using Ilash tubes is that they are

_avérhﬁe cost of £7.00 ver tube. This price includes the cost of an
associated vuising system and a data aguisition system eas far as &
compuier interface.-This enczbles larger detecting arsas to be
covered by flash vubes than By conventional detecting systems for
the same cost. |

The followving chapter describes-the oneration of flash tubes
and some of the recent developrnents that have taken place in their
desiun resulting in shorter sensitive aand rccovery tines.

A pr6£otype flasn tube chamber desizned by Chaney et al.

(16) for use in the detection of nigh cnergy electrons or photons
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2.1 RIQUIREHENTS

short enough, and the onerating conditions are correct, thea free
sas produce localised avelanches uande

gugnt prnoton emission

a -

auses the discharge to spread very guicikly and tnis results in o

brigat, visible discharge along the length of the tube.

2e2 HAPERIHNERTLL

(). This entails the formation of a parallel »late electrode'sys
with flash :tubes sandwiched bvetween thean. Alternate plates are
connected to zround, the remaining_plates being connected to.a
high voltage pulsing system (ses figure 2. 1).

Pulsed electric fields tfansverée to the tube lenzth are
usually employed, however, when very swuall diameter (2) or short

lenzth tubes are used (3) the applied field is in the lonzitudinal

fields was first dcveloner by Conversi

cen
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direction.

In most applications ths high veltage electrodes are flat
metal sheets or grids, nhowever in sowme applicaiions where Lyr
geonstry is a necessity then concéniric circuvlar plates or grids
aré usea (4).

The area of the electrodes and the ngmber of flash tubes
used depends on the experimental requirements, however, the size of
the array in a CR decay nigh voliage pulsing system is limited by
ifs capacitance which determines the rise time of the apﬁlied
electric f£ield. (5). Chambérs of up to 0.1 uF have been operated

satisfactorily (6).

The flash tube spacing and-giane separatiop have been
éxtensively studied by Bull et al. (7) and by ishton (&) who have
found optimum values for locating single particle trajectories.

and for ionizetion measurements for single particles .passing through

" a flash iube array.

The gas aixture used in conventional flash tubes has
varied considerably, however, 2ll have been nixtures of the noble
gases (§, 10, 11, 12). Koble gases are used for several reasbns’
which include tiaeir hizh stability, low breakdown voltages and
copious visible and ultraviolet emission during discharge. The
once predominantly used wmixture of Ne($3%)-Ee(2%) has now bean
éupersedeq by the Ne(?O%)&He(jO%) nixture which has similar

characteristics but is cheaper and more readily available commercially.

=

The pressure of the gas mixture has been studied by several
authors (9,

13, 14) and the optimum workinz pressures are found to
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depené tc & larze extent on the dianmeter of the flash tubes. The
rressure should be cuch that a suificient mass of gas is traversed

by the ilonizing particle to produce adeguzte snumbers of secondarigs,

about two ceatimetres :n dismeter and §ilied st 500 torr, or about

™
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Because 07 ithe inherent in
flash itube array two efficiesncy parametars nzve been defined. Phese

S

are the ianternal is defined as the ““on“oil iy

o & tube flashing if an ioaizing particle passes through the gas of
the tube, and the layer efficie;cy_?)L, waich rc;r:sents the

of a tube flash znd hence registerd

|.J.
\.' b

13«

.1

Gy
clk

ns passage of
an lonizing varticle throush a layer of tubes.
The layer efficiencies of tubes are normzslly measured

the internzl efficiencies can be obtained



using the relation;
= D cos
Mm="7 2 e
where 0 ig the distance between itube centres, d is the internal

diameter of the tubes, and @ is tae angle be

trajectories and the verpendicular to the flash tube nlanes, The

nave been extcnzively studied by

voltaze »ulse characteristiics- such as maznitude,

3
i_l
6]
(6]
<t
N
®
H
o,
Iy

and delay (%, 1.0, 15, 16), gas mixtures (see¢ sections 2.3, 2.7.3)
temperature (17) and flashing rates (1L, 13, 19, 20).

The fundamental factor afiecting The efficiency ig the

magnitude of the apnlied field., In correctly Funcitioning tubes the
efficiency is found to iacrease with =magnitude of the avplied field

field beyond the_ﬁlateau region tnen'ppoduces spurious flashing., The
magnitude of the field used under noraal working conditions is on
this plateau.

Sourious flashing can be caused by several factors, the
most common being the annlication of too larze a fisld across the
tubes; this can then produce ionization via field emission which
leads to spurious ilashing.
shins is a factor wnich is -

alvays i

(]

resent in flash tubes, that is, ionization troduced in the

ﬂ)
cl
st

tubes resulting from background radiztions. This effect cannrot be

removed but can alwuost alwsys be estimated and ta

1
i
L8

zen into account in

ot

efficiency measurements.

erious cause of spurious flashing is
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zas mizture, The

nost common contaminanis are minute particlass of dirt which give

rise To field enission und hence discharzsine of the tubss. These
effects cannot usually be removed cud tudbesg exhiibiting then must be
re-clecaned znd pe~filied.
2.L.2 SEHSITIVE

Another imvortent flash tuvs narameler is the scnsitive

Pan

time, t_. This is defined as the itime delay between the passage of

an ionizing particle and the application of the wvulsed field such
that the dinternal efliciency of tpe flasi tuves falls to 50%
Conventional flash tubes 2ave sensitive tiwes of the order of tens
of microseconds.

A considerable amount of theoretical work has been done by
severgl authors oh this fopiq notadbly by Llo&d (21), however,
'discre:ancies between theoretical and experimental rssults were
6bserved, vhich have since been attrivuted to induced clearing
fields (18, 19, 20, 22,23, 24, 25 26). Clearing fields are discussed

in the following section.
2.4.3 INDUCED CLEARING FIELDS

After the discharge of a flash tube, charges are deposited
on the inside surfaces of the tube. These éharges produce an
induced field in an opyosite direction to that of the avvlied field.
Because of the hign resistance of the glaés the induced fields can

take a relatively long time to decay. Fields of about 1072 v cm™t



may remain for tens of minutes aiter the discharge of a tube (23,
27). These fields have the efiect of sweeninz {2 the wslle any
ation left by an ionizing particle passing through the tube.

This means that on the apnlicatica of the nulsed electric field

fewer elec

rl‘
.3
6]

remain in & YWormative regilon', that is, a region

over vinich the electrons can form suitable avalancnes before

ollision with the tube walls., The sensitive times of

king the tubke ready for further detection

subject to a nulsed electiric field tr seconds after a discharge

nas a reignition
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recovery times of the order of hundreds of milliseconds.
A theoretical study of recovery times has been done by
Brosco (23), dbut the values he obtained'for t_ vwere much smaller

-than those found exverimentslly. o _ull explanation has besen fcund

for these discrenancies, however, metastable atoms or molecules

rresent in & tune aiter a discnarge are thou-nt to play soae part
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There are two common methods of generating high voltage
pulses for flash tubes. The simplér one, which is used for the work
in-this thesis, is the CR discharge technique. In this case a high
voltage caracitor of value C is chargéd to a.potential Vo ~and then
quickly discharged over a resistor of value R, in parallel with the
flash tubes of capacity Cl' This produces a high voltage pulse,
decaying with time, of the form V = —VO exo{-t/R(C + Cl)) (sae
figure 2,1). 7he capacitor is discharged by the closing.of a fast
high voltage suwitch on receiving a trigger gignal.

The second method is by the discharzing of & lumped circuit
trensmission line which has been charzed to a poténtial Vo. The
iline can either be discharged info its characteristic impedance Zo;
‘or the Blumlein method can be used, where two coupled lines, each
of characteristic impedancé Zo, are discharged. Poth methods
produce- rectangular pulses, the former rising to -VO/Z, with no
delay, and the latter to -Vo, with an intrinsic delay egual to
half the pulse width.

) The applied pulsed fields must have fast rise times so that
electrons left by the ionizing particle-are not swept out of the
gas before avalanches are produced, This requires the use of fast
high voltage switching technioues.

The high voltage switches employed in flash tube work are

i .
usually trigatron svark gavns (29), which are themselves triggered dy
EG & G HV100 trigger supplies (30), or hydrogen thyratron pulsing
units, The latter are three stage devices which work from NIM

standard signals. The first stage consists of a single transistor
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(1P56530) viorking in avalanche mode, triggered by the NIM signal. The
second stage consists of a small Xenon thyratron (Mullard 2021W),
‘which is used as & buffer between the transistor input stage and
the outwvut stage which consists of a hydrogen thyratron.
defémic device manufsctured by English Hleciric Ltd. (CX1157).
Trigger signals, signiiying the passzge of an ionizing
particle through a stack of flash tubes, are usually obtained as
coincidence signals from several sets of scintillaztor-phototube
arrangeaents, forming a particle telescope (see figure 2.1). In
most applications the time.delay between thq coincidence siznal and
the avyvlication of the pulsed.field is a&s short as possible, howvever
ﬁelays'are often introduced to obtaiﬁ estimates of the charge of
the ionizing particles (51); and to suppress discharges due to knock
on electrons accompanying multiply charged nuclei (32).

2.6 OUTPUT INFORMATION
2.6.1 OPTICAL KETHODS

As described in section 2.1 the passage of an ionizing
particle through a flash tube is accompanied by the diécharge'of the
tube, the light output of which has been extensively studied by
Coxell et al., (33). Emission is predominantly in the yellow-red
region due to the Ne and He present in the tube, and is sufficiently
intense to be easily seen by eye or recorded on most fast red-
éensitiye films such as Ilford Mark V, HP3% and Kodak Trix. Photo-

'graphy, usiné'mirror systens, is standard practice on many extensive

air shower arrays employing flash tubes (3, 34).
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Cadmium selenide light cells placed on the tube windows
have been used successfully where photograohy proves difficuly (35).

However, such systems are quite expensive and complex, and simple

H

systems employing light activated silicon coatrolled rectifiers
have been proposed by Evans and Baker (36). 4 method of scahning
flash tube arrays by a vidicon system giving dizitised information
has been develcped by Harrison and Réstin (37), and later, the
" scanning, by vidicon methods, of optical fibres coupled to the flash
tubes was proposed by Conversi et al. (4).

The possibilitf of viewing 1arge’ai? shovier arrays of flash
tubes by several vanototubes has also been suzgzested byICoxell et al.
.{(3%), the outvuts f;om the photomultipliers giving & measure cf the

total number of i.ubes that ignite,
2.6.2 PLASH:Z PROBES

Several groups (4, 3%8) have used metal probes projecting

k)

inside the

iy

Jesh tubes. The plasma formed during & discharge
produces 2 pulse on the probe. Such systems have the advantage that

information both from light output and probes can be utilised (4).
2.6.3 EXTERHAL FROBES

& very simple and effective method of digitising flash.
tube information was developed by Ayre and Thompson (39). This
method involvevithe positioning of well screened external probes on
the flash tuﬁe‘windows. Signals of several hundred volts are then

obtained on these vrobes when the tubes discharge. These signals
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esult from the capacitive coupling betﬁeen the plasma formed
in the tube and the probe. They can be recduced by a resisti&e
potential divider and used to drive conventional electronics without
the need for any' nplifier interfécing, thus forminz an inexpensive
medans of digitisaticn., This method has been used successfully on the
M,A.R.S. spectrograph (40) where digitised ﬂnfo ion is storcé via
an'”on line" comoputer system. This method has been used éucessfully

in sending digital data from flash tubes at rates up to 50 Hz (14).

2.7 THE DEVELOPKENT OF FLASH TUBES FOR ACCELERATOR EXPERINENTS

For satisfactory operation of flash tubes in accelerator
experinments the tubes must be able to function correctly in

relatively high backgrounds of radiation, vossibly in the region of
lO5 particles/tube/second, and they must be able to work at repetit-
ion rates in excess of 50 Hz, It would also be a great advantage if

the flash tube information were in digitised form, as this would

greatly facilitate data handling, enabling the use of comruter "linlks"
for exveriments and alloving computational methods of analysis to

be used "on" or "off" line.
2.7.2 REDUCTIORS I® FLASH TUBE SEHSITIVE TIMES
The high bvackgrounds of radiation associated with accelerator

experinents nécessitate_flash-tube sensitive iimes to be less than

the mean time between baclkground particles, this requires sensitive



tizes dn the one wmicrouseconda region whereas, as nas been stated,
conventional flash tubes have sensitive times of the order of tens
-of microseconds.

The rmetnod of externally arplied DC clearing fields had
beein vsed successfully in rgpducing the sensitive times of spark
chambvers- (41) however, this technigue proved inadequate in flash
tuse uperations (13). 1'3 was attributed to the movement of charges
on the glass surfaces of the tubes thereby backing off tﬁe externzlly
applied DC field. Further work at Durham and Rome (42,'43) lead to

the development of externally applied AC cWearqu fields of 50 Hz

or wors. Thes

freguencies proved too hign for the chargces to follow,

vy

and externally apwlied AC clearing fields of several voltis per

centimetre were found to reduce the sensitive time to the micro-
second region (see figure 2.2),
The long tails »resent on the curves are due to events
1,

occurying in the lower voltages o the sinusoidal clearing fields,

these tails are greatly reduced by using square wave clearing fields.,

The recovery times of flash tubes have been greatly reduced,
enabling tﬁem to be used at the high pepetition rates encountered in
accelerétor experimehts. This has been achieved by the addition of
cercein impurity gases to the conventional noble gas nixture, these
impurities inclgde SF6 (43), O2 (LL), Hy, CO,, CEHG’ CquO’ (24)
and CH4 (1) “'orkable tubes with recovery times of the order of a

millisecond have been produced at Durham (14) by the addition of up

ARY

to 2% e hdde to the noble sas mixture, Ne(70/:)~-He(30%) (see figure 2.3).
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The mechanism bf which the methane reduces the recovery
time of the tubes is not fully understood, however the reduction
in the aumber of metastable atoms and molecules present in the gas
via Penning de-excitation is thouzht to be a2 major effect.

2.7.4 REDUCTIONS I I&DUCES CLEARING FIELDS

Huch work has been done on the possibvle uses of lower
resistance glasses in flash tube manufaciur: (43, 45), thus
facilitating the decay of>internally induced clearing fields. This
work hes now resulted in flash tubes for use at high revetition
‘rates being made from Jena 16B g 1ass (14) whose resistivity at
room temperature is 6 x 101011.cm, (45), a factor of SO less than
_the résistivity of 895 glass used in conventional flash tube
manufacﬁure.

Various forms of pﬁlsing systems have aléo been used to

reduce the induced clearing fields with some degree of success

(22, 46, 47).
2.7.5 RECEWTLY DEVELOPED FLiSH TUBES FOR ACCELERATOR WORK

Several research groups have now produced flash tubes that
‘have worked satisfactorily under accelerator éonditibns.

Flash tubes made of Jena G20 glass having an external
diameter of 2 cms. and a filling of Ke(30()-He(70%) at 375 torr
vere successfully tested at Adone, the Frascatl storage ring, where
data was recbfded photographically from a flash tube hodoscovpe

chamber at repetition rates up to 1 Hz, (12, 43).
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A flash tube hodoscope chaunber fér use in high energy
photon or electron detection has also been successfully tested at
Frascati (L, 4G). Tubes having an external dizmeter of one cn.
wére used, they vere made from Jenz 163 g}ass and filled with a
mixture of We(30%3)-He(?70) at C.5 atmosphere.

A prototyve flash tube chamber was bﬁilt at Durham and vas
uséd successfully in the detection of positrons, sending fully
digitised infofmation at repetition rates up to 50 Hz without any
deterioration in efficiency (14, 50). The inbes used had an external
diameter of 1.8 cm., and were.made of S95 soda glass filled with a

mixture of We(30:)~He(70%) 4 1% methane at 500 torr.

Research and Developuent Company of Newcastle-uvon-Tyne, as were
many of the flash tubes used both at Rome and at Durhan,
A modified detector is now being develoved at Durhaum

employing tubes made of Jena 16B glass, having external dianeters

@
™

of 0.9 cm. and fillings of He(30:)-He(70i%) + 2% methan t 2.3
atmnospheres (15).
The following chanter describes the reults obtained from

the testing of the prototype chamber built at Durham on a positron
2 X >

beai,
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CHAPTER THREE

- THE OPERATION OF A PROTOTYPE FLASH TUBE CHAMBER IN A POSITRON BEAM

3.1 INTRODUCTION

The flash tubes deveipped by Chaney et al. (1) (see chapter
2, section 2.7.5) at Durham, containing a 1% addition of methane
to the Ne(70%) - He(30%) mixture; were found to give characteristics
suited to working in high backgrounds of radiation and at high
repetition rates., Chaney et al., built a.chamber‘containing these
tubes in order to carry out a serieé of tests on the positron beanm
facility at the Dareshury Laborafory.
| ‘These tests were planﬁed to verify the éatisfactory
K oﬁeration of the tubes in ﬁigh backgrounds of radiation, to register
their efficiency for.various_working rates and to test their
suitability for high energy photon and electron detection by the
detection and study of electromagnetic showers produced in the
chamber by positrons having energies of a few GeV.

The electromagnetic showers developed by high energy photons
and electrons were found experimentally (2) and thedretically (3, 4)
to be very similar, hence the positron beam could also be used to

simulate high energy photon induced showers.

3.2 THE FLASH TUBE CHAMBER

A diagram of the flash tube chamber is shown in figure 3.1l.
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It consisted of eight geparate, self contalned electrode modules,
each containing two sefs of eight 1.6 cm. internal diameter flash
tubes. Each set of tubes was positioned in orthogonal X-Y planes
on either side of a central H.T. electrode, A spéce was provided
between each module for accommodating up to twe radiation lengths
of lead target. The tubes were made to fit closely together and
rested on-digitisation probes . which were supported in machined
‘aluminium blocks. The blocks provided an earth screen for the probes
against electrical interference from the high voltage pulsing unit
which consisted of a CR decay system employing a trigatron spark
gap (see chapter 2, section 2.5) -

The flash tube chamber was exposed to an almost parallel
positron beam, tle energy resolution of which was'f 1% (5). The
energy of the incident positrons was varied between 0.5 GeV and
A GeV. _

Output pulses were taken from fﬁe digitisatlion probes
through two metfes of doubly screened 502 coaxial cable, without
any electronic amplifier interfacing and fed directly into eight-
16-bit CAMAC pattern units (16 P 2007), where the information was
stored in address registers before:being read py a PDP 1l computer.
Several events were stored in the computer, then the data was -
copied to paper tape. |

. The flash tubes were made from type S 95 soda glass, of 1.6
cm. internal diameter, 0.1 cm wall thickness and filled with Ne(70%)
He(30%) plus 1% methane at 600 torr pressure. They had a recovery
time of about 7 ms. (1). A 30 V cmt square wave clearing fleld

was applied,-giving sensitive times of about'l.olﬁis. (6).

N
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3.3 RESULTS TAKEN ON THE POSITRON BEAM
"3,%3,1 EFFICIENGY

The chamber was first tested on the positrén beanm without
any lead target between the modules. StraighpAthrough positron
tracks were then detected for various working rates,

The chamber functioned satisfactorily under the accelerator
conditions and gave an overall layer efficieacy of about 80% for
various working rates betwéen 5 and 50 Hz, the layer efficiency of

every module remaining above 70% {1).
3.3.2 REIGNITION PROBABILITY

Because of the narrowly collimated positron beam there was a

- high probability of consecﬁtive positrons passing through the same
tube; this resulted in a value of about 25% for the measured
reignition probability. However, when the dimensions of the beam
prdfile were taken into account, zero value reignition probabllities

were found at all working rates. (1).
5.3.3 ENERGY MEASUREMENTS

The chamber was then tested in the positron beam after
placing a lead target between each of the modules. Two thicknesses
of lead target were uséd, 1.0 and 2.0 radiation lengths. No target
was placed iﬁ'front of module one as this module was used to give a

"true'! position of an incident positron.
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Data was taken for several thousand showers developed in

the chamber for each selected incident positron energy.
3.3.4 ENERGY RESOLUTION

The Monte Carlo simulation of electromagnetic shower develop-
ment from photons or electrons of a few Gev ﬁas been extensively
studied by several authors (3, 4, 7, 8). Most of the results
obtained are fairly consistent and show a fair agreement with
experimental data (9, 10, 11, 12, 13, 14, 15, 16).

Some of the resuits obtained by Meséel and Crawford, and
'Volkél-at DESY on shower development in-lead for high energy
électrons are shown in figure 3.2. The threshold énersy of the
_seCOndaries is 2 MeV. |
| .From studying these shower development curves, one finds
- that the total sum of secoﬁdaries obtained by sampling the shower
development at fixed radiafion lengths, is proportional to the
energy of the incident electron or photon (see figure 3.3). This
prbvides a simple and effectiﬁe method of determining tue energy of
an electfon or photon, producing an electromagnetic shower in a
detector which samples the shower development at various positions.

This method is well used on spark chamber experiments where.
"the total number of sparks produced inlan electromagnetic shower
is summed, thus giving an estimate of the numb;r of secondaries at
various positions in the shower (10, 15, 16, 17, 18).

This method was extended to glve estimates of the energles
. 0f the incidént positrons in the flash tube chamber by counting the

total number of ignited tubes in a shower, thus giving a sampled
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estimate of the number of secondaries produced.

Frequency distributions of the totai number of ignited tubes
" obtained with 1.0 and 2.0 radiation lengths of lead between each
module for various positron energiés are shown in figures 3.4 &and
3.5.

From these distributions the mean total number of tube
ignitions as a function cf positron energy was obtained, a plot of
which is shown in figure 3.6

The deviations of the curves from tle lineaf relationships
one expects are due to losées of the shower both in the laterai
and longitudinal directions,.and the inability of a flash tube to
.register the passage of more than oné gécondary atlthe same time.

The energy resolution was calculated by taking the full
_widths of the frequency distfibutions in figures 3.4 and 3.5 at a
hqight éive; by half of the maximum frequency (FWHM).

The resulting résolutions are p%?tted in figure 3.7 for _
various.incident positron momenta.

If ng is the total number of secondaries sampled at module
i,-then an estimate of the total number of secondariés sampled
throughout the chamber is given by N where N = E& ny

However; from Monte Carlo simulations we have, for a given

target thickness between each module,

1 = KN

.E_~ K :Ei n
where E is the incident positron energy and K 1s a constant of

_ proportionality depending on the lead target configuration. Hence

we have a statistical error on the measured energy given by
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one therefore expects the resolution to vary as 1/ JE. This
variation is initially seen in figure 3.7, however, the resolution
curve flattens off at higher momenta, due to shower leakage and
multi-electron insensitivity of the flash tubes.

The resolution is also secen to improve for the 1 radiation
length rua for iower energies, before shower leakage and shower
density becbme serious. This is what one would expect as the 1
radiation length target configuration would.give a smaller value of
X. |

A great improvement in resolution is obtained if the sum
of the X and the Y ignited tubes_afe used instead of using onl& one
_ plane cf ignited tubes. -

The reoolutlons obtained experlmentally are not as good-as
those expected from theoretical considerations, due to the inherent .

errors in detection of the chamber.
3.3.5 SHOWER LEAKAGE

Shower leakage tonk place both in the lateral énd longitﬁdin-
al directions. Leakage was especially noticable wﬁen using thin |
targets and hlgh energy positrons.

Longitudinal 1eakage 1s very much in evidence in flgure .8,
where the mean number of tube ignitions in each of the X modules is
shown for various positron momenta.

Lateral leakage is evident in figure 3.9 where the shower
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profile is drawn for 3 GeV incident positrons with 1 radiation
length of target between each module.

Curves are drawn in figure 3.10 showing the total number of
tube ignitions for various radiation lengths of target traversed.
These curves show the same behaviour as those ohtained from Monte
Carlo simulations (figure 3.2). Using the curves drawn in figure
3.10 one can estimate, and correct for, longitudinal losses suffered
in the chamber. Corrections for these losses have been made on runs
with 1 radiation length of lead between the modules. These corrected
runs are shown in figure 3.6. The corrected curve gives a much
better linear agreement, however,-deviationé are still present due

to the multi-electron insensitivity of one tube,
3.3.6 ELECTRON SENSITIVITY OF THE TUBES

As mentioned in_sections 3.4 aﬁd:3.5, one of the main
reasons for the deviatioﬁ of the curve in figure 3.6 from the
linear, is the inability of a flash tube to resolve more than one
particle passing through it.

An estimate of the electron insensitivity of the tubes in
the chamber was made by comparing the results §btained from the
chamber for the total number of ignited tubes.when usiﬁg 0.5 GeV/c
and 1.0 GeV/c momenfa for positrons, with those obtained by ﬁessel
.and Crawford (figure 3.3). The results are shown in table 1.

The electron sensiltivity i1s seen to decrease with increasing
positron momentum, due to the development of higher density showers.

The electron sensitivity depend; very .much on the diameter

of the tubes used, and also on the separation between modules. The



2hashs 05 calk
' T . 5 I |

“Ignitions.

10 GeV/e

Number of

20 GeV/e -

Total

‘Mean

| 30 GeV/c. |

2 6 10 1

- Radiation Lengths

" x. Data from 1-0rl between modules.
5] o L] " 20 " oom - _u

ig.3.10
Mean total numbers of ignitions vs target depth
for various momenta . |



31w

TABLE I

Positron Radiation Number of Numbzr of Sensitivity
momentum _lengths of secondaries flash tube ' (%)
GeV/c target ignitions
between each
module
0.5 1.0 16.7 9.7 58.1
0.5 2.0 10.0 - 6.4 63.9
1.0 1.0 31.4 13.4 l+2_.8
1.0 2.0 20.2 9.8

4L8.7
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latter is restricted by the physical size of the detector, but
increased electron sensitivity may be obtained by using smaller

diameter tubes,
3.3.7 SPATIAL MEASUREMENTS

The following section describes a computational method
developed to give estimates of the spatial resolution of the chamber;
Computational meithods could be easily ﬁsed as the shower data was in
digitised form, unlike the showver data obtained from conventional
detectors such as spark.chambers, where mosﬁ of the data is in
photographic form and has to be analysed visually (15, 16, 18).

The shower data taken and analysed with respect to energy
(éection 3.3) was also analysed to éive estimates of the spatial
fesblution of the chamber. However, in the shower analysis only
events where one tube igﬁited in the first module were considered.
The single ignited tube giving a '"true" measure of the iﬁcidenf

positron position,
3.3.8 SPATIAL RESOLUTION

Poéitrons incident.on the chamber produced electromegnetic
showefs-which propagated through the detector. It was assumed that a
developing shower spread with circular symmetry about its core or
axis, ie. the trajectory which the incident positron would havg
described had there been no target material in its path.

Uéing'this assumption, an estimafe of the shower axis may be

determined by calculating the “centre of gravity" or ''shower
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centre!" in each detecting plane. The centres may be found by
calculating the following expression for each detector module.

N

15 Zym Vgl (1)

o

where Yi is the coordinate of the shower centre in the ith

th ignited tube in the ith module,

th

module,
yij is the coordinate of the j
n, is the total number of ignited tubes-in the i moduvle.

N is the total number of tubes in a module,

In this way, coordinéte points, which represent a series of
'shower centres, may be found in each-modular plane alcng the length
of the shower. From these ﬁoints_a straight line may be fitted
representing the shower axis..

In the above methoq howéver, no account bas been taken of
" the statistical fluctuations that occur in the shoﬁer>development.
A éenefal widening of the shower occurs.due to muiltiple scattering
effects, producing fluctuatiohs in eléctron poéitions and.densities
thfoughout the shower. This is illustrated in figure 3.1l where
the shower development of 0.5 GeV positrons is seen. Electrons at
the rear and edges of the shower have suffered severe multiple
scattering and absorption, hence the data at the -beginning and
‘interior of the shower is most reliable. This means that a better
estimate of the showep axis will be obtained if the data is
welghted in the lateral direction according to positien with
'respect to the shower core in the calculation of the shower centres,
_and in the l.o-ngitudinal direction when fitting a straight line

through the shower centres,
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A method of analysis was therefore developed in which the
data wars weighted acéording to its position, and thén an iterative
- fitting of the shower axis was made., The weighting in the lateral
direction was achieved by using a weighting function of similar
form to the mean lateral shower distribution in a given detecting
plane, which may be represented by a Gaussian function (19). The

frequency distribution and hence the weighting function for the ith

module and jth tube were described by the following expression:-

wij(yij) = exp(-(qij)z? (ii)

- y;) cos ¢ . (111)

where qij =_(yij

=f1

th th

- and yij is the coordinate of the j tube in the 1 modulé.
Yy is the distance of the shower axis in the ith module from the
base of the modules.
cri is a quantity representing the méan spread of the shower in
th

the 1 module,

¢ is the angle between the shower axis and the base of the modules.

These parameters are shown in figure 3.12

In the experiment, the showers_wére produced from positrons
incident at angles of ]S =0 ¢ 2° (20), s0 the cos¢d term was
removed from equation (iii).

Comparison between the fitted lateral shower distributions

"and the distributions obtained from the experimental data are shown
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in figure.3.13.

In the longitudinal direction, a least squares fit was
made to the shower centres, using weighting factors equal to 1/F,,
where Fi gave a measure of the fluctuations in module i, and was
taken as the standard deviation of the distribution of fluctuations
of the calculated shower centres, obtained from equation (i), about
the true centre in each detecting plane. The true shower centres
-were obtained from the position of the incident positron in the
first mecdule, knowing that the positrons were incident at ¢ =0% 2%

The weighting factors Fi were found to gi#e very good
measures of spread of the lateral distributions in the modules, and
were used as the Oi's in fitting these distributions. The values of
o’ obtained are shown in table II.

The shower axis was calculated by an iterative process. An
'initial estimate was obtained by calculating the shower centre in
éach module using equation (i), A straigkt line representing the
shower. axis was then fitﬁed to the seven centres using a least
squares fit. The data was then weighted in the lateral direction
with respect to this first estimate of the shower axis using
equation (ii). Thus a new set of weighted shower centres was

obtained for the seven modules, given by

N .
- ] >
Y, (weighted) je1 Y43 ¥ Wij(yij) (iv)

N

%

A second and better estimate -of the shower axis was then found by

the least squares fifting of a line to these new centres, using
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TABLE II

One radiation length of lead target

standard deviation (cm)

module
E(GeV) 2 - 3 4 5 6 7 8
0.5 1.03 | 1.20 | 1.77 | 2.48 | 3.64 | 4.94 | 8.68
1.0 1.03 [ .09 1,29 | 1.63| 2.00| 3.01| 5.04
2.0 1.00 | 1.02| 1.09 | 1.25| 2.09 | 2.09| 4.08
3.0 1,05 1.13 1.10 1.13 i 1.62 1.62 3.13
Two radiation lengths of lead target
sténdard deviation (cm)
. module
" |E(GeV) 2 3 L 5 6 7 8
0.5 1.11 | 1.26 | 1.35; 1.59 | 2.11 | 2.22| 2.63
l2.0 1,09 | 1.30| 1.19 | 1.24 | 1.1 | 1.60| 2.1y
2.0 1.23 | 1.27} 1.32 ] 1.29 ] 1.39 | 1.42]| 1.63
3.0 1.29 | 1.28| 1.30 | 1.27 1.35 1.33 | 1.61
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longitudinal weighting factors 1/0&. The data was then once more
weighted in the 1atéral direction witﬁ respect to ﬁhe better estimate
of the shower axis. The values of the shower axis angle (ﬁ) and the
intercept of the shower axis on the first module (estimate of
incident positron position) for a single shower were recorded for
various numbers of iterations and were found'to converge to
constant values after about five iterative ioops, hence in the final
analysis ten iterative loops_were performed on the data from each
event.

Two parameters were obtained for each event in the chamber,
the shower axis angle (§) and the apex deviation (A) of the shower

-axls, defined as:

(the estimated position of the incident positron) =

(the "true" position of the incident positron)

The "true" position of an incident positron was taken as the
position of the single flashed tube in module 1 (see figure 3.1L4),

From the measurements of these two parameters estiumates of
the chambert!'s spatial résolution and angular resolution were
obtained.

The shower data obtained was also analysed using non-
welghted methods in order to make a comparison between the two
methods of analysis,

The apex deviation frequency distributions which give
measures of the spafial resolutions of the chamber are shown in
figures 3.15 and 3.1%;for the 1 and 2 radiation length shower runs

'respectively. The distributions obtained using weighted iterative
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and unweighted methqu ére both shownt A considerable improvement
in the chamber resolution is seen when using the weighted iterative
" methcd of analysis.

The frequency distributioﬁsof‘shower axis angles, giving
measures of the angular resolution of the chamber, for the 1 and 2
radiation length shower runs are shown in figures 3.17 and 3.18
respectively. Once more a considerable improvement was found using
weighted iterative methods of analysis..

The need for longitudinal weighting of the shower data is
made evident from figure 3.19 where apex deviation frequency
distributions are plotted after the data has been analysed using an
‘unweighted method and using various'humbers of modules. At first
fhe spatial resolution of the chamber improves as the number of
podulés used in the analysis 1s increased, but deteriorates when
fhe reaf modules are used because of the large fluctuations in the
i_p&sitions of shower centreé obtained from the rear modules, Similar
'resﬁlts'were found for the angular resolution of the chamber.

The frequency distributions obtained for the shower axis
angles and apex deviations were not Gaussian like in shape and lience
estimates of the resolutions of the chamber could not be obtained
from the FWHM as had been done in the energy resolution measurementé
(sée section 3.3.4),

In order to achieve a fair estimate of the resolution of
the chamber, the percentage of data lying between fixed limits were
found. These are shown in table III . An estimate of the resolution
of the chamber was then obtained by finding the limits which
contained about 75% of the data, analogous to the definition of the

.FWHM in a Gaussian like distribution (see table IV).

The widths obtained for the frequency distributions do not
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TABLE III

% data lying between fixed error 1imiis

unweighted fit ~ welghted iterative fit

apex dev. angle apex dev, angle

(o]

E(ceV) | *0.5] *1.5]*1.5°%{+2.5°

r0.5) £1.5ix1.5% 22.5

cnm, cn, ci. cme.

2 r.l., of 0.5 26.5| 64.2] 20.5 35;1. L 4| 73.4] 35.7 Qh.l
lead target| 1.0 28.21 67.8 21.91 44.0| 49.8) 77.6} 31.6} 55.0

‘per module | 2.0 | 27.3| 7L.1| 25.0| 51.3| 54.2| 78.0[ 36.8] 62.2

3.0 | 28.2| 70.2| 28.4 51.2| 55.7| 76.6] 43.0| 6€3.6

1. of | 0.5 | 33.9| 71.5| 20.0 50.9) 58.3| 79.7| 40.1] 54.3
lead target| 1.0 | 30.1| 64.4| 24.3| 63.9| 48.0| 85.2 37.7| 69.4
per.module 2.0 34,9 78.41 37.5 ?3.3 63.6| 84.5 49.91 82.1
3.0 32.7| 75.1{ 35.6 | 70.0] 61.2] 83.3] 50.5{ 75.8




TABLE IV

Weighted iterative analysis

Estimates of limits containing ~ 75% of the

data, and the resolutiones of the chamber

E(GeV) |Apex Spétial Shower Angular
deviations |resolutionfaxis resolution
(mnm. ) of chamber'!angles of chamber
(mm.) (degrees) | (degrees)
2'r.l. of 0.5 t 16 T 1y : 6.0 ¥ 5.6
target 1.0 * 14 't 12 3.4 2.7
I per 2.0 11y t 12 t 3,0 t 2.2
|module 3.0 15 * 13 2 3.1 2.4
1r.1.0f | 0.5 113 * 10 + 4,0 + 3.7
target 1.0 t13 *10 2.7 1.8
per 2.0 +11 + 8 2.3 t1.1
module 3.0 12 + 9 t2.5 t1.5
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give direct measures of the resolution of the chamber due to the
intrinéic efrors involved in the measures of the “irue" incident
positron positions and shower angles. The position of the incident
positron. was estimated from the position of a single flashed tube
in the first moduie. Since the internal diameters of the tubes were
about 1.6 cm. an error of.about ¥ 0.8 cm., was involved in the
measurcment of this position.

Hence:

(spatial resolution obtained from apex devigtion frequency
distribution (mm.))>

~ G4 + (spatlal resolution of chamber (mm.))2

Similarly for the shower angle distributions:

(angular resolution from shower angle frequency distribution (degrees))2

~ L + (angular rerolution of chawber (degrees))2

Using these facts the different resolutions of the chamber
were estimated and are shown in table IV, from which one can see
that the spatial resolution over the enérgy range 0.5 to 3.0 GeV is

" of the order of one tube radius, and that the angular resolution
over this energy range is of the order 6f a few degrees, It is noted
that the resolutions of the chamber increase with increasing energy
and decreasing target thickness, as under these conditions less
ébsorption and scaftering ;ake place, hence more precise shower
centres are obtained.

An estimate of the spatial resolutions expected can be

obtained from the equations giving the error involved in interceﬁt
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values using a weighted'fit_(al). That is:

Zﬁ_
0‘.‘2

b
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2 \2

P_Zl zki _ Ex:L)
- 2 2 2
O’i O’i o’

i

whare oy is the spatial resolution of the chamber.

xi's are the positions of the modules,

Substituting in values of o; and x  obtainecd from the shower
' i

widths and chamber dimensions, one obtains a value of about 1 cm.

‘for the spatial resolution of the chamber, which agrees quite

favourably with the resoluticns obtained from the analysis of the

data taken with the chamber.
3.3.9 CONCLUSIOKS

The results obtained from testing the prototype chamber
proved conclusively the usefulness of flash tubes for use in
accelerator experiments,

The flash tube chamber operated satisfactorily in high
background radiation conditions, and functioned without any
deterioration in efficiency at repetition rates up to 50 Hz,

Vhen used in the detection of electromagnetic showers
produced by positrons in lead, then the energy, spatial and

- angular resolutions obtained were comparable to those obtained by

conventional detecting techniques (22),
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Motivated by the results obtained from the siuple prototype
detector using relatively large diameter flash tubes, Chaney et al.
designed a modified flash tube chambef enploying small diameter
flash tubes and more detecting planes. A description of this

modi.fied detector is given in the following section,
3.4 THE MODIFIED FLASH.TUBE CHAMBER
3.4.1 INTRODUCTICH

The modified chémbér used the same aetecting technique as
in the prototype chamber but was deslgned to give improved energy,
spatial and-angular resolutions-when used in electromagnetic

'éhower detection., It was also desigﬁed to functieﬂ at working rates
.of‘up to 1 KHz.
It was hoped to improve energy, spatial and angular

resolutions by:

a) Increasing the number of flash tube modules in order to increase
the number of secondaries sampled in a shower, anq decfease
longitudinal shower leakage,

b) Increasing the width and breadth of the chémber and sb minimise
1ateralishower leakage. | |

c) Decreasing the tube diameters and wall thicknesses in order to

increase electron sensitivity and detecting efficlency.

It was hoped to increase -the working rate of the chamber to

the l'KHz région by dsing a hydrogen thyratron pulsing system (see
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chapter 2, section 2.5), and CHbr doped flash tubes made of low

resistance Jena 16B glass (1).
3.4.2 THE CHAMBER CONSTRUCTION

The chamber cons;sts of twelve modules, each about 22 mm.
wide, with a space of abput 16 mm. between modules to accomodate
lead target. Each module holds two orthogonal sets of thifty two
flash tubes separated by an aluminiva high voltage plane and
contained between two aluminium earth plates secured to an aluminium
earth block bhase (see figures 3.20 and 3.215. The tubes are located
in accurately positioned holes inlthe aluminium block base and in a
perspex plate parallel to it. The holes are 9.0 mm. in diameter and.
tﬁere is a spacing between hole.centfes of 9.5 mm. The aluminium
Bloéks are positioned at 450 to the vertical éo that the weight of
the flash tubesensuresgéod contact with digitisation probes set in
the blocks (see figure 3.21). Six integrated circuit boards are
mounted beneath each module, The modules are held parallel in a
steel frameworlt and are accurately aligned by adjusting screws which
pass through the framework and meet the bases of the aluminium earth
blocks. |

The modular design of the chamber is also included in the
wiring associated with each module, so making it possible for each
module and its associated wiring to be removed from the chamber
wvithout too much difficulty. This greatly facilitates the process of
checking or modifying individual modules. '

A.perspex bar islsdspended from the roof of the chamber and

holds the cdpacitors and resistors used in pulsing the high voltage
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planes. The hydrogen thyratron pulsing unit is housed in an
aluminium box and secured to the top of the chamber, together with
the electironics for the A.C. clearing field arraingement.

Shielding is important because of the high frequency noisé
generated by the pulsing system. The chamber is completely cased in
aluminium sheeting to exclude any such nolse which may affect the
integrated circuit boards mounted beneath the modules or any
.associated electronics used in the vicinity.

The photograph in figure 3.22 shows four of the modules
removed from the chamber, and figure 3.23 shows the chamber with the

aluminium shielding removed.
" 3.4.3 THE FLASH TUBES

The flash tubes to be used in the chamber were developed
ﬁy Chaney et al. (1) for use in high backgrounds of radiation and
at repetition rates up tb 1 KHz. They have a recovery time of less
than 0.6 ms. and a sensitive time of about 1.4 /1 5. (without anj
applied clearing field). 768 tubes are employed; these are made of
Jené 16 B soda glass, and are filled with a mixture of Ne(70%)-
He(30%) + 2% CH& at 2.3 atmospheres. They have.an internal diameter
of about 8 mm. and a wall thickness of about 0.3 mm. Tﬁey are
painted externally with a thin layer of white paint in order to
help prevent the passage of photons from a discharging tube to

neighbouring tubes.
3.4.4 THE HIGH VOLTAGE PULSING SYSTEM AND CLEARING FIELD ARRANGEMENT

The pulsing of the chamber is carried out by a simple CR




| | Fig.3.22 Four Modules Qf' fhe

Modified Flash Tube Chamber. |







Fig.3-23 . The

Modified Flash Tube  Chamber.







-l

'discharge sysﬁem as described in chapter 2, section 2.5..A diagram
of the pulsing system is shown in figure 3.24, Six high voltage
6000 pF capacitors are mounted zabove the modules, each capacitor
being used to deliver a negative high voltage pulse to two modules.
The capacitors are charged to a high positive potential via a
charging. resistor Rl by a Unliversal Volironics power supply (25 KV,
25 mA). Each canacitor can then be discharged through an associated
-discharge resistor RZ by the switching of the hydrogen thyratroh
pulsing unit mounted on the roof of the chamber, producing a
negative polarity high voltage CR decaying pulse on the high voltage
pianes. ‘

An external clearing field arrangement is coupled to the
high voltage plaues (see figure 3.24) producing on them a field of

frequency 100 Hz and variable peak to peak voltage.
3.4.5 DATA ACQUISITION

The discharge of a flash tube is recognised by a pulse on'
the.digitisation probe set in the earth block beneath the tube (see
~ figure 3,21). These probes consist of 6 BA brags screws secured in
perspex cylinders. The outputs from them are fed into sgt-reset
. latches contained in the integrated circuit boards moun@ed beneath
the madules. Each board contains two 6-input latches (type 74118)
and a NAND buffer (type 7440) which provides a reset pulse for the
latches on the board and an output reset pulse for the NAND buffer
of a neighbouring board (see figure 3.25). The circuit boards were
all powered from a +6 V, 10 A stabilized supply. The set output

levels from the latches are taken to 6, 132 way EMIHUS sockets
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mounted ih the base of the chamber. These levels can then be reaa

by a computer via a CAMAC interface and EMIHUS cable connections.
The inputs to the reset integrated circuits are combined

and connected to a B.N,C. socket situated in the base of the chamber,

All the latches can then be reset hy the changing level of a CAMAC

output level unit connected via a B.N.C. cable to the B.N.C.

socket.
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CHAPTER FOUR

SOME CHARACTERISTICS OF HIGH PRESSURE Ne—He-CH4 FILLED FLASH TUBES

4.1 INTRODUCTION

Investigations were carried out into the optimum working
conditions of the Ne-He-CHu illed flash tubes developed by Chaney
et al. (1) (see chapter 3, section 3.4.3). These working conditions

would then be uced in the testing of the modified 768 tube chamber

on the positron beam at the Daresbury Laboratory.

The charscterisics of the newly developed tubes were

studied at low repetition rates at Durham using cosmic rays (2),

.and at higher fepetition'rates using the positron beam at the

baresbury Laboratory (3).

In the modified éhamber, output information is digitised
using the simple probe method (4) and made to set integrated circuit -
latches, (see chapter 3, section 3.4.5). Thus it is essential that
the‘working conditions of the flash tubes are chosen so that the
magnitude of the digitisation pulses remains above 4V in order to
set the latches. Therefore the digitised'éutput information from-

the tubes was investigated as well as the light output,

4.2 VARIATION IN EFFICIENCY OF THE TUBES WITH PARAMETERS OF THE

APPLIED FIELD

Some of the tubes were arranged in an array of three layers




separated by H.T. and earth plates. The layer efficiency of the
tubes was determined for single cosnic ray muons, The passage of
the muon was registered by a two—fold'coincidence of plastic
ecintillators placed above and below the array. The output from

the coincidence was used to trigger a spark gap=CR high voltage
pulsing system, The time delay between the passage of a particle
through the array and'the application of the pulsed field was about
200 nsec, | |

The riee time of the applied field was varied by connecting
resistances in series with the H.T. plates, The layer eftficiency of
the tubes was then measﬁred for various maénitudes and rise times
of the applied field. The results obtained are shown in figure 4.l.

Without any resistance connected in the H,T. line the rise
fime of the applied field was about.?o nsec. Under this condition
-thé plateau region of the layer efficiency was reached at about
9.5 KV cm-l, where a vaiue of 88% was obtained. This corresponds to
an internal efficiency of about 100%. It wes also 6bserved that
spurious flashing took plaée for appliea fields greater than 9.5
KV cm_l, and the number of spuriously flashing tubes increased with
increasing applied field.

The value-of 9.5 KV cm~t obtained for the position of the
plateau region in the efficiency versus applied field curve can be
compare&.with values of about 7 XV cm'l'obtained by other workers
(5, 6, 7), using conventional high pressure tubes filled with
commercial neon. Higher applied fields are needed in the methane
‘doped tubes beéauée of>the’quenching action of the methane on both

the primary ionisation and the actual discharge process in the tube.

A significant variation of layer efficiency with the rise
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time of the applied fieid is also indicated in figure 4.1l. The

layer efficiency of-the tubes is plotfed against tﬁe rise time of
the applied field fosi two different applied field magnitudes in
figure L.2, The efficiency of the tubes is seen to be very dependent
on the rise time of the applied field. This is another characteristic
of the Ne—He-CHu filled tubes which makes thém differ so much

from conventional high pressure tubes filled with commercial neon,
where rise times of 1 A4 sec., produce layer efficiencies of 70-80%

(5, 6, 7). The discrepancies are again due %o the quenching action
of the methane.

Figure L .3 shows the variation of 1§yer efficiencies
-obtained for various widths of appllied high Voltage pulse, for an
‘applied field of 9 KV cm-l; This was achieved by varying the RC
constant of the applied high vol£age pulse.

: "A plateau in the efficiency was reached for an RC pulse
width of about 1.5 /isec.,.however, for pulse widths less than

B/asec; a dimmer discharge resulted.

4,3 INVESTIGATIONS INTO THE DIGITISATION PULSE HEIGHTS OBTAINED

AT SLOW FLASHING RATES

In order to make a detailed study of the digitisation pulse
-heights obtained from a tube, a small test module was constructed.
A diagram of the test module is shown in figure 4.4, The design and
dimensions were almost the same as £hose of a module in the
modified flash tube chamber, hence results obtained from the test
module would be similar to those one would obtain from a module in

" the modified flash tube chamber.
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The array of flash tubes used on the efficiency tests was

replaced by the test-module, and a high voltage pulée was applied
- for single muon traversals as had heen done in previous tests.

The discharge of the tube was accompanied by a digitisation
pul'se across a resistor connected to a 4 mm. diameter probe placed
next to the tube. The value of this resistor, R, could be varied,
and digitisation pulses occurring across thié resistance were
observed on an oscilloscope. Noise produced across the resistor by
the pulsed electric field was effectively screened by a surrounding

aluminium block.

4.53.1 THE EFFECT ON THE DIGITISATIOR PULSE OF THE DISTANCE BETWEEN

THE H.T. PLATE AND THE FLASH TUBE

‘It had beén noticed b& the author and others (8) that

E vgriations in distance between the flash tube and the H.T. plate
caused large changés in digitisation pulse heights. This effect
was investigated using the test module, by placing thin sheets of
polythene between the flash tube on test and the H.T. plate. For
each separation about 100 digitisation pulse heights were measured.
From these pulse height distributions, positions of the most
probabie pulse height and the spread (standaid deviation) of the
-distributions were measured. The most probable pulse heights are
rlotted against the separation of the tube and the H.T. plate'in

figure 4.5. The applied field was 12.0 KV cm-l which may have

caused some spurious flashing, but this would not affect the
digitisation pulse. The CR decay time of the field was 3'/4sec.

and the probe resistance R was 5.6 Kf). The tests were repeéted
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using the same tube, but the tube window was painted with a
conducting silver paint in order to iﬁcréggbthe efféctive probe

- diameter to 7 mm,; these results are also shown in figure 4.5. From
this figure one can see that a sebaration (d) as small as 0.1 un.
reduced thevpulse height considerably. The two curves are seen to

have a similar shape and follow an approximafe 1/d2 variation.
L.3.2 VARIATION OF DIGITISATION PULSE HEIGHT WITH APPLIED FIELD

About 100 digitisation pulse heights were observed for
various applied fields, and the maxima of tﬁese distributions are
‘plotted against the appliea field in figure 4.6. The RC decay time
of the applied fields was BI/ASGC., the rise time ébout 60 nsec.
and the delay time between a mubﬁ traversal and the application of
.the puléed field was about 150 nsec. Results obtained using a 7 mm.

E diameter circle of conducting paint on the tube window are aiso
shown. Lines drawn through the two séts of data points give two
gradients, the ratio of which is found to be 2.5 * 0,3. Assuming

that a digitisation pulse is due to the capacitive pick up of the

applied high voltage fulse through the gas plasma and glass by the
probe (4), then an increased gradient is expected with an increase
in the effective capacitance of the probe. The ratio of the effective
areas of the digitisation probes is approximately 3, which agrees

with the ratio of the two gradients obtained.

4.3.3 VARIATION OF DIGITISATION PULSE PARAMETERS WITH PROBE

IMPEDANCE

Applying an electric field of 10 KV — with a CR decay
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time of 3 M sec., the variations in digitisation pulse heights
were observed for various probe impedahces R (see figure L.4). The
. results are shown in figure 4.7. The pulse heights are seen to rise
initially with increasing probe impedance, then gradually become
constant. This occurs when the probe impedance is high and the
impedance due to the stray capacitance of wires etc. becomes similar
in coumparison; further increases in probe imbedance, therefore,
have 1little or no effect on the digitisation pulse height.
The variation of the aigitisation pulse lengih and risa time
with R are shown in figure 4.8. Similar trends in digitisation pulse
length with probe impedance were found by Ayre and Thompson (4)

using high pressure tubes fllled with commercial neon.

4L,3.,4 VARIATIONS IN THE TIME DELAY BETWEEN THE APPLICATION OF THE

"APPLIED FIELD AND THE APPEARANCE OF THE DIGITISATION PULSE

The time delays between the application of the applied

field and the appearance of the digitisation pulse were measured
for different separations of the tube and the H.T. plate, and for
two different applied fields. The positions of the maxima of the
time delay distributions are plotted for different tube-H.T plate
separations for the two different applied fields in figure 4.9. It
can be seen that the time delay increases with inéreasing distance
between tube and H.T. plate, but decreases with increasing applied
field.
The average velocity of propagation of the discharge
down the length of the flash tubes can be measured from th; time

"delays between the application of the applied field and the appear-
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-ance of the digitisation pulse. For an applied field.of 7.5 KV cm-l
across a tube touchiﬁg the H.T. plate,-an average vélocity of
. propagation of about 2 x 105 m sec_l has been estimated. This is
about an order of magnitude smaller than the values obtained by
other workers (9,10) using high pressure tubes filled with commercial
neon.

The most significant mechanisus respénsible for the rapid
propagation of the discharge along the tube is by the production
of ultraviolet photons from the walls of the flash tube. However,
in the methane doped tubes a substantial absorption. of photons
takes place due tb the very high and broad bhotoabsorption cross
section of methane (11) resulting in smaller veiocitiés of propa-

gation of the discharge down the tube,

4.3.5 VARIATION OF DIGITISATION PULSE HEIGHT WITH LENGTH OF

APPLIED ELECTRIC FIELD

The length of the applied electric field was varied by
varying the discharge resistor in the high voltage CR discharge
system, About 100 digitisation pulse heights were measured for each
length of fhe applied field, the magnitude of which was 10 KV cm"l.
The recults obtained are shown in figuré L.19. It can be seen that
the digitisation pulse height is considerably increased by increasing
the length of the applied field. However, increasing the width of
the applied field is limited by the larger resulting induced fields
that are built up (12, 13) which may become significant at higher
flashing rates (3, 12, 13, 14). '

The increase in the digitisation pulse height with the
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. increase in length of thé applied field, can be explained by
consldering the digitisation pulse to.be due to the‘capacitive
"pick up of the H.T. pulse, via the plasma-digitisation probe
arrangement. The height of the digitisation pulse should then
dépend on the state of the applied field at the moment of pick up
by the probe, and should therefore depend on the characteristics
of the applied field (ie. length, rise time etc.).

From the results shown in figures 4.6, 4.8 and 4.9,
estimates of the expected digitisation pulse heights for various
lengths of applied field-wére made using the assumptions above., For
various applied H.T. pulses Qf different maénitqdes, but the same
RC decay constant of S/u,sec., the gffective magni?udes of the
épplied H.T. pulses were calculated at the ﬁoment of pick up by the
probe, aséuming the digitisation fulse rise times and delay tines
éiven bf figures 4.8 and 4.9. Tigure 4.6, which gives digitisation
puise heights for variocus épplied fields of 3};4sec. in length, was
then modified to give digitisation pulse heights for various
effective applied fields, and was used as a calibration graph.

The effective heights of applied H.T. pulses were calcul-
ated for a 10 KV applied H.T. pulse of varying lengths, and the
corresponding digitisation pulse heights expected were obtained
from the calibration graph; The results obtained for measured and
calculated values of digitisation pulse heighte for various H.T.
pulse lengths are shown in table I.

A close agreement is seen between the measured and calcul-
ated digitisation pulse heights, supporting the belief that the
digitisation.pulse is formed by the close capacitive coupling

between the H.T. plate and the digitisation probe.
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TABLE I

MEASURED AND CALCULATED VALUES OF PULSE HEIGHTS

FOR DIFFERENT H.T. PULSE LENGTHS

Applied H.T. pulse height = 10 KV
Probe resistance = 5,6 K OO
Probe diameter = 7 mm, .

Tube-H.T. plate separation = O nmm,

Applied H.T.

Effective H,T.| Measurad

Calculated

6.5

" pulse length pulse height qigitisation digitisation
.(RG time in (KV) rulee height pulse height
usec., ) (volts) (volts)

7.0 1.5 £ 1.0 3.5

8.6 37.5 + 5.5 32.0

8.9 42.0 * 6.0 38.5

9.3 48,0 * 6.0 45.0

9.4 52.5 t L8.5




=59

To find whether fhe increase in delay time due to increased

tube-H.T. plate separation,could Be the cause of the observed

- decrcase in digitisation pulse height shown in figure 4.5,
digitisation pulse heights were célculated for different separations
using the curves in figure 4.9 and the calibration graph.

It was found that the increase in time delay alone, due to
the tube~H.T. plate separation, was not sufficient to cause the sharp
decrease in digitisation pulse height cbserved. It is thought
that some resistive coupling may be taking place between the H.T.

plate, tube and probe.

‘to4 INVESTIGATIONS INTO THE DIGITISATION PULSE HEIGHTS

AT HIGH TLASHING RATES

'In order to study the digitisation pulse heights obtained

E ffom the tubes at fast flaéhing rates, it was necessary to use the
positron beam facility at the Daresbury Laboratory. A modified test
module was constructed which was similar in design to the original

test module, but with dimensions the same as those of a module in

the modified 768 flash tube chamber. The digitisation probe was a

6 BA screw mounted in a perspex cylinder, and the probe impedance

(R) was 5.6 Kf2. An aluminium disc of 7 mm. diameter was attached

to the flash tube window giving an effectively larger area

digitisation probe, in order to give larger digitisation pulses.
The modified test module was mounted in the positron beanm

as shown in figure 4.11l. Single positrons were gelected from the

beam by means of a four=-fold coincidence of scintillation counters
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Sys.85, 55 and 5,

trigger the high voltage pulsing system.

the coincidence signal of which was used to

A CR decaying high voltage pulse was used throughout the
tests, the characteristics of the applied field being;- applied
electric field 10.0 KV cm-l, delay time ZOO./Lsec., wldth (CR time)
L.5 /Lsec. and rise time_?O nsec.

i . A charging time (CR) of 15 msec. ﬁas used in the investig-
ations, so as not to affect the magnitude of the applied field when
vworking at fast flashing rates. |

The flashing rate was varied by using the paralysis unit,
which disabled the coincidence circuits of the scintillators for a
fixed period of time after each coincidence.

The digitisation pulse heights obtained were stored in a

pulse height analyser.
L.h,l VARIATICN OF DIGITiSATION PULSE HEIGHT WITH FLASHING RATE

The flashing rate of a flash tube was varied between 0.5 per

second and 4.6 per second, and about 1500 digitisation pulse heights

wvere recorded for each flashing rate. The most probable values of
the pulse heights Were found from these pulse height distributions
and are plotted as a function of flashing rate in figure 4.12. The
digitisdtion pulse heights are seen to be very strongly dependent on
the flashing rate of the tube, an increase in flashing rate from
0.45 per second to 1.1 per second,caused a decreage in digitisation
pulse height from about 48 V to 13 V.

The rapid decrease in the digitisation pulse heights was due

to the build up of very iarge induced clearing fields inside the
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tube at the higher flashing rates. The induced fields decay
exponentially with time (15, 16, 17, 18, 19), the rétes of decay

- depending on the resistance and capacitance of the glass flash tube,
The direction of the induced field is in the opposite direction to
that of the applied field, therefore at the faster flashing rates,
when the induced fields have less time to decay, the effective
applied fields are lower, hence the digitisaiion pulses resulting
from the pick up of the high voltage pulses are lower.

However, a rapid decrease in digitisation pulse height with
flashing rate was not observed by Chaney et al, (1) at flashing rates
up to 50 Hz. This probatly results from the'fact that they were
using larger diameter flash tubes and were applying much lower
electric fields. Electric fields of 6 KV cm-l were.used, whereas it
has been observed that applied eléctric fields in excess of 6 KV

cm"1 build up substantially larger clearing fields (13).

L.h.2 VARIATION OF DIGITISATION PULSE HEIGHT WITH APPLIED FIELD

‘AT HIGH FLASHING RATES

About 1500 digitisation pulse heights were recorded for
each of several applied fields, at a flashing rate of 4.6 per
second. The dependance of the digitisation pulse height on the
applied high voltage pulse is shown in figure 4.13%. This curve can
be compared with that of digitisation pulse height versus applied
field taken at low flashing rates (figure 4.6). At the lower
flashing rates a linear rise of digitisation pulse height is seen
with rising applied field, however at the faster flashing rates the

relationship deviates from the linear. This is further evidence of
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the large induced cleariﬁg fields, which modify the applied field,

at the higher flashing rates.
L.5 CONCLUSIONS
Unlike conventional high pressure flash tubes the Ne-~He-

CHL+ filled tubes must he operated under certain working conditlons,

to ensure that satisfactory digitised information is obtained. These

- gconditions primarily arise due to the addition of methane to tle

gas mixture, which produces a marked quenching effect on the
discharge process.

. The Ne-He-CH, tubes require the application of pulsed

A

electric fields at minimum delays, and having rise times of 70 nsec,

or less. A high electric field, in the region of 9 - 10 KV cm—l, is

also required for the satisfactory functioning of the tubes, and a

:'pulsed field width (CR) of about 3 - 5 M sec. is necessary s0 as to

minimise the build up of induced clearing fields in the tubes.

Due to this build up of clearing fields when working. at:
rates of several events per second, the working rate-of the tubes is
restricted to a few events per minute only.

However, a high voltage pulsing system has recently been

developed (19) which greatly reduces the build up of induced

clearing fields, when applying high electric fields to small diameter

flash tubes. This pulsing system is described in detail in chapter
7.

The digitisation pulses obtained from the Ne-He—CHA filled
flash tubes can be greatly increased if the tubes are mounted in

such a way that they are in good contact with the H.T. planes, and
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if the are;s of the digitisation probes are increased providing
better coupling between the applied high voltage pulse and the
digitisation probes.

The H.T. planes, digitisation probes and integrated circuit
boards were modified in the 768 flash tube chamber, to ensure that
digitisation pulse heights in excess of 4 V were obtained when
working at flashing ratgs of several events per tube per minute.

The modified 768 flash tube detector was then tested in the positroﬁ
beam ‘at the Daresbury Laboratory at siow flashing rates. The tests
were in order to study the feasibility of the flash tube chamber in
the detection of electrbmagnetic showers,prbduced by positrons of a
few GeV in energy.

The set up of the chamber on the positron heam, and the
fesults obtained from the chamﬁer, ére presented in the two folldwing

.chapters.
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CHAPTER FIVE
OPERATION OF THE MODIFIED FLASH TUBE CHAMBER ON A POSITRON RBEAM
| 5.1 INTRODUCTION

Having found the optimum working conditions of the Ne-He-
CH4 tubes (chapter 4), the modified flash tube chamber containing
these tubes was tested in a positron beam at the Daresbury Laboratory.

These tests were similar to those done earlier in the
positron beam using the prototype chamber (1, 2) (see chapter 3),
‘and included investigations into thg'optimum wvorking rate and
efficiency of the chamber, together with the detection. of
glectromagnetic showers produced by positrons of a few GeV in eneréy.
-However; these later tests utilised a computer link in the sending

E aﬁd storage of data from the chamber.
A description of the initial tests done on the chamber in

the laboratory, the set up of the chamber in the positron beam

and the taking of data in the beam is given in this chapter (3).

The analysis of the electromagnetic shower data taken and

the results obtained are presented in the following chapter.

‘5.2 INITIAL CHAMBER TESTS

Several modifications were made to the chamber in order to
increase the digitisation pulse heights obtained from the flash

tubes,
The modules were modified in order to provide good contact

between tubes and H.T. plates. Thin aluminium foil was wrapped
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around the edges of the H.T. plates nearest the digitisation probes
and strips of thin rubber foam were added to the inside surfaces of
.the earth plates. The rubber foam exerted a small inward pressure
on the tubes ensuring a good contact between them and the aluminium
foil. Perspex spacers were also added to the insides of the modules
to ensure that the H.T. plates remained central.

Small thin 7 mm, diameter aluminium discs were glued to the

flash tube windows, in order to increase the effective probe

7
diameters.

The digitisation pulse heipghts obtained from the modified
modules were studied using cosmic rays. Each modified module was
placed horizontally between two scintillators, é coincidence from
which was used to trigger the chambef pulsing unit.which applied a
high voltage pulse to the H.T. pléte. The resulting field was about
10 KV cri™l and had a CR decay time of 5 psec. The integrated |
‘. circuit boards were removed from the modules ard the resulting
digitisation pulse heights, obtained across a 5.6 KL resistor, were
sampled from each module.

The digitisation pulse heights were all found to be greater
than the 4 V threshold needed to set the latches in the chamber,
average pulse heights of 20 or 30 V were obtained,

These large digitisation pulses meant that the integrated
circuit boérds had to be modified in order t_:o protect-: the standard
T.T.L. circuits., Five volt zener diodes were therefore connected
across the inputs of the integrated circuit boards.

The modified integrated circuit boards were individually
tested to ensure a set output voltage for a given input signal,

"and to ensure resetting on the application of a reset pulse.
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The wiring of the reassembled chamber was then checked to
ensure a one to one tube-probe correspondance., Digitisation inputs
were manually set and the resulting outputs from the latches were
observed using a 128 light emitting diode display. |

The modified chamber was mounted on a traversing table in
the positron test beam area at the Daresbury Laboratory, where the

modules were aligned to within * 0.5 mm.
5.3 THE 20SITRON BEAM FACILITY AT THE DARESBURY LABORATORY

The pesitron beawm is a low intensiﬁy, moncchromatic beam of
variable energy, produced by double conversion of the circulating
electron heam of NINA the Daresbury synchrotron (4).

The positron beam passes through a beam pipe in the wall
-surrounding the main circulating electron beam and then enters the'
bositron test beam area where the flash tube chamber was set ﬁp.
Perspnnel can work in ééfety within the vicinity of the positron
beam in this area,

The beam line elements producing the positron teanm are
shdwn in figure 5.1.

The positron beam c¢an be obtained eithér from a “parasitic"
or ‘“‘bump" mode of extraction., In the foruer method, pafasitic
electrons which circulate the accelerator after the main electron
beam has been targetted by other users, are used to produce the
positron beam, These parasitic electrons deviate from the main
circulating orbit and strike a tungsten target (target no. 4) at
the beginning of the.positron beam line,

In the bump mode of extraction, which is the method used in
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testing the flash tube chamber, a small perturbation is introduced
into the magnetic fiéld of the circulaﬁing maénet nb. 4., This
- causes some of the circulating electrons to leave their orbit and
strike the tungsten target. This method of extraction is preferred
in ‘the testing of the chamber as continuously controllable beams
are produced,
Electrons incident on the tungsten térget produce a photon
f beam which is collimated and ;hen stripped of charged particles by a
permanent magnet. The "clean" beam is then collimated once mcre and
made to impinge on a copper target where the photons are converted
to electron-positron pairs. Positrons of thé desired momentum are
then selected by a bending magnet and a_momentuﬁ slit. The positron
beam emerges through a long sguare éollimator in the main wall
surrounding the synchrotron into-the positron test beam area. On
éntering this area the positréns pass through an ionisation chamber
g mdnitoring system, which trips a shutter when the positron beam
intensity exceeds a safe working level.
The resulting beam in the teslt beam area can consist of
positrons having energy from about 200 MeV to about 4 G2V with a
spread of *+1.0% or less,

The main circulating electron beam is accelerated and

extracted every 19 msec., hence working in beam "bump" mode, a
positron beam can be obtained in the test beam area about 50 times a
second,

However, in the testing of the flash tube chamber, very
low flashing rates were needed so the lowest extraction rate was
used. This rate produced about one positron beam spill per second

in the test beam area, the beam being produced by applying a
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perturbing field or "buﬁp" once every sixty acceleration cycles of
the main beam. This extraction rate wés effectivel& reduced by
incorporating a paraiysis unit in the logic of the data acquisition
systen,

The cycling times of the main beam and the position of the
beam "bhump" in time are shown in figure 5.2. The position - -of the
beanm "bump"” with respect to the minimun fieid of the circulating
magnets and the magnitude of the beam 'bump'y could be varied in
order to produce the required positron beam intensity. The width of
the beam "bump" can alsb be varied. A short "bump" lasting about
0.6 msec., or a longer cne of 1.0 msec. caﬁ be applied,

In the short "bump' mode, positrons in-a spill were found
“to be very bunched, with separationlbetween some ﬁositrons being
about 20 nsec. Such close bunchihg of particlies produces multiple‘

'tracks'in the chamber, however, in the long "bump" mode particle
séparations were found to be several Mmeec. at the beginning of a
spill, 80 this mode of operation was employed in testing the
chamber.

The position and magnitude of the beam "bump" wers varied
to give about 30 positrons per spill in the test beam area, A 1.1 mnm
X 3.84 mm. momentum defining slit was also used to give a beam
profiie of several centimeters in diameter on thg front module of

- the chamber,

5.4 DATA ACQUISITION SYSTEM

The'path of the positron beam in the test beam area was

located by means of a Geiger counter, and the position of the flash-




© sawn Bulofo woag ayj N.m.m_h_.

aimd BN EETE
WANIXYI C RNWINIA
. - sw g

zo:umﬁmm

<Z

swgl
dmng
WY ag

NOHLOV¥LX3

SEGN
. NIVI
ET+¢wﬂ

S Gt wmemy cawes waee  acmemud

'swog-gl




-720=-

tube chamber was varied until the beam was incident on its centre.
Four scintillators>were placed upstregm of the chamber, the

. coincildences of which were used to define incident positrons
(see figure 5.3).

Because of the bunching of positrons in the central regions
of a beam spill, the coincidence circuit was gated off until a
millisecond or so before the beginning of a beam spill, then
enabled for about 5 msec, This meant that coincidences were obtained
on well separated positrons af the begiﬁning of a spill.

The timing of the coincidence circuit was done with respect
to a scalar pulse which was fed by cable to the test beam area
from the main confrol roon of the synchrotron, The scalar pulse,
indicating that the main circulatiné nagnets were at minimum {ield,
was delayed for about (D - l)msec. using an EG & G standard GG200
hnit, and was then used to enéble the scintillator coincidence‘

‘. circuit for about S msec. {c.f. figure 5.2 for definition of D).

A céincidence from this circuit then signified a single
separate positron incident on the chamber. The coincidence signal
was fanned out, one output going to a paralysis unit. This unit
then disabled the coincidence circuit for a fixed period $f time,
usually several seconds, thus defining the event rate., This unit
also disabled the dual trigger, DI'3. This ensured that after the
_paralysis period the coincidence circult was only'enabled fia a
scalar pulse, thus preventing coincidences due to parasitically
produced positrons or positrons in the centre of a spill.

A second output from the colncidence unit was used to

trigger the high voltage pulsing unit mounted on the top of the

" flash tube chamber, which produced a high voltage pulse on the H.T.
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plates of-the modules. The delay between the passage of a positron
through the chamber and the application of the high voltage pulse
was about 300 nsec,

A tﬁird output from the coincidence unit was delayed for
10 M Bec. then fed te¢ an dnterrupt register situated in the CAMAC
system, ?his commenced the reading and storing of the outputs of
the chamber latches by a PDP 11 computer via the six EMIHUS cables
,connected to the three 256 bit CAMAC input registers. The 10 /Asec.
delay was introduced in order to allow the applied high voltage
pulse to decay and the digitisation pulses from flashed tubes to
set the latches,

Once the outputs of the latches were read and stored by
" the PDP 11 computer they were reset by the CAMAC output level unis.

The PDP 11 was programmed in Assembler language (5) and a
flow diagram of the progfamme is showvn in figure 5.4.

The PDP 11 computer stored two'e§ents, which could then be
displayed on a vista séréen connected to the computer system, or
the events could be sent via a computer link to an IBM 370,
depending on the commands given to the PDP 1l via the vista key-
voard. |

Once the data reached the IBM 370 by tﬁe computer link
it was stored on disc., Two data runs were usbally storéd, each run
containing several thousand events, then the data was copied to
magnetic tape. The data on magnetic tape was then read and analysed

using programmes written in FORTRAN.
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5.5 TESTS IN THE POSITRON BEAM

The main tests-carried out in the positron bheam were in
order to find the capabilities of the chamber in the detection of
electromagnetic showers, using fully digitised output.

However, several tests were done before the electromagnetic
shower measurements were taken, in order to remove spurious and

-inefficient tubes and to find the optimum working voltage and rate.
in all the tests a 50 V (peak to peak) em™ L alternating

external clearing field was applied to the H.T. plates.
5.5.1 SPURIOUSLY FLASHING TUBES

The tubes used in the chamber were tested for spurious
-flashing by using a pulée generator to simulate coincidence signalé
in the scintililator coincidence circuif.(see Tigure 5.3).

A high voltage pﬁlse of 11 KV was applied on each simulated
coincidence. This resulted in an applied field of about 10 - 11
Kv cm-l across the tubes, depending on which module they were in.
Thie variation in applied field arose from the varying H.T.-earth
plate separations, due to the addition of rubber foam.

The data obtained was sent down the computer link, copied
to magnetic tape and analysed. A simple analysis programme was run,
which counted the number of times each tube flashed and gave a |
frequency plot for all the tubes in the chamber. Spuriously

flashing tubes were easlly recognised, removed and replaced.
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5.5.2 SCANNING OF THE CHAMBER

In‘order to check that the efficiencies of all the tubes.
were reasonably high, the chamber was scanned using the positron
beam, with no lead target between the modules. Using the motorised
traversing table on which it was mounted, the chamber was moved
back and forth at a constant rate across the beam, ensuring that
. the total width of the chamber was traversed. While the chamber
was being scanned, coincidences from the four fixed beam defining
scintillators were used to trigger the high voltage pulsing unit,
and the data obtained was sent down the coﬁputer link,

The data was analysed in the same way as tﬁe data obltained
from the spuriously flashing tube tests. The tube ignition frequ~
encies then gave indications of the efficiencies. Inefficient tubes

.were removed and replacéd.
5.5.3 EFFICIENCY MEASUREMENTS

The flash tube chamber was positioned, without any lead -
tafget between the modules, so that the positron beam was inéident
on‘its centre., The layer efficiencies were then found from straight
through positron tracks for various applied high voltage pulses;
The data taking rate was very low, about several events per minute,
in order to minimise induced clearing field effects.

The data was analysed using two computer programmes and some
of the data was analysed by eye, in order to check the validity of
the efficiencies given by the programmes,

. One programme recordedwhether or not a tube flashed in each
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module for an incident ﬁositron. Summing over several thousand
events, the individﬁal module efficiencies and the.layer efficiency
of the chamber were cbtained.

The second programmedidaéimilar analysis, however inform-
ation was only considered from tubes in a central, cylindrical
region of the chamber, where one expected to find positron -
trajectories.

Any large differences between the results obtained from
the two programnmes would indicate spuriously flashing tubes.

A very pgood agreement was found between the results obtained

by both computer analyscs of the data and the data analysed by eye,

-for applied high voltage pulses less than 11 KV. The results obtained =~

for the layer efficiency of the chamber for various applied high
voltage pulseé are shown in figufe 5.5.
| "Because of the varying H.T.-earth plate separation, the
B wérking voltage varied froﬁ module to module. Some modules were
very efficient for a 10 KV pulse, whereas others needed a pulse of
11 KV. This is seen as the rise in layer efficiency of the chamber
as the applied high voltage pulse is increased from 10 to 1l KV in
figure 5.5. However, for pulses greater than 11 KV some of the tubes
began to flash spuriously. A working vo;tage of 11 KV was therefore
chosen.

A display on.the vista screen of two positron tracks
through the chamber is shown in figure 5.6.

The layer efficiencies of the modules and of the chamber
were also found for various event rates. The high voltage puise wvas
11 KV and the data was analysed using the above mentioned computer

'programmes.The.resultsobtained for the chamber layer efficiency
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are shown in figure 5.7.

The layer efficiency of the chamber is seen to decrease
fairly rapidly with rate, due to the reductions in the agigitisation
pulse heights resulting from the build up of large induced clearing
fields (see chanter 4),

The module effiqiéncies obtained for various event rates
are shown in figure 5;8. These also are seen to decrease with event
rate, however, some modules decrease in efficiency fastér than |
others, due to variations in H.T.—eartﬁ plate separation.

An event rate of about 11 per minute was chozen as a
satisfactory one, prodﬁcing a chamber 1ayef efficiency of 83%.
Higher event rates would have produced lower efficiencies, and

lower event rates would have made data taking too long & process,
'5.5.4 ELECTROMAGNETIC SHOWER MEASUREMENTS

Having decided on an event rate of about 11 per minute, and
én applied high voltage pulse of 11 KV, the chamber was set up in
order to take electromagnetic shower data.

The chamber was positioned so that positrons were incident
on the centre of ﬁhe first module, and lead tgrget was placed
between the modules. Three thicknesses of target were used, 0.6,
1.2 and 1,8 radiation lengths.

As an estimate of the spatial resolution of the chamber
was to be made, the positions of incident positrons were needed.
These were obtained from the position of a single flashed tube in
the first-module, which had no lead targét in front of it.

The ‘energy of the incident positron was varied between 0.5
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and 3.5 Gef and several thousand shower events were taken for each
target configuration and incident energy.

A vista screen display of a typical shower event is shown
in figure 5.9.

The results obtained from the electromagnctic shower tests

are presented in the following chapter,
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CHAPTER SIX

ELECTROMAGNETIC SHOWER DETECTION

USING THE MODIFIED FLASH TUBE CHAMBER

6.1 ENERGY RESOLUTION

In order to estimate the eneréies of positrons incident on
the chamber containing lead target, the shower data obtaianed was
analysed using similar methods to those used in the analysis of
the shower data obtained from the'prototype chamber. The total
number of ignited tubes was recorded for each shower produced for
an incident positron of known énerg&. The total number of ighited
‘tubes then gave a measure of the secondaries sampled in the shower
which was proportional tb the enefgy of the incident positron (sce
chapter 3, section 3.3.4).

The total numbers of secondaries expected by sampling
electromagnetic showers produced in lead by incident electrons of
varying energies are shown in figure 6.1.

The numbefs are obtained from Monte Carlo simulations done
by Messel and Crawford (1) and Volkel (2).

.The samplings of the showers were taken at 0.6, 1.2 and 1.8
radiation length intervals for a threshold secondary energy of
2 MeV.

The total rnumbérs of tubes whi.ch ignited in the chamber for
given positrbn energies and target thicknesses were calculated, and

the frequency.distributions obtained for the integral energy runs
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are shown in figure 6.2 for 0.6, 1.2 and 1.8 radiation lengths of
lead target'between each module,

From these distributions the mean total number of flash
tube ignitions was found for various energies and target conditions,
and the results are plotted in figure 6.3.

The curves deviaté from the linear relationship one expects,
however these deviations are not as pronounced as those present in
the data obtained from the prototype chamber (see figure'3.6), due
to the rcduction in shower leakage and the increased electron
sensitivity of the modified flash tube chamber,

The energy resolutions of the chambér were calculated by
taking the FWHM of the tube ignition frequency distributions, as
was done for the prototype chamber. The various resolutions obtained
for the chamber for different ﬁorkiﬁg conditions are shovn in figure
6.k

For the lower enérgy runs the resolutions follow the 1//E
yariation one expects, however, for the higher energy runs, where
the electron insensitivity of the tubes becomes important together
with shower leakage in the 0.6 radiation length runs, the resolution
changes very little with increasing energy.

Using 1.2Aradiation lengths of lcad target between the
modules, an energy resolution of about % 10% was obtained for poéit-

rons of.3 GeV,

6.1.1 SHOWER LEAKAGE

Shower leakage was also present in the modified chamber for

the thinner-target and higher energy runs, however the shower
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leakage was only present in the longitudinal direction with very
little or no leakage in the lateral direction. This is clearly
illustrated in figure 6.5, which shows the development of showers
in the chamber produced from 3 GeV positrons. There was 0,6 |
radiation lengths of target between the modules, The showér.shapes
-produceq in each module are shown, tube ignition frequencies are
plotted in the vertical direction for the respective tube nunmbers
. which are plotted in the horizontal direction. Irregularities in
the helighits of the distributions arise as all the modules were not
operating at their optimum working vdltages.
The mean number of tube lgnitions for each of the modules
‘in the Y direction is plotted for various target configurations
and energy in fisure 6.6. These curves show that longitudinal shower
leakage is always present in the 0.6 radiation length runs and is also
-present at higher energies in the 1.2 radiation length runs. |
Plots of the number of flashed'éubes for various amounts
of traversed lead targef in the Y direction are shown in figure 6.7.
These results are seen to follow the same behaviour as those
obtained from Monte Carlo simulations by Messel and Crawford (1)
(sée chapter 3, figure 3.2). A fast initial rise in the number of
electrons produced is seen, leading to a maximﬁm value which is
followed by a gradual decrease isu the number with incréasing target
thickness. The positions of these maxima can be shown to be pro-
portional to the logarithm of the incident positron energy (1).
The positions of the maxima obtained using the chamber are plotted
for various positron energies in figure 6.8. Results obtained from
Monte Carlo simulations (1, 2) are also_shown and are seen to give

reasonable agreement with the results obtained from the chamber.
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Using curves of the number of flash tube igﬁitions for
various target thicknesses (see figure 6.7) corrections can bz
made for longitudinal shower leakage from the chamber encountered
in the thinner target runs. The total number of flash tube ignitions
for various incident positron energies have heen estimated using
these corrections and the'results are showvn in figure 6.9.

A considerable improvement in linearity is seen in the
corrected results of the 0.6 radiation length runs, howe&er, there
is little change in the 1.2 radiation length runs, as most of the
showers were contained in the chamber.

The 1ongitudinaily corrected curves-still deviate from the
linear; this is mainly due to the electron insensitivity of the
tubes, that is, the inability qf a tube to simultaneously detect

the passage of more than one electron through it.
6.1.2 ELECTRON SENSITIVITY OF THE FLASH TUBES

The electiron sensitivity of the tubes has heen estimated
using the theoretical numbers of sampled secondaries produced in an
electromagnetic shower from Monte Carlo simulations (see figure 6.1).
The results are presented in table I,

An‘estimate of the electron sensitivity of the flash tubes
wvas madé for the 0.5 GeV run only, in the 0.6 radiation 1eng£h
tests, as longitudinal shower leakage was quite considerable for
incident positrons haviﬁg energles greater than 0.5 GeV,

The results in:table I can be compared with those obtained
from-the prototype chamber.employing the.larger diameter flash tubes
(see chapter 3, table 1),

Values ranging from about 4O% to §0% were obtained for the
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TABLE I
Positron Radiation Number of Number of Sensitivity
eneggy Lengths of |secondaries|flash tube (%)
(GeV) target ignitions
between.
modules
0.5 0.6 33.6 20 60
0.5 1.2 16.5 14 85
1.0 l.é 33.2 22 66
1.5 1.2 49.9 29 53
2.0 1.2 66.7 33 49
2.5 1.2 83.5 39 47
0.5 1.8 10.8 10 93
1.0 1.8 21.8 16 73
1.5 1.8 32.8 20 61
2.0 1.8 43.9 25 57
2.5 1,8 55.1 29 53
3.0 1.8 66.3 31 47
3.5 1.8 77.5 35 45
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electron sensitivity using the prototype chamber. The electron
sensitivity has been greatly improved using the smaller tubes of the
modified chamber, wheré values ranging from about 50% to 90% vere
obtained.

The electron sensitivity of the tubes is seen to improve
with decreasins positron energy due to the formation of less dense

electromagnetic showers. One way in which this sensitivity may be

“further improved at these higher energy runs is by increasing the

module to module separation in the chamber and so enable showers
produced in the chamber to widen in the lateral direction, producing

less dense showers.

6.2 SPATIAL MEASUREMENTS

6.2.1 INTRODUCTION

The electromagnetic shower data obtained from the improved
flash tube chanber was analysed with respect to spatial and
angular information,in a similar manner to that obtained from the
prototype chamber.

Estimates of the shower centres in each module were obtained
using the symmetrical properties of developing showers. These
shower centres were then used to obtain a first estimate of the
shower axis.

Knowing the latveral distributions of the secondaries in
each of the modules, the positions of ignited tubes were weighted
according to their ‘distances from the estimated shower axis,.and a

series of weighted shower centres was obtained. A better estimate .
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of the shower sxis was then obtained by the weighted least squares
fitting of a line to the weighted shower centres. Successive
estimates of the shower axis werc then obtained using the above
method as an iterative process. The final estimate of the shower
axis was taken after ten iterative loops. Estimates of the positions
of incident positrons were then obtained by finding the positions

of the intercepts of the final estimated shower axes on the first
"module. These intercept positions were then compared with the Rnown
positions obtained from the positions of the single flashed tubes in
the first module,

"Apex deviation" distributions were found as for the
.prototype chamber, and from these distributions the spatial
resolutions of the chamber were found.

The angular resolutions of the chamber were also found by
comparing the angles of'estimated showe; axes with the known values

of angles of incidence of positrons on the chamber,
6.2.2 LATERAL DISTRIBUTIONS OF SECONDARIES

The shower data was first analysed in order to obtain the

shower profiles produced by the secondaries in each module, for

-. various incident positron energies and target thicknesses. An

example of the showér profiles thus obtained is shown in figure 6.5.
The standard deviations (oi) or "shower widths" (Zoi) were obtained
for each of the profile distributioﬁs. Some shower widths are shown
in figure 6.10.

For the ith module the frequency distribution of secondaries

was represented by:
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" where qij = (y.., - yi) cos ¢

(using similar notation as in chapter 3, and Ki is a fitting

parameter for module 1)

The frequency distributions fij(yij) were fitted to the
empirical shower profiles by varying the values of Ki. The values
of Ki vhich gave the best fit to the empirical shower profiles are

.shewn in figure 6.11.
‘6.2.3 LONGITUDINAL WEIGHTING OF THE DATA

Because of the fluctuations in electron positions and
densities in & shower, which increased as the shnwer progressed
further through the chamber, the shower data was veighted in the
longitudinal directlon when estimating shower axes.

The shower data was analysed using the iterative process
and using various values of Ki,and various longitudinal weighting
_factors in the weighted least squares fitting of a line (shower
axis) to the weighted shower centres, |

The use of longitudinal weighting factors of (l/oi) to
varying powers was investigated. The values of oi were used

because they gave some measure of the fluctuations in electron

position and density in each module.
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Some of the results are shown in table II. The standard
deviations of the resulting apex deviétion distribﬁtions are shown.
These give a measure of the spatial resolution of the chamber, which
is secn not to be very devendent on the values of Ki used in the
analysis.

Longitudinal weighting factors of (l/Li) to varying powers
were also tried in the analysis of the data; where Li was the
amount of target traversed by secondaries in the shower before
reachlng moduls i. The resulting sfandard deviations of the apex
deviation distributions are shown in table III.

The use of 1/(01)2 in the analysls in weighting in the
"longitudinal direction gave the better .spatial resolution. Because
‘the values of 0y were intrinsic to éach module ana were related to
the individual module efficignciés whereas the L, values were not,
.it was decided to use 1/(0‘]._)2 in the final analysis of the data.
ngever a check was first'made in order to verify that all the

| flash tube informétion obtained from an event in the chamber was

| being usefully used in the analysis, and that the l/(cri)2 wyeighting
was not effectively "weighting outﬁ data from the rear modules of
the chamber in the analysis.

This ckeck was performed by analysing the éhower data
using the information from various hdmbers of modules. The data

- was analysed using 5, 7, 9 and 1l modules, and in all cases the
resolution of the chamber improved as the number of modules used
was increased, hence the l/(cri)2 weilghting appeared satisfactory

"and was used in the final analysis of the data.
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TABLE IT

"STANDARD DEVIATIONS! (D) OF APEX DEVIATION DISTRIBUTIONS (mm)

FOR 1 GeV POSITRONS AND 0.6 RADIATION LENGTHS OF TARGET BETV

Longitudinal Weighting 1

EEN MODULES

0.
i
Ky 0.5 3.5
X tubes 8.6 8.7
Y tubes | 11.5 10.8
Lonitudinal Weighting 3.
%%
First 4 Modules|Rear 7 Modules
Kjr 0.5 505, 7.0 6.0 ce5
" X tubes 7.4 6.9 6.8 7.
Y tubes 11.1 10,2 9,8 11.2
Longitudinal Weighting 1
0.
i
Ky 0.5 3.5
X tubes 6.8 6.3
'Y tubes 11,7 10.3
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TABLE III

"STANDARD DEVIATIONS" (D) OF APEX DEVIATION DISTRIBUTIONS (mm)

FOR 1 GeV POSITRONS AND 0.6 RADIATION LENGTHS OF TARGET BETWEEN MODULES

Longitudinal 1 1 1 1 1 1 1

_ : 2 5 ky 2 :
VWieighting Factors o, % O3 o Li Li Li
X tubes 8.8 | 7.4 | 6.8 | 7.6 7.8 1 9.2 |12.0
Y tubes 11.5 | 11.1 11.7 12.4 | 12.1 16.1 19.3
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6.2.4 SPATIAL AND ANGULﬁR RESOLUTIONS

The shower data was anélysed with respect to spatial and
angular information, using a value of 3.5 for the lateral fitting
constants K, and using values of 1/(C‘i)2 for weighting in the
longitudinal direction.

The analysis gave apex deviation distributiéns and shower
axis angle distributions. The widthe of these distributions were
found and used to obhtain estimates of the chamber resolutions,
kncwing the positions of incident positrons to & one tube radius,
and knowing thalt the angles of incident positrons were 0° = 2°.
‘The angles of incident positrons were found from straight tracks
made in the chamber without any térget placed between the modules.,

The frequency distributiéns of the shower axis angles and
-apex deviations were not Gaussian like in shape, hence the widths
g of the distributions were éstimated-in a similar manner to those
obtained from the prototype chamber.

Limits containing 75% of the data were found and the limit
separations were taken as the widths of the distributiouns. The
measure of resolution given by a distribution was then taken as
* (half the distribution width). |

The resolutions obtained from the chamber were then found
-ag before taking into account the improved estimate of the incident

positron position from the single flashed tube, that is,

(spatial resolution obtained from apex deviation frequency

distribution'(mm))2 ~ 16 + (spatial resolution of chamber (mm))2




© ~90-

(angular resolution obtained from shower angle frequency
. . . 2 . 5
distribution (degrees))™ ~ L4 + (angular resolution of chamber

(degrees))2

Th2 spatial and angular resolutions obtained for the chamber
are shown in figure 6.12 and figure 6.13 respectively.

The spatial resqlution is seen to improve with increasing
energy and decreasing target thickness, giving values aslgood as
* 2 nin, |

Similar trends are found for the.angulaf resclution where
values as good as 2 2° ﬁere obtained. '

The data was also analysed without any weighting of the
flash tube information. A considerable improvement in ths -spatial
énd angular resolutions of the chamﬁer was found using weighted

-methods; typical results are shown in table 1V,

TABLE IV

SPATIAL RESOLUTION OF THE CHAMBER (mm)

1l GeV POSITRONS, 0.6 RADIATION LENGTHS OF TARGET BETWEEN EACH MODULE

—

Ki = 3.5, Longitudinal Weighting l/(o*i)2 Unwéighted

X tubes 1.9 L.2

Y tubes 3.7 5.8
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6.3 CONCLUSIONS

From the seriss of tests carried out on the modified flash
tube chamber in the positron beam; together with the results of the
analysed shower data obtained from the chamber, the usefullness of
the flash tube chamber in the detection of electromagnetic showers
under accelerater conditions has been clearly illustrated.

The resolutions obtained using the modified chamber have
considerably improved on those obtained from the prototype chamber
employing the larger diameter flash tubes (see chapter 3).

Shower lealkage from the chamber has.been reduced and
‘electron sensitivities as great as 90% have been obtained using the
modified chamber. This has lead to a much better énergy resolution,
giving up to * 10% for 3 GeV positrons incident on the chamber
-containing 1.2 radiation lengths of lead target between the modules.

The spatial resolutions of the modified chamber of up to
* 2 mn are a great improvement over those of the prototype chamber.
However, angular resolutions have remained similar to those of the
prototype chamber, where shower angles were found to within a few
degrees,

A comparison between the energy resolution obtained from
the modified flash tube chamber and those obtaiugd by recent work
-employing electromagnetic shower detectors which give both spatial
and energy information is shown in figure 6.1l4.

All the detectors give spatial resolutions of a few
millimetres or less.

The results obtained by Basile et al. (3) were from an

electromagnetic shower detector employing two sixz-gap thin plate
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spark chamﬁers and nine spark chamber-scintillator sandwiches.
Electrons were used to produce the showers.

The results ohtained by Allkofer et al. (4) were from a set
of 21 glass spark chambers interspaced with iron plates, electrons
wvere also used to produce the showers in this detector.

The energy resolution obtained using the modified flash
tube chamber is seen to compare favourably with those resulis
obtained by BRBasile et zl. and Allkofer et al. The resolufions
obtained by Basile et al. are rathexr ﬁetter than those from the
modified flash tube chamber. This results from the use cf the
plastic scintillators ih the detector to de£ermine the energy of
the primary electron producing the shower. Without any information
from the scintillators the energy resolution of the detector is
increased by a factor of two, | |

However, the data obtained from the detectors used by
Basilg et al. and Allkofér et al. was recorded photographically;
this meant tedious methods of aﬁalysis, counting sparks and fitting
éhower axes by eye, whereas the flash tube chamber produced fully
digitised information which could be analysed "én line" during an
experiment using "on line'" computing techniques, or simply stored
on disc or magnetic tape to be analysed at a later date using
computational methods,

From the results obtained from the modified flash tube
chamber, it is seen that the energy and spatial resolutions are
comparable with those of conventional detectors, huwever the
operation of thé modified flash. tube chamber is severely reétricted
to low reﬁetition rates of ébout several évents per minute. This

rate may be satisfactory for certain accelerator experiments, hut
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the potential of the chamber would be greatly increased if higher
repetition rates cculd be used.

The fcllowing chapter gives details of a method pursued at
Durham in order to increase the working rate of the high pressure,

methane dopsd tubes.
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CHAPTER SEVEN

A FIGH VOLTAGE PULSING SYSTEM FOR USE AT HIGH REPETITION RATES

7.1 INTRCDUCTION

From the tests done on the small diameter, high pressure
tubes filled with Ne(70%)-He(3%0%) + 2% CHL+ tn the positron beam
(see chapter L), and on the modified chamber (see chapter 5), it
was found that the flash tube digitisation pulse heights decreased
‘with increasing flashing rate (1). ThiS'effect limited the operation
of the chamber to repetition rates of several events per minute {2).

The decrease in digitisation pulse height with repetition
.rate was believed to be due to the build up of large induced
E ciearing fields in the tubés after their discharging.

Tests were.therefore-carried out at Durham,; where the

digitisation pulse heights were studied using various modes of
high voltage pulsing, with tle aim of reducing the magnitude of
the clearing fields, and so increasing the working rate of the tubes.

The tests are described in this chapter.

7.2 ANOMALOUS EFFECTS ASSOCIATED ¥WITH THE POLARITY OF THE

APPLIED ELECTRIC FIELD

The digitisation pulse heights obtained from the tubes
were studied'using a similar test rig to that used in the positron
beam teslts (see figure 7.1 b).

The digitisation probe was a 6 BA screw placed in contact
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 with the'tube window to which a 7 mm, aluminium disc was adhered.

The probe impedance was 5,3 KL and consisted of a 4.7 K_.
resistor and a 560.0) resistor connected in series. Digitisation
pulses obtained across the 56011 resistor were fed into a pulse
height analyser via an interface amplifier. This amplifier served
two purposes; firstly it was used to amplify the pulses which were
sometimés very small, and secondly, to invert pulses of negative
~polarity because of the unipole nature of the analyser input.

The pulse height analyser was calibrated using a pulse genérator.

Single /guparticles from a RulO6.source vwere selected on
passing through a flash tube, by means of a two fold coincidence
of scintillation counters 8y and S, (see figure 7.1 aj.
| The coincidence signals were used to trigger the high
voltage pulsing unit which provided a pulsed field across the tube.
The coincidence unit could be paralysed for a {ixed period of time'
after each coincidence by means of a pafélysis unit, hence the»
working rate of the tuﬁe.could be varied.

| The high voltage pulsing unit consisted of a CR decay
system which was discharged using a trigatron spark gap (3). The
spafk gap was triggered by a -3 KV trigger pulse obtained from a
hydrogen thyratron on the acceptance of a coinéidence gignal,

The trigatron spark gap was used so that the p&larity of
the applied high voltage pulse could be changed simply by changing
the polarity of the high voltage supply.

The characteristics of the applied electric field are

given in table I.
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TABLE I

CHARACTERISTICS OF THE APPLIED ELECTRIC FIELD

Peak Value Delay Time Vidth (RC tine) Rise Time
(Xv cm_l) (nsec.) (tusec.) ‘ (nsec.)
10 - 11 200 b5 60

7.2.1 THE EFFECT OF THE FLASHING RATE ON THE DIGITISATION PULSE

HEIGHTS

The digitisation pulse heiéhts associated with the small
diameter, methane doped fubes, had been ctudied at very low
flashing rates, of several events per minute using cosmic rays,
énd at higher rates, up to about 240 events per minute, using a
positron beam (see chapter 4), The digitisation pulse heights were
studied for intermediate flashing rates of up to 90 events per

minute using the RulOG

source and using applied fields of diffe}ent
polarities.

'The digitisation pulses were obtained for both negative
and positive applied electric fields of different magnitudes and
for various flashing rates, About 1000 pulse heights were recorded
'for each flashihg rate and applied field. Almost 3%0% of the two-

fold coinéidences obtained were due to /}—particles which produced

a discharge in the tube on the application of the pulsed electric
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field, The remainder of the coincidences were due to the high
background of gamma-rays also emitted by the source. The times,
therefore, between the genuine ﬁ -parficle coincidences which
produced discharges accompanied by digitisation pulses, were not
constant, and the'flashing rate mentioned throughout this chapter,
unless otherwise stated, was the average flashing rate of the tube
and not the rate of coincidences. The mean and standard deviations
of each of the. digiltisation pulse height distributions wére
calculated and the results are plotted in figure 7.2 and 7.3 for
negative and positive applied fields respectively.

The variations in digitisation pulsé height with flashing
rate using a negative applied field agree gquantitatively with those
found in the positron beam tests (sees figure 4.12). However, a very
different trend was found when a poéitive applied field was uséd,
.thé decrease in digitisation pulse height with flashing rate being
a much more gradual procéss, which resulted in considerably larger
digitisation pulse heights at the higher flashing rates.

As the magnitude of the digitisation pulse heights depends
sirongly on the size of the remanent clearing field in the tube,
these results suggest that the time constants for the decay of the
induced fields are smaller when positive electric fields are applied.

The size and decay constants of the induced fields were

estimated for various applied fields.

7.2.2 INTERNAL CLEARING FIELDS

The digitisation pulse height distributions were measured

for different polarities and various magnitudes of applied fields
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at very ﬁlow flashing rates, so0 that clearing field effects could
effectively be neglected.

The results obtained for negative and positive applied
fields are shown in figure 7.4. A linear relationship had been
found in previous tests using negative applied fields (4), and
this was also foungd for both the negative and positive applied
fields as shown in figure 7.4.

The points in this figure are the means of the pulse héight
distributions, and the errcrs associated with each of the points are
the standard deviations of the respective pulse height distributions.

The results in figures 7.2 and 7.3,-together with the
.results from the graphs in figure 7.4 were used to estimate the
magnitudes of the induced clearing fields at various flashing rates,
for applied fields of different polarities.

For a given flashing rate and applied field, the resulting
digitisation pulse height was found frbﬁ either figure 7.2 or 7.3.
The effective applied fiéld for the resulting pulse height was then
found from figuve 7.4. The magnitude of the internal clearing fieid
was then taken as the difference between the applied electric field,
andithe corresponding effective applied field at that flashing
rate,

The resulting estimates obtained for the magnitudes of the
remé%%nt clearing fields are shown in figure 7.5. The magnitude
of the applied field.was 10 KV cm —.

The decay times of the induced fields are seen L0 be very
different for the different polarities of applied fields. The decay
constants of the induced fields, measured from the linear portions

of the curves, are fourd to be 27.7 sec. and 0.6 sec. for the
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negative-and positive polarities respectively.

From the curves in figure 7.5'it is seen that there are
two distinct grsdientsassociated with the decay of the internal
fields. The curvedportion at the beginning of the curves indicates
a varying decay cdnstant immediately after the discharge, which
then remains constant in the later part of the curves.

Similar trends in the decay tonstants of induced fields
. were found by Ashton et al. (5), using low pressure flash tubes made
of 595 sodg glass, however the decay constants were different, which
suggests that they depend a great deal on the type of tube being
used, l

Further cvidence of the magnitude of the reméﬁgnt clearing
field depending on the pélarity of the applied electric field was

found in sensitive time measurcements of the tubes (see gection 7.4.3).
2.3 TWO DISCHARGE MECHANISMS

For the faster flashing rate runs the digitisation pulse.
height distrihutions were found to separate into two gquite distinct
diétributions (see figure 7.6). This effect was also obéerved
during the lower flashing rate runs, when smalier applied fields
were used (see table II). |

The two separate distributions indicate that there are two
quite distinct discharge processes, giving rise to the digitisation
Pulses. It is believed that the two processes responsible may be
Townsend and'Streamer discharge mechanisms (6), the streamer
discharges, of very high charge densities, occurring for effective

applied fields greater than about 9.5 KV cm—l, producing the larger
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TABLE IT

Fumber of Events Flashing
Fields Peaks in Distributions |in each Distribution Rate
(KV cm 1) (Volts) (%) (Min~T)
-10,0 . 1 26 33
6 e
-10.0 0.5 o 69 41
5 31
+ 10,0 7 13 36
37 | 87
+10.0 7 39 62
25 ' 61
66 74
34
55 4
45
50 4
50

M UNIVER
““‘\“ka'.'.li::cf 3/]"

27 0CT1976

L
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digitisation pulses. At the faster flashing rates the induced
fields reduce the effective applied fields. This results in Townsend
discharges, of lower charge densities, producing smaller digitisation

pulse heights.

7.4 APPLIED FIELDS OF ALTERNATE POLARITIES

In ordei to reduce the build'up of the induced clearing
"fields at faster flashing rates, a double pulsing system was .
constructed, which applied alternate polarity high voltage pulses
on successive particle coincidences. This entailed the coupling of
two opposite polarity high voltage pulsing units to the flash tube
H.T. plate, the units being triggered and the coupling controlled by
a logic unit incorporated in the system., A diagram of the
experimental arrangement employing-thg double pulsing system is
shown in figure 7.7. |

The two high voltage pulsing units were coupled to the H.T.
plate using two high voltage reed switches, (type DTA-812,
manufactured by Flight Research Ltd.). |

Two spark gaps were used to produce exponential CR high
voltage pulses of alternate polarities.

In the operation of the double pulsing system a + 24 V
- two way relay in the logic unit (see figure 7.7 b) is closed to
provide power for one of the high voltagé reed switch coils.
Consider the case when the reed coil for spark gap 1 is powered.
The logic unit, on recieving a coincidence signal, sends a trigger
signal to spark gap 1 which then switchés. The sparlk gap 1 reed
coil is powered hence its associated reed switch is closed, so0 a

high voltage pulse of bositive polarity is obtained on the flash
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tube H,T. plate. After a delay of about QOO/M sec., from the switching
of spark gap 1, the relay position changes to provide power for the
spark gap 2 reed coil. A coincidence éignal fed to the logic unit
then sends a trigger signal to spark gap 2, the resulting high
voltage pnlse of negative polarity appears on the H.T. plate. In
this way high voltage pulées of opposite polarity are fed to the
flash tube H.T. plate on successive coincidence signals.

The logic unit was made fron standard TTL integréted circuits,
and a circuit disegram is shown in figure 7.8. The unit was housed
in a standard N.I.M. module. It recieves.+ 5 V scalar signals at
the coincidence input ahd produces N.I.M. siandard signals alterna~
tely at outputsPl and P, on successive coincidence inputs. The N.I.M,

2

outputs from PJ and P2 are fed to high voltazse thyratron pulsing
ﬁnits, which are used to trigger the spark gaps. The + 24 V line

is switched between outputs R, and R, after a delay of about 400

. 1 2
M BEC. on recieving input signals.

A schematic diagram of the logic unit is shovn in figure
7.9. The + 5 V scalar input signals change the state of a J=K
flip flop (7470), the output levels of which pass through a NAND
(7910), which gives "clean" edges to the changing levels.

Each level from the NAND :Lo then fed to a monobtable (74121)
which trlggers on a positive r251ng edge, producing both a R.I.M.
signal écross 50 (2 at P1 or PZ' and a logic signal which is
delayed for about 400 MmsBec. by two similar monostables. The
" delayed logic signals are then fed to a set-reset latch (74118),
the output of wﬁich is used to switch a transistor (BC1L09). The

transistor operates a + 6 V relay which switches the + 24 V line

and R

between outputs Rl >e
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The double pulsing system was set up as shown in figure
106 . , . C .
7.7, the Ru source being used to provide coincidence signals as
in the previous tests.

The digitisation pulse heights were recorded as in the

single pulsing tests.

7.4.1 VARIATIOHS IN DIGITISATION PULSE HBEIGHT WITH FLASHING RATE

. USING THE DOUBLYE PULSING SYSTEM

Using the experimental arrangement described in the prev-
ilous section, the effect of applying alternéte polarity fields on
successive colncidences was investigated. The digitisction pulse
heights were measured for each polarity separately, for various
flashing rates, and the mean pulse heights obtained are shown in
-figure 7.10, for negative aﬁd positive applied fields.
| The mean pulse heights.are seen %0 remain roughly constant
up to a flashing rate of.90 min_l. The pulse height distributions
are found to widen as the flashing rate is increased, this is
indicated in the figures by the increase in the error bars
assocliated with each point.

The widening of the pulse height distributioné at the
higher flashing rates is due to ihe presence of the gaﬁma-ray
background produced by the radioactive source, giving rise to
coincidences resulting in the application of high voltage pulses
without the discharging of the tube. In the ideal caselwhen the
tube flashes on consecutive coincidences resulting from /3-
particles, then the digitisation pulse resulting from a second

discharge is larger than that accompanying the first discharge,
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This is because the charges deposited on the tube walls from the
first discharge enhance the second applied high voltage pulse.

However, consecubive_dischargeé arising from similar
polarity applied high voltage pulses give rise to smaller digitis-
ation pulses, becaﬁse of the backing off of the applied pulse by
the deposited charges on_the tube walls,

Hence the gamma-ray background, which causes consecutive
discharges to be produced from varying polarity high voltage
'pulseé, causes variatidns in digitisation pulse heights at higher
flashing rates, where the remanent clearing fields are much larger.

The standard deQiations of the pulsé height distributions
obtained using the double pulsing system, for various flashing
rgtes, are shown in figure 7.l1l. The standard deviations increase
initially with rate, however they aﬁpear to remain constant for
flééhing rates greater than about 70 min™t,

The constant dis£ribution widths may be due to there being
little chance of accumulating charge 6n the tube walls, when fields

of both polarities are applied alternately.
7.4.2 SPURICUS FLASHING

Aé mentioned in chapter 4 it was found that spurious
flashiné'of the high pressure methane doped tubes occurred for
applied fields of more than about 10 KV cm'l, and the amount of
spurious flashing was found to increase if the applied field was

‘increased. |
The possibility of spurious flaéhing therefore arises

during double pulsing tests, as the applied field may be enhanced
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by the presence of an internal clearing field.
A measure was made of the amount. of spuricus flashing
during the double pulsing tests by caléulating the "flashing

efficiency" of the tube,

ie. | Number of tube discharges x 100%

Number of applied high voltage pulses

for various pulsing rates.

The results obtained for applied fields of I 10 KV cm"1
are shown in figure 7.12. It is seen that tﬁe flashing efficiency
remains almost constant for various pulsing rates using the
double pulsing system, and hence the amount of spurious flashing
cén be considered negligibdle.
| The fall in flashing efficiency at the higher pulsing rates
for the single pulsing rﬁn of -10 KV cm"1 is attributed to the
large build up of the clearing field, which reduces the effective
applied field.

However, similar measurements were made for applied fields
of 10.5 KV cm_1 and 11.0 KV cm'l, and the flashing efficiencies
vere found to incfease with pulsing rate, see figure 7.13. The
figures give evidence of spurious flashing, so the applied field

must be carefully chosen, in order to work at higher flashing rates

without the occurrence of spurious flashing.
7.4.3 SENSITIVE TIMES

The variation of layer efficiency of the tubes with time
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deiay was measured using the double and single pulsing systems. The
-measurements were made for single cosmlic muon traversais through
an array of three layers of tubes, sepérated by earth and H.T.
plates. The passage of a muon through the array being registered by
a two fold coincidénce of plastic scintillators placed above and
below the array. A diagram-of the apparatus is showvn in figure 7.14.
The dependence of the layer efficliency on time delay
obtained from single pulsing of the array is shown in figure 7.15,
for pﬁsitive and negative pqlarity fields. An externally applied
clearing field was not used. From these curves the sensitive times

of the tubes were found to be 27 S sec, and ? weec., for positive

/

and negative applied fields respectively.

The shorter sensitive time for the negative applied field
is further evidence of the remanent-clearing fields taking a longer
tiﬁe to decay for negative applied fields. The clearing fields then
sweep any primary ionisation produced by an ionising particle in a
tube, away from the sensitive volume, leading to a reduction in the
sensitive time of the tubes.

The variation of the layer efficiency as a function of
time delay was also investigated using the double pulsing system,
and using different applied alternating square wave clearing'fields
working_at 100 Hz. |

The coupling of the clearing field arrangement to the H.T.
plates of the array is shown in figure 7.14., The value of the
resistor Rl was taken as 2 M) (Rl>> RZ)’ providing a high resistance
-1ink to ground for thé chgrging capacitors (Cl). The value of C2 was
0.1 MF, which presented a low impedancé path to ground for the

high voltage pulse, thus protecting the clearing field assembly. The
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results obtained are shown in figure 7.16, and the sensitive times

obtained are shovn in tabhle III.

TABLLE III

Clearing Field (V cm-l) - Seansitive Timé (/ASBC-)
0 ’ 1.8
16 2.7
40 : 1.8

7.5 CONCLUSTONS

The results pregented in this chapter (7, toge£her with
the results given in chapter 4 (1), prb?e conclusively the presence
of reméggnt clearing fields in the small diameter, high pressure,
methane doped Ilash tubes,

The measurements of the digitisation pulse heights for
various flashing rates given in this chapter show that very large
clearing fields are built up after a discharge; these fields then
decay with time, the rate of decay depending on the resistance and
capacitance of the tubes.

The rates of decay of the induced fields were estimated
from'the digitisation pulse heights and were found to be very
dependent on the polarity of the applied field. The decay constant
for the induced field resulting from a negative applied high

voltage pulse was found to be about 30 sec., more than an order of
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magnitude greater than tﬁat obtained for & field resultiug from
a positive applied high voltage pulse. The existance of these

" effects was also supported by the results obtained on the tube
layer efficiencies for various tiﬁe delays, where the sensitive
fiﬁe of the tubes for a negative applied field was found to be
about three times smaller than the value obtained for positive
applied fields,

These polarity effects probably.result from the outside
surface conductivity of the tubes contributing to the decay
process of the induced fiélds.

The decay constants of the induced rields were found to be

'very snall immediately after the di$charge. These small values

may be due Lo the surface éonductivity of the inside surfaces of
rthe tubes being greatly modified by the presence of the gas plasma,
an efféct observed by Fowler and Sakuntala (38).

The effects of thé residual clearing fields on the operation
of the'flash tubes can be greatly reduced 1f a pulsing system is
employed which alternately applies fields of negative and positive
pdlarity. The mean digitisation pulse heights obtained using such a
pulsing system are found to remain constant for flashing rates up
to 1.5 sec—l.

The suitability of the pulsing system at higher flashing

" rates has yet to be tested in a particle bean.
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CHAPTER EIGHT

CONCLUSION AND ¥UTURE VORK

8,1 CONCLUSION

In this thesis the analysis of the results obtained using
a prototype flash lube chahber on a positron beam, in the detastion
of electromagnetic showers, has been described, and an account of
the investigations made into the characteriétics of small diameter,
‘methane doped tubes, develuped for a modified cﬁamber is presented,
-together with details of the subseqﬁent developmeﬁt of this
detector.
| " The prototype chamber was tested in a beam, where positrons
' héving energies between 0.5 and 3.5 GeV were made to produce
electromagnetic showers in the chawmber, which proved very satis-
factory in the detection of these showers,and functioned withoﬁt
any deterloration in efficiency ét repetition rates up to 50 Hz
(1). For incident positrons of energy 2.5 GeV, the chamber gave an
energy resolution of * 13%, a spatial resolution of * 8 mm, and an
angular resolution of =* 20 (2). These results were very promising,
- as relatively large diameter flash tubes were used (1.6 cm. internal
diameter) and the resolutions obtained were comparable with those of
present methods of electromagnetic shower detection.

In order to increse the working rate and improve spatial
and energy fesolutions, small diameter (0.8 cm. internal diameter)

tuves, doped with methane, were designed by Chaney et al. (1) to be
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used in a modified chamb&r.
The characteristics of these tubes were stﬁdied in gresat
' detail, the results leading to scveral alterations in the design
of the modified chamber.
| Unlike conventional small dicmeler, high pressure flash
tubes, the methane doped tubes designed by Chaney et al. required
very stringent operating conditions.

Due to the quenching effect of the methane on the discharge
of a tube, they required very high electric fields of about 9-i0
KV cm_l, having rise timeé of 70 nsec. or less (3).

The digitisation pulée heights obtained_were found to be
'very dependent on the tube-H.T. pla#e separation. A good contact
between a tube and the H.T. plate was found to produce greatly
:increased digitisation pulse heights. This lead to the re-design
of the ﬁ.T. plates of the nmodified chamber to ensure good tube-
H.T. plate contact. |

The tubes were doped with methane to give recovery times
of less than 0.6 msec., (1) so that high repetition rates were
pdssible. However, due t{to the build up of very large internal
clearing fields resulting from the deposition of charge inside the
tubes after a discharge, the working rate was severely restricted
to several events per minute per tube (4).

The modified flash tube chamber containing the small
dianmeter, ﬁethane doped tubes was tested in a positron beam, as
was the case with the prototype chamber, however, at very low
repetition rates.

The.modified chamber proved very satisfactory in the detection

of the electromagnetic showers produced in it by the positrons,
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giving greatly improyed fesolutions, most notably in the higher
energy range where the prototype chamber suffered sévere shower
"leakage. The resolutions obtained were comparable to those of
present very complex and expeusivé detecting systems.

| For 2.5 GeV positrons the modified chamber gave an energy
resolution of £ 11% (%), a spatial resolution of +£3 mm. and an
angular resolution of = 2° (6).

The very low repetition rates neccessary to ensure satis-
factory operation of the small diameter, methane doped tubes
greatly restricts the use of the tubes in accelerator experiments,
however, a method of increasing their workiﬁg rate using a
‘modified pulsing system was pursued.
| The polarity of the field applied to a flésh tube was
changed after each application of the field. This greatly reduced
the magﬁitude of the induced clearing fields built up, thereby
increasing the possible wofking rate,

| Much information was gained on the magnitude and decay
time of the induced fields from data obtained using the modified
puising systemn.
| Using this system fhe tubes operate satisfactorily up to
1.5 Hz (7), however, the system has yet to be tested at higher
repetition rates on a positron hean,

The magnitudes of the induced clearing fields were
measured from the digitisation pulse heights, and'were‘found to be
greater than 500 V one second after the discharge,

The rates of decay of the induced fields were also found
to depend oﬁ the polarity of the applied field; CR decay constants

of 28 sec. and 0.6 sec. were obtained for negative and positive
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applied fields respectively. The outside surfaces of the tubes

are thought to be responsible for these polarity effects,
8.2 FUTURE WORK

Worlk to be done in the near future will involve
investigations into reductions of the induced fields built up
.inside the simall diameter, methane@oped flash tubes. This reduction
may be achieved using the douhble pulsing system mentioned ian the
previous section. This may involve investigations into the shape
of the applied high voltage pulse if very high repetition rates
are required, where'a pulse shape giving maximunm tube efficiency
together with minimum charge deposition would be found,

Another possible method is the treatment of the flash tubes
-in order to produce surfaces less susceptible to charge build up.
The use of a glass otlier than Jena 16B'£n the flash tube
manufacture may provide é solution.

Further development has also to be done con the modified
flask tube chamber. I a double pulsing system is found satisfactory
in-the reduction of the induced clearing fields, then the integrated
circuitry which records the digitisation pulseé will have to be
modified to accept pulsez of eitiier polarity.

The chamber frame can also be re-designed in order that the
the chamber may be variably extended in the longitudinal directicn,
with the view of increzsing the electron sensitivity together with
the upper limit in energy detection. Optimum target thicknesseé
and module separations for given energy ranges could be investigated.

Monte Carlo simulations of shower development in the chamber can
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be done and the resolutions obtained compared with those frém
experiment. |

Work can be aovne on the handling of the data from the chamber.
"On line'" computer links used a pfesent are very comblex; the
pbésible use of magnetic tape drive units coupled directly to the
chamher could bhe investigated. The use of micrdproceasors linked
tq the chamber, giving direct measurements of shower energies and
axes can also be looked into.

Once the successful operation of the modified chamber &t
high repetition rates has been achieved, then work can begin on
longer, small diameter tubes with the aim of building a flash tubhe

‘chamber capable of covering large detecting areas,
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