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ABSTRACT

The work feported in this thesis deécribes the development of a
new flash tube detector particularly suited to nuclear accelerator
experimentation, and specifically considers its application to the
detaction of high energy photons.

A flash tube detector has beendevelopsd with characteristics
which permit efficient operation in a background radiation flux of
about 105,particle;/tubs/second and at repetition rates of .the
order 1 KHz. The‘viability of -its application fo acceleratof
physics was investigateq and verified using the DNPL e+ accelerator
beam with é chamber containing digitized flash tubes linked to a
computerized data acquisition system.

Application of the deyipe to the detection of high energy
photons has also been made with the chamber, by simulating photon
induced elactromagnetic showers with positrons, in the energy range
0.5 = 4.0 GeV. Results from this series of experiments have shown
that both eneréy and spatial information_may.be obtained from a
chamber constfucted with 1arge diaméter tubzs and of small overall
sizef The energy and spatial.resolution of the device have been
measured as a function of energy and_shoWn to compare favourably wifh
more complex and expansive techniques.

Analysis of the shower data has also demonstrated that several
improvements are possiblze These improvements have been incorporated
Ain fhe design of a new chamber capable of operating at repetition
ratzs up to 1KHz and which should measure the energy and trajectory
of incident photons with a'greater precision than is possible with many

conventional instrumantse
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CHAPTER ONE

INTRODUCTION

Following the introduction of the cloud chamber by Wilson (1)
in 1912,nuc1ear physics has experienced a rapid growth in the
development of nuclear particle dstecting techniques. In particular,
1928 marks a significant time in the history of eléctronic detectors
with the advent of the Geiger-Mullsr counter (2), Since then a vast
number of new and diverse detecting instruments have been invented.

One such instrument is the neon flash tube detector, introduced by
Conversi and Gozzini (3) in 1955, which has contributed significantly
in the field of cosmic ray physicse.

Nuclear detectors of all forms can be subdivided into three broad
categories; continuously sensitive detectors like the Geiger-Muller
cguntex;proportional counter , scintillation counter and drift
chamber’y non-triggerable detectors like the bubble chamber and cloud
chamber$ and triggerab;e dévices such as the multielectrode spark s
chamber, streamer chamber and projection chamber. The flash tube may be
classified in the latter group, under the general heading of électrically
pulsed chambers. All detectors of this classification consist essentially
of a volume of gas contained between electrodes to which an impulsive
electric field is applied after the pssage of an ionizing-particlei

A charged particle, while traversing a . gaseous volume will
lose some of its energy in the form of  excitation and ionization.

In neon, the most commonly used cas, the total ionization produced at
atmospheric pressure by a minimum ionizing particle is about 30 ion
pairs cm-l. Thus, the application of an intense electric field,
immediately after ionization has occurred, causes free electrons

created in the gas to avalanche, thereby identifying the particle



trajectory-with a visible discharge.

It is the geometry of the contained gas andthe magnitude and
temporal behaviour of the applied field which decides the nature
of the detector. Three modes of operation have been employed: a very
shorf high voltage pulse of a few nanoseconds allows the avalanche
to grow only to the size of streamers (streamer chamber), a pulse of
some teq nanoseconds duration permits a bright avalanche across the
width of the gaseous volume (spark chamber), and a pulse of the order
of some microseconds allows a lateral spread of the discharge
through the whole gaseous volume (flash tube).

A typical flash tube detector consists of a sealed soda glass
tube batween O.5cm and 2cm in diameter, up to several metres in length,
and filled wifh a neon-helium gas mixture. Tubes are placed adjzcent
to each other in layers between'metal electrodes. Auxilary detectors,
such as plastic scintillators, are placed either side of the electrodes
such that coincident signals from each detector sigﬁify the passage of
an ionizing particle which can be made to trigger a pulse gznerator
and provide an impulsive electric field. The field is applied for a
sufficient time to allow th2 discharge to propagate along the length
of the tubé such that a photographic record or digitization pulse can
easily be made. In this way, a stack of tubes forms an efficient
track locator for ionizing particlés, providing a simple and reliable
device particularly suited to experiments where large sensitive
volumes are requ&reaa

In comparison with spark chambers, an array of flash tubes has
many features which commend it. The elemental nature of its construction
gives a high mﬁltitrack efficiency which is iﬁportant when the density

of incident particles is large. This is one reason why the device




has been favoured by cosmic ray physicists for the study of extensive

air showerse. Other advantages include low cost, simpliéity, reliability,
low power requirements and ease of rearrangement for different detecting
geometries. Adversely , the device has the disadvantages of having a
poor spatial resolution, contains a lgrge amount of interacting material
and is unable to operate at high repetition rates and in a high
backgmound radiation. The latter characteristics have prevented the
device béing used in accelefator experimzhts and account for its
application being limited to cosmic ray physics where the operatling
requirements are less stringent. In place of the flash tube, accelerator
physics has favoured use of the spark chamber and the many-advantages

énd potential applications of the device have been disregarded.

Despite the numerous investigations which have been made regarding '
the operation and working properties of the flash tube device (4,3) little
improvement has been made to its performance until recently, when
research groups working at the Frascati Accele;ator Laboratory and at
the University of Durham have stimulated interest in applications to
acdﬂérator phyeics. Tﬂe purpose of this thesis is to describe the
development and application_ofaa new type of flash tube detector which
is capable of operating under the more adverse conditions peculiar tq

accelerator experimentation.



References

l. Wilson C.T.R., Proce. Roy. Soc. 87, (1912) 277

2. Geiger, He, Muller, W., Z. Physik 29, (1928) 839.

3. Gonversi M., Gozzini, A., Nuovo Cim., 2, (1955) 189.
4. Holroyd, F., Ph.DIThesis, Durham University (1971).

5. Breare, J«M., Cosmic Rays at Ground Level (1973) 191



(8]

CHAPTER TWO

PROPERTIIZS OF FLASH TUBES

It is necessary to begin this thesis with a brief summary of
results from many investigations by other workers concerning the
properties ad characteristics of flash tube devices. In particular,
properties and definitions of terms are given whicﬁ ars relevanf to

experimental work described in subsequent chaptars.

2,1 The Discharge Meghanisp

- Recent work by Holroyd (1) has shown that the discharge mechaniém
in neon flash tubes is a combination of Townsend and strzamer avalanche -
brocesses'(2,3)1 For.long high voltage puls=zs, dischargeg occur at
fields as low as 1KV cm-lj favoufing a Townsend mechanism. For shorter
pulses (O.4us), however,  much higher fields of about 3KV en T are
requirea befor2 breakdown will occure This indicates that for short
high voltage pulses,when thers is insufficient time for a Townsend
discharge to develop,streamerbreakdown will occur provided the field
strength is large enough. In intermediate.cases the discharge is
probably a mixture of both.

Provided the electric field is applied for a sufficient time,

the discharge will be propagated along the length of the tube. This
can be explained in terms‘of the high intensity of ultraviolet photons .
emitted from each discharge (5) and the large photoelectric yield from
soda glass (6,7) which result in a copious supply of secondary electrons
to initiate further discharges along the length of the tube. By this
process the discharge spr2ads, from the point of initial ionization, at
a finite velocity. The velocity of propagation has been measursd by
Ayre et al (4) to be 6.7 x 108 cm s-l in the case of neon tubes filled

at 2.3 atmospherzs pressures



Holroyd and Brears (8) have shown that the light emission from
a tube lasts for a time of approximately lus, even though the applied
field may exist for much longer. This implies that each avalanche
quenches itself and the entire avalanche is extinguished soon after
it réaches the end of the tube. The quenching is explained by charges,
created by each discharge, collecting on opposite sides of the glass
tube and counteracting the applied field.
202 Detecting Efficiency

"One of the most important characteristics of the flash tubz is
the probébility that it will register an event after an ionizing
particle has passed through it. In this respect two terms have been
defined; the internal efficiency, which is the probability that a tube
will ignite after a particle has passed through its gas=ous volume,
and the layat efficiency,.which is the probability of an incident
particle being detected by one layer of tubes. The layer efficiency
is always less than the internal efficiency and is reléted by a simple
geomatrical factor, which is the ratio of the external tc the intarnal
diameter (assuming the tubes are in contact with one another).
Experimentally it is convenient and more meaningful to measurs the
layer efficizsncy.

2.2.) Effect of the high voltage pulse maqgnitude

Several authors have studied the effect of varying the pulse
magnitude (9,10). As expec£ed the efficiency is low for small fields
but reaches a pléteéu having almost 100% internal efficiency for higher
fields. Figur2 2.1 shows typical resultse

2.2.2 Effzact of the high voltage rise~time

A élowly rising pulse will sweep electrons out of the tube
without imparting much energy to them and thus the discharge will

extinguish itself as the electrons reach the tube wall without a




significant number of electrons having been produced to initiate further
avalanches. Goxell and Wolfandale (14) have measured the efficiency

for pulse rise-times up to lo7use. They used 6mm internal diameter

tubes at 2.3 atmospheres of neon, and their results shown in Figure

262 ine a slowly decreasing efficiency as the pulse rise-time is
increased,

2.2.3 Effect of the high voltage pulse length

The length of the high voitage pulse depends on its mode of
generation. A square pulse, derived from a delay line, or an
exponentially decaying puls2, derived by discharging a capacitor
through a resistor, are commonly used. Holroyd (1) has measured
fhe efficiency as a function of pulse height for several pulss lengths
using a CR decaying pulse.Figure2.3shows her results for pulses of
0.4, 4.0 and 40us decay times. These results show that for very
short pulses of O.4ys the magnitude of the field had to exceed 7KV cm -
in order to obtain a discharge, and even then it waé very filahentary
and "~ did not fill the tube. For pulses of.4.0Us the tubes performed
correctly and -for much longer pulses the performance was only slightly

improved at the low voltages.

2+2.4 Effect of the delay time of the hiagh voltags pulse

The relationship bctween the _efficiency.-and the time delay between the
passage of a particle and the start of the high voltage pulse has been
investigated exﬁerimentally‘in great detailes The interest in this
parameter stems from the fact that it can be derived theoretically
and a good check on the performance of a. system can thus be made.
Furthermore, many experiments require the use of a long time delay either
to permit decision making -circuits to operata or fo allow particle

discrimination by means of ionizaticn losse.
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The efficiency of a flash tube is dependent on the number of
elactrons remaining in the sensiti;e volume when the high voltage
pulse is appli=d. Electrons creatad by ionization will be lost by
diffusion to the glass walls where they are capfturazd. An accurate theory
has been developed by Lloyd (11) in which the number of free electrons
surviving (n) at a time (t)is calculated by solving the differential
diffusion equation in .gylindrical geometry. The efficiency (n) at a
time delay (t) is related to the probability that there ane ore or

more electrons remaining by

1 - exp (=fn)

n=
- _ (-8%Dt/a”) Br
where n = 2Q§ exp BJI(B;S fJo ( ~) dy

and where D is the diffusion coefficient of the elactrons, f is the
probability of . a discharge ~being :: formed from one electron, r is
the initial position of the electron in polar coordinates, B has values
in the Bessel series 244048, 5.5201, 8.,6537,and Q.dy is the probability
of an elzctron being produced in an 2lsment of path langth dy. The
relationships.can be applied to any flash tube system by the use of
appropriate vélues of Dy a, Q and fo Lloyd found it convenient to
plot B as a function of D't/é2 for ranges of the value afQ, as shown
in Figure 2.4.

Holroyd and Breare (12).have used a Monte Carlo method to study
the random motion of elactrons initially distributed in the same manner
as described by Lloyd and have obtained very similar results.

An important parameter used to describe the efficiency in terms
of the delay time of the high voltage pulse is the sensitive time. This
is dafined as the time af£er the passage of a particle for the iﬁternal

efficiency to fall to 50%. Flash tubes of l.6cm internal diaméter and
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filled at 600 torr have a sensitive time of about 100uss This limits
their operation in a background radiation to less than about 103 particles/
tube/secund,(see chapter 5).

2.2.5 Eff2cts of the gas mixture

All successful gas fillings of flash tubes have usad the noble
gases or mixtures of them.  Their use is associated principally with
their low breakdown voltage and the copious emission of ultraviolat
and visible radiation. The gas mixture in most common use is neon-
hel_i'um° The large number of ion pairs produced in neon by the passage
of a particle aids the formation of a discharge and gives a longer
sensitive time than most other mixtures. Very 1littls difference hés been
found with respect to efficiency by varying the neon fo helium ratioL The
most common mixture is neon_(98%)-Helium (2%) although mixtures in which
helium is the major component (neon(30%)-Helium(70%)) is satisfactory'(lé)‘
Unlike spark chambefs, which are almost always operated at
atmospheric pressure, flash tubes can be used without difficulty at
various pressures; so far the pressures adopted have ranged from 200 Torr
to 3 atimospheres. Below about 300 Torr the maximum efficiency attainable
is found to fall(10)e The reason for this is two-fold. At low pressures
the anber of ion pairs produced by the particle will on the average
be small, thus the possibility of-getting no suitably placed electron
is significant. Second, the rate of avalanche build-up during the pulse
will be slow, because the electron mean free path is increased, and
hence the chanée.of the .electrons being swept out without céusing
significant secondary ionization is increased. Investigations at high
pressures up to 3 atmosﬁheres have been conducted by Coxell and
Wolfendale (14). The purpose of filling tubes at high pressure is to

obtain a large number of initial ion pairs in a tube of small diameter.
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Figure 2.5 shows the timz delay characteristics for tubes of internal
diameter 0.55cm at various prassurese. | |
The effect of gas impurities is also an important consideration.

Their effect is usually to increase the breakdgwn voltage of the gas,
decrease the sensitive time and to make the spread of the discharge
down the tub2 more difficult. For example, oxygen hés a large cross
section for elsctron attachment and it will readily fémove elactrons
before and during the discharge, thereby increasing the difficulty of
procducing a flash. Although ccmmercial neon does contain a small
amouht of oxygen, Gardener et al (15) showed that the characteristics
of tubes with commercial neon were not appreciably different from tubss
filled with spectroscopically pure neon.
2.2.6 Internal clearing fields

Under suitable conditions the‘efficienCy = delay time characteristics
can be predicted accurately by Lloyd's_diffusion theorys. In many
experiments, however, anomalous results have been reported with efficiency
values below the predicted value. The cause of the Jdiscrepancy has been
attributed to clearing fields. built up by the discharges themselves
(1) The phenomenon is attrlbutea to the high resistivity of the glass
which restricts the flow of charge over the inside surface of the tube
after the discharge. -The unrecombined charges left on the glass surface
~ after the discharge pfoduce' an electric field across the gaseous volume
which remove' electrons more rapidly than normal diffusion. Fields of
a few V cm-1 have been calculated o last for some minutes after the
discharge (1). |

An efficiency-time delay curve has been measurad by Breare et al
(16) for a range of températures up to 100%. Figure 2.6 illustrates
how the effect of clearing: fields decfeases with decr=asing glass

resistivity. 1In general a decrease in'%esistivity of approximately
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one order of magnitude occurs for a 25°C rise in tempersture. Attempts
to reduce the effective resistance of tubes to a suitable value with
a semi-~conducting coating have so far been unsuccessful.

203 The Recovery Time

A finite time must elapse, folloWing the ignifion of a flash tube,
for it to becomez sensitive again and able to register further ionizing
particles. Applying a second high voltage pulse before this time
causes the tube to reignite, regardless of M1ether or not a ionizing
particle had past through its sensitive volum=. The recovery time is
defined as the time after an ignition for the reignition probability
to fall to 50%. This parameter has been measurad by Gardener et al (15)
who showed that it variad considerably with gas composition, being
approxihately 3s for pure neon, but decreasing considerably for
ihpurity contents as small as 1 part in 50,000. Cémmercial flash tubes
have recovery times of about 0.3s. It is this characteristic which
prevents operation at high repetition rates and is partly responsible
for its use being confined to cosmic ray physicse
| The long rec;very time is not a well understood phenomenon and is
difficult to explain in terms of a gimple diffusion theory. A detailed
explanation and methods of overcoming the problem are discussed in

Chapter 5.
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CHAPTER THREE

THE. _CONSTRUCTION AND OPERATION OF FIASH

TUBE DETECTORS.

——rid taieia Lt S

... Flash tube detsctors can be manufactured within a wide range of
soda glass tube sizes. The most frequently manufactursd detectors are
either l.6cm internal diameter, filled at 600 forr or O.6cm internal
diameter, filled at 2.3 atmospheras. Other sizes have, howesvar, been
made frdm_wall thicknesses between Oofflmm and 1.0mm, inside diameter
between O.5cm and:5oOcm,_and lengths up to 2.5m. Careful selection
.of the glass is often reéuired, whare spatial accuracy is of concern,
to maintain an acceptable tolarance on the outside diameter; It is
also necessary that the tubes are straight. This can be achieved by
controlled heating of the tube while rotating on rollers. For the
manufacture of tubes at 600 forr the glass tube is filled at the
required pressure and heated at the end until the excess outside
pressura causes the tube to constrict and form a seal. For high pressufe
tubzs it is necessary to fill at a low tempszrature in iiquid nitrogen.
When the tube regains room temperature the pressura reaches 2.3
atmosphereses In order to presvent ultra violet light friggering
adjacent tub2s in an array,it is necessary for the glass to be either
painted or sleéved in an oéaque material for their entire length.

Less conventicnal flash tube devices have been constructed from
other materials. Breskin and Charpak (1) have operated very small
tubes made from capillary glass of lmm inside diameter by applying the
impulsive elecfric field;longitudinaily rather than transversely with
respect to the tube axes. Also flash tube devices constructed from

nylon tube and honeycomb structurad polypropylene have recently been
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reported from the Frascati laboratory (2,3).

3.2+ High Voltage Pulse Generators

| Unlike'spa:k chambzrs, flash tubes will operate satisfactorily
even.when long pulses with poor rise-times are applied. Most pulse
genérating\éystéms work on the princ;ple of dischgrging a capacitor
across a resistance to produce a high voltage pulse with an exponential
decay, The switching action may be provided by a spark gap, thyratron
or hard valve. Figure 3.1 shows a basic pulsing circuit of this kind.

. - .There are many published circuits for generating high voltage
pulses with short delays and fast rise times which are-suitable for
flash tube arrays-(4,5,6). Most systems are triggered by logic
.signals of a few volts or less, which must be amplifiad considerably
in order to finally operate a spark gap or thyratron. Amplific&tion
is normally obtained with either transistor Marx generators (5,7),
valves (8) or silicon- controlled rectifier circuits (6,9)a> The use
of air gaps, rather than thyratrons as the final high voltage switch
has the advantage of cheapness and simélicity. ‘The trigertron (10),'
in particular, is a spark gap device of very simpls construction
which can be triggersad by pulses of less than 1 KV amplitude. Figure
3.2 shows a trigertron constructed with a tungsten trigger electrode
mounted in the warth side of the switch. This device operates satisfactorily
up to 30KV and is triggersd Dby a negative 5KV pulse. Much smaller
trigger pulses'can be used if a barium titanate collar is inserted
around the end of the tungsten trigger electrode (4).

Recently, 2 new type of hydrogen thyrat;on,manufabtured by
Ehglish Electric Ltd, has provided a means of operating flash tube
devices at very high repetition rates. A system built with the new
thyratron and capable of switching 20KV and 1000 amps at 1KHz is

described in section 8.4.




Fig 31 ‘a simple flash tube pulsing c_ircuit '
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3.3 Output Information

Photographic or visual techniques were first usedybut several
filmless techniques have been developed during the last few years as
bigger arrays and higher repetition rates have been employsde

3.3.1 Photographic Method

Light emission is predominantly'in the yellow=red regioﬁ of the

spectrum corresponding to the most intense lines of neon and helium.
For photographic recording most fast red-sensitive films have been
successfully tried, for example Ilford Mark V and HP3, Kodak Tri X
and the very fast Kodak 2475 and 2403,

Mirror systems are often necessary with large arrays in order to
reduce the angle subtended by the tubes at the camera. Such systems
are normally arranged so that the optical path lengths from each

group of tubes is roughly the same (11). This permits the use of a

w

large aperture2 lens without loss of definition, unlike spark chambers
where the lens must be stopped down so as to giye a depth of focus
equal to the chamber depth.
3.3.2 Light sensing method

~ Reines (12) has reported a technique developed for use in the
Scuth African undergrcund neutrino experimént. This large experiment
uses about 60,QOO neon flash-tubzs of iength two metrzs. Because of the
large area covered by the tubes photography is extremely difficult. A
technique has been develoved which électronically records the tubes
which ﬁave flashedo. The information i; then displayed on a hodoscope
which can be phogggraphed more easilys

A cadmium selenide cell is placed infront of each flash tube

and is connected to a silicon-controlled rectifier and asgociated
electronicé to a light bulb on the hodoscope systeme The light output
from the tube is detected by the cadmium selenide cell as a change in
resistance of the cell. This change is detected by the silicon-controlled

rectifisr which consequently switches on a light bulb én the hodoscope
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board. This is then photographed and scanned in the normal way.

303.3 The vidigon method

Harrison and Rastin (13) have déveloped a system in which a flash
tube array is observed by a vidicon camera. A standard 405 line
system is used, with the 25 frames per second producing a line scan
period of 98is. The vidicon photocafhode is scannéd by the elactron
beam in a direction parallel to the imagg of the flash tube layers.

A pulse, which is registered when the scan of the elactron beam moves
across a fiducial bulb at the start of thé flash tube layer, is used
to gate a 2MHz timing signal. If a tube has flashed in a particular
layer its coordinate is determined in terms of the signal frequency.
The data from each layer of tubes are initially placed in temporary

storage scalsrs and then transferred to a magnetic core stors.

3.3.4 The Spark Tube

| Bacon and Nash (14) have developed a flash tube in wnich sealed
electrodes are added. The electrodes Qere lmm wide copper strips on
a thin paxolin card seperated by lmm and running nearly the whoie
length of the tube. When the tube flashed, a voltage. pulse was
cbtained from the strips owing to breakdown across the inside of the
tube. They found that spurious discharges occasionally ceccurred
between the strips but were eliminated by the addition of a quenching
agent. In this case ethyl alcohél at a pressure of 3C Torr was added
to neon at 1 atmesphere.

3.3.5 External probe method

Ayre and Thompson {15) have developed a very simple and effective
method of determining eiectronically wnether or not a tube has flashed.
Their technique is used on the Durham University MARS spectrograph.

A small probe is placed close to the end window of each flash tube. A

pulse of several hundred volts can be obtained from the probe when the
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tube flashes. By tapping-off from a resistor network, the pulse may
be attehuated_ahd“psgd to drive conventional logic electronics
direct, without amplifier interfacing.

_ The pulse is produqed by capacitive coupling between the high
voltage elactrode and the probe when -the tube ignites. During a
discharge the gas becomzs a conducting medium and increases the
capacitive coupling such that a large pulse is transmitted to tbe
proﬁe. The probe pulse will thus have the same polarity and shape

as the electrode pulsee.
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CHAPTER F OUR

APPLICATIONS OF FLASH TUBE DZTECTORS -

4,1 Introduction

The flash tube detector has been used extensively in cosmic ray
physics following its introduction by Conversi and Gozzini in 1955 (1)
Since then the device has been used, in preference to spark chambers,
for a vast number of cosmic ray experimentse Cosmic ray physics has
favoured the use of the device because of its robustness, ease of
operation, simple digitization, low cost and ability to cover large
areases - Use of the device has been restricted to cosm{c ray physics
because of its inability to operate in a high radiation background and
at high repetition rates. Nevertheless, in this field alone the
device has been successfully employed for a variety of different
detecting applicationss Little improvement hzs been made to the
perfbrmance of the flash tube since its introduction, but growing
interest in applications to accelerator experiments.has receptly
stimulated further investigations to produce a more satisfactory tube.
The aim of this chapter is to give a brief review of past applications
in cosmic ray physics and some possible fields of accelerator
experimentaﬁion whare the flash tube detector may be exploited.

4.2. Cosmic ray physics

Cosmic ray physics has used the flash tube technique to locate
high energy cosmic ray particles in a vast number of experiments. There
are five main aréas.of study where the flash tube detector has contributed:
momentum and charge msasurement using magnetic spectrographs, the structure
of extensive air showers, the search for fractionally chargedperticles,
the detzction of neutrino interactions and the detection of h2savy

primary cosmic particles in ballcon-borne experiments,
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4.2.1 Magnetic Spectrographs

Large flash tube spectrographs have bezen developed at Durham and
Nottingham Universities during the past 15 years for measuring the
cosmic ray muon spectrum at sea level. These devices utilize layers of
flash tubes for defining the trajsctory of charged particles through
a magnetic field. Spectrogrghs of tﬁis type normaily have maximum
detectable momentum (indm) characteristics in the TeV region and large
collecting areas in comparison with other devices using spark chambers,
Geiger counters or cloud chambers (2}, |

One of the largest and most sophisticated of these
devices is MARS (3), the Durham 'Magnetic Automated Resesrch Spectrograph'.
This 300 ton spectrograph has an mdm of 5.85 TeV/c and an integral
Bdl valus of about 8 x 106 gauss. cme Digitized information, taken
from tﬁé flash tubes by means of Ayre - Thompson probes (see section
3;3.5) is fed directly into an on-line computer.

4,2.2 Extensive Air Showers

The flash tube chamber is particularly suited to the gtudy of -
extensive air showers because of its multi-track efficiency. ‘Unlike
the spark chamber, arrays of flash tubes are capable of registering
multiparticle events with high efficiency over large areas.

One of the largest of these detectors is installed at Kiel (4,5)
and is used to study the electron cemponent of air shower cores. The
chamber has.a detecting area;éf_3lmgfand contains 180,000 flash
tubes, lcm in diam=ter and approximately lcm in leﬁgth. These small
tubes are placed between two elsctrodes, one of which is transparent
for photographic recording.

4.2.3 The sesrch for Quzrks

Ashton et al (6) have searched for fractionally chargzd paxticles

using a large flash tube zrrav containing more thzn 10,000 tubes. If
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the particles exist then tﬂey should he detected by measuring their
ionization density when traversing matter. As the ionization density

for relativistic partiéles is proportional to 22, quarks may be
distinguished from normal chargad particles because they are fractionally
chargad as ~-5e or %e respectively. Ashton makes his flash tubes sensitive
to charge by opsrating the chamber with a time delay between the particle
passage and the application of a high voltage. Thus, fractionally chargec
particles are identified by having a smaller detecting efficisncy than
ordipary chargad minimum~ionizing particles. With such a large array

the efficiency can be accuratzly determined frem a single track since
about 80 tubes are expected to flash when a singly charged particle
passes through, compared to abcut 40 tubes for a particle of 9/3 charge.

4.2.4 Discrimipation between particles of egual momenta

Diggory et al (7) have demonstrated the ability of flash tubes

~ to detect differences in ionization rates caused by particles of equal
momenta. The energy loss by lonization can be shown to be dependent

on the mass of a particle within a certain momentum range. Diggory has
measured the flash tube efficiency for cosmic ray protons and muons in
the mom2ntum range 0.1 - 10 GeV/c using a time delay between the passage
of the partiscie and the épplication of the high voltage pulse of 50 ox
80us, Results of this method.give distinct muon and proton curves, with
variations in efficiency between 58 and 38%, which agree well with

theoratical estimzt2s.

4.2.5 The detaction of heayy primsry cosmis _rays

Andrews et al (8) have detected primary particles of large masé
using a balloon-borne flash tube array. The tubes were made sensitive
to particles of high mass by delaying the high voltage pulse after an

event. In this way, it is only particles of high mass which are

efficiently detected. Results obtained from this experiment are in good




agreement with the theoretical efficizncy curves predicted by Lloyd.
Their array was digitized using the probe method of Ayre and Thompson
and information of each event was transmitted to ground during the
flight. |

4,2,6 Nepytrino Experiments

The flash tube chamber is well suited for the detection of neutrinos
interactions. The small interaction cross saction of neutrino particles
requires large target ana detecting volﬁmes to obtain a satisfactory
event rate. Experiments with cosmic rsy neutrinos have takeh advantage
of the fact that flash tubes may be constructed in arbitrary dimensions
to cover very large ar2ase

One of the largest of this type of experiment is in a two mile deep
laboratory near Joannesburé. This experiment, developed by the Case-
Wits~Irvine collaboration (9,10,11) contains 50,000 1.9cm outer djameter
flash tubes 2m long. '

A similar experiment, whichuis the result of a collaboratgglbetween
groups from England, India and Japan (12) has been in operation for
several years in the Kolar gold mines in Southern India at a depth

of 2,315 milese

4,3 The use of flash tubes in accelsrstor_phvysigs

Conventional flash tube dstectors have charactzristics which
restrict their us2 to experiments whers the background radiation is less
‘than 104-103 particles/%ube/second and whers data is recorded at
repetition rates.of less than about 1 event/second. This severly
limits the application of the devige to accelerator work whare detectors
are frequently requirad to operate in a backoround radiation of lO5
particles/second and at repetition ratess in excess of 100 events/

second. The uhsuitability of the device under these conditions has
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creatad a praferance for using spark chambers, which has, in turn,
hindered the development of tubes for accelerator work. In spite of these
undesirable characteristics (discussed in detail in chapter 5), in
comparison with conventional detacting tzchniques, the flash tube has
many commendable featurss. The most important of these features are
listed below., e ;
(1) Arrays of tubes are simpla to construct and operate. -
(2) Flash tubes are inexpensive and their cost is indepehdentof langth.
(3) . Arrays of almost any size and geometry may be constructed.
(4) An array may be dismantlad and rearranged to be used again in a
different geomztry.
(5) Flash tubes do not require continued replacement of gas.
(6) The high voltage pulsing requirements are not stringent. Pulse
'fise-times of O.5us h#ve been employed and the radiation and
subsequent interfersnce with neighbouring electronic circuits
is thus considerably less than in spark chambers where rise
times of 50ns or less ars desirable.
(7) The.elemental construction provides a flash tube device with a
high multitrack efficizncy at any angular inclination.
(8) A simplzs and inexpensive method of digitization has been developade
Provided that the sensitive and recovery time characteristics are
improvad (see Chapter ), then the flash tube detzctor provides a.
convenient and attractive technique in that class of expériments whare
large sensitive volumzs arez required, high spatial accuracy is unnecessary
and the absorbing properties of the glass material ars of little concern.
Two main areas of nuclear ressarch are envisaged for this device in
relation to accelarator physics: the location of particles produced in

rare events where large quantities of absorbing material and large




detecting volumes are requirad, and the detection of high energy photons
where both spatial and energy mezsurements are neccssaryes

4.3.1 Gharged Particle detzction

An array of flaéh tubzs us2d as a track locating device cannct
compéte agalnst detectors such as propu:ﬁ{Enal, drift and spark chambefs
in terms of spatial resolution. In many experiments howsver, the need
for such high spatial accuracy is not always justifisd, because detzctors
are often employ2d to provide a knowladge as to whather a'certain typd
of reaction has occurred , without the necessity of a precise.trajectory
determination. Such applications include ‘the detaction of rare events,
where large sensitive volumes (possibly in Aq geomztry) are requirede.

A typical examplz of this type oflexperiment is the detection of.
neutrinos. Neutrinos, being weak intevacting particles with cross
éections of only about 10"380.".12 require large target and detector
volumes to give adequatz detecting rates. Most neutrino expsriments
performed with the aid of an accelerator have utilized large spar!
chambers to detact the muon in the interactions.

v +tn '*P'*'U-

v+tp —>n+u+’
Typical examples of such experiments are those which have been performed
at the AGS accelarator in Brookhaven (13) and at the PS in CERN (14,15)
in order to confirm the two neutrino hypothesis. The detecting arrangemsnt
at the CERN neﬁtrino experiﬁent consisted of 8l three electrode chambers
of aluminium and 66 modulsr brass chambers stacked with iron and lead
absorbers. The elzctrode arza of the chambers was 160 x lGOcm2 and the
total weight of the detector was about 75 tons. One of the main featu;@s
of this device was its ability to discriminate betwean elactrans and
muonse A muon produces a straight track through the chamber, while an

electron will initiate a cascade shower. By this method it was proved
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that v, and vu are different elementary particles.

Flash tubes ars well suited to this type of experiment, where

large sensitive volumes ar2 required and interacting material is of
advantage. Aiso, the flash tube chamber has a high multitrack efficiency and
is thus capablé of discriminating between the straight tracks of a muon

and the cagcade developmznt produced.by an electron.

4,3.2 Photon detection

High energy phctons are normally studied by detecting the
elactromagnetic shower produced when a photon interacts with a heavy
target material. A study-of the shower developm2nt can provide a means
of det=rmining the energyv and trajectory of the inciagnt photone. The
detection of photon induced showers has been dene mostly - with stacked
assemblies consisting of either a series of detectors (scintillator
or Gerenkov) interspaced with targets of a heavy material, or in
homogensous devices made of dense transparent material such as lead
glass (see section 7.2).

With these types of detectors the shower information gives an
energy measure only, and all spatial information needed for the
determination of an incident photon trajectory is lost. In many
experiments, for example, whers a neutral‘particle decays into two
photons, it is ofts advantaéeous or necessary to provide both energy
and spatial information for the reconstruction of the interaction.
Detectors which provide the additipnal spatial information normally
take the.form of. either spark chambers sandwiched betwesn layers of
target material, with a digital read-out system to count and locate
the sparks, or a series of cross scintillators couplzd to photomultipliers
interspaced with target material.

Spark chambers, however, have two main disadvantages: a low multi-

track efficiency which reduces the energy resolution and linearity of
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responses ‘and complex digital read-out, which makes the constructioﬁ
of large arrays difficult and expensive. The multitragk efficiency
can be improved if glass current-limited spark chambers(16,17) are
used, but their cperation entails even greater problems with respect
to data_acquisition and fast repetition rates. Detectors constructed
with crossed scintillators are normally expensive and elactronically
complex because each scintillator element requires a photomultiplier
and linear electronic circuitry.

* In the past, this problem has been resolved>by building hybrid
systems,'using spark chambers to give spatial infommation, and
scintillator cr Cerenkov detectors to provide an energy determinatiqn.
But nevertheless, such systems, whéh built into large arrays tend to be
complax and very expensive (19).

The flash tube detector may provide an alternative solution,
because it has characteristics ideally.suited for the detection of
cascade showers. The device has a high multitrack éfficienﬁy, is
simple to operate, and is easily digitized. Furthermore, due to the
low cost of flash tubes, many detecting planes may be employed to give
a total absorption device capable of a przcise energy determinaticn.
Thus, a device of this kind has the potential of providing low cost,
large ar=a photon detection with the advantage that both the energy
and trajectory of an incident photon are measured simultaneously
within the samé instrument.'

Convarsi et al (18) indicated the suitability of the flash tube
chamber for measuring the energy of photcns with an array installed
at the Frescati (Adone) storage ring. His results show a sensitivity
to the energy of elactron-induced showers at eneréies of a few hundred

MeV. An investigation reported in this thesis (see chaptar 7), using
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the Daresbury Nuclear Physics Laboratory e+ beam at energics of a féw
GeVy has demenstrztad the feasibility of usirg a flash.tuhe davice {o
prcvide hoth ener qy and spatiel informatiqqf

An estimqté of the cost of a flash tube device in rel;tion to other
gamma detectors is difficult because.thé form of its construction will
depend on resolution requirements.' This will determine the tube
diametsr (and hense the number of tubes) and the number of detectiﬁg
planes. Neverthelsss, an important consideration is that the cost of
covering an areca with a plane of flash tubes is iinearly proportional
to one external dimension only because a plane is sampled in projéqtion
and the cost of a tube is independent of length. Alsoc, the éimplicity
of the flash tube detector.hust be taken into accoﬁnt, for it is possible
to digitize each tube without the necessity of an interfacing amplifier
(see Chaptar 7). With the introduction of ultra high energy accelerators,
the flash tube tschnique may, therefore, be a cénvenient and inexpensive
method of facilitating a gamma detectof, which at such high enérgies
is often required to be of a very large size (19).

For a comparison of costs, a calculatioﬁ has been made of the
expense of-conétructing a flash tube detector of equal size and
resolution to the gamma detector proposed for the QOmega project at
300 GeV at CERN (19). Thé proposed detector is a hybrid device in which
gamma rays ar2 detected with a matrix of lead glass blocks and several
planes of spark chambers. The detector will be about 6m x 2m and
contain approximitely 500 lead glass elements. The cost.is estimited
at about SF.2.5M (1972 prices). A flash tube device of similar size,
consisting of 10 modules each containing 3 planes of digitized lcm
diameter tubzs would cost approximately SF 0.3M (1974 prices). These

estimates include all electronics up to a computer interfzcinga
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4.3.3 Neutral Partigle Detaciion

A large photon detector constructad from flash tuﬁes may be
particularly us2ful for measuring the position and mom2ntum of neutral
particles which decay into photons. For example, particles such as the |
no, Ko, XY and n all have yy deccay modese

At very high momentum, photons decay with very small opening
angleé, thus, in order to resolve the two cascade showers which they
produce, it is necessary to position the detactor at large distances
downstraam from the target. For example, the minimum opening angle
for photbns from the decay of a 10 GeV/c i is only 27 merad. (in-the
liboratory coordinate system), Therafore covaring a sufficiently
iarge~;olid angle to ensure'an adequate event rate and momentum range
requires a device of very large ar2a. Flash tubes arz well suited, in
this respect, becagse they give momentum and spatiél information,_and
arz2 capable? of being constructed into-large arrays'at.cﬁmpaerively
low cost.

When both photons are detected from a neutrsl decay, a momantum
determination may be made either from the opening angla between the-
decay photong-or directly from information. contained in the defected
photon showers. Measuring the momentum of the decayed particle from
the opening angle only, becomes particularly advaﬁtageous at low
momentum where the opening angles are large, and the spatlal resclution is

goode By this method the momentum resolution is given by (19):-
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whera ~:A%, £ and A® ar2 the momesntum, sznergy and angular resolutions
L LR
respactively, P0 is the momentum of the decayad particle, E0 is the energy

of the dacayed particle and 65 is the opening angle (s=2 Figurs 4.1), This




exprassion shows that the momentum resolution from an opening anglz
m2asuramznt improves with incresasing opening anglz. The momentum
resolution obtained by considering the shower structure from each
photon is given by the following expression (19,20):-
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In this case, the resolution improves with increasing momentum.
Thug, both methods, when usad togéther, compensata each other for losses
in resolution in the upper or lowér mome num rapgeé.

Figure 4.2 shows an e xample of the detescting resqlutioﬁ-calculated
by Dowell and Sloan (19) for the proposad 7 ° detecting system designed
for use2 at CERN on the Omega project up to energies of 120 GeV. -Although
this detector is not constructed with flash tubzs, the energy resdlutipn
can be expécted to vary in a similar way as aescribed by. the exbressions
(1) and (2). The graph shows the expected momentum resolution for i °
detection using lz2ad glass detectors with an iﬁdividual photon resolution
of 15% fWHM (at 1 GeV), and spark chambers to measurs the opening angle -
witﬁ é spatiai rzsolution of + lmm. The resolution is platted for

= 90° (as aefined in Figure 4.1) with the detector 40m downstr=am
from the H2 target. The graph illustrat=ss how the two methods compensate
for one another to give a resolution which is never worse than about

+ 1.0%.
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CHEAPTER FIVE

THE DEVEIOPMENT OF FLASH TUBE DETECTORS

FOR_ACCEIERATOR_PHYSICS

5.1 Introduction

The flash tube detector has characteristics which make it suited
N
to experimental conditions where there is a swall incident particle
flux and low background radiation. Under these conditions the device
operates efficiently (~100¥%) and registers very few spurious evenéz.
Unfortunately its use in accelerator experinents is made difficult by
the long sensitive and recovery time éharacteristics which prevent -
‘operation in a high radiation background and at high repetition rates.
Little improvemént has been made to these characteristics since
the detector's introduction by Conversi in 1955 but interest in large
area detecting systems for accelerator work has stimulated investigaticns
to produce a more sati§factory tube. The objectives of recenl work
in Durham heve been to produce a new Flash Tube detector which woulc
opefate in a background radiation of about 105 particles/tube/second
and be capable of registering digitized output information at'frequencies
of thg order of 1 KHz without deterioration in detecting efficiency.
Flesh tubes with these capabilities constitute a very attractive and
viable detécting technique for accelerator physics experimentss

5.2 The Sencitive Time

The épplicatioh of an externally appliied electric clearing field
is_usﬁally necessary with spark chambers working in a high backéroﬁnd
radiation environment. .Spurious and background induced sperks are
reduced by thé remova} of unwanted electrens from the sensitive volume
by the continucus applicstion of a d.c. electric field across the

electredess The sensitive time will be equal to the mesn time for
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. an electron to drift across the sensitive volume, and expefimentally
is usuelly defined as the time after the passage of an ionizing
particie for the detecting efficiency to fall to 50%. The strength
of the electric field required, will depend on the incident flux of
background radiation and thke maximum delay time between particle
passage and the applicastion of the high voltage pulse. D.C. fields
of up to 200 V/em are normally applied to spark chambers, reducing
the sensitive time to a few us {1,2). The sensitive time must be

in the range descriked by the expression:-=

T. s T

B T

s> D

where T

g = mezn time between particles from background radiation

3
]

5 sensitive time

._l.
]

r delay time of the high voltage pulses.

Anothe¥ method employed to reduce the sensitive time is the
admixture of electronegative gases (2). Such gases as 02,002, CC14,
SO2 and SF6 are suitable aqgitives for noble gases. SE-‘6 in particular,
has a very high capture cress section for thermal electrons (5) and
only very small quantities(lxlo—éz)axe required to reduce the sensitive
time to a few us (6)e However, the clearing field method is normally
favoured because external adjustnent is possible to suit different
experimental conditions. This is importent in the case of flash tubes
where the tube is sealed and gas mixture fixed.

The sensitive time of a normal Ne-He flash tube is of the order
of 100 us (section 2.2.4) and previous attempts tc apply static
clearing fields which wéuld sweep electrons to the walls of the tube
have been unsuccessfuls, Theory and experiment predict that a field as
weak as 10v/cm should remove all electrons frem a 1.8cm diameter tube

in about lo'ps(lO), yvet is hes been shown that field strengths as high
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T as QKV/cm_have no measurable effect on the sensitive time (4)s An
explanétion and sclution to this phenomena were necessary before the
device could be considered for use in high radiation background
conditions. |

5«2.1 Flash Tubes with a Short Sensitive Tire

The failure of earlier attempts.to reduce the sensitive time
by the application of clearing fields is attributed to the movement
of charges on the glass surface which cause the almost complete
backing off of the external D.C. field. The volume resistivity of

l%SI cm at room

soda glass is very high and a value of 5 x 10
temperature has been measured fcr type S¢S glass. Nevertheless it has
previously been shown (7) that significant charge movement does take
glace. It is not clear at present whether the conduction is by
sodium ion motion in the volume of the glass or by electron movement
in the glass or over its surface, but rearrangement of the field

lines caused by the applied clearing field is to be expected.

The use of an alternating electric field overcﬁmes this problem
provided thst the frequency of the field is such that the pclarity
changes faster than the charges on the glass can move to counteract
ite A 50Hz sinusoidal clearing field was applied bet&een electrodes
as shown in Ficure 5-l. The value of capacitor Cl wes ehosen large
enough to present a small impedance to ground for the high vollage
pulse, yet smell enouch so -as not to smooth the alternating voltage.

A value of Ol uF was found tc be a good compromise at this frequency.

Flach tube characteristice were measured uéing this-circuit and
at room temperature 50 Hz was found to be more than adequate in this
respect. Figure 5.2 shows the effect of the 50 Hz sinusoidal clearing
field on the efficiency vérsus.time delay characteristics fcr tubes

made of 595 soda glass and filled at 600 tcrr pressure with a 98-2
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.Neon-Helium gas mixture. The tubes had an inside diameter of 1l.6cm

and a wali thickness of lmme, It is seen that wrms fields as small

as 1.0v/cm have a considerable effect on the sensitive time and an

rms field of 10v/cm reduces the sensitive time to approximately 2 Uso
Figgre 5¢3 shows similar curves obtained with 0.6 cm internal diaméter
tubes filled with 98-2 Ne-He at 2.3 dtmospheres pressure.

Comparisons can be made with Meyers results (3) of the effect
of D.C. clearing fields ina O.5cm gap spark chamber. He found
a field of 18v/em reduced the sensitive time to approximately 1.8Hs,
whe£e this value is an average for the two directions of the clearing
field with respect to the H.T. pulsce. The:main éifference from Maeyers
results is that a long tail existe in the flash tuke éfficiency versus
time delay characteristics for a.c. fields. This is attributed to
pérticles passing through the system at the zero or low field part of
the a.c. cycle. The problem is overcome when a square pulse of
alternating direction is applied.

A reduction in thé clearing field effectiveness is expected as
the alternating frequency is reduced, since charces are able to move
and counteract the applied fields This behaviour was observed when
a square wave alternating field of variable frequency was applied
to tubes at 100°C. In order to allow tranesmission of the higher
frequency compenents, capacitor Ci in Figure 501 was replaced by one
of valve 0,022 F, producing a rise.time of 500ps for the leading
edge of each square wave. Ficure 5.4 shows thé efficiency versus
frequency curves fo£ time delays of 20 and 40us. From these curves
it is seen that charges are beginning to counteract the externally
applied field at akbout 25 Hz, which can-be thought to represent a
'cut-off' frequency dependent on the decay time for charges to become

ineffective * in the tube. Hcwever, the 'cut-off' frequency at room
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.temperature will be much lower than thi;, probably of the order of
0.1 Hz? because the resistivity of glass changes Ly three orders of
magnitude (8)s A direct measurement of this frequency at room
temperature was found difficult and reproducible results could not
be obtained at very low frequencies. This failure may be explained
by variations in surface COnductivify due to contamination, which
becomes significant when the glass resistivity is very high. Never-.
theless, a measure of the tube dec;y constant was made at 100°C by
investigating the dependence of efficienéy on the applied clearing -
field frequency and a value at rocom temperature was induced from it.
A detailed description of the method and results is given in Appendix
I. The experimeﬁtal results give a decay time of 61lms at 100°C with
l.9cm diameter tubes, and indicate that charge recombination is by
an exponential process. At room temperature.the constant may be
éxpected to have a value three orders of magnitude larger, which
would be in good agreement with experimental results of other
workers using a different method (9). Their results show that
internally induced clearing fields may persist for several minutes
after ignition.

5.2.2 The Generation of a Square Weve Clearing Field

Two simple and reliable methods have been employed to produce
an alternating square wave cleering field. The first, shown in
Figure 5.5, is a.l00Hz generatcr which is tfiggered directly from
a meins supply via a transformer. The mains freqdency is used to
open and close a reed switch twice every cycle, providing a squere
pulse train which swings about zero volts after decoupling withk a
capacitor. The pulse rise time is normelly of the order of 100us
for dry reed switches, although stbstantial improvements can be made

if the wetted mercury type are uced.
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FIG.5.5 A 100 Hz Square Wave Generator using a Reed Switch.
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FIG.5.6 A Varicble Frequency Square Wave Generator using
Monostable Flip Flops.
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Figure 5.6 shows a variable frequency square wave generator
which uses two monostable flip-flops coupled together %o form a
multivibrator with a mark-to~space ratio of 1:1l. The frequency may
be varied by a suitable choice of R and C. The logic output is
then used to drive a bi-=polar relay by means of é single transistor
amplification stage.

Both types of generators have been shown to be very effective
and reliable when used with the pulsing Eircuit shown in figure S.1.

5.3 The Regovery Time

The recovery time of a flash tube is the time interval after an
event for the tube to become sensitive again to another particle. A
second high voltége pulse applied within this time causes spurious
reignition. The recovery time is defined as the time after a discharge
for_thé reiénition probability to fall to 50%. A recovery time of 300
mS has been measured for 1.9 cm external diamter tubes filled with
70% Ne and 30% He at 600 Torr. Figure 5.7 shows the reignition
probability plotted against the time interval between H.T. pulses
for these tubes.

The phenomenon requires electrons to remain in the sensitive
volume for a time after the initial discharge, and from experimental
evidence this time is required to be several hundred milliseconds.

If the removal of electrons is by a simple diffusion mechanism only,
then the number of electrons left in the sensitive volume after a
time (t)is given by the following equation for diffusion in cylindrical

geometry (derived in Appendix II).
. B 2
N(t) = 2.4 P r “ Hexp (-t/T )

' 2
where T = fundemental diffusion time constant = l/D[ (20405/r0)2 + @/H) ]
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P = electron density at t = O
r = tube radius
H = tgbe length
t = time
N = number of electron in the tube at time t
From this equetion the expected reignition probabiiity may be
calculated using the equation (11):

R(N) = 1 - exp (~fN)

where R = reignition probability

f

probability of an electron protducing a discharge

Taking T = OGSCm{ H = 50cm, D = 1800 szs-l and f = 0.3, the reignition
. probability versus tine distributions were calculated and are shown

in Fiqure 58 for different initilal electron_densities° The expected .

1 electrons cmm3 (12)e It is

initiai density is of the order of lOl
seen that even for an initial electron density of lo]'zcm-3 the
recavery time is only a few millisecondse. If the electron.
density is large enough then ambipolar diffusion may make these times
longer (26), but nevertheless, it is very likely that internally
induced cleéring fields will remove all ﬂte_eiectrons in a very short
time. For example, a field as small as 1 volt/cm will remcve all
electrons in approximately 50us(10) and an externally applied R
sinusoidal clearing field of 200 volts/cm ™ms . which should remove
electrons in less éhan 5 us was found to reduce the recovery time only
by é factor of two (see section 5.3.1).

From the above observaticns it is inferred that electrons created
in the initial discherge do not remain in the sensitive volume for a
time long enough to cause reignition. It is therefore necessary to

postulate a secondary electron production process to account for the

long recovery time.




*Aluo  SSO} commstwv co.:uga 10} pawojnoip2  AbjeQ | awyy snssa Auiquaold  UoRIUBIZY CRCEGIE

_ _ . (sw)iv o |
-2 0-7 6-1 8-1 L1 5-] G 7] &1 2,
| i i | 1 N b I r )

| ol

— 0c
oy

L oc :.W
=]

= oy m

N . 05 3
o
(&}
O

- 09 =

~Z
- oL
B g01=0}-2 08
Owo_n 0-g
¢ WD SU01}I212,,01= 04~V
L | _ [




38

5.3.1 Nature of the Long Recovery Time

Many secordary electron producing mechanisms are known to
exist and have been studied by other workers. These form two distinct
groupss secondary effects resulting directly from interactions of
ilonsy photons and excited states created during the discharge; and
electrons produced frcm the surface of the glass by field emission
processes. Since conventional meégl electrode spark chambhers filled
with neon-helium mixtures are capable of operating'at repetition rates

in excess of lO3 events per second (13); it ie probable that the long

recovery time, characteristic of flash tubes is associated, at least

-in part, with the glass from which the tube is made.

Ore possible explanation involves positive Ne ions, which havé
small diffusion and mobility coefficients compered to electrons, and
are not removed from the sencitive volume so readily. Normal flash
tube operation does not require ions to be remcved from the sensitive
volume because thef cannot contribute to ionization at small E/F
values. However, it is known that positive ions may produce secondary
electrons by virtue of their potential energy when only a few angstroms
from the surface of a material. This process occurs when the ionization
eneréy is greater than twice the work function of the surface material
(14). To test whether this phenomenon is relevant to flash tube
reignition, a sinusoidal clearing field large enough to remo&e all
Ne ions in one cycle was applied. Themgnitude of the field was

calculated from the expression

/2

d = j KE sin Gt dt
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where Eo = peak electric field
d = tube internal diameter
K = ion mobility
T = periodlc time of the field

Using d = 1.8cmy K = 400 cnV '™ dnd T = 20 x 105 the calculated

minimum peak field required to clesr Ne ions created during the zero

of the cycley in 10mS at 50 Hz is 62.8 V cmml. In practice the times

*will be in the range T to .'T, depending on the position of the ion

2

in the tube and the magnitude of the field at the time of creation.

A 200 V cm“1 sinusoidal fleld was applied to 1.8cm internal diaméter
tubes, and the reic¢nition probability was measured and compared to the
probabillity without a field. Figure 5.9 éhows the reignition probability
versus time between pulsing with and without the clearing f.ield° The
field reduces the recovery time only by a factor of two, indicating

that the interaction of ions with the glass surface is not the

dominant process respcnsible for secondary electrons.

Metastable atoms are also capable of releasing secondary electrons
by either collisions with other gas atoms (Penning ionization) or by
interaction with atoms in the surface of fhe glass (14). Metastable
states of Ne and He are of particular concern because besidés having
long lifetimes (15), they are uncharged and cannot be swept from the
sensitive volume-by an applied electric field. According to Korff (16),
metastables may cause spurious counts in Geiger tubes containing
noble gases unless a small admixture of molecular ges is present to
produce de-excitation. The de-excitation takes place by_Penning effect,
which involves an interaction between a neutral metastable and a
molecule whose ionization energy is less than the excitation energy of
the metastabieo This results in ionization of the molecule and the

release of an electron.



‘P1214 bulinaz))p Soﬁ_s puo yum 2w Ki2A002y Jo uosupdwoy 56 9|4
(sw)1v
0C0t 00t ol
0
_ L |
- — Ol
_ — 02
— —4 0t
- _ ~ 07
B _ P12y} —0s
N o) buipajd Joploshuls s
Wd/A 002
B : L. - Dr\.
— ou ' — 02
- ._. . _ : -4 G6
| _ I l

(/) Aaiqoqold uoiubizy




40
A" +B s a+B e

The interaction cross-section for de-excitation of Ne metastables
' -14

with gases such as CH , CC,»s 0, and NH, are large enough (10 cn?)
for the process to occur very rapidly (15). However, measurements

by other workers of the lifetimes of the 3P2 and 1P1 metastable

states in pure neon, indicate that their influence should be of

little concern for times in excess of 0.5 mS. Phelps (17) has

‘measured the decay frequency for Ne metastables in a tube of 1.08

cm internal diamter as a function of Ne atom density. At 600 torr

2 -
pressure the decay frequency is measured as 5 x 10"s L giving a

~mean decay time of 20 uS. If the initial metastable density is of

the order of lO12 atoms cm‘_3 (15), then very few will remain after

a few hundred microseconds if an exponential decay is assumed (17).
Photons produced in the diséharge are also able to create

secondary electrons by photoelectric interaction with theﬂglass and

it is this mechanism which is responsible for the spredding of the

discharge along the length of the tube (18). The photoelectric

guantum efficiency has been investigated by Rchatgil (19) in Ne with

ultraviolet photons of 2537 A wavelength and hes obtained a value

of 6 x 1074 (elegtrons per thoton) for soda glass. A large number

of secondary electrons can therefore be expected, considering that

more than 108 photons will be produced in each discharge. Many of

these photons, however, will not be directly incident on the glass

surface, kut wiil Be absorbed and emitted by atoms in a diffusion-like

motion for a relatively long time before being lost frem the gaseous

volume. This phenomena.is known as resonant radiation and has been

studied in detail by Holstein (21) whése theory predicts a mean lifetime of

2.6ms inwolving the long-lived 3P1 state of Ne in a 0.8cm radius tubes
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' Aﬁother contributing effect may involve indUCed clearing fields, which
remain_of sufficient strength for a time after the application of the
high voltage pulse to maintain locezlized Townsend type avalanches,
which produce further ultraviolet phetons and electrons until the
field hes decayed. Thug, a continuous flux of bhotons may be incident
on the glass, creating secondary electrons which in turn initiate.
more discherges. There is experinental evidénce for fields having
decay times of the order of 60s (Appendix I), it is prchbable, there-

‘forg, that the fielc strength is large_eﬁough to cause Townsend
avalenche after only a few hundred milliceconds. Observations hy
Holrcyd (18) prcvicde some evidence for the existence of wesk discharges
occuaing at leter times by showing the existence of feint sparks several
microseconds after the initlal discharge which were preduced in a field
of opposite polarity toc the applied pulce.

Another possible mechanrism is the charginc of an insulating
surfzce, such as glass,; which can lead to thin-film emmissicn (z0).
This effect occurs when a thin layer of contaminating material
deposited on an insulating surfece becomes pclearized by positive
ions. If the electric gradient acrose the laver is of the oxder
of 106V cm-1 then secondary emission carn occur. The cecondary electicn
emission rate is focund to drcp when the source of icns is removed.,
but has been observed to persist at a non-zero value for many hours.

5.3.2 Reduction of the Recgvery Time

The effect of different gas mixtures on the recovery time has
been investigated with respect to the processes discussed in section
'5.3.1. Gzs phencmenar of particuler interest were electron capture,
photoabsorption and metastable de-excitationo The cbject of this
study was to find a Ne mixture which reduced the reccvery time without
adversely affecting the efficiency and di@itizétion precperties of the

detector.
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Figure 5.10 shows a schematic diagfam of the gas mixing system
which:was designed for filling a small manifold of flash tubes with
samples of different Ne mixtures. A préﬁision was made in the design
such that large quantities could be stored in a cylinder at high
pressures GConsistent results could only be obtained after cleaning
the tubes with concentrated HCL acid and outgassing by heating to
100°C for twenty hours until a vacuum of lO'-3 Torr coqld be
maintained. Two liquid nitrogen traps'were included in the system
one to prevent back-diffusion of rotary'pump oil vapour, and the
other to help remove Ne gas contaminates.

The reignition probability was measured automatically by
applying tw6 high voltage pulses aftér the passage of an ionizing
particle and registering the flash tube discha;ges with a photo=
multipliere Figure 5.11 shows the circyit designed to overcome
difficulties in charging a single capacitor system twice in a very
short time, thus requiring a large curreﬁt supply. In this circuit
two cepacitors are charged simultaneously and then discharged
alternately after the passage of a particle, with a predetermined
time interval. The time interval between pulses could be varied
by a gate generator which provided a delay in one channel from the
fanout. Trigertron spark éap switches were used to discharge
the capacitors across a resistor R producing a high voltage pulse
to the electrodes with an exponential decay constant RC. The gaps
were triggered, by means of two E.G.G. HV100 5 KV triggering units.
The high voltage rise time and delay time after particle detection
were 50 and 150 nS respectively. Output infermation was taken
from a photomultiplier placed in line with the tube end windows
such that pulses were obtained when the tube ignited. This

information was then stored automatically in a scaler which
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recorded the number of events and the total number of tube discharges,
from which the reignition probability was calculated.

Reignition prebabilities have been measured for pure Ne and Ne
mixtures of other gases. Measurements were first taken with very
clean tubes filled with pure Ne (CP grade) to ensure the long recovery
time was not a phenomenon caused by contamination in the glass or gas
during manufacture. Figure 5.2 shows the reignition probability
versus time interval between high voltage pulses as a function of gas
pressurc. The results at 6CO Torr agree well with those taken with
manufactured tubes, indicating that the secondary electron mechanism
_is intrinsic to either the glass or gas. The recovery time versus Ne
pressure, obtained from these curves, is plotted in Figure 5.13 and
shows a linear relationship with a negative slope. This behaviour
excludes a diffusion dominated secondary emission process becausg the
diffusion ccefficient increases linearly with decreasing pressure. In
terms of a metastable theory, this behavicur is to be expected for it
has been shown by Phelps (17) that de-excitation at pressures above
10 Torr is due to atomic collisioﬁs and the effect of diffusion to
the walls of the container is insignificant. The recovery times are,
however, still two orders of magnitude too long, even at 50 Torr
compared to lifetime results of other workers in very-pure Ne (17),
to be explained entirely by a metastable theory. The observed data
may be accounted for in terms of the production of photons, created
in the residual fieid after the initial discharge, by weak Tocwnsend"
avalanches (discussed in section 5.3.1). By this mmechanism the long
recovery times at low préssures may be explained by considering the
increase in the Townsend ionization coéfficient (). For E/P valuecs

below 10 2 V cm-1 torr ™! the coefficient is described approximately
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by the equation (12):-

o/p = e BP/E

where 0 is the number of ionization per cm per electron
A and B are constants
E is the field strength
P is the gas pressure
Thus, an increase in the number of electrons and photons is expectfed
_wifh & reduction of gas pressure in the range 600 to 50 Torr.
Figure 5.14 shows the effect of mixing O.1% of the molecular

410

probability versus time interval characteristics at 600 Torr. All

_ gases H2’002’02’C236’ CH4 and C H,. to Ne on the reignition

the gases are shown to reduce the recovery time in comparison with
pure Ne, but it is the organic gases which have the greatest effect,
reducing the time by more than an order of magnitude. An interesting
feature of these results‘is thgt the very electronegative gases of O2
and CO2, which are capable of removing electrons from the sensitive
volume very rapidly, are not so effective as the organic gases which
have re1a£ively small electron capture cross~sections. The organic
gases, however, are known to have very high and broad photoabsorption
cross-section spectra (22,23) and this may be regarded as further
evidence supporting the photon induced secondary electron process
discussed in section 5.3.1.

The recovéry time characteristics may be improved further by
increasing the quantity of molecular ges. In figure 5.15 the
reignition probability versus time interval is plotted for quantities

of O2 in the range 0.0l to 0.33%. For 0.33% O, a recovery time

2

of about 16 ms is obtained. Increasing the amount of O, even

2
further, is made difficult by virtue of its electronegativity,
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Different Gases.
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~ which reduces the sensiti&é time considerably and suppresses the
spreading of tﬁe discharge along the length of the tube, making
operation difficult without the use of very high field strengths.
With CH4, however, up to 2% can be added without altering the
operating conditions significantly. Figure 5.16 shows the effect
of increasing the quentity of CH,. With a 1.8% mixture, a recoveiy
time of about 4ms is obtained.

On the basis of these results, sealed flash tubes were made
*coqtaining varying amounts of CH4 at different pressures. CH4 was
‘chosen in preference to other 6rganic gases because of its inexpense
and availability. In Figure 5.17 the characteristics of l.6cm
" internal diameter tubes, filled with Ne(70)-He(30) + 1.0% CH4 at
600 Torr are shown. The curve is in gooa agreement with results
shown in Figure 5.16, obtained with the gas mixing system. Smaller
tubes filled with different Ne-He-CH4 mixtures at 2.3 atmospheres,
have also been investigatede Figure 5.18 shows the results obtained
with 1.0, 1.5, 2.0 and 2.1% mixtures of CH4, giving recovery times of
a few ms or less (24). Tubes made from Jena 16B soda glass containing
2.0% CH4 have the shortest recovery time ( <O.6ms), which may be
att;ibuted to the resistivity being more than an order of magnitude
lower than type S95 soda gléss (8)e The following table summarizes
the charaéteristics and operating conditions of the different types

of Ne-He--CH4 tubese.
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FIG.5-17  Reignition Probability versus Time Interval for 1.6cm.
: internal diameter tubes filled at 600 Torr.
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FIG.5.18. Reignition Probability versus Time Interval for 0.6cm.
: internal diameter tubes filled at 2-3 atmospheres.
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"% CH Tube Size Glass Type Recovery Sensitive Pulsed Field
4 . Time Time
Int.Dia Ext.Dia ' (ms) us). Height Lengtlh

(cm) (cm) : . kVem™L  (uS)
1.0 0.6 0.8 595 Soda 3.3 1.6 10.0 2.0
15 " " " 2.0 lo4 " 1.0
2.1' 1] 1] n <l.0 1.2 1] 5.0
2.0 Ou82 0085 Jena 168 Sf)da <O-6 104 1100 5-0

5.3.3 Char e 70)-He(3o)-(:H4 tubes

The mixing of CH4 to Ne-He is expecfed to have some influence
| on the naturc of the discharge which is bropagated along the length
.cf the tube. It was, therefore, necessary to ensure that the gas
additive had no adverse effect on the working properties of the
Aetector.
One very important consideration is that the detecting efficiency
~remains’high for a time period greater than the delay time of the
high voltage pulse. For this reason, the efficiency versus timé
delay was measured fer tubes containing large amounts of CH4 at high
pressure. Figure 5.19 showé the efficiency measurement for high
pressure tubes containing Ne(70)-He (3C) + 1.07CH,. The layer
efficiency at delays of a few hundred nanoseconds is seen to be
86% which represents an internal efficiency of 100%. The sensitive
time is l.5us, which can, if necesgary, be reduced further by the
application of an alternating clearing field. The effect of a 30V
(peak) cm"l square.wave clearing field is also shown, giving a
sensiive time Of0.5pé. Sensitive time characteristics for other CH4
mixtures were found to be almost identical to the 1.0% mixture shown
in Figure 5.19. Compariéon of thece characteristics may be made

from the takhle in section 5.3.2.
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The efficiency is, however, dependent on the field strength,
and efficient detection can only-be achieved if the peak electric
field is above a certain threshold value. The threshold value is
obtained fromlFigure 5.20 where the layer efficiency is plotted as a
function of peak field strength. The layer efficiency plateaus are
reached at about 6 and 1C KV cm-1 fof the low and high pressure CH4
tubes respectively, using a pulse with ahexponential decay time
constant of 2 ys. These field strengths are very similar to those
\;equired for the efficient operafion of normal Ne~He tubes {25,18).

Flash tubes which are capable of operation at repetition rates
above 10 Hz are of little use unless automatic digitization is
.attainablg. The effect of adding CH4 at high pressure on the
magnitude of the digitization pdlse was, in this respect of concern
and has been investigated for tubes of 0.6 cm internal diameter
- containing 2.1% CH4 at 2.3 atmospheres. A small test system was
constructed with digitization probes as shown schematically in
Figure 5.21. The output from the probes was connected into a 5.6K®
input impedance and the pulse height distribution was measured and
recorded with a pulse height analyser. The results are shown in
Figure 5.22, giving a spectrum of pulses of more than sufficient
amplitude to drive a logic system without amplifier interfacing.
The height of the pulses decay exponentially with a decay constant
of 4 pyse The pulse heights could be varied by altering the distances
x and d as defined in Figure 5.21, or by changing the input
impedance. | .

5.4 Conclusion

The difficulties inherent with normal flash tube detectors for

use in accelerator experimentshawe been investicated and their

characteristics substantially improved by the use of alternating
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clearing fields and the addition of small quantities of molecular

gas. Measurements of fast, short sensitive time tubes containing
Ne-He—CH4 mixtures at high pressure have indicated their suitabilityﬂ
for operation in a background radiation intensity of 10° particle/
tube/second and at repetition rates of about 1KHz.

It was not the purpose of this work to make a detailed study

of the processes which cause undesirable characteristics in normal
-flash tubes, although a gualitative analysis has been given in terms
of observed experimental data. No conclusive results have been drawn
concerning the nature of the long recove?y time, but from experimental
- evidence presented here, it seems very probable that-the phenomenon

is a result of the high resistivity of thé glass, which prolongs

£he existence of fields inside the tube, thus maintaining weak
@ischarges which are a source of ultraviolet photons. It is possible,
that the recovery and sensitive time problems associated with normal
tubes may'be overcome by methods other than those described here

if a low resistivity glass (semi-conducting) could be produced
inexpensivieiy, with sufficient mechanical strength and malleability
to be formed into an envelope. No such glass with these characteristics
is known to exist at present, although even if such a material was
available, the need for change, in view of the simplicity of the
methods described in this work fof common soda glass,y is hardly
Justified.

Measurements of the recovery time which have so far been

reported, have all been obtained by pulsing the tube after the

passage of a particle and then repulsing after a predetermined delay.
These measurements do nof, however, ensure that the tube retains

its high detecting efficiency for recording the passage of a second
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~particle after the intial discharge. Experiments using a particle
beam, were therefore necessary in this respect, before-the detector

could be considered acceptable for use in accelerator physics.
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CHAPTER S TIX

THE OPERATICN OF A FIASH TURE CHANMBER

I8 THE DNPL o' TCST_BEAMN.

~——

6.1 Introduction

Digitized flash tubes containingla Ne-He-CH4 mixture were built
into a detecting array and used with the Daresbury Nuclear Fhysics
Laboratory Accelerator e+ test beam at cenergies of a few GeV. The
objectives of experiments performed with this chamber were threefold:
‘ " (1) To confirm that Ne-He43H4 tukes operate at high

repetition rates, as indicated by the laboratory results.

(2) To ensure that the detection efficiency is maintained
at high repetition rates.,

(3) To verify that the digifization technique is compatible
with standard computer dataacguisition techniques (CAMAC)
without the necessity of amplifier interfacing electronics.
This required thé digitization pulse to remain of sufficient
a%plitude tc drive NIM standard electronics with 5C ohm input
impedance after transmission through a substantial length
of connecting cable,

6.2 Experimental Arrancernent

A modular flash tube chamber consisting of a total of 128 tubes
was installed in the DNPL test beam experimental srea such that
monoenergetic positrons passed through the centre of the systeme Each
tube was digitiied-and the output information could be read and stored
by a small computer after each event. Counter logic selected single
particle events at predetermined repetition rates such that several
thousand particle trajectories could be stored at each rate and analysed

in terms of efficiency and reignition probability.




6.2.1 The DNPL e+ Test Beam.

Elements of the DNPL test beam facility in relation to the
flash tube detecting system are shown in Figure 6.1. Accelerated
electrons are made to impinge cn a tungsten target in magnet No. 4
either by perturbing the circulating beam with a pulsed magnetic
field ('beam bump') or by simply being scattered onto~ it after
targeting at one of the other stations round the machine ('parasitic

beam'). The photon beam, resulting from.Bremssrahlung in the target,

(@D

is then scrubbsd of charged particles by a permanent magnet

N

<8

;ecdndary coliimatere The latter allows the photon keam through to
oneg of several conversion targets, which may be selected remotely
from the control rooms Electron-positron pairs are then momsntum
anzlysed by a bending magnet and fixed momentum defining slit, before
emerging threough a 50mm square collimator into the tast beam
experimental arca. Monoznergetic (+ 1.0%) positrons 2re thus produced
betvieen 0.2 GeV/c and the maximum synchrotron operating energy at
rates up to lO4 particles per acceleritor pulse (1).

Normally when the test besm is used in beam 'bump' mode oniy
one extraction is made every 60 acceleration cycieso That ié, the
test beam user receives cne particle pulse after every 60 main user
extractions. For these experimsnts, howevzr, fast repetition rates
required an extraction every cycle, such that a particle heam was
produced zvery 20mS. The problem was cvercome by applying the beam
*burmp ! maénat pulse just hefore the mdin cxtractiqn time. ¥ith the

amplitude of the beam "hump' pulse suitably adjusted a few particles

could he extracted every cycle just before acquiring peak enercy in

PN

the acceleration time, without seriously perturbing the circul:

(a3

ting
1 2 . -
beame By this method akout 107 particles par pulse could he extracted

every 20 ms, with approxim:tely 6C%5 of the maximum synchrotron
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'operating energy. Figure 6.2 shows the temporal behaviour of the test

beam ‘bump' pulse in relation to the circulating beam.

6.2.2 The Flash Tube Chamber

The flash tube chamber shown in Figure 6.5, consisted of eight.
separéte, self-contained electrode modules each containing two sets
of eight l.bcm internal diameter tubeé. Each set of tubes was
positioned in orthogonai X-Y planes either side of a central H.T.
electrode, to give a total detecting area of 15.2 x 15.2cme The
éepqrate electrode modules were held in position along the beam line
axis by a demountable framework which allowed easy access to any

individual section. A space was provided between each module for

'accommodating up to two radiation lengths of lead target for

electromagnetic shower production experiments (discussed in.Chapter 7 )
The tubes were made to fit closely together with digitization probes,
into machined aluminium blocks, which provided a support and earth
screen against electrical interference from the high voltage pulser.
The aluminium blocks were machined such that the tubes were O.1lcm
aparte Figure 6.3 shows a photograph of a machined block with its
digitization probe assembly.

Digitized output information was obtained from each tube with
a small probe méde from a 6BA screw, which was placed in contact with
the glass tube end window. The probes weré held in a central position
by perspex spacers, which were made to be a close fit in the machined
hole. A 2.2Kq -resistor joined the probe to a 50Q BNC coaxiél output
socket (see figure 6.3) which provided a digitization system totaliy
shielded from external electrical interference. This was important,
in view of the high voltage pulser being a distance less than a
meter from the probe outputss Figure 6.4 shows the dimensions of the

HeTs electrode and probes, relative to the face of the machined
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. Fig. 6.3 The flash tube digitization probe assernbly
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aluminium block, which gave an output pulse of suitabls magnitude

to trigger the CAMAC logic after transmission through 13ft of 50ohm
coaxial cable. A digitization pulse with amplitude 1.2 volts and

100ns exponential decay time (sce Figure 6.4) was obtained with

d = 3.0 cmy x = l.5cm, R = 2.2Kp and Z, = 50Q , as defined in

Figure 6e.4a. Amplitude fluctuations amounted to * 20%, which was
acceptable with a CAMAC 700mV input trigger threshold level (3). Output
pulses were taken from the probes through 13ft of 50 ohm doubly screened
coaxial cable, without electronic amplifier.interfacing, and fed
directly .into eight 16=bit CAMAC Pattern units (16P2007), where the
information was stored in addressed registers before being read Ly a

PDP 11 computer. Figure 6.5 shows a photograph of thé cémplete¢ chamber
with output cables leading to the CAMAC data acquisition system.

The high voltage pulse was generated by discharging a 6000 pf
capacitor across a 330 2 resistor, thus producing a 6KV cm-l peak
electric field with a 2.0us exponential decay time. The capacitor
was discharged by switching a trigertron spark gap (2) driven by a
EGG HV 100 pulsing unite The total delay and rise times of the high
voltage pulse.were measured to be 250ns (from the scintillator
coincidence).and 60ns respectively. The high voltage power supply
was capable of supplying adeduate current te recharge the 6000pf
capacitor within the .shortest cycling time of 20ms. The recharging
time constant was made to be 7ms with a charging resistor of 1.2MQ
giving a maximum current drain of 10 mA. A square wave 100Hz alternating
clearing field of 30v cm-l was also applied to the electrodes using a
reed switch as described in section 5.2.2. This produced a train of
square pulses with a leading edge rise time of 100 us.

The flash tubes weré made from type S95 soda glass of l.6cm

internal diameter, 0.1 cm wall thickness, and filled with Ne(70)-He(30)



Fig. 6.5 The flash tube chamber
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‘plus 1.0% methane at 600 torr pressure. The characteristics of these
tubes wefe measured before the eiperinent and were found to be in
agreement with measurements made with the gas mixing system, described
in section 5.3.2. Figure 06.12 shows the layer efficiency versus time
delay charactéristics with the application of a 30v cm'-l square
wave clearing field, giving a sensitive time of 1.0 us and layer
efficiency {at zero time delay) of 82%. Figure 6.L3show§ the reignitiog
probability versus time intesrval characteristics, giving a recovery
time of 7ms.
64243 Data Acquisition
Particle events were selected by a coincidence trigger from three
beam defining scintillation detectors placed before the flash tube
chamber, as shown in figure 6.6. Upon the passage of an e+ particle,
a coincidence signal was generated if certain conditions were fulfilled
by a controlling logic system built with E.G.G. modular electronicse.
This signal was then used to trigger the high voltage pulser and
provide a computer interrupt command which initialized a datz processing
subroutine program. The logic system, besides producing triggering
signalsy had five other important functions which are described below.
(1) The only particles selected were those extracted during the
beam ‘bump' pulse. This substantially reduced the number of
spurious triggers from packground rediation and ensured that
the particle detection occured at the same instant in each
cycles For this purpose the extraction pulse was used to
trigger Gate 2 (Figure 6.5) such that the AND was %enabled'
for a period of 2ms.
(2) Only one particle from each beam extraction in every
accelerating eycle was selectea. This prevented the high

voltage pulser triggering on every particie within a beam
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'bump' extraction period. Thus, only the first particle
was recorded from each bunch of particles. This condition
was achieved with Gate 1 which provided a coincidence veto
pulse for a duration greater than the beam spill timé--
after a detected event.

| (3) The event repetition rate could be set to be any integral
numb2r of accelerating cyclese That is, a particle could
be selected every 20, 40, 60 ....ms, etc, The rate was
selacted by Gate 3 which applied a stop pulse of length
equivalent to a predetermined number of cycles.

(4). The CAMAC data registers were read at the end of every preset’
time interval regardless of particle information being present.
This provided the information necessary for distinguishing
whether events were consecutive or not, within the predetermined
repetition rate. -

(5)  The pulsing system was paralyseds while the computer was -
processing data, by applying a ‘stop’ puiée to Gate 2. This
pulse was gererated from a CAMAC inhibit pulse via an OR gate.

Thus each event»was selected by the logic system at a set |

repetition rate, and the trajectory data stored in eight 16-bit CAMAC
storage registers (Pattern units type 16P2007). This information
was read, after each event, into the memory core of a PDP 11 (16K)
cdmputer in eight 16~bit words until the core was full, where upon
the system was paralysed, until all the data had been transferred

" to punched bape£ tabe. In this way, 200 consecutive events could be
stored in the computer at a time. The computer program was written
and controlled by means of a teletype visual display terminal which
could also be ﬁsed to'diSplay data af ter collectién. Figure 6.7 shows

a photograph of the computer, teletype, and CAMAC. The computer




| Fig. 6.7 The data acquisition system "consisting of a
PDP 11 computer, teletype. and CAMAC
electronics '
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program vhich controlled the CAMAC and data acquisition is described
in detail in Appenix III.
6.3 Experimental Procedure

The objecf of this experiment was tc accumulate enough particle
trajectory datﬁ at known repetition rates for analysis in terms of
detecting efficiency and tube recoverf timeo

During the preliminary tests with the chamber several data
acquisition problems were encountered which had to be overcome before .
any reliable data could betaken. Most of these problems were a result
of severe electrical interference caused by the high voltage spark gap
radiating high frequency noise. This produced spurious operation of
the computer and logic, although dif ficulties were expected, due to
the high voltage pulser being not more than two meters distance from
the data acqisition systems Normal operation could only be attained
after taking several precautionary measures against the interference;
the spark gap pulser was totally enclosed in a metal box, the computer
and logic power supplies were fitted with high frequency mains filters,
earth loops tq and from the logic system were minimized and a heavy
copper earth ;eturn lead was connected to the high voltage power supply.
Similar problems were experienced in some channels of the CAMAC storage
regis£ers (Pattern units) where spurious input pulses triggered false
logic levels. This was found to be caused by 'cross-talk' interference
between some coaxial cables connecting the chamber outputs to the CAMAC
inputs and was overgome, very simply, by replacing the cables with
double screened 508 ccaxial cable.

For the recovery time experiment is was necessary for the incident
beam to be not so finely collimated that all particles passed along.
the same trajectory,making a reignition probability determinstion

impossible. By selecting suitably sized winicidence scintillation
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‘detectors and using the largest collimator aperture, it was possible
for particle trajectories to be fecorded at random positions across
the detecting area of the chamber. Thus, the probability of consecutive
tracks havinglthe same trajectory in the chamber was minimized.

- Over 700-events were recorded at each fixed repetition rate in
the range 5-50 Hz, ina beam of momeﬁtum 2,0 GeV/c. Data was written
directly from the computer store onto paper tape which was later
transferred to magnetic disc for analysise
6.4 Experipmental Results

Computer programmes were written to analyse straight track

--data in terms of detecting efficiency and reignition probability

using the DNPL IBM 360/165 computer.
6.4.1 Efficiency

The detecting efficiency was calculated for the chamber and each
module independently, as a function of repetition rate. Figure 6.8
shows a graph of the overall chamber layer efficiency versus the
time between events. From this graph it is clear that there is no
deterioration in efficienby with incressing repetition rates The
layer efficiency is maintained at about 80%, which agrees well with
the value of 82% wh?ch would be obtained for an internal efficiency
of 100%. In Figure 6.9 the layer efficiency is plotted for each
of the eight modules independently, at the fastest repetition rate
of 50 Hz. Acgain, the layer efficiency is seen to remain high in all

mcdules, never falling below 70,

6.4.2 Reignition Prchability

The reignition probability was measured by counting the total
number of tubes which reignite from the previous-event as a fraction

of the total number of ignitions. Figure 6.10 shows the mean




S
o

S ' T T L

- eof- T -
o
Y -
§~. 40 i ] . | — . 1 . 1
S 77, 20 60 100 140 180 220

|

\

‘ .

’; | - Time Between Events (ms)

- FIG. 6-8. Layer efficiency versus time - between events. -

100 [
90
80 F————- == —
r: 70‘
P 60+
>
2 50p
ot :
2 10}
[
~ 30}
o
@ 20}
10
0

Moduie

FIG.6-9.  The layar efficiency for each flash tube
module at 50 Hz.




= S0 RN I AL I B T

=

) 30:__,_____._.____.___._,_,_____._,__, — e e o]

e © o ) ® e ©

a. 204 -

c

2 10} -

En 1 | I T DU TR B | I

2 0 20 40 60 80 100 120

| | time between events{ms)

FIG. 6.10 The reignition prcba_Biiily versus time betwezn events

40

20
10

L]

AE120ms

40
30t
20 E - AT=80ms

[T IE
o O
T 1

AT=60ms

-—
L]

nition probability (%)
N
()

40
20

20  AT=40ms
10

c
=

rei

i

14

40
30 .
20} AT=20ms
10}

¥

- FIG.G  The reinnition probobility for each medule ot different
repctition rates




" reignition probability of the chamber as a function of the time
between eventse The calculated Qalues are seen to b2 ‘constant
at about 25%, there being no indication of increasing reignition
probability'with increasing repeition rate. The results do not give
a zero reignition probability, however, because with such a small
detecting area and a well collimatedvbeam, there is a finite probability
that consecutive particles will pass through the same tubes. From
beam profile measurements across the plane of the tubes, this
probability was calculated to be 28%, which agrees well with the
measured reignition probabilities which lay around 25%. It is
inferred, therefcre, that the actual reignition probability is zero up to a
repetition rate of at least 50Hz, In addition to the overall reignition
probability, computations were made for individual moduies{ Figure
6.11 shows the reignition probability at five different repetition
rﬁtes for each module. Again, the results are seen to be very
consistent about a value of 25%.
6.4,3 Sensitive Time

No dirept'measure of the sensitive time, or the capability of
tubes to operate in a high background radiation were possible from
this data, although empirical evidence suggests that the tubes operate
satisfactorily in a background of about lO5 particles per second per
tube, This was inferred from the beam characteristics where it was
common for consecutive particles, in a spill of about 200 particles,
to be separated- by.only a few microseconds, even though the total
spill time was of the order of a few milliseconds. Froﬁ the data
analysis, however, there were no signs of multitrack events, indicating
that the sensitive time is of the order of a microsecond or less,
being in agreement with previeus laboratory measurements using alternating

clearing fields, as shown in Figure 6.12.
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More than 106 events have heen recorded during this series of
gxperiments, using the same Ne-Hé—CH4 tubes, without any measurable
change in characteristics. This shows the gas mixture to bz stable
and that chanées in the molecular properties of methane caused by
ionization anacﬁssociation during the discharge may be regarded as
insignificant.

6.5 Conclusion

The results of this experiment have shown that Ne-He4SH4
filled flash tube detectors are capable of efficiently determining
the trajectory of high energy particles at repetition rates of at
least 50Hz. The test beam results agree well with laboratory recovery
‘and sensitive time measurements deséribed in chapter 5, verifying
@he characteristics which are necessary for operation under accelerator
conditiohs.

The efficiency results are particularly significant with respect
to internally induced . clearing fields which are known to develop in
tubes of this type. Moreover, there was some justification for
expecting a reduéed detecting efficiency at high repetition rates
based on the results of Holroyd's (4) work, which has shown that the
induced clearing field strength is proportional to the repetition rate.
The fest beam results presenied here, however, indicate that these
fields have little effect, up to rgpetition rates of 50Hz, providing
the H.T. pulse delay is sufficiently shorte The H.T. pulse delay
was measured to.be 250nS, which is a typical delay time for pulsing
systems of this purpose.

Although the repetition rate could not be increased enough
to make an exact determination of the recovery time, the measurements

made up to TOHz show no deterioration in the characteristics compared
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"to laboratory measurements. TFigure 6.13 shows fhe reignition
probability curve as measured in.the laboratory, which agrees well
with the beam experiments up to 30 Hz, where the probability remained
at zero. Thué, there is some confidence in accepting the validity
of the laborafory measurement, which suggests that flash tubes with
high concentrations of CH4 will operéte at repetition rates of about
1 KHz. The verffication of this, however, requires the construction
of a more sophisticated experiment, where fast data handling and
high voltage pulsing problems become difficult. A description of
the construction of such a system is given in detail in chapter 8.
— The “Gompatibility of fhe flash tube digitization technique

with conventional computer data acquisition electronics was confirmed
directly from the efficiency measurements. The overall detecting
efficiency is dependent on the flash tube efficiency and the digitization
efficiency. Therefore, the high overall detecting efficiency measured
in these experiments verifies the compatibility of the technique with
CAMAC electronics. Furthermore, these results have demonstrated that
flash tubes may be digitiied directly into a computer read-~out system
Without the necessity of building interfacing amplifiers. This has
particular significance to accelerator experiments where large area
detecfors are required and tﬁe cost per detecting channel is of concern.

The results presented in this chapter have ascertained the ability
of the device to operate efficiently under accelerator conditions using
conventional data acquisition electroniég, and show that the exploitation

and application of the device is possible.
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CHAPTER_ _SEVEN

THE DETECTION OF HIGH ENERGY GAMMA RADIAT ION

7.1. Introduction

The digitised flash tube may have many potential applications
in accelerator physics, but a use of particular sigﬁifinance is in
fhat class of detactors which are concerned with the measurement of
high energy gamma radiation. Flash tubes with short sensitive and
recovery times may facilitats a large area detecting‘deyice capablea
of providing digitized energy and trajectory information with simplicity,
reliability and low cost, in comparison with conventional gammz ray
detacting techniques (see section 4.3). The purpose of this chapter
is to describe a study of high energy gamma ray detzction using a
prototype flash tube chamber in the DNPL e+ accelerator beam. The
prime motivgtiorL behind this investigation was not to build a high
resolution detactor, but to demonstrate that energy and trajectory
measurements of cascade showers, in the GeV region, are possible using
large diameter tubes in a chamber of small overall dimensions.

A fully digitised flash tube chamber was constructed and usad
with the e+ accelarator beam with the purpose of simulating pho<on
induced electromagnetic sﬁowers at energiés of a few GeV. The shower
étructure data was analysed and interpretad to give spatial and
momentum information, from which the resolving capabilities of the
device were measured. These results also provided information necessary
for the construction of an improved device of larger dimensions with
gr2ater energy and spatial resolution.

7.2 TIhe Principlzs of High Energy Gamms Detectiaon

Photons of eneirgy above a few KeV are detected by virtue of their
interaction with atoms in an absorbing medium to produce elsctrons,

positrons and secondary photons. The thr2e main processes by ahich
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photons lose their energy by interactions with matter are photoslectric

effec£, Compton effect an@ pair production. These processes are dominant
in differeint rangzs ol the photon energys the photoclectric effect from
0,01 MeV to = 0.5 MeV, the Compton effect from 0.1 MeV to 10 MeV,

and pair production starts at 1.02 MeV and increases with increasing

gamma energy (1), These thr2e intsractions and their. procducts are

summnarized by the following expressions:

+- -
y +A > A te . photoelactric
Yy +e > y' +e Compton
. : 3 -
y + A * A +e +te pair production

Defectors which determiﬁe the energy of photons are made to be
sensitive to the émount of energy deposited by measuring the degree
of ionization in the absoroing material. 'At energies below about 1 Mev
semiconducting Si or Ge detectors {2,3) are usad which collact frze
elactrons creatad by ionizatioﬁ in the reverse bias depletion region
inside the crystal. The collection_of charge results in a potential
drop across the detactor giving a pulse which is proportional to the
energy of the incident photon. The gas proportional counter (4) too,
'is usad to detect low energy ﬁhotons. This device relies on electron
avalanche amplification in an electric field, to give a signal with
magnitude proportional to the number of electron-ion pairs produced
by ionization in the gas vclume. For higher emergiss the inorganic
cryétal scintillation counter (5,6) is a suitabls photon Qetecﬁing
device which utilizes a photomultiplier to produce an_electronic signal
from light emittad by the excitation of electrons with atoms and
moleéules of the crystal, Commercially availablz crystals will measurs

photon engrgles up to abeout 100 MaV, although spacial devices have

been made which are capable of operation in the GeV region (31)




All the above mentioned detectors have an upp2T 2nergy limit -

on their working range which is_fixed.by their physical size. Photons
outside this raﬁge and of grezater energy cause intsractions which are
not complately 6ontaiﬁed within the dévice, rasulting in an output
signal which is no longer a measﬁre of the total incident energys

The problem of méasuring high eﬁergy gamma radiqtion_ne:essitates
total absorption techniques whichAprovide much la;ger amounts of
interacting matter to give a signal which remains proportional to

the incident energy over a sufficiently wide spectrum of gamma energy.

If the energy of fhe incident photon-is large enough than the

_'interéction products are capable of initiating further interactions in

the absorbing material which propagaﬁe .a cascade shower of particlas

until the energy of the individual constituents fall tc a threshold
value,lwhereupon multiplication ceases and the cas;ade decays (8).

For energies above 10 MeV pair production:is the domirant gamma

conversion process, producing an el;ctron-positron paif-ﬁhich rapidly

lose energy in the converting material. Tﬁis 1555 mzy be the result

of either Bremsstrahlung or iorﬁzationu At higﬁ enerdics, in dense material.
the loss is predominantly by Bremsstrahluny becausz the interactidn £ross
section 1is propoftional to Zz'and increases 1inear1y with energy,

while the energv loss by ioniz;ﬁion is proportional.to Z and inqreases

logarithmically with energy (7). The secondary photons will in turn,

o

ndergo materialization or Compton collision, giving rise to further

electrons. These new electrons radiate mors photons which again

materialize into elactrons pairs or produce Compton collision until
eventually the energy of the electrons fall into the energy range where
radiation losses cannot compete with collision losses and the total
primary photon energy is complzately dissipatgd in exzcitation and

ionization of atoms. The development of the cascade shower is difficult
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to predict analytically, although the process has been-quantitqtively
described by mathematical models which depend én making several
approximations (3), Monte Carlo technigues, however, are l2ss
complax, and have been used to simulate cascade shower s{;ugtures
(9,10,11) which are in agreement with experimental data (12,13),

The energy and trajectory of high erergy bhotons are normally
determined by studying the cascade shower development éfter conversion
in interacting material. An energy determination-is made by ﬁaking
ithe detector sensitive to the number of electrons produced in the
cascade. Theoretical and experimental studies have shown that the
number of cascade elactrons is proportional to the incident gamma_
energy (9,10,11)m Figurs 7.1 shows the number of electrons as a
function of absorber depth (expressed in radiation lengths),
calculated by the Monte Carlo simulation of Messel and Crawford (9)
for eléctron-and photon induced showers of O¢5,-l.0 and 10 GeV. Total
absorption methods which are normally eméloyed fo be sensitive fo
the number of elactrons take the form cf either stacked assemblies
of detectors,_interspaced with targets of heavy intsracting material,
or homogeneous Cerenkov devices of dense material such as léad glass
coupled to a photomultiplier tube. Ali ﬁhege detectors are arranged
in such a way to give a signal which is proportional to the number
of cascade particles. |

The_devices.which take the fdrm-of.alfernate layers of detector
gnd target, sample the cascade development, to give informétion which
represenfs the number of ionizing particles at successive déptﬁs of
taréeto This iﬁformation may be added electronically to give a signal
which is proportional to the incident gamma energy. Figure 7.2 shows
the calculatea total number of elactrons expected from cascade shcwers

of different energies by summing the electrons at 1 and 2 radiation
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length:intervals in the longitudinal diraction. The total number of
électrons has been derived from the Monte CGarlo results of Messel
““and Crawford (9). These results show that a linear response can be
exbected if the individual detecting elemeﬁts are sensitive to all
elactrons at each stage in the cascade development. Conventional
high energy gamma detectors which are based on the above working
principles take the following forms:-

(1) Lead - Scintillator (14, 15, 16, 17, 18, 19)

Figure 7.3a shows a typical arrangement using an array of iéad
farget inferspaced with scintillator which is coupled to a tapered
light guide and photomultiplier tube. The light from each scintillator
finger is collected and fed into the photomuitiplier to produce a signal
proportional to the number of cascade electrons.

(2) Lead - Lucite Cerenkov (14, 20)
: -Lead7Lucite Cerenkov detectors are normally of similar construction
to the lead=scintillatoxr type as shown iﬁ Figure 7.3a. They consist
of lead plates interleaved with lucite Cerenkov counters which are
attached to a lucite light guide and photomultiplier: tube. In this
case, the cascade electrons produce Cerenkov light in the lucite, SOm2
of which is totally infernally reflacted and.detected by the photomultipliszr.
(3) Lead - Spark Chamber (21, 22, 23, 24, 25, 26)

Again, this system comprises of a stacked assembly of target and
detector as shown in Figure 7.3b. With this type of device the gamma
energy is measured by recording the number éf sparks betwezan egch
elactrode gap. Either bhotographic or electronic digitization techniques
using plumbficon T.V., capacitive read-out or magnetostristive read-out
may be used to couni and locaie the sparks. An advantage of this device
is that location of the sparks provides a means of detsrmining the

cascade shower axis, from which the incident gamma trajectory may be found.



FIG.7.3a. A typical arrangement
for gamma detection using
_ either scintillator or {ucite:

" light guide

photomultiplier

| | __lead sheet
lead

converter \ .

-FIG.?-_Z’»E. A typical urrangemént for gamma detection using spark chambers.
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(4) Lead Glass Cerenkov (27, 28, 29, 30)

The other class of gamma detectors is the homogenous Cerenkéy
device, which provides continucus sampling of the cascade chower by
the use of a single element of high density. glass (Pb F_2). This
detector is usuvally made from a parallelepiped bloék of lead glass
and viewed at one end by a single photomultiplie:.c° Individual blocks
can be built up into a matrix array to form a large area hodoscope which
beside giving energy information can be used to give crude spatial
information (29, 30).

703 A_Study of High Eneray Gamma detection using the D.NeP.L. Accelerator.

ibis section describes a series of experiments made on shower
development in a small lead plate flash tube chamber in the energy range .
0.5 to 4,0 GeV during exposure to the D.N.P.L. positron beame .The high
energy positrons were used to simulate photon induced cascade showers
of the game_energyP Experimantal (20) and theoretical (9) studies
have shown there to be only small differences between.photon and electron
induced showers, and it is on this basis that the simulation is justified.
Figure 7.1. illustrates the small discrepency expected between photon and
electron showers for the number of cascade electrons produced as é fun;tion
of absorber depth.

The flash tube chamber was constructed on the total absorption
detecting principle described in section 7.2, where the shower develcpmant
is sampled after fixed intervals of interacting target. The chamber was
thus arranged, such that a series of flash tubes, positioned in lateral
planes relative to the incident beam, were interspacad with interacting
lead target. The tubes were contained in electrode modules and arranged
such that the cascade could be sampled in tw orthogonal planes. This
-provided two measures of the number of ionizing particles at each successive
target intérval, and allowed the incident pesitron trajectory to be

studied in twe dimensions.
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The cascade shower data recorded from the device in this
configuration was analysed to provide information concerning the
detectors ability to measure hoth the energy ard trajectory of the
incoming particle. The resolﬁtion of the device, with respect to
ene¢igy and trajectory determination- has been measured as a function
of the incident energy with two different thicknesses of interacting
leéd between detecting planess
7.3.1 Experimgntal Arrangement

| The flash tube ch;mber consisted of eight seperate electrode

modules each containing two sets of eight l;6cm,internal diameter
.tubes with digitizatiﬁn probess A detailad descriptioﬁ of the electrode
'modules, flash tubes, digitization probes and high voltage pulsing
electronics is given in section 6.2.2» Figure 6.5 showg a photograph
of the ;hamber, mountad in its framework and compleis with output
cables leading to the CAMAC data acquisition system. The. framework
which held the electrode modulés together was designed to provide a
space before each module for accomodating up to 2 radiation lengths
of iead target. In this configuration the chamber had an overall
depth of 63 cm, with 5.4 cm between 2ach detecting piane, and a
detecting area of i5;2 cm X 15.2 cme

Incident positrons were selected by a coincideﬁce trigger from
three small beam definiﬁg scintillators placed before the chambar.
Figure 7.4 shows a schematic diagram of the scintillation detectors
with controlling logic (E.G.G. modular electronics) which generated
-a signal to trigger the high.voltage pulse and data cﬁntrol subroutine
in the computer after a coincidence event. The logic, besides producing
triggering signals, had several other important funciions which are

described below.
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Spurious showers resulting from background particles were reduced
by ensuring that events wers only selacted during the bkeam
extraction time. For this purpbse the magnet extraction pulée
was used to trigger Gate 2 (Figure 7.4) such that the coincidence
AND was ‘enabled' during the extraction time (2ms) oaly-

Qgécade showers iesulting from multiparticle interactions were
prevented by selscting only one positron in each beam extraction.

This condition was achieved with Gate 1 which provided a

_6oinqidence Veto pulse for a_duration.greater than the beam spilil

time, thus ensuring that only the first particle was recorded
from each bunch of particles.

The event fepetition rate could be set to be any integral
nunber of accelerating cyclese That is, a particle could be
selected every 20, 40, 60 ... ms, etc. The rate was selected
by Gate 3 which applied a 'stop' pulse of length equivalent
to a predetermined number of cycles.

The pulsing system was paralysed whilzs the computer was
processing data by applying a 'stop' pulse to éaie 2. This
was generated from the CAMACvinhibit pulse via an OR gate.

The data from each cascade shower was thus stored, consecutively,

into addressed CAMAG registers (Pattern units, type 16P007) in eight

16-bit words. This data was then read, after each event, into the

memory core of a PDP 11 (16K) computer until the cere was full,

wheraupon the system was paralyseds for a sufficient time to allow

the data to be transferred to magnetic disc for analysis. The computer

program which controllad the CAMAC and data acquisition is described

in detail in Appendix III.
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7.3.2 Energv Measurements -

Gamma-ray cascade showers were simulated by monoenergetic Qtl%)l
positrons iﬁ the momentum range 0.5 to 4eO_GeV/c with 1.0 and 2.0 .
radiation lengths of lzad target-interspaéed between electrode modules.
Target material was positionéd before all but the first ﬁodulé, which

was used to define the trajectory of the incident particle for spatial
analysis. Over 2500 showers were generated at each momentum to give
enough statistical data for the characteristics of the device to be
measuredo. “fhe shower data was processed and analyged using the
DNPL 370/165 computer. |

] Data from the flash tube chamber has been analysed with regard

to the-total number of flash tube ignitions as a function of the incident
positron momentum. The tctal number of flash tube ignitioﬁs is
representative of the total number of ionizing particles, which has
been shown to be proportional to the incident particle energy (see
section 7+2)e This number does ﬁot, however, represent a direct
measure of the energy, for it will vary from one device tc another,
according to the detectors geometry and size. As a consequence, it

is necessary for all devices which work on the principle of shower
sampling, to be calibrated in a beam of known energy. Figure 7.5 and
76 show the frequency distributions for the numbef of flad tuke
ignitions at different momenta with 1.0 and 2.0 radiation lengths
of lead target. These results are seen to be symmetrically distributed
about their maxima, except for the 4.0 GeV/c results (Figﬁre 7.6)
which were subject to a backgrocund, due to low energ? begm contamination.
From the>distributions the calibration curve of the mean total number
of tube ignitions as a function of incident positron momentum was

determined; as is shown in Figure 7.7. The curves show the device
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"to be sensitive to momentum,although the response is seen to depart
from the linear relationship predicted by the theoretical work
described in section 7.2. Data obtained with the 2.0 radiation
lengths, of térget give the best approximation to a linear function,
but.deviationé from a straight line are still seen to occur,y particularly
at high momentum values. Non-linearity in the 1.0 radiation length
data is more pronounced, the discrepancies being evident at even lower

" momentum values. The deviations from the straight line predicted by
theory are attributed to the cascade shower spredding further than
tﬂe dimensions of the chamber and the fai;ure of the device to resvlve

~individual electrons in high density showers. Thus, greater deviations
may be expacted with increasing energy, wherejless than the predicted
qumber of flash tube ignitions will occur, due to particle leakage
and tube insensitivitye |

Longitudinal leakage is evident from Figure 7.8 where the mean
numbef of tube ignitions is plotted for each module in the X-plane,
With only 1.0 radiation length of lead between modules there is a
significant number of flash tube ignitions in the last module after a
total of 7.0 radiation lengths at all momenta. Figure 7.9 shows the
same data, bﬁt with the average number-of ignitions plotted against
thickness of target material expressed in radiation lengths. These
results give good agreement between the 1.0 and 2.0 radiation lengthdata,
qand . - qualitatively the functions describe the behaviour expected
from theory for the number of electrons; a linear rise at the beginning,

a flat maxima, and an exponéntial absorption tail. Again, the results
show the loss due to particle l=2akage in the longitudinal direction
is severe in the case of the 1.0 radiation length data. Consequently,
the momentum sensitivity.curve_obtained with 1.0 radiation length of

lead, shown in Figure 7.7 is expected to have a much greater slope than .
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that measured, as a result of the very large losses. Results corrected
for this loss are also plotted iﬁ Figure 7.7, wnere the total number

of tube ignitions is calculated by integrating the 2.0 radiation length
curve over 14-radiation lengths. This new curve is more linear amd is in
better agreement with the Monte Carlo results shown in Figure 7.2, where
the number of electrons increases apbroximately twofold by halving the
target thickness,

Shower leakage in the lateral direction also contributes to non-
linearities in the sensitivity Ef the device. Figure'7.10 shows the
electron probability profiles plotted for each module at 3.0 GeV in
the X-plane. These results show that lateral leakage is not so severe
compared to longitudinal " leakage at higher momenta, althougﬁ a
contribution is evident.

The individual eiectron sensitivity is an important characteristic
with respect to linearity and energy resolution and is partly responsible
for the observed departures from theoretical predictions. With large
lo6cm internal diameter tubes a poor electron sensitivity must be
expected, especially as the shower is sampled in projection. A measure
of this sensitivity was obtained by comparing the Monte Carlo simulated
results of Messel and Crawford (9) with the flash tube results at 0.5
and 1.0 GeV/c, assuming an electron eneigy detection threshold of
1.0 MeV. Figure 7,11 shows the results of this comparison, the
Aindividual electron sensitivity being plotted as a function of the
mzan total number.of electrons expected in any flash tubs detecting
planes The results show an inverse correlation between sensitivity
and the total number of electrons produced. Consequently, a
deterioration of linearity, caused by insensitivity to individual
electrons is -to be expected when the energy increases and the number

of electrons bacomes large. The following table gives the overall
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sensitivity, measured by comparing the average total number of electrons
in the shower expected theoretically (9), with the average total

number of observed flash tube ignitions.

GeV/¢  Radiation Number of Number of Sensitivity (%)
Lengths elaectrons F.T. Ignitions

0.5 1.0 16,7 9.7 58,1

0.5 2.0 10,0 604 - 6349

1.0 1.0 31.4 13,4 . 42,8

1.0 2,0 20.2 9.8 48,7

Improvements to the electron sensitivity may be made by decreasing
the flash tube diameter or increasing the distance between the lead

target and detecting planess The latter is normally restricted by

()]

limitations on the phvsical size of the chamb2r,; and from this seriz
of.experiments the increase in distance between target and detecting
plane required to make a significant difference in the sensitivity'
is shown to be large. Measurements on the numbers of'tqbe ignitions
as a function of lead thickness for the 1.0 and 2.0 radiation length
data agree well (see Figure 7.9), indicating that sﬁaces greatly

in excess of 5.4 cm (the distance between detecting planes) are
.req;ired to give any substantial improvement. This is alsé evidenﬁ

from Figure 7.11, where the electron sensitivity plotted against electron

number for both the 1.0 and 2.0 radiation length data approximq£es to
the saﬁe function. Nevertheless, chamﬁers constructed with smaller
diameter tubes are expected to give an increased sensitivity, and the
effect of increasing the target-detecting plans distance by a relatively
~.small amount should give a measurable improvement, |
The eﬁergy resolution is characterized by the full width of the _

frequency distribution (Figures 7.5 and 7.6) at the half maximum,
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AE over E. By this definition and from theoretical considérations;-the
resolution should improve as L/Vq§; assuming the frequency distributions
are ofﬂ?oisson type and the number of cascade electrons increase
linearly with energy. Figure 7.12 shows the resolution of ﬁhe flash
tube chamber plotted against momentum for béth thé 1.0 and 2.0 radiation
1eng£h data, giving 36 and 47% (FWiM) resbectively, at 1.0 GeV/co The
resplution is seen to improve roughly as l/ng; but deviates at higher
- momenta when shower leakage and irsensitivity to individual electrons
| .- becomes significant. At low ﬁomenta the resolution is substantially.
impfoved by using only 1.0 radiafion length of target, but decreases
crossing the 2.0 radiation length curve, due to excessive longitudinal |
leakage,

Deterioration in resolution usuélly results from two sources;
statistical fluctuations in the shower development, and measuring errorsf
caused by inherent properties of the detectors themselves. Large
flucfuations in the numbers of detected electrons in any plane can be
expected because the mean total numBer of electrons at any target
thickness (see Figufe 7.1)_is small'fqr incident energies of a feW-GQVu
Improveménts in resolution should be expected, therefore, if the shower
is sghpled at more frequent intervals by decreasing the thickness of
ta*get and increasing the number of detecting planes. In practice,
however, the amount of saméling is usuaily restricted by the.overall
size of the chamber, and a compromise must normally be made between
resolﬁtion and the number of detectiné planes. A .detailed and qualitative

study of the variations in the resolution as a function of the number of

target~detecting planes was not made during this series of experiments
and little work has been reported by other authors (32). Nevertheless,
from the EXperimental results shown in Figure 7.12 the resolution is

seen to improve by about 20% by halving the target thickness from 2.0
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to 1.0 radiation lengths. A more thorough investigation is.necessary
in this respect, elther experimentally or by Monté Carlo simulation,
such that the detecting geometry may be optimizad.

Detecting planes which do not always give a true measuré of the
numbef of cascade electrons also contribute to a deterioration in
resolution. This occurs with detzactors 1like flash tubes, which often.
measura less électrons than are actually dreated, because they sample
the cascade in projection and have a limited ability to detect single
elsctrons by virtue of their size. Thus, a measure in one plane will
always_be dependent on the spatial structurz of the shower which will
vary from one event to the next. This situation will be improved by
decr=2asing the tube radius, to help minimize the probabhility of aetecting
more than one elactron in each‘tube, and by sampling the shower in
several different projections. The latter method requires adjacent
layers of flash tubes placed after each target, which sample the shower
in different planes. This method gives a measure of the total numbe r
of electrons which is less susceptable to detecting fluctuations. A
measure of the increase in resolution obtained by this method can bé
seen in Figure 7.12 where a third rssolution curve is plotted for data
obtained with only one layer of flash tubes after each target, instead
~of the two orthogonal layers, which in comparison gives a much improvad
resolution curve. The gain in resolution is of the order of 30%.

7.3.3. Spatial Measurements

Tﬁe'éﬁatiéi-accuracy of a gamma-réy detector is not an easy
quantity to measdre because it will depend as much on the method used to
analyse the data in determining a trajectory, as the properties of the
detector itself. A gamma-ray trajectory is normally determined by
locating the axis of the cascade shower, which is on average , symmet?ically

distributed around the original dirsction of the initiating particl=.
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The determination may be made by a visual estimate, in the case of a
photographic recording (33, 34), or by an analytical method using the
shower coordinates. Visual methods have the disadvantage of being
subj2ct to errors of judgsment and are not usually compatiblé with
fast electronic experimznts where large quantitiss of data are collected.
Analytical methods, however, are not alwavs simple if the best resolution
is to be obtained, because the axis of any individual shower is not a
well defined paramzter in terms of the coordinates of its cascade
particles, which vary statistically about a mean shape.

It is the purpose of this section to describe a method of shower
axis location which optimizes the coordinate data from the flash tubs
chamber, and to compare the results with trajectoriss of incident positrons.

If it is assumeg that a shower spreads isotropically about its

COre,'tben the axis may be determined by calculating the ‘centre of gravity'-
in each detzcting plane. Thé centres may be found, very simply, by

calculating the following exp:essioﬁ for each detector moduls.

N.
'yi-: %l Xij/!'li .:-.-'ldl.llil-lll";-(-l)-.

where Yy is the coordinate of the shower centre in the ith module

is the coordinate of the jth ignitsd flash tube in the

xi.
J ith modul=z

ni is the total number of ignited tubes in the ith moduls
N is the'total number of tubes in a module.
In this way, coordinate points'may be found in each plane along
the léhgth of the shower, which represént a series of axial determinations.
From thése pointé a straight line may be fitted to give the trajectory
of the incident particls.
This method is not, however, entirely satisfactory becauss it
assumes that electrons are producad uniformly about the axis and does

not take account of statistical variations which occur from one shower
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to another. Electrons whichare produced at large lateral and longitudinal
distancés are more susceptible to fluctuations in poéition, thus more
Qeight should be placed on information at the beginning and interior

of the shower than at the edges and rear, where absorption and large

angle multiple scattering has occurred. GConsequently, it is advantageous
to weight the data in the lateral direction, during the detemmination

of the shower centres in each plane, and in the longitudinal direction,
when the individual points are fitted to a straight line.

Weighting in the lateral direction was achisved by using a

_weighting function of similar form _to_the mean lateral shower distribution

in a given plane. The distribution of shower particles, observed in
projection, may be represented by a Gaussian function (35), from which
a weighting factor for each of the shower defining tubes was obtaineda

The weighting function is described by the following expression:

_A2
W . = ij S0 cescencsssvsses i3
ij(yij) e . . (i1)
“Y.. =Y. = X,tan © (11i1)
h = 1 o) 1 es e ev000sesssass 1it
where ¢13 Ayi/cos e

and Wij(yij) is the weighting faétor given to the jth tube in the ith mcdule.

' Yij is the coordinate of the jth tube in the ith module from a defired
. axis

Vs is the distance of the shower axis ape% from a defined’
axise - ' Lt

' AY; is a quantity representing the mean spread of the shower in the
. module :

xi is the distance of the ith module from a defined axis .- . :

- ® is the angle between the shower axis and the x axis

For particles at normal incidence (6 = 0) equation (iii).simplifies to

B,.= Yii“ Yo P €22

1]
AY;
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In this series of experimentsequation (iv) was used because the beam
was known to be normal to the chamber to within + 2.4%,
These parameters are given more clearly in Figure 7.13 which shows
a shower and its defining coordinates. Using the above method a flash
tube, distant from the shower axis, carries less Weight than those
close to the core. Thus, a eleptron'which is not assobiated with the
main core of the shower is weighted such that its contribution leads
to a comparitively sﬁgll error in the de{ermination of the shower
centre. |

Fitting this data to a straight line, to give the axis, also
requires weighting, beéause information obtained from the first detecting
modules is more reliable than that from the 1ést modules, where the shower
has undergone absorption andimutiplé scattering. Figure 7.14 shows the
development of a 0.5 GeV/c-shower, clearly illustrating the increa;ing
‘spread of particles in the lateral direction.’ . .-.

For the purpose of weighting, a factor was determiﬁed for each
module at different momenta, which waé a measure'of the information content
in each detecting plane.- The weighting factors were made equal to 1/ o
where ¢ 1is the standard déviation of the distribution of fluctuations
of the calculated shower cenfres about the-real centres in each detecting
plane. This. was found by meésuring the frequency of differences between
the calculated shower centre (using.equation (1)) and the real centre,.
for several thousand eyents at each energy. The real shower centres
were found from the first detecting module which contained no lead,
and was used to locate the trajectory of the incident particle. By this
method, the projected particle trajsctory was assumed to represent the
shower axis with the knowledge that the incident beam was parallel to
better thén + 0.4° (36). The values of the standard deviation , calculated

by the above method, are given in the following tables.
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One radiation length of lead target

standard deviation (cm)

E (GeV) modul2
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 1.09 1.29 1.63 2.01 3.01 5,04
2.0 1.0l 1.02 1.09 1.25 2.09 2.09 4.08
3.0 1.05 1.13 1.10 1.13 1.62 1.62 3.13

Two_radiation length of lead target
standard .deviation (cm)

E (GeV) 2 3. 6 7 8
0.5 111 1,26 1.35  1.59 2,11 2,22 263
1.0 1.09 1.10 .19 1.24 1.41 1.61 2:14
240 1:23 1.27  1.32  1.29 1.39  1.42 163

3.0. 1.29 1.28 1.30 1.27 1.35 1.33 1.61

The tables- clearly show an increase in spatial fluctuations at low
energies and in_detecting planes fqrtheét from the shower apex. These
measurenents:provide the weighting factor (L/(», used in the least
squares fit af the shower centres, and the value of éyi in equation
(iii) for weighting data in the lateral direction. The standard deviation
could be used to represent'Ayi because it is an effective measure of the
lateral spread of the shower in a plans. The justification for doing
this can be seen from the example sHown in Figure 7.15 where the shower
profiles (normalized) are compared with their weighting functions,
described by equ§tion (ii) using the appropriate ;tandard deviation.
The Gaussian weighting functions are seeﬁ to be an acceptable approximztion
to the measured profiles in each plane.

The shower axis was calculated by an iteritive proce;s using the
described weighting functions. The calculation required the use of

a computer which determined the axis by executing the following procedure:
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(1) An initial estimate of the shower centres was obtained by
calculating the 'centre of gravity' in esach module using
equation (i).

(2) A straight line, representing the axis, was determined from
the showér centres by a weignhted least squares fit using

" the weighting factor 1/0.0

(3) The flash tube data in each monIe was weighted laterally
about the determiﬁed axis using equatioﬁ (i1).

(4) A new 'centre of gravity' was determined for eacﬁ module

. using the weighted data. |
(3) a straight line, representing the axis, was determined from
-the new centres by a weighted least squares fit using the
weighting factor 1/a.
(6) Redetermination of the axis was continued, by weighting
about the previous determined axis, until convergence was obtained.
Convergence to a constant value was normally pbtained after abou{ five
iterations. - |
A measure of the accuracy ?f axis location was made by comparing
the calculated axis with the real axis. The real axis could be
determined from the position of the incident particle in the first
fiash tube module, with the knowledge that the beam was parallel to
better than x 0.4° (measured with an array of high precision drift
chambers (36)). Two parameters were measﬁred from each event ta
determine the angular and spatial resolution; the angle of the shower
axis relative to" the X-plane, and the deviation of the position of the
calculated shower apex from the true apex which was loca£ed by flash
tubes in the first module. Figure 7.16 defines the angle (8) and the
apex deviation (a) measured for each event.

The necessity for weighting the data is illustrated by figure 7.17 .

and 7.18 which show the frequency distributions for the apex deviation
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(A) and the shower axis angle (8), plotted using different numberé of
detecting.quules at 1.0 GeV/co ‘A gain in resolution is obtained as
the number of detecting moduies is increased to four. Increasing
the number still further provides no additional contribution to the
spatial or angular resolution, in fact the FWHM measurement indicates a
deterioration. This may be expecfed'because a large fluctuation in
the determined. . shower centre from the real centre, which frequently
occurs in the last few modules, will cause a loss of precision if al; the
centres are given equal weight. Moreover, if several large fluctuationg
occﬁr, a severe discrepency from the true axis can be expscted for an
unweighted least squares fit.
.Shower data was analysed using both the simple 'centrg of gravity'
and the weighted-iterative method. Figures 7.19, 7.20, 7.21 and 7.22
show the frequency distributions for the shower axis angle and the
apex deviation, analysed from over 3OQO events at each energy with
1.0 and 2.0 radiation lengths of target between quuleso Each figure
compares the results calculated using the weighted itérative me thod
with the unweighted.method of analysis. The results from both methods
give a resolution (angular and spatial), characterized by the width of
the distributions, which improves with increasing energy and decreasing
quantity of lead target. This may be expected because a greater number
of detected showe? particles will produce a 'gentre of gravity' defermination
which is less susceptible to statisfical fluctuations about a ﬁean positione.
In each casey a comparison of the two sets of distributions show that
a substantiél imprc?ement in resolution may be gained by-using the weighted
iterative method of analysis. The follow%ng table summarizes the
resolution. in terms of the full width measured at the half maximum (FWHM)

for both the apek deviation and the shower axis angle.
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Unweighted Fit Weightad-itzrative Fit
o Angle . Angle
E(GeV) f}?l:;‘ (‘fi‘g FWHM I’fﬁ:”,‘i (ie\f' FWHM
T (deqrees) nrmiem (degrees)
0.5 3.0 12.0 1.0 1.0
2 Lo l- Of
1.0 3.0 13.0 1.0 2.0
lead 2.0 3.0 10,0 1.0 2.0
target 3.0 3,0 8.0 1.0 2.0
1 7r.1. of 065 3:0 9.0 1:0 4.0
lead 1:0 3.0 _ 8.0 1:0 240
target 250 340 7.0 1:0 2.0
3.0 3.0 8.0 1.0 2.0

From the tabls it is cl2ar that the weightad-iterative method has had
a considerable effect, the FWHM resolution increasing by a factor of
about 3 or 4 in each case.

Although the FWHM resolution measurement provides a rough msans
of combarison, due to the form of the distributions in this instance,
the measurement is not a very meaningful quantity. The weightad-iterative
fit distributions are non-Gaussian in shape, and the FWHM measuremeat is
often only one bin~width widg. Decrzasing the bin widfh, for the apex
deviation distribution, to lzss than 1 cm was not justified because the
positicn of the incidenl particle could only be determined to + O.8cm
Ct a tube radius),

A more informative method of méasuring the resolving capabilities
of thé device, especially when the distributions are non-Gaussian, is
to calculate the.proportion of evants which have been determined to
within a fixed error. The following tables shows the percentage of
results which lay between 1+ O.5cm and 1+ 1.5cm for the apek deviation,
and + 1.5° and iy 2.5° for fhe shower axis angls using the unweighted

and weighted-iterative method.
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% data laying between fixed error limits_

Unweiqhtec fit Weighted~Iterative fit
Apex dev. Angle Apex dev. Angls

"L e . qg o = ) 0
E(GeV)[ #0.5[+1,5 |+1.57 +2.5 20,2141,5 | £1357) 12,5

) 0:5 26:5(64:220:5 | 35:1 | 44:4|73:4 | 35:7 | 4441
2 of 1.0 | 28.2(67.8{21.9| 44.0| 49.8|77.6 | 31.5 | 55.0
target - 2.0 | 27.3(71.1[25.0] 51.3 | 54.2{78.0] 36.8 | 62.2
3,0 28.2]|71.2]|28.4 | 51.2 | 55.7|76.5| 43.0 | 63.6

0:5 | 33:9]71.5[20:0] 50:9 | 58:3|79:7| 40s1 | 5443
bredeoof 1:0 | 30:1|64.4]24.3| 63:9| 48:0|85.2| 37.7 | 69:4

target 2:0 | 34:9]78.4(37.5| 73.3| 63:6{84.5] 49.9 | 82.1
3.0 | 32.7|75.1[35.6] 70.0| 61.2|82.3] 50.5 | 75.8

Again, these results show that the weighted-iterative fit gives
considerable improvement; 70-90% more spatial data lies between +0.5cm
and 30-80% more angular data lies between + 1.5°. The best results
were obtéined at 3.0 GeV using 1.0 radiation length of lead target
where 61,2.ana 50.5% of data liss between + O.5cm and + 1.5° respectively
Using the criterion that the resolution reﬁres;nts the width of the
distribution contaimn;fS%of the data, which in the case of a Gaussian
distributidn defines the FWHM, the resolution of the flash tuﬁe chamber
can be determined approximately from the table above. This gives a
spatiél resolution between + 0.5 and + 1.5cm, and an angular resolution
of the order * 2.5°. using the weighted-iterdative results. It should
be noted, however, that the accuracy of location of the incident particle
(10.8cm) lies within the spatial resolution range, thus the percentage
values givenqin the above table should be larger than those recorded.

It is possible, therefore, that the spatial resolution is better than

+ 0.8cm, that is 1 a tube radius.



7.4 Comparison_with other methods

The spatial ahd'éngdlér-fésoiution of the prototype~flash tube
chamber compares favourably with conventional gamma ray detecting
techniques described in section 7+2. In the . visual class of detectors,
which normallyicqnsist of spark chambers interspaced with lead target,
the energy resolution compares very wéll indeed, infact, in the 0-3GeV
range the flash tube results are superior to those obtained with the
best spark chamber devices of the current~limited type. In Figure
.7,23_ﬁhe resolution is plotted as-a function of eneréy for different
spark chamber devices, giving a comparison between this work and the

-— - - —-work of‘Bauer'(26ﬁ'and_Agriﬁiei'(21),'dbin§_ﬁeta1 spark Ehamﬁérs;

and Allkofer (25) using glass current-limited spark chambers. Also,

wn
w

an overall comparison between the different types of gamina detecting
devices is made in Figure 7.24, where the resolution range of each
type is plotted as function of energy. From this diagram the flash
tube energy resolution is seen to lie between the highest resolving
spark chamber devices and the poorest resolving scintillation/
Cerenkov sandwich devices. ‘ |

A more valid comparison can be made if detectors of a different
type are compared in the éame accelerator beam to prevent discrepencies
arising from beam contaminatioﬁ. Figure 7.25 shows the flash tube

resolution measurements compared to results obtained with a total

. . . . .+
absorption lead ‘glass Cerenkov device in the DNPL e accelerator beam

(37). These results show the Gerenkov detector to be only marginally
better than the flash tube chamber, at energies in the range 1-2 GeV
This is surprising, considering othetr reported resolution measuranents

made with Cerenkov devices which give much higher values (see Figure
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7.24)° An explanation may be that the beam purity is less than the
quoted design figure of + 1% which is almost impossible to measure
egperimentally. Alternatively, the low value may be caused by an
inherent feature of the detecting system which gives an inferior
resolving powar compared to other Cerenkov devices, but nevertheless,
this result does throw some doubt on the quoted resolution of the
beam energye.

A comparison of the spatial and angular resolution of the fl%sh
tube ‘chamber with other devices is made difficult by the lack of reported

| work by other authors. Except for the very sophisiticated and expensive
__Eross scintillation sandwich detectors, which some claim to have a
spatial éccuracy of + 0.2cm (28), spark chamhers are the only»othér

type of device which have been used to give accurate spatial information:
Bauer (26) has studied the accuracy by which the shower axis may be
measured from metal spark chamber data using elactrons at 4.6GeV.

This study has shown th#t the angle may be determined to an accuracy

of about + 0.7° by a visual and analytical method. If the flash tube
angular resolution is taken as + 2° (FWHM) then the spark chamber results

of Bauer are only a factor of about three better.

SR A=A

The fesults_presented in this chapter have demonstrated the feasibility
of uéing flash tules as a high energy gamma ray detector. Experiments
with the positron beam at DNPL have verified the usefulness of the device
under accelerator conditions and have shown its capability as a high.
energy photon detector having both spatial and energy resolution comparable
with conventional detecting techniques and at a fraction of their cost

(see section 4.3). In particular, the measurements have shown that
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flash tubes may facilitate a large area detecting device, capablz of
providing digitized energy and trajectory information with simplicity
and_reliability, for fhe detection of neutral particles which decay .
into photons.

The results obtained in this serias of experiments have shown the
resolution of the device to be comparéble, and in som2 cases superior
to, spark chamber devices, which is encouraging, as the flash tube
detector was a first attempt of very simpls construction and used
large diameter flash tubes. An improved design, which shouid have an

energy and spatial resolution in excess of spark chamber devices, has

been désigned and construéted on the basis of the information gained
from the prototype detector, This device is constructed from smaller
diameter tubss and is.expected to operate at repetitign. rates of the
order of 1 KHz. The successful operation of the device at very high
repetition rates would illustrate the potential and compatibility
of the flash tube chamber for use with other fast data acquisition

detecting systemse
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CHAPTER ETITGHT

RESOLUT [ON FLASH TUBE CHAMBER FOR FUTJRE

EXPERIMENTS WITH GAMMA RADIATION

8.1 Introdugtion
As a result of the experiments described in chapters 6 and 7,
several improvemenfs to the original flash tube chamber became
>:apparent. Tﬁis chapter describes the design of a new chamber, at
prﬁseﬁt upder construction, which incorporates thess improvements,
and is capable of operating at repetition fates of about iKHz° The
devicé is expected to locate and measure the energy of incident
photons with a greater pracision than was poséible with fhe prototype
chémber. Furthermore, the detactor has been designed with the
requ1r4mﬂnts of a nuclzar physics experiment in mind, and consists
of a single integral unit containing a fast high voltage pulsing
systeﬁ and data acquisition logic for an on-line computer link.
A flash tube chamber capabls of recording shower data at rate
of 1KHz quuirés sevaral design features.differant from the prototype
device. The flash tubss, high voltage pulsing systém and aata
acquisition had to be redesigned in this respects. In addition,
experimental results obtained with the prototype chamber have shown

that energy resolution and linearity of response is depandent on

several geometrical properties such as the diameter of the flash tubes,
the thicknesé of leaa target between detecting planes and the overall
lateral and longitudinal size., .Thus, on the basis of these results,
the new chamber.is being constructedkwith several structural improvements.
These improvemznts are listed below.
(1) The detacting efficiency is increased by using thinner

wallad glass tubs, and the individual electron sensitivity

and spatial accuracy is improvad by decrzasing the diameter

of the tuybe.




ol

(2) The number.of detectinglmodulas is incresased -such that the
thickness of target betwszen planes c<an  be reduced without~
excéssive longitudinal leakage. In this way, the shower
can-be samplad at a greater number of target intervals.

(3) The width and breadth of the chamber is increased to
minimize lateral shawer leakage.

8.2. Mechanical Construction

~The flash tube chamber was\designed as a modular system, and in
many respects is similar tc the prototype device. Twelve modular
elemgnts containing planes of flash tubes detectors are mounted inside
an electrically shielded enclosure together with data acquisition
e}ectronics and a high voltage pulsing system.

Each module contains two sets of 32 flash tubes positioned in
orthogonal X-Y planes either side of a central H.T. electrode. The
tubes and digitization probes are contained in machiﬁed aluminium
blocks which also act as spacers for the outer earth electrodes.

In order to maximize the dstecting efficiency, the holss, in which the
tubes fit weré machined as closely together as possible. Holes of 0.91cm
diamzter were machined Q.O4cm apart, to give an overall detecting area

of 30.4 x 30.4 crp Figure 8;1 shows a pﬂotograph of four modular
assemblies complete with data acquisition circuits and ou£put lsads.

The chamber fits together in a steel framework such that a space
is provided beforé each module foraccommodating up to three rediation
lengths of lead targete In this geometry there is a distance of 3.75cm
between each detecting plane giving an overall chamber depth of 45.0cm.
The framework was designed to suppcrt the chamber with the machined

blocks as its base and both sets of tubes positiosned at 45° to the



Fig 81 four flash tube modular "assemblies
' complete with data acquisition logic
“circuitry







horizontale This ensuras that the flash tub2 end windows are always
held in contact with the digitizaiion probes by their own weight.
The framework also provides a means of electrically shielding the
device with aluminium sheet, which is fixed to the frame as a number
of detachable panels. Shislding is necessary because of the'severe
high‘f;equgncy_noise generatad by the pulsing system. Figure 8.2 shows-
a photograph of the chamb2r mounted in its framework with some of the
aluminium side panels rem&ved.
é.3 Flash Tubes

Flash tubes were selected which had charactEristics‘suitable”for
operation at repetition rates cf about 1KhHz. 'Tﬁbes made from Jana
soda glass and filled with a gas mixture of Ne(70)-He(30) + 2% CH,
at 2.3 atmospheres pressure were chosen for this purpose. These tubes
have a recovery time of less than O.bms and a sensitive time of l.4ys
(see section 5.3.2). The glass envelope was manufactured (1) from
Jena 16B glass with an internal diameter of 0.82 cm and a wall thickness
of 0.03cme A thin wall thickness was selected to minimize the amount
of_'dead' space in the chamber, y2t strong enouch not to be fragile.
With the tubeé mountzd in the chamber the detecting efficiency (detacting
area/totz1 afea) is 86%. The diamcter of the tubes was chosen as_a
compromise between cost and détecting sensitivity.. The sensitivity _
could be increased further, by using evan smaller dizmeter tubes, but_
this, in turn, .increases the size and complexity of the device. Using
0.82 cm diameter, the chamber contains 768 tubes, each one being
coupled to a data acquisition memory circuit.

8.4 The High Voltsge Pulsing Systen

Most forms of electrically pulsed chambers use the principle of

discharging a capacitor across a resistor to give a high voltage pulse




" Fig82 the flash tube chamber
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with an exponential decay. In the case of flash tubes, épark gaps
are normally used as a m2ans of switching'the high voltage. Air
spark gaps of the typé used with the prototype chamber (see section
6.2.2), although capable of switching large currasnts and vbltages,
have & limited life between adjustments and are unablz to operate

at frequencies more than about 100 Hi. Pressurized nitrogen spark
gaps are capable of higher repetition rates, but have the disadvantage
of requiring a pressurizad gas system, and they too need periodic
adjustrr;en'i;° Classical valve th?ratrons may also be used, but thesse
have the disadvantage of long delays times and require large amounts
of power for efficisnt triggering.

These problems were overcome with a pulsing system designed
around a new type of.hydrogen thyratron made from a ceramic.material
and cf coaxial construction (2). The hydrogen thyratron, type CX 1157
is manufactured by English Elsctric Ltd and is capable of switching _
high voltages (20 KV) and currents (1000A) at frequencies up to ahout
1KHz. Figure 8.3. shows the circuit diagrem of the system. The circuit
is made up of three seperate amplification stages, using a ceramic
hydrogen thyratron, a xenon thyratron and a transistor working in
avalanche mode.

The ceramic hydrogen thyratron is of a coaxial tetrode structure
giving an inherently low inductance. The first grid has a positive
characteristic with respect to the cathode and the secord grid a.
negativa characteristic with respect to the first grid. To obtain maximum
switching spzed with low power, the first grid is biased positive with
respect to the cathode such that it conducts about 6OmA and maintains
ionization between itself and the cathode. The second grid when pulsed

positively, performs a gating actlon on the plasma between the first grid
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and the cathode, producing a very rapid switching action to the anode.
In this mode the thyratron is capable of switching 20KV with a rise
time bf less than 15ns into small capacitive and inductive loads.

A small Xenon thyratron (Mullard type 2021 W) is used for
amplification and as a buffer betwsen the hydrogen thyratron and the
transistor input stage. Fast switchiﬁg is achieved by connecting
the grids together and biasing them positive at +5v. In this way a
5OOQ output pulse with a 10ns rise time is produceds The output pulse
ig_invefted, using a Mullard Ferroxcube (type FX 2239) pulse transfd;mer
with a turns ration.of 1:2, before being fed te the second grid of
the hydrogen thyratron. The xenon thyratron also acts as a buffer
étage, by preventing lérge pulses returning from the hydrogen thyratron
grid and destroying the input traﬁsistcro

The input stage was designed to provide fast triggering from a NIM
type pulse of 700mV amplitude. The NIM pulse, after inversion with a pulss
transformer, is used to drive a single transistor (type MPS 6530) working
in avalanche mode. High voltage silicon transistors of this type are able
to operate similarly to thyratrons, the transistor junction avalanching
after triggering and conducting large currents for a short time. The rise
time of the avalanche breakdown current can be short, and in this circuit -
the transistor switches 1COv in about 2ns. Again, this pulse is inverted
after decoupling with a Ferroxcube pulse transformer before being fed
to the grid of the xenon thyratron,

The circuit -as ‘a whole, 1s capable of switching up to 20KV into
chambers of at least 1C,000 pf with a rise time of 40ns and total delay
of 47ns. The flash tube- chamber has a tctal capacity of about 2500 pf
and requires the discharging of six 3000 pf capacitors to give a pulse

of amplitide equal to 94% of the supply voltage. The pulsing system



can be seen in Figure 8.2 in a screened enclosure above the chamber.

8.5 Data Acquisition

The size of the ﬁew_flash tube chamber required the cbnstruction
of a data acquisition system which would provide a temporary memory
store for flash tube information befdre being read by a computer. The
large number of flash tubes contained in this device made the use of
CAMAC storage registers (pattern units) with connecting cables physically
impracficalo Instead, a TTL meﬁory logic systein was designed which linked
with CAMAC input registers to provide a m2ans of temporarily storing
addressed data before being processed by an on-line computzr. N
Digitized output information is obtained from each flash tube with
a small probe placed.in contact with the glass tube.end window. The
probes are held in a central position by perspex formers glued into the
machined holes supporting the flash tubes. The dimensions of the HT
electrede and probzs relative to the face of the machined aluminium
block ware chosen to give output pulses of magnituda greater than the
memory logic input threshcld of 3v. A digitization pulse with an
amplitude of akout 8v and decay time of lus is used to drive TTL logic
with d = l;5cm, x = -0.6cm (defined in Figure 6.4a) and a peak applied
field of l?KV/cm. Amplitude fluctuations amount to about 1 20%,
which is acceptable with a TTL threshold of 3v.

- The flash tube digitization pulse is used to change and set a voltage
level representing a legical '1' to @ logical '0', using TTL integrated
circuits. Figure 8.4 shows the logic circuit mged to store inform;tion
from one flash tube. A cross-couplad NAND gate provides a 'latching'
action when the input is changed from a logical 'O' to a logical 'l' level.,

Thus, & negative input pulse from a flash tube causes the output, normally
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Fig. 84 Thé mezmory logic for one flash tube detector



set to é logiczl '1' to invert, where it remains until the cross-coupled
NAND gate receives a reset pulse. The reset is obtained by a NAND
buffer gate, (see Figure 8.4) driven by a CAMAC output unit to provide

a logical '1' level at the latch reset input. This pulse is inverted

by another NAND gate to give an output pulse for resetting other circuitse

The circuits are mounted on printed circuit boards, each one
containing two sextuple set~reset latches (type 74118) and one dual
4-input pesitive NAND buffér (type 7440), to give 72 12-bit storage
registers. Figure 8.5 shows the circuit diagram of zach 12-bit register
board with numbered pin connections. The circuit boards are held in
32-way edge connectors fixed to the sides of the chambzr as shown in
Figure 8.1e The logic circuitry requires a total current of about 1Oamps
when all 768 latches are in the logical 'O' state.

The output of each cross-—coupled NAND gate is relayed in parallel
to three 256-bit input CAMAC registers (type EC 221) by means of six
132-way EMIHUS cables. Thus, after an event, the data can be processed
in the PDP 11 computer after being read sérially from each of_the CAMAQ
reéisters. After all the addressed registers have been read the memory
logic may be reset by means of a CAMAC output level unit (type EG 316),
which initiates the NAND buffer gates connected to each memory ‘latch’
reset.

8.6 Conclusion

' The flach tube chamber dﬁ;pribed:in this chapter is proposed fcr
testing in a ser&es of experiments, similar to those described in_
Chapter 6 and 7, using the DNPL e beam. The device will be linked
on line, to an IBM 370/165 computer via a smallléK PDP 11 co.mpute;‘,_
programmed to transmit blocks of data continuously at high repstition

rates. By this method the chamber will be able to operate at repetition
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rates up to 1lKHz. Some experiments which could be carried out with

this detector are described in chapter 9.
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CHAPTER NINE

FUTURE WORK WITH GAMMA RAY DETECTORS

9.1 Introduction

The content of this chapter is intended to give a brief summary
of experimental work envisaged for flash tube gamma chambers in the
near future. Several experiments and ideas relevant to gamma datection
are discussed togzther with some of the problems which may be encounterzd.
The chapter is divided into two sections: proposed experiments using the
new flash tube chamber described in the previous chapter, and other work
which may help to improve the detecting properties of flash tube gamma
chambers. |

9.2. Experimental work using the flash tube chamber

Results obtained from the first sesries of experiments using the
prototype chamber have stimulated interest in a further investigation
using a largar chamber in the DNPL e+ accelerator beam. Expsrimenis
proposed for this device are intend=d to fulfill two main obj2ctives.
First, to verify that the device will operatz at repetition rates
compatible with the requirements of most particle physics experiments.
Secoﬁd, to determine how accurately a gamma ray may be located and its
enerqy meaéured. In addition to this, a detailed study of shower
detection using different chamber geometries is possible. Such a study
should give iﬁformation necessary for the optimization of the chamber
geometry and methods by which the resolution may be improwved.

9.2.1 High Rep2tition Rates

The flash tube chamber was designad for operation up to about
. ra ks . -t .
1KHzo Testing the device at these frequencies in the DNFL e beam is
not, howaver, sc readily accomplished. Two problems are evident;
o,

producing particles in the frequency range 20 - 10C0Hz froir an



accelerator whose cycling time is 50 Hz,snd handling large quantitizs
of data at high repetition rates with an on-~line computer. |

In order to ensure that the flash tubes will operate satisfaetorily
without reignition it is necessary to operate the éevice in a beam of
particles at_a_kncwn repetition rate (see section 6.2.1), The DNPL
accelerator produces a beam spill of about 2ms duration.every 20ms.
Thus, under normal operétion particles may be extracted either from‘
consecutive spills, giving a na Xirmum frequency of 50 Hz, or within one
beam spill, giving a minimum freguency of about 500 Hz. This does not
give a satisfactory range 9? frqquencies in which to work, the range
50-500 Hz being unobtainable. | |

The problem may be overcome by using both the ‘parasitic' and
beam 'bump' methods (1) of pafticle e*traction (see section 6.2.1).
The signal from a detected particle extracted uging_the beam 'bump’
is made to open a gate-fdr a.predetermined time (sav 50us ) after a
suitable delay. The gating pulée can then be used to 'enable' the
detection of a second particle which arrives 'parasitically' within
that time. 1In this way, any frequency may be selected‘by chosing
the appropriate gating delay. The finite probabiiity that a particle
will not arrive in this time means that a gating pulse length will need
to be chosen as a compromise between evént rate an& frequency precision.

The second main problem is that of data acquisition. Although
the chamber is able to operate at 1 KHz, reading and storing all the
data onto magnetic disk is impossible by normal methods uéing a
conventional CAMAC/PDP 11 computer system linked to fhe DNPL 36Q/165
computer (2). Normally, data from an avent is read into the PDP 11
computar from CAMAC and is then sent as a 'block' down a link into a

buffer store before being written onto magnetic diske The huffex
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store, is, however, unable to contend with the frequency of data
required from this experiment, where at 1KHz,48 16-bit words aré
transmitted every lms.

This prdblem may be solvad by storing pairs of consecutive
events and then transmitting both gets of data in one block. In this
way, data is relayed to the buffer store only once‘every 20ms (the
cycling time of the accelerator). Working in this mode, the frequency
is limited only by the operating speed of the CAMAC and PDP 11 computers
If the PDP 11 computer is programmed in a low level language (machiné
code ) then it should be capable of handling data at frequehcies in excess
of 1KHz.

9.2.2.Enerqy_and_Spatial Measurements

Expe;imental results obtained with the prototype device have shown
that eﬁergy and spatial resolution is dependent on several geometrical
éharagteristics of the chamber. In view of these results, a similar
but more extensive investigation is suggesteds. The energy and spatial
rgsolution should be measured as a function of incident energy, lead
target thicknes% and target-detecting plane spacing.

In addition to the conventional method of measuring the energy,
that is by counting the number of showef particles, spatial information
of the shower may provide a means of measursment. If the numbers of
detected electrons are large enough then a curve may be fitted to the
shower profile, the function of which is dependent on the incident
energy (see Figure 7.1)s This method, doeg not, h§wever, provide
a direct energy measure, but requires computerIAnalysiso In this
respect, the method is incompatible with an experiment which requires
fast digitized energy information. Alternatively, a separate energy

determination could be made from each module independently from which
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a weighted mean value could be calculated. Such a method is ohly
feasible if the numbers of Aetected particles in each plane are iargé
enough not to cause serious statistical fluctuations. It is unlikely,
on this bésis, that the method woula give én improvement in resolution
for energies below a few GeV where the number of ”shoWer-particles
are small.

Spatial measurements from the prototype devige indicéte that
the spatial resolution could be better than * a tube radius; therefore
an improved m2thod of locating the positioh of the incident particle
should be employ2d. A multiwire proportional chamber or drift chamber,
placed in front of the,chambe;, could be used to this effect, although
the simplest method ié to use three plastic scintillation telescope
detectofs connected in ABC mode, with the centre one having ; small
aperture through it.
9.3. Other Work
9.3.1 Fast decision making logic

In many nuclear physics experiments it is often necessary or
advantageous to have a fast elecﬁronié éystem which is able to decide
whether an event is of interest. This may be important in those
experiments which search for rare interactions and require the detecticn
of many thousands of events. An electronic system which is capable of
determining whether an event is consf;ained within predstermined paremeters
can thus prevent tﬁe accumulation of Qast quantities of unwanted.data.
In the case of a flash tube gamma chamber, a system which- could aiscriminate
between events of different incident gamma energy before the data is read
or processed in a computer, would be particularly useful. Two different °
electroqic systems ars suggested which may prove to be valuablg in this

respecty a fast digital circuit which counts the total numbar of ignited
] g
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flash tubes, and an optical system.using a photomultiplier and fibre
éptics to integrate the light pulses from each flash tube to give an
electrical pulse of amplitude proportional to the number of ignited
tubes. | | |

A fast digital circuit could be devised, using TTL logic, to
count and'compare the total number of ignited flash tubes with a
predetermined upper and lower limit representing the required energy
range. If the number of ignitions liss wihin this range then an
interrupt signal can Be generated which allows the data to be processed
and stored in the computer. The ignited tubes may be counted by a
series of sHift registers; each one being connected in parallel to the
memory ‘latch' (see section 8.5) of each flash tube. The data may
then be counted by shifting the stored logie levals through each shift
regisfer into a binary countiﬁg circuit. A train of pulses to drive
the shift registers would need to be generated by an oscillator circuit,

the frequency being chosen such that all the data is counted within a

sufficiently short time period. The data may be counted with decade cournT:. .

ters vhich 2z coupled to BCD binéfy-to-decimal converters for comparing
the total number with twé'preset variable numbers which define the
energy range.

The othexr sugéested méthod; is an analogue tedhnique, which in
compariscn with the abovelmethod, wi}l give a fast response but at
the expense of some loss in resolution. This method utilizes lengths
of-plastic light transmitting fibres (fibre optics) which optically
couple each flash tube to a single phofomultipliero "An aberture fitted
across the face of the photomultiplisr can be adjusted in size until
the output pulse height is proportional to the total number of flash

tube ignitions. This signal may then be fed into & discrimination



104

-~

circuit to éelect pulses of the required magﬁitudeo

9.3.2 Monie Carlo Simulationg

A:quantitative'analysis of shower development within a deteétér,
based on a theoretical model, is made difficult because of the non-
homogeneity of absorbing material in the device and the large nﬁmber
éf possiblé interactions between cascade patticles and absorbing
material., The‘use of Monte Carlo techniques, however, may dvercome.
this difficulty.by simulating individual showers by-random interaction
generation and a knowledge of the interaction cross-sections as-a
function of_inéident energy and absorbing material. Shower simulation
in a homogeneous media has been proved feasible (3) and has shown good

agreement with experimental results (4,5). It is not unreasonable,

therefore, to assume that similar computations can ke performed for
nonhomogeneous sysfems which might constitute a flash tuke chamber.
Such calculations will probably reguire more computing time, but wiil
not, necessarily, be mére complexo Sevéral simélifying and time saving
approximations could be used; for exampie.the chambzr construction could
be appro*imated to a éeries of lead-air gaps, the glass tub; and aluminium
electrode material being ignored;

Computer simulations of ﬁhis type would be ofléar£icular value for
aiding the design of flash tube chahbers. A Monte Carlo computer
program, versatile enough to cope with varying gesomstrical parémeters,
could be used to optimize the chamber detecting geometry in tefms of
target thickness, distance between detecting planes, number of detecting
planes, flash tube diameter and latéral dimensions. Other methods of
measuring the incident energy and trajsctory may be tested using simulated

data too, without having to install a chamber in an accelerator beam.



105

9.3.3 Experiments with Photons

~ All the experiments described in previous chapters have used
electron or positron beams to simulate gamma induced showers. The
use of a charged particle beam is advantageous because the position
and momentum of individual particles are easily determined with
conventional auxilary detectors. Nevertheless, similar experiments
using gamma rays of known energy and trajectory would be valuable
for compariscn, and would give some measure of discrepency for the
detérmined energy and spatial resolution.

Experiments of this kind would necessitate the use of a tagged
photon beam where gamma rays are produced from the bremsstralung
interaction of electrons with a target. The energy of a photon, produced
b& this method, is calculated by measuring the difference between the
incident and scattered electron energy using two bénding magnets and
multiwire proporﬁional chambers (6)._ A beam of photons, produced in this
ways Will not be monoenergetic, therefbre the kineﬁatic information
from the proportional chambers will need to be stored together mﬂfh
thé flash tube data after each event.

Triggering the flash tube chamber on photons will require a
scintillation detection system different from that used with charged
particles. Photons will not trigger a plastic scintillator coincidence
arrangement, therefore the_photon will need to be detected after its
interaction with target material in the chamber. A large plastib
scintillatér co&ntér placed befcre the chamber and connectsd in
anticoincidence with scintillation counters placed inside the chamber

will ensure that the device is triggerzd by neutral particles only.
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CHAPTER TEN

CONZLUS TON

Accelerator experimentation.has been responsible for the rapid
development of a wide range of particle detectors and has produced
many new forms of track locating instruments. The development of.
the eiectrically pulsed detectors, in particular, has beeﬁ intensified
by the advent of the electrénic counter experiment. One exception
in this category is the flach tube, which despite its mﬁny advantagzss
and potential applications has been limited to cosmic ray physics
by Qndesirable operating characteristics. Th2 work reported in this
thésis has describea the development of a new type of flash tube
which has overcome these difficulties and has characteristics similar
to other electrically pulsed detectors.

Two parameters have been of principle coﬁcern: the sensitive
time which is required to be short for operating in a flux of backgrohnd-
radiation, and tha recovery time which becomes important when data is
required af fast repetition rates. These parametérs have been substantially
improved by the  application of an alternating electric clearing field
ana the use of spécial gas mixtures to give characteristicé in excess
of the requirements of many accelerator experiments. By these methods
the sénsitive time has been reduced by a factor of approximately 10-2
to a few microseconds and the recovery time by a factor of approximately
10 ~ to a millisecond or less. Experiments using the DNPL accelerator .
have helped verify their suitability for operating under accelerator
conditions and have shown the device capable of efficient detection
to frequencies of at least 50Hz. Furthermore, the digitization technique
has been shown to be coﬁpatible with cpnventional computer data acqgisiticn

systems without th2 necessity of amplifier interfacing electronics.
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The gbjective.of this work was not tq develop a devjce which-
complitely supercedes other detectorsj  its aim instead was to complement
them with a specialized device, and show where its pfobéffies can be
exploited to best affecte In comparison with other electronically
' pulsed chambers the flash tube has three féatures whicﬁ commend it
iarge sensitive volumés-can be constructed af low cost, digitization
is simple and inexpensive, and due to its elemental structure it has
a high multitxack efficiency. In view of these properties and the
future needs of high energy physics, the device has been invastigated
as a means of detecting high enzrgy pheotons. Results from this study
have verified_the usefulness of the device for measucing the energy

nd trajectory of photons, and indicate that very large flash tube

A7)

chambers can be built with superior resolution and at a fraction of

the cost_of-&onventional techniquase Experiments using the prototyps

device with.the DNPL acceleratér e+ beam gave an ensrgy resolution at

1 GeV/c of i-18%'(FWHM)-and anguiar resolution of about + 2°. These

results are encéuraging because . despite the device hzing constructed

with large diameter tubes and of small overall dimensions, the resclutiocns

are supericr to those obtained with many conventional methods of detection.
Information gained from experiments with the prototype chamber have

enabléd a larger version to bz built with éma]ler dianétertubes which

should give an improved energy and spatial resoluticn and be capable

of operation at repetition rates up to 1lKHz. Successful operation of

the chamber at this frequency would illustrats the potential of the device

for most large gammz detecting systems envisaged in the near future at

high energies. The new chambar is due to be installed in the DNPL e+

beam early in 1975,
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APPENDIX I

MEASUREMENT OF THE DECAY TIME OF INTERNAL

CLEARING FIEIDS IN 1.9cm DIAMETER FIASH TUBES

Internally produced clearing fields ars the result of charges
being separated during_the application of the impulsive electric fiela
and remaining on the glass surface for a finite time. The field will
decay by the conduction of charges either across the glass surface
or through the glass volume with a time cénstan% which depends on the
resistivity of the glass and the capacitance of the flash tube. A
measurement of this time constant was mads possible by investigating
the dependancy of the detecting efficiency upon the frequency of an
externally applied clearing field.

The fisld produced inside a flash tube will not follow thz perfect
square wave form of an externally applied field, but instead will descay
due to the tubes intrinsic capacity. The effective clearing field is
thus reduced; particularly when low frequencizs are used. Figure Al
shows the external square wave field and the decayed field produced
inside the tube. The diagram also shows the effective square ‘wave
field, which is defined to give the sam2 detecting efficiency as the
applied fielda |

For the same detecting efficiency the effective square wave field
must remove an equal number of electrons in one period as the internal

field., This leads to the condition:- .

T, .
J Udt=UET o-o.oo--o-----.l

where U is the velocity of electrons in neon
UE is the effective constant velocity of ela2ctrons in neon
T is the half period (defined in Figure Al)

L
now, for electrons U = K (')é)2
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and | X =

o <

where K is the elactron mobility
| X is the field strength
P is the gas pressure
V is the voltage

d is the tube internal diameter

thus, for constant P and d
1
U=AV2 seoecsovveaes 2
where A 1s a constant

substituting (2) in (1) gives

T 3 1
f/w2 dt=AVE2T 3
(o]

If it is assumed that the field inside the tube decays exponentially
then

V=Ve | 4

where 1  is the expontential decay constant

substituting (4) in (3) gives

therefore V.® =

Also, for a square wave field of high frequency Where T<T )wnich gives
the same detectidg efficiency as the effective square wave field of low

frequency (where T > 1) we may write
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where Xo is the s£rength of the high frequency fi=1ld
Xp is the effective strength of the low frequency
applied field
VO is the appliad voltage of the high frequency fizld.
therefore from (5), for the same detecting efficiency we have

1
! 1L 2V.%r Py
vEioy bl Ll (L STy

o E T

e spoeP oS 6

1
Thus, a plot of (¥9)2 against G%I) gives a universal curve for all
frequencies and fiild magnitudes.

Figure A2 shows the efficiency versus clearing field frequency
measured for a 2.9v(peak) cm.-1 square wave field at 100°C. These
results show that the field is transmitted for frequencies greater fhan about
20Hz without significant attenuation.-JThiSrgraph-Waé“useaito provide valuas
of T in equation (6). Figure A3 shows the variation of efficiency
with clearing field strength for a squave field of 50Hz at 100°%C. This

graph was used to provide the values of Vo in equation (6).
. Vv 1

i -5 T
Figure A% shows the theoretical curve of Qfg)z Varsus %‘ and the
1

experimental points using values taken from Figures A2 and A3. A goocd
fit to the theoretical curve is found by taking the decay constant

of a flash tube 1= 61mS. The agreément between theory and experinent
would indicate that the assumption that the ‘field 'decays by aniexponential

mechanism is.justified.




‘00001 1® PJal} 2ADM Eu_&m (-W2 (02d) AG-Z

D ho* >ucu_u_:~ mc:usuu 2y} uo Aouznbaiy playy mc:cu_u 2y} jo ﬁutu ayy 2V Old
(ZH) - »ucwsmui
05 GY 07 GE o€ sZ 61 oL g
T _ _ _ _ I _ _ 0
6 [
[ AvV13Qa sroy
. oz
- o.N,_.ml
@ X -
- AV13Q snoz s
_ &
—09 5
a
~
—fog &
.—1 00l




. 50001 1D 2ADM alonbs Zy Qg
D Joy fouadyye Bupsdizp ayy uo wbuans playy 2y o 02442 2yl EV.OId

(uoM)" play Butay

89 o X

- T
Av134g sroy o :

Nv3a sz

(%) Adu2idlyya 12407

— 00}




.. . ‘swl _m JO JUDISU0D
>Uuuv Bda ._8 >._ou£ £_>> Euu _B:NE_._unxu .*o :o.u._Eano ...~<.wE

s
AT
8 L 9 S g € 4 ] 0.
_ _ _ 1 _ _ I §
o)
_ 1 -
- N..
_>.
N\_dﬂv
jpolj2102y) .
S190-0 = Iojuawii2dx3 O e
— m
o)

0l




112

APPENDTIX 1I

CALCULAT ICN OF THE NUMBER OF PARTICLES

REMAINING IN A CYLINDRICAL CAVITY WHEN DIEFUSION

IS THE ONLY REMOVAL MECHANISH

The diffusion of an ensemble of particles in a closad system

is described by the diffusion ejquation

\729 + S—-_—r =0 secsesensennes (1)

where p is the density of parfigles at a point
D is the diffusion coefficient
v 1is'a time ;énstant describing the desaye
The solution for p is an eigenvalue problem whose soliution depends
on the geometry of the container and appropriate boundary conditionse.

For a cgylindrical cavity of radius T, and height H

the equation becomes

2
2 .
o o
.L;) + 1l 20 1 .].-2 __pz + __2") + -DP—'I-' = 0
a” T of r© 3% iz

Assuming symmnetry about the axis and no dependence on the azimuth

engle © this reduces to

2
ap .1 2  Fp o _g
ar2 - dr 72 Dt

By the separation of variables and applying the bourgiary conditions

b =0 forr =0 and Z = + H/Q, the solution is given by

&S 2z 2i-1)m
olr,z,t) = ;ga :E G.lj Jo(air) cos H . _exp( - 2._)...(2)

J:l 1]
where Jo is the zero order Bossel function

o, T is the ith root of Jo

and the decay time is given by
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T. . = l/D[ a?j + (.(2_‘]-1)“/1.1)2] csiossancece (3)

1]
Equation (2) shows the diffusion to berepmsented by a cos function in
Ehe_longitudinal direction and a Bessel function in the radiai direction.
This solution can be simplified if all descay modes except the fundamental

are neglected. Thus, equation (2) becomes

- R ek . 7z
olr,zst) = p (rszyt) Jo (=== ) cos T exp (- %— } oes(4)
T . . !
o o) 11

and from (3)

T
11

I (53

/i (2.i:5)2 + (}l{r)Q] _

The number of particles dN at a time t in any element volume

dV inside the cylinder is given by
dN(r,z,t) = P(r,z,t) rd@.dr.dz,

and if the simplifying assumption is made that at t = O,;%(x,z,t) is
&

a constant, then from (4)

1
dN(r,z,t) = o J (Z*igél) cos =2 exp (- == )rd€.dr.dz.
0 0 T H
o - o} n
thus th2 total number of particles at a given time is given by .
H/z T,
N(t) = 2% f f f (2 2405 ) cos %Z- exp (- R ) rdB.dr.dz

11
giving

N(£) = 2.4p_ T %-H exp {-tD[ (B22y2 + ()2 ]}
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APPENDTX 11T

THE DATA ACQUISITION PROGRAM

The prcgram controlling the PDP 11 (16K} computer and CAMAC
egectnics had five main functions:- |

(1) to read data from the eight 16 bit memory registers

(Pattern units type 16P 2007).

(2) to store the data after each event in the computer

memory core.

(3) to disable all sctive CAMAC electronics until the data

had been processed by the computer.
(4) to display the data before beiné transferred to
paper taps.

(5) to transfer the data to paper tape when the computer

.core store was full;

Figure A5 shows a schematic diagram cf the data acquistion giving
the most importanf elements of the CAMAC system. Fulses from each
flash tube were used to set vcltage levels in Pattvrn units (type
16P 2007) during a time determined by a gating sionale A binary number
. register was also included to lahel each set of data with a predetermined
number. This number was read before each block of data. The data
centained in the Pattern units and binary number register was read into
the computer core store upon receipt of an interrup® signal generated
by external triggering logice. Consecutive events ware stored until the
computer core store was full, whereupon the system was paralaysed and
the date displayed on a 'Vista' teletype terminal kafore being transferred
to wpaper tape.

A computer program was written to perform the above process in the
CAT II language (a modified form of the BASIC compuisr language developed

at DNPL), Figure A6 shows a flow diagram describing the programe
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