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Preface

The work reported in this thesis was performed
in thé.Department of Natural Philosophy of the
University of Glasgow from September 1955 to September
1958.

____________ In 1953 D.A. Glaser, of the University of =
Michigan successfully photographed trails of wvapour
bubbles formed by ionising particles in a liquid medium;
the instrument which he invented came to be called the
bubble chamber. In October 1954, in the University of
Glasgow, work was initiated upon the design and
development of bubble chambers for work on nuclear
disintegrations produced by the photon becem of the 340
MeV synchrotron. At that time very little information
had been published on the technique of bubble chamber
constructioﬁ.

By September 1955 I.R. Birss had constructed a -
small glass chamber of 4 cc. capacity similar to the
type first used by Glaser and he was then joined by the
author who assisted in the construction of electrical
and pbotographic equipment associated with the operation
of this chamber. Tracks were photographed in November
1955, the first successful repetition in the United
Kingdom of Glaser's achievement.

The author, in collaboration with Birss, then
designed and constructed further glass chambers of 20 cc.

capacity.



These chambers were employed for an experimental study
of the relation between the linear bubble density
produced by minimum ionising particles and the operating
conditions of the chamber, namely temperature and
pressure. The results, obtained jointly, are described
in chapters III, and IV. -

Following normal nomenclature the above type of
chamber, having perfectly smooth glass walls, is
designated in what follows as a "clean" chamber, as
opposed to the type of chamber constructed from metal with
glass windows which is called a "dirty" chamber. The
design and construction of a 100 cc. "dirty" chamber,
requiring original development, was then undertaken by
fhe.authdr‘aioné.l .Thé éhémbér.wéé ooﬁpiétély successful
with fillings of both propane and isopentane. Knowledge
gained from this chamber was used in designing and
constructing a 500 cc. chamber in collaboration with Birss.
Many tracks of electrons protons and mesons were
observed; measurements of bubble density were made on these
tracks under varying chamber conditions, again in
collaboration.

Chapter V is the author's interpretation of the
results of the bubble density investigatioms. It is
shown that the theories of Glaser and Bertanza are
inadequate to explain results obtained. The author
provides an alternative theory of bubble nucleation, which

is shown to agree with the available experimental



evidence and to explain many of the observed phenomena.

The author next undertook the task of construction
of a large bubble chamber intended particularly to
record tracks of heavy particles, primarily photomesons,
produced by the direct passage of a narrow photon beam
" through the liquid. A propane chamber, 10" in diameter,
of five litres capacity, with thin beam entry and exit
windows was designed by the author and successfully put
into operation. About one thousand photographs were
taken and 250 heavy particle events obéerved. Useful
information about the future application of hydrocarbon
chambers to the investigation of photodisintegrations
was obtalned and 1nterpreted by the author, who was
.assisted in the operation of the chamber by J M. Scarr.

The work presented in this thesis was supervised
by Professor P.I. Dee and Mr. J.R. Atkinson whose help
is gratefully acknowledged.

The author wishes to thank Dr. W. McFarlane and
the synchrotron operators for their co-operation; also
Mr. J.T. Lloyd and Mr. R. Irvine for their technical
services. His thanks are also due to his colleagues
Mr. I.R. Birss and Mr. J.M. Scarr.

The author is indebted to the Department of
Scientific and Industrial Research for a maintenance

allowance during the period of this work.
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Chapter I. INTRODUCTION.

The field of nuclear physics has been
consliderably widened in recent years by significant
‘advances in the technigues of acceleration of
particles, and in the methods of detection of
nuclear events. With the avallability of large
fluxes of high energy particles and photons for
nuciear bombardment the development of efficlent
particle detectors for specific purposes has become
of primary lmportance.

It 1s necessary 1n the investigation of any
| prbcéSs'ihVOlving'a‘nﬁdléoh- nucleon, or photon - |
nucleon interaction, to measure as many as possible
of the properties of the initlial and final particles.
’Ideally, accurate observatlon should be made of the
nature, the enerpy and the direction of propagatlon
of all the particles, or photons, whlich take part
in any given reaction. The detectors used for this
purpose determine some of these factors in such a
way that the others may be deduced. The development
of efficlent detectors 1s an essential step towards
the solution of the problems assoclated with the

structure of the nucleus.



There are two main groups into which particle
detectors may roughly be divided, namely, electronic
and visual systems. Electronic systems employ one
or more kinds of counter end the pulses produced by
them can be analysed by the use of electronic
apparatus into the required results. In most
observations, by these systems, some selection has
to be made by bias or coincidence methods to
separate the pulses produced by the event under
investigatlon from the pulses produced by other events.

The visual systems produce a photograph of the
~tracks left by lonising particles taking part in the
event and therefore separation of wanted and unwanted
information is simpler; however, to obtain a
similer number of measurements, visual techniques
generally require more time than the electronie
systems. Much depends on the actual measurements
which are required as to which particular detectors
are most suitaeble for the purpose.

Until recently the visual detectors comprised
the Wilson cloud chamber and the nuclear emulsion.
The‘former, which can be the expansion type or the
diffusion type, provides a gaseous medium over whose
nature and density the operator has considerable

controle Thils has meant that extensive investigationg
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have been possible into a great many nucleaf
reactions involving a range of energies from a few
KeV to several MeV. Also by the introduction of

- metal plates into the chamber high energy cosmiec

ray investigations have been possible. The nuclear
emulsion does not have the advantage of this control
over the medium but, having a high density, 1s
capable of providing informastion on the higher energy
reactions, in particular those Involving mesons.

There ls no doubt that a detector combining
some of the advantages of the cloud chamber and the
.nuclear emulslon would have many eppliceations in -
high energy physics. BSuch a detector, gilving a
photographic record of the track of an lonlsing
particle in a liquid medilum, was first envisaged by
Glaser.

Glaser considered the possibility of creating
en unstable equilibrium by superheating a liguld
which could be utilised in a manner similar to the
supersaturation produced in a cloud chamber. By
heating a volatile liquid under pressure in a smooth
glass vessel and releasing the pressure, Glaser

showed that boiling could be delayed until the vessel
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was traversed by an energetic cosmic ray or was
irradiéted from a radiocactive source. (ref.l).
The success of thls experiment led Glaser further
to control the conditions and to photograph, by .
means of a high speed clne-camera, the development
of a row of bubbles produced by the passage of a
cosmic ray through the vessel. Thus in May 1953
Glaser (ref. 2) was able to report the successful
observation of a particle track in a 'bubble chamber'
filled with ether.

Since then the development of the bubble chamber
- has been extremely rapid. -Other experimenters
succeeded in showing that both liquid nitrogen and
liquid hydrogen could be made radiation sensitive
and it seems that most liquids, including liquid
helium, may be used as a bubble chamber filling.

By comparing this new detector with the cloud
chamber and nuclear emulsion, and by listing the
‘advantages and disadvantages a clear idea can be
formed of the potentialities of the technique.
The basic property which all these have in common
1s that a record of all lonising tracks is made in

such a way that it is possible to reconstruct the



dynamics of any reaction in three dimensions.

The range of energies over which the bubble
chamber is useful is similar to that of the nuclear
emulsion, perhaps even greater, as use can be made
of dense liquids, such as tungsten hexafluoride and
methyl lodide, covering the region from 1MeV to
100MeV. This region is complementary £o the cloud
chambers and can provide a:: valuable extension to
the knowledge which-has been gained on such problems
as high energy nucleon - nucleon scattering and the
production of mesons.

- One of the chlef advantages of the cloud chamber
is that the fillipg substance may itself be used as
target material for bombardment by particles or
photons. This then can also be the case for the
bubble chember which may be filled with such simple
nuclel as hydrogen, deuterium and helium. Nuclear
emulsions necessarily contain silver and bromine --
both complex nuclei -- limiting its usefulness as a
target materlal. With the possibility of using almost
any liquid as a target, within which tracks may be
photographed, the technique becomes one of the most

powerful methods avallable for nuclear experimentation.



An important property of the bubble chamber is
that the ligquid medium provldes a target of high
cross section. Thus a fillling of hydrogen becomes

effectively a high density proton target. Such a
| deﬁée'térgét.of-elementary nuclel, in which any event
can be observed from its origin, permlts a fuller
Investigation, in the bubble chamber, of interesting
low cross-section reé@ions.

The measurement of the energy of a particle 1s
generally made, in the three visual detectors, by a
measurement ol range which can be related to energy.
As in the case of the cloud chamber, magnetic flelds,
necessarily of higher Intensities, may also be used
for measurements of momentum in a bubble chamber.

The use of grain density measurements in erulsilons
and drop density measurements in cloud chambers has
its parallel in bubble density measurements for the
estimatlon of particle velocity; this aspect is
discussed fully in a later chapter.

In a comparison of cloud chambers and bubble

chambers one important difference muist be stressed;

the ions which form droplets in a cloud chamber

persist on the track for tens of milllseconds but there

G\



is evidence to show that the latent lmage of a

track in a bubble chamber lasts for less than a
microsecond. This means that counter control of the
chamber, which has been a valuable aspect of cloud
chambers, is not possible in practice in the case

of the bubble chamber. Howevér, for the reason

that the image is so short lived, the bubble chamber
may be recycled as soon as the vapour formed has

been condensed. Thils condensation is possible within
a time of milliseconds whereas a cloud chamber takes
several seconds to recover its sensitivity. This
means that for_experimeﬁts,involving.low cross~-sectlions
the bubble chamber suffers from the fact that an
expansion cannot be chosen to occur when the event
under investigation 1s detected by a counter system.
The bubble chamber is capable of cycling at the

pulse rate of most pulsed particle accelerators and

so the photograph may be chosen as desired, by counter
control of the illumination.

There 1s therefore little difference in the
capabllities of the bubble chamber as compared with
the cloud chamber and since these detectors, as
regards useful regions of investigation,., are
complementary, it may be expected that the bubble

chamber will be as imporitant a method of particle



detection.as the cloud chamber has proved %0 be.

Before discussing the construction and operation
of some particular bubble chambers and the knowledge
gained from them, it is necessary to understand the
principles behind their operation.

The necessary unstable condition, namely
superheat, is obtained in a bubble chamber by a
reduction of the pressure on the liquid rather than
an lncrease of the temperature. The ligquid 1is heated
above its boiling point at atmospherlc pressure
usually to about two thirds of its critical temperature.
A pressure 1ls applied which 1s just greater than the.
saturated vapour pressure at this tempersasture; thus
there 1s no vapour present after thls compression.

A rapld release of thls pressure, say to atmospherilc
préssure, leaves the liquld superheated and it will
boll, on any dilsturbance, until the pressure increases
to the saturated vapour pressure at the working
temperature.

If the vessel used to contaln the heated portion
of the liquild is made of smooth glass there may be a
delay of up to one minute bétween the release of the
pressure and the occurence of boiling. Such a smooth-

walled chamber was the type first used by Glaser.



For the measurement of angles and dlstances
within the liquid plene glass walls are desirable;
all-glass chambers with plane walls cannot
withstand high pressures and are therefore limited
in their application. It was thought, at first,
that no superheast would be obtainable in a metal
chamber with plane glass windows. The effect of the
'roughness' at the metal-glass junction or at the
gaskets would be expected to initiate boiling dﬁring
thé release of pressure thus preventing a pressure
reduction below the saturated vapour pressure. This
effect 1s observed if any particle of dirt or
roughness occurs in an all-glass chamber.

However, Wood (ref+3) and other experimenters
found that 1f the pressure were reduced very qulckly
sufficient superheat would be obtalined in metal
chambers to make the liquid sensitlve to ionilsing
radiation. This type of chamber became known as
a 'dirty' chamber and the all-glass chambers as
'clean' chambers. In fact due to their many
constructlional and photographic advantéges bubble
chambers are now mostly of the 'dirty' type.

The condlitions of operation of a bubble chamber

are fully determlined 1f the temperature of the



liquid and the superheat obtained in the expansion
are known. Superheat is defined as the difference
between the equilibrium ssturated vapour pressure,
at the temperature of operation, and the pressure in
the liquid when the particles enter the chamber.
The particles are generally timed to coincide with
the lowest pressure reached in the expansion and
this pressure 1ls referred to as the bottom pressure.
Thus the superheat$P is defined as Py - Po
where P, (T) is the saturated vapour pressure at

temperature T, and P, 1s the bottom pressure.



Chapter 11. INITIAT DEVETOPMENT.

First tracks in a small ‘clean' chamber.

With the object of photographing a bubble
track in a super-heated liquid it was declded to
build a bubble chamber of similar design to that
of Hildebrand. (ref. 4).

Iso~-pentane was chosen as the filling liquid
since it contailns only hydrogen and carbon, and,
having a normal boiling point of 26°C, 1s a liquid
at room temperatures; while the temperature of
operation, about 150°C, is easily attainable. The
vapour pressure at 130°C 1s 13 atmospheres; thus the
apparatus had to be able to stand, without leak or
rupture, repeated pulses of pressures of this order.
The apparatus, see Flg. l., conslisted of a 4cc.
glass bulb on the end of a thick walled glass tube
about 20cm. long, so that the chamber was remote
from the expansion apparatus. The tube was attached
to the expansion apparatus, and the isopentane was
separated from the moving parts by a neoprene
diaphragm. An 8mm. diameter piston moved in a well
filled with glycol which had an outlet to a Bourdon

tube pressure gmuge. This piston was connected to

I
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Figure 1, Diagram of the 4cc. ‘clean' chamber,

of a design similar to Glaser's first chamber.
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a second piston of 5cm. diameter moving in a
second cylinder permitting the use of low
pressure air for the compression of the chamber.
A magnetic valve controlled the flow of air.

.TheAglésé bﬁ15,~ﬁhich ﬁﬁs.thé hiéﬁeét.pbinﬁ |
of the apparatus, was enclosed in a bath filled
with glycerine which could be electrically heated
to the required temperature.

Before attempting to photograph tracks with the
apparatus an indication of its sensitivity was
obtained by destroying the superheat, which in such
a blean' chamber mey continue for several seconds
after the expansion,by irradiation from a ) -ray
source or by X-rays. It was in fact found that the
chamber could be made to boll in its expanded state
by irradiation with X-rays of qulte low energy, and
that, as may be expected, smaller fluxes were
required as the superheat was increased.

To obtain particle tracks In the chamber ‘1t is
necessary to 1lluminate the chamber with a flash of
short duration, soon after the particles pass through
the chamber. It must therefore be possible to

control accurately the instant at which illumination



occurs as bubble growth is very rapld. By charging
a %pF condenser to 5 kilovolts and discharging 1t
across a spark gap in air, using a hydrogen filled
thyratron as the triggering device, a spark of
"about 2 microseconds duration Wes obtained and thHe
timing of this spark had less-than 1 microsecond

jitter.

The Y -ray beam of the 340 MeV electron synchrotron

was fired into a target close to the chamber. For
the first experiments the tempersture of the chamber
was chosen so that the chamber would remain in the
sensitive state for several seconds; the beam was
fired during this time by manual control. A pulse
was obtained from an lonlsation chamber 1n the

¥ - beam which triggered the épark about 2 micro-
seconds after the beam.

Fig. 2 shows a photograph taken in this way .
Although the intention Was to observe tracks by
shadow in the 1lluminated centre region, a track can
be seen arrowed-which shows up by scattered light.
This track was in fact the first bubble chamber track
to be photographed in Europe. The chamber
temperature was 125°C and the bottom pressure one

atmosphere.

Iy



Figure 2.
chamber.

First tracks obtained in the 4cc.

An electron track is arrowed.
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Improvement of track quality.

The photographic system was obviously
unsatisfactory and many different arrangements of

spark and camera were subsequently tried. The shape

and both 'dark field' (the bubbles scattering light
from a screened source into the camera) and 'bright
field' (the bubbles showing dark against a bright
background) were used. Finally a lens, with the
spark at its focus, and a diffusing screen between
the lens and the chamber, was adopted; giving bright
field 1llumination.

To improve the track gquality and to have
greater contfol over the conditlons, several
modifications :had to be made to the chamber.

A second piston, with a screwed movement, was
introduced to permit adjustment of the pressure to
which the chamber wes expanded. Thls pressure may
be measured accuretely on a Bourdon tube pressure
gauge since a 'clean' chamber will normaily have a
delay before boiling occurs. Such accurate control
over the bottom pressure 1ls an important modification.

It was decided to increase the working volume
from 4 ce. to 20cc., the chamber conslsting of a

glass cylinder 4 cm. long and 2.5 cm. In diameter.
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Although a cylindrical shape is a disadvantage in
photography it was found to be necessafy for strength.
In fact a glass chamber of about 20cc. capacity was
made with flat faces but proved to be too Wgak ﬁq
Awifhstand working pressures.

It was found necessary, in order to prevent
chemieal contamination of the pentane, to replace
the neoprene diaphregm with a .015 in. thick copper-
beryllium diaphragm. The chamber, with these
modificetions, is illustrated in fig. 3. To reduce
friction in the expansion system the second piston
was replaced by a cam wheel driven by an electric
motor. The small pistdn was maintained in the
compressed position, end released to effect the
expansion, by a solenoid not shown in the dlagram.

An electron pair spectirometer in the beam of the
340 )eV synchrotron was employed to provide a beam
of aspproximstely monoenergetic electrons of 100 MeV
at an angle of 30° to the beam. The 20cc. clean
bubble chamber was situated so that this beam of
minimum lonising electrons would pass through the
chamber. The beam of the synchrotron was timed, by

a switch on the expansion mechanism, to come within
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Figure 3. Diagram of the 20cc. 'clean' chamber
in which the effect of conditions of operation

on bubble density was studied.
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.+ second of the expension. The spark illumination
was triggered from scintillatlon counters In the
positron beam of the spectrometer, with a wvariable

delay between the beam pulse and the sparke.

.Both. chamber temperature and- spark delay- were:

varied. At 128°C with a delay of 4 microseconds
between beam and spark no bubbles were seen, but
with a . delsy of 35 microseconds bubbles were just
visible. The next photographs were taken at 134°¢
and 500 microseconds delay and fairly good tracks
were observed (fig. 4). The chamber was gradually
cooled again and as the temperature decreased the

number of bubbles per centimetre observed on the

tracks also decreased; no bubbles were formed below

126°C. A decision to change to bright field

illuminatlion improved the appearance of the tracks

as shown in fig. 5 taken when the chamber temperature

was 136°C and the spark delay 40 microseconds.

Thus the primary object of photographing bubble

chamber tracks of lonising particles was atteined.

19



Figure 4»

Early tracks in the 20cc.

using 'dark field' illumination.

chamber

10



Figure 5* Electron tracks in the 20cc.

using

'‘bright field* illumination.

chamber
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Chapter III. BUBBLE DENSITY ON PARTICIE TRACKS.

Variables sffecting track bubble density-.

It was clear from these experiments that the
~number of bubbles observed and the clarity of the
tracks were dependent on many factors. Pressure

and temperature both affected track quality in no
obviously predictable manner and it was felt that

a closer study would be valuable. Cerfainly if the
bubble chamber is to be efficlent)y applied it 1s
necessary to know the optlmum conditions of operation
and to know in what manner a wariation of these
parameters would affect the formation of tracks.

If also it proves to be deslrable to measure the
energy of a particle, or more probably, to identify
a particle, by the nature of 1its track, a fuller
understending must be gained of the behaviour of the
chamber under different conditions.

The final appearance of a recorded track depends
therefore, to a greater or lesser extent, on the
following varilables — working liquid, temperature
of operation, bottom pressure, time of i1llumination
and the veloclty, mass and charge of the ilonising
particle.

It was declided, therefore, to carry out a

12
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detaliled investigation of the effect of these
varlables on bubbles density 1l.e. number of bubbles
per unit length of track. The Investigation to be
carried out in two parts; the first being the
investigation of the effect of chamber conditions on
the tracks of identical particles, namely minimum
ionising electrons, and the second relating the
bubble density, under constant chamber conditions,

to the nature of the particle .

Varistion of bubble density with chamber conditions.

Since 1t was possible to measurevaccufétely the
necessary varisbles affecting the chamber in the 20cc
'clean' chember described above, this chanmber, with
further modifications, was suitable for the flrst
part of the investigation.

A more satisfactory system for triggering
electronically the expansion of the chamber was
designed, this was necessary since at the high
temperatures required for electron sensitivity the
average 'delay' time 1s only a few milliseconds.
Howevér it was still possible to measure the lowest
pressure reached during expansion. The most convenilent
source of homogeneous particles, necesary for ﬁhe

investigation of the effect of varying chamber



conditions on particle tracks, was avilable from
the pair spectrometer and again 100 MeV electrons
were chosen.

Keeping the bottom pressure constant at one
-atmosphere and verying the temperature of operation,
several hundred photographs similar to fig. 5 were
taken. An analysis of these photographs was made by
reprojection and by microscope study of the negatives.

The results are shown in fig..é which is a
graph of the bubble density along tracks of 100 MeV
electrons'as a function of temperature in an
lso-pentane filled chamber expanded to one atmosphem.
A discussion of the results is left to & later chapter.

With the same experimental arrangement several
hundred more photogrephs were taken with different
values of bottom pressure; in this case the temperature

was maintalned at a constant value. This experiment
was performed for two values of the temperature, namely
133°C and 1%6°C and the results are shown in fig.7
which is a graph of track bubble denslity versus
superheat. Although Glaser has published (ref.5) a
graph of tempersasture dependence similar to fig.é for

T{-meson tracks in propane the bottom pressure in his

24
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Figure 6. The temperature dependence of bubble
density on tracks of 100 MeV electrons. The
chamber liquid was iso-pentane and the expanded

pressure 1 atmospﬁere.
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chamber was not known. Also Bliho¥ (ref-g) has
published a result for the dependence on bottom
pressure 1in propane which corresponds closely in
shape to the curves of fig. 7, but only gives his
‘temperature of operastion within a few centigrade -
degrees.

These results, for other particles‘iﬂ propane,
do not overlap the results of figs. 6 and 7 but 1t
is significant that the curves given byboth Glaser
end Blinov correspond closely in thelr
characteristics to those obtained in the isopentane
chamber.

Varlation of bubble density with nature of particle.

The second, and perhaps more important, part of
the Investigatlon of the factors controlling thé nature
of a track is concerned with the effect of the particle
itself on the bubble density observed slong 1té.track.

If the process of bubble formation were en
lonisation process then it might be expected that the
number of bubbles per cm. would be proportional to
the lonisation — unless some masking or coalescence
affects the results for high densities. Again if

the number of bubbles observed im small, with gaps



in the track up to «.5cm long, as is quite ususel,
then it would be difficult to account for this
on an average lonisstion theory. In the case of
the cloud chamber each ion mey produce a droplet
‘and in emilsions each grain lonised is developablés
This means that the number of droplets or grains is
of the same order as the number of ions formed.
Although bubble chamber tracks can be observed with
as many as 100 bubbles per cm. or as few as one
bubble per cm. the ionisation is of the order of 10°
ion pairs per cm. which is severel orders of
magnitude larger. Thls means that there may not be
any direct proportionality between bubbles and ions.
From the appearance of many tracks, however, it

is obvious that as a particle slows down, and 1s

more heavlly ionising, more bubbles are produced.

Thus bubble formation depends, directly or indirectly,

on energy loss by the particle.

Particle identification and velocity measurement.

thi
For the purpose ofA%gvestigation it 1s required
to indentify particles (electron, proton or meson)
and to make measurements at various points on the

trackse..

13
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The most reliable method of debermining the
nature of the particle concerned is to observe the
nature of its ending, if it comes to rest in the

chamber. An'elecfron, for instance,  1f not minimum

..............................

identifiable,if it stops. 1In fact the range of a
slowing electron does not allow measurements of
bubble density on any part of the track where the
relatavistic velocity ratiofB differs appreciably
from unity. A proton of less than 20 MeV wlll not,
in general, react with the medium and wlll suffer
little scatteringlwhereas a Tﬁl meson will most
probably decay Into a;/zimeson and subsequently to
en electron. A TU —meson has a high probability
of feacting with a nucleus, especially in a
hydrocarbon chamber, ejecting one or more hucleons
which may be observed in the chamber.

Since it is necessary for identification to
observe the particle stopping in the chamber, a
convenient method of measuring its veloclty at any
point on the track is by calculation from the known
renge/energy relations. Everything that is required
may therefore be dehérﬁined if the particle 1s stopped

in the chamber. The volume of the chamber thus
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becomes of grest importance as 1t must be possible
to observe a reasonable length of track and to stop
a reasonable number of particles in the chamber.

The size and shape of the 'clean' chambers

described above make them unsuitable for this

application. Because of the limits iﬁposed on the
volume of a clean chamber by the strength of the glass
attempts had been made, by Glaser and others, to
construct bubble chambers from metal cylinders with
glass windows. The difficulties Introduced in
obtaining sufficient superheat in spite of the
discontinuities Involved at the ghss'and metal
junctions had largely been solved by more efficlent
methods of expansion. An increase in the temperature
of operation, compared with 'clean' chambers, was
also necessary to compensate for the reduction in
superheat caused by ilimediate boiling in these so
called 'dirty' chanmbers. |

It was decided, therefore, that there would be
many advantages in relinquishing the clean chambers
and further developing the technique by the
construction of one or more 'dirty' chambers; this
develppment belng primarily for application to the

above investigaiion.
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Chapter IV. DEVELOPMENT OF LARGER CHAMBERS.

Design of a 100cc. 'dirty' chamber.

In the construction of this type of chamber
. meny new.experimental problems are. introduced.. .It. . . . . . . .
is not easy to seal the chamber, at the glass metal
junction, under conditions of high temperatures and
high pressures and still present as llttle roughness
to the working llquld as posslble. As a gasket
material no type of rubber is suitable as the action
of pentane, or propane, will destroy the rubber or
be itself contaminasted by soluble products in the
rubber. However, polished fluon gaskets have been
found to be satisfactory in most respects. The
expanslon appartus chosen for the 'dirty' chambers
does not differ appreciably from the 'clean' chamber
spparatus except that a more rapid expansion is
obtained by improvements in the defailed designe.

Flg. 8 1s a dlegram of a 100cc. chamber which
was constructed to investigate the special properties
of a 'dirty' chamber and to complete the investigatlon
of the effect of the nature of the particle on track

density. It consisted of a brass cylinder 2in. deep
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and 2 in. in diameter with % in. thick giass
windows. The f1lling liquid, propane or pentane,
was separated by a teryiene foll diaphragm, from
the glycol in which a % in. dlameter piston moved
to §fféc£ ‘the compression and éxbénéién;. This
piston is conneéted to a larger piston in a low
pressure cylinder. An improved gland for the‘%

ine plston and a modified exhaust valve allow a

more rapld expansion to be made.

Since the sensitive timé of a 'dirty' chamber
ls very small compared with the delay timé of &
'eclean' 6hamber,lit is necessary to have exact
control over the moment at which particles enter
the chamber. The short sensitive time 1s a rasult
of the lmmediaste bolling whlch occurs on the walls and
at corners in a 'dirty' chamber. Such bolling tends
to destroy the sﬁperheat and opposes the action of
" the expansion.

By comparing the pressure change in both types
of chamber, shown disgrammstically in figs. 9(a)
and (b), it is seen that the 'dirty' chamber cycle
(b) 1is on a much shorter time tegieand the immediate
bolling prevents the pfessure falling to a low value.

The position of the beam of particles,_in time, must

occur for the 'dirty' chamber at or near the point of
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maxinum superheat, and the illumination about a
millisecond later.

In the clean chamber the particles themseives
cause the boiling and so may occur at any time after

----- the -expansion, limited only by the probability .of. - - ... - . ..
a cosmic ray passing through the chamber. The
illumination in this case must be within a few
microseconds of the particles as bubble growth
is rapid in 'clean' chambers. The reason for the
differences in growth rate is that the pressure in
'clean' chambers i1s initlally considerably lower
than in ‘dirty’ ﬁhambers presenting less
resistance to the expansion of the bubbles during
the early stapes of their growth.

The dotted curves of fige¢ 9 show possible
pressure changes during recompression. If the
earlier one of fig. 9 [b) could be achieved by a
recompression closely followlng the expansion less
vapour would have to be condensed and the cycle
would be completed earlier.

Delay units were built so that the expansion
‘and spark could be varied at willl with respect to
the beam of particles. A'.positive indicatlon of the

sensitive time of the chamber was clearly necessary.



A pressure transducer was therefore designed which
would convert the pressure pulse within the chamber
to a voltage pulse which could be displayed on an
oscilloscope. The transducer consists of a thin
chamber. A plane disc of insulated brass is
ad justed to be close to this diaphragm. Change in
pressure therefore reglsters as a changé in capaciﬁy
of this systems This change in capaclty 1s converted
to a voltage change by using the capaclty to control
the frequency of an oscillaetor and detecting the
frequency modulation. Although this does not give
a linear response 1t proved to be capable of a
reasonable approximation.

Fig.1l0 is a double beam osclilloscope trace of
8 typical sequence of events in the 100 cc. chamber.
The time base is triggered by the pulse which cuts
off the magnetic valﬁe current. The pressﬁre begins
to drop after 70 mlilliseconds, reaching its lowest
value 7 milliseconds later and the chamber 1is
sensltive for a few milliseconds after that. The
oscillation which occurs at 90 milliseconds is due
to a shock wave set up when the plston reaches the

bottom of its travel. The lower oscilloscope trace



20 msec.

Figure 10. Oscilloscope trace of the pressure

pulse in the 100cc. chamber. The lower trace

indicates the timing of the synchrotron beam

and the spark illumination.
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shows the beam pulse; the spark shows up by radio
frequency pick-up on both traces. TFig.ll shows a
photograph of electron tracks corresponding to this

timing, taken during the testing of the chamber.

i.e. the time during which the beam could occur
producing visible tracks, lasted for about 8
milliseconds.

Effect of operatling conditlons on tracks In the

100 cc. Chamber.

Although the main objective at this time was to
investigate the effect on bubble density of the nature
of the partlcle 1t was felt that i1t would be wvaluable,
in conjunction with the necessary testing experiments
for the new chamber, to repeat the bubble density
berus temperature measurements.

With the 'dirty' chambers it was only possible
to estimate roughly the bottom pressure attained
during expansion, as the transducer does not give
an accurate reading. However the temperature variation
of the bubble density on electron tracks in
isopentane is plotted in fig. 12 for an estimated

- bottom pressure of 8 astmospheres. Although this
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Electron tracks in the 100cc. 'dirty'
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Figure 12. The temperature dependence of bubble
density on tracks of 100 MeV electrons in a ‘'dirty'’
chamber filled with iso-pentane. The expanded

pressure was not accurately known.
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value is quite different from the 1 atmosphere
obtained in the 'clean' chambers the graphs of
bubble density as a functlon of temperature show
a remarkable similarity of shape although covering
- a-different temperature range. - - - - - - - - - -
Another change that was made at this time was to
alter the filling liquid from isopentane (CgHjp ) to
propane (Cj3 Hg) which proved to be more convenient
for chamber operation. Agaln bubble density in
propane was investlgated as a functlon of temperature,
for electrons, durlng the testing of the chamber (see
fig. 13)s This cannot be compared directly with
Glaser's results (fef.5) for minimum ionising 7(-
mesons, which 1s also shown on fig. 13, as in neither
experliment was the bottom pressure accurately known,
although both have indications of the characteristic
'plateau'’ which tends to appear in all such graphs.
This 1s important as it shows that the 'plateau'
effect 1s not particular to one filling substance
but is more probably connected with the fundamental
process of the formation of bubbles on the tracks of
ionising particles.
Returning to the problem of relating bubble

density to the nature of the particle 1t 1s required
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Figure 13. The temperature dependence of bubbdble
density on tracka of 100 MeV electrons in the
propane filled 100 cc. chamber, and on tracks

of minimum ionising pions in Glaser's propane
chamber. In neither case was the expanded pressure
known; Glaser evidently obtained a greater degree

of superheat.
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to photograph tracks of mesons and protons stopplng
in the chamber. Such mesons and protons are
produced, together with many electron pairs, when

the photon beam of the 340 MeV synchrotron strikes a

is positioned at a backward angle to the direction
of the beam the ratio of heavy particle to electrons
.is higher than in the forward direction. Using a
carbon‘target of about 10 gm/cm’® a few .em from

the chamber and & beam of 106 equivalent quanta

per pulse the bubble chamber detects two or three
heavy particles per hhotograph. Photographs

slmilar to that of fig. 14, which shows a proton
stopplng in the chamber, were taken wlth the 100 cc.
chamber.

Design of a 500 cec. chamber.

Ohly a limited number of measurements could
however be made with sufficient  accuracy in this
chamber and a further chamber of 500 cc. volume was
built (fig. 15).

As an alternative to a piston system of
expansion a diaphragm which allows a more rapid
expansion was preferred. The chamber is compressed
and expanded by changing air pressure, separated from
the propane by a flexible diaphragm, from above the

saturated vapour pressure to atmospheric pressuré.
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Thls 1s a pressure defined system as opposed to the
volume defined (piston) systems used previously.
Unfortunately no greater control over the bottom
pressure results from this system as the wall

boiling competes with the diaphragp movement affect-
ing the internal pressure.

Bubble density as a function of particle velocity.

With this chamber, of greater volume, it was
posslble to extend the measurements of bubble density
as a function of particle velocity. Bubble density
as measured in the experlments, 1s plotted agalnst
%@2 in fig. 16. The linear dependence agrees with
results obtained by Glaser (ref. 5) and Blinov (ref;6)-

Conclusions from experiment.

Summing up, therefore, both temperature and
pressure conslderably affect the bubble density on a
track. DBubbles first appear at a definite temperatufe
which depends on the bottom pressure while the
density ranges from zero to a hundred bubbles per cm
over only a few centigrade degrees. There is
evidence of a 'plateau' or at least a point of
inflexion in the temperature dependence which for
minimum ionising elegtirons always occurs at a bubble
density close to 20 bubbles /em. independently of the

pressure. The effects occur for both the hydrocarbon
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Figure 16. Bubble density as a function of narticle
velocity ( B = velocity/c ). Hkeasurements were rade

. Lo O,
on proton tracks in propane at 5v9.5 “C.
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filling substances used, namely 1isopentane and
propane . )
The relation betwgen temperature, superhest
(Psa - P,) and bubble density is such that an
‘increase of ‘the dverage temperature of operation
can comme nsate for a decrease of superheat, leaving
the bubble density and its characteristic dependence
on small temperature Variations (over less than ten
centlgrade degrees) unaltered. As for the
ionisation of the particle as a controlling factor,
1t is generally found that bubble denslty proportional
'mazbadescribes the relation withln experimentd error.
The results, and their consistency, at least
in character, among chambers, filling substance and
expérimenters, have~led to an.interést in the
fundamental processes controlling bubble formstion.
The following chapter discusses the problem of
bubble nucleation specifically for the clarification
of the above results and for the fuller under-

standing that 1is necessary before confidently using

the technlque.



Chapter V. BUBBLE DENSITY THEORY.

The Problem.

The necessity of investigating the nucleation
process is related to the direct application of
.bubble. counting to. determine the nature and energy -
of the particle causing the track. This method of
ldentifying a partlcle and calculating 1ts energy
has its equivalent in drop counting on cloud
chamber photographs, and grain counting on nuclear
emulsions.

In the case of the cloud chamber, lonisation is
proportional to the number of droplets formed and
these may be counted 1f chamber conditions are
sultable; again the blackenlng of nuclear emulsions
is essentially an lonisation process and can be
related to the energy of tﬁe particle. However
the situation is different for bubble chambers
where the condltions of operation playvthe main
part 1in controlling the number of bubbles observed,
and there is no simple relationship between the
ionisation and the number of bubbles formed.

The problem has interested most bubble chamber
experimenters and varlous experiments which help

towards a solution have been performed. No



satisfactory theory has yet been published.

Theory of Glaser.

The following discussion, due to Glaser
(ref. 7), attributes the growth of a bubble to
ele¢tronic charges on the surfacé of an already
formed bubble which would collapse in their
absence. For an uncharged bubble which 1s
mechanlically stable, the equilibrﬁdm condition

is
Poo - '20(1)

where Poo (T) is the saturated vapour pressure
at temperature T (this is the pressure inside
the bubble), Po is the outside pressure in the
liquid, o~ (T) is the surface tension and T
is the redius of the bubble.

Glaser has shown that & single charge will
cause such a bubble to collapse whereas two or more
willl tend to make it grow. I f the mutual repulsion
of n electronic charges is treated as a pressure
term adding to the pressure Inside the bubble,

equation (1) becomes

nzez - 26 (2)

g ert r

where g(T) is the dielectric constant and e 1is

P = Po+

the electronic charge.



For a given ny(2) glves a value of r for which
Poo - Po 1s =2 maximum.

If the actual pressure difference exceeds the
maximum then there is no value of r for which the
equilibrium condition (2) holds and therefore such.
an n-charged bubble willl grow spontaneously; that

is if
lé 1
5 e

Po - Po}a/Z(ﬁEgz (3)

It is difficult to connect this condition with
the number of bubbles observed. From experimental
values of the successful operating conditions
necessary for the detection of miﬁimum ionising
particles the value of n, necessary to satisfy (3)
is of the order of 6, and the corresponding radius
glven by equation (2) is 50 &ngstroms. This means,
roughly, that € lons of the same sign must be found
in 50 X of track length before e bubble forms. The

average energy loss by ionisation of a minimum
lonising electron, say, i1s about 1 MeV/gm/cm.? op
one lon per 1000 ﬁ in liquid propane. The
probabllity of 6 ions belng formed in 50 £ 15 too
small to explain the observed bubble density.
Glaser was led to consider the production of delta
rays by the primary particle as a mechanism whereby
a sufficient number of ions is produced in a small

region.
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WVhen an electron is freed in the ionisation
process 1t may be given sufficient energy to cause
further ionisatlons, and in such a case the density
of ions close to the primery track will be much
rays of energy between E1 and Eg electron volts
produced per centimetre by a particle of charge ze
and relativistic velocity ratiOf;in a medium of
densityf}and atomic and mass nuﬁbers Z, A is given
by . A

1-53 *IOS/OAZ— ";_z (‘]1;-‘2 - ‘ﬁl) (4)

If, 2s would be reasonable to assume, delta
rays of energies between certain fixed values were
responsible for the production of bubbles on the
track, then the number of bubbles per centimetre
would be proportional to l432.

Comments on Glasers Theory.

Glaser looked for such a relationship in his
results but found rather that bubble density 4 was
described by

d"%ﬁ"’B (5)
where A and B are constants with A Independent of
temperature. The only other comparable results of

Blinov et al. (ref. 6) and the results of

measurements on protons and mesons in the 100 cc.



and 500 cc. chambers (Chapter 1V) indicate that the
dependence on 1432 is more closely followed than
Glaser found. However, a later publication by Rahm
(ref. 8 ) who recounted Glaser s tracks and revised
-hls values of bubble den51ty, contradlcts the
earlier results and provides agreement with d*14P2

This would indicate, then, that the delta ray
pcs tulate was close to solving the problem. As Rahm
points out (ref. 8 ) the average energy loss due to
ionisation (inclusive of delta ray production),
excitation and elasftic nuclear scattering, is |
proportional to L431‘85 which 1s experimentally
indistinguishable from a 1/F2 bubble density
dependence.

Experiments show that the varlation of bubble
density with temperature has a characteristic shape
independent of the nature of the liquids, botiom
pressures, Po’ and particles used. There is always
the suggestion of a plateau which is most definite
in the clean 1lsopentane chamber result (fig.12).

If bubbles were attributable to delta rays onk%
a continuous variation with the temperature would be

expected. Also there is no obvious explenation of



the véry rapid rise of bubble density above thils
plateau. It is possible that two processes are
operating in the formation of bubbles. The formatlon
of bubbles by the energy released by delta rays hay
be supplemented at higher sensitivities by random
concentration of the energy deposited along the

track by excitation and recombination of single ions.
The dependence onf;of such a statistical

distribution would be approximately of the form

L§¢f ech*

pressure dependent terms.. Thils means that,

where B and C are temperatdre and

together with the delta ray contribution, bubble
density may be written A

a=ha+ 5 e F (6)
where A also would be a function of temperature and
pressure. Before the terms A, B and C can be
calculated 1t is necessary to have a better under-
standing of the mechanism whereby energy can
initiate a bubble in a superheated liquid. It would
be expected that the wdlues of B and C would be such
that the statistical term which has come to be called
the 'core' term, would be negligible at temperatures.

below the plateau and A would increase only slowly with



temperature. The available results, which show that
bubble density is proportional to 1432, are taken
under conditions corresponding to témperatures close
to the plateau temperature where only the delta
.rays are expected to contribute. .The variation with
p of bubble density above the plateau temperature

1s difficult to obtain as even minimum ionising
particles have high bubble densities which may be
unmeasureable owing to the limited resolutlon of

the photographic syatem.

Theory of Bertanza et al.

Bertanza et al. (ref. 9) attempt to take the
step from the formation of ions to the formation of
bubbles in a paper published in April 1957. It is
based, in part, on Glaser's original theory of
electronic charges on a bubble. The condition
(equation (3) ) for the spontaneous growth of a
bubble contalning n charges 1s

P @ - Po 7/3/2(-‘3%5'3 o g™ (3)
i1f Ny 1s the first integral value of n which satisfies
thls inequality then N + 1, N, * 2, etc. will also
satisfy it. All that is required therefore is that
N, * k lons whould be present 1ln a ghere radius T
where ry 1s the value of r which corresponds to

the turning value glven by the equality in equation



(3), that is ry is given by
2
%= :/f%%%%;F ('7)

This if N, +k lons are deposited iln the last
2r, of a delta ray track a bubble will form. Since
the last part of the track is the most heavily
ionising it is necessary to consider only whether
or not a bubble 1s formed on the last part of the
track. Delta rays Whiéh form more than one bubble
will be apparent on the track and only one bubble
willl be counted.

Let E, be the energy of the delta ray which will
form N_* k ions, then if there is a probabilityT(y
of there being Ny 4+ k lons iIn the last Z2ry of the
track there is the same proéﬁlity for every delta
ray of energy greater than Eyps The probability
can be evaluated if the mean number of ions Ny formed

in the last 2ry of a delta réy track is known, then
— N9+ k - ﬁk

_ Ny e
ﬂk -~ (N, +k)! (8)

Thus, 1f for example, a delta ray has energy
E, 1t has a probability of forming a bubble under
the conditions necessary for N ¢ 2 ions in 2r2, and
for Ngﬁianl as well as for Nooin 2r . The
probability of one of these happening is

71c>+'7Y1+'7(2 "ZTE;ﬂQ -‘ZTT;n;"27iz7(o +{37To7{3712

Thus summing all the probabilities for k = 0,1,2,3,es0.



57

the number of hubhles due to delta rays is

1292 7Ty +3Z T TN - )AN (9)

P.9.r=0

> Exa k

k:o [Ek ( =
where p<g<r +e¢e, and dN = const-/Eng 1s the number

of delta rays between the energies E and E +dE.
This equation gives gqualitatively the hoped for
dependence on temperature at temperatures below
the plateau, and is practically & constant above
it. Bertanza yas led to postulate a further
contribution from the 'core' of the track. Instead
of using the charge theory of Glaser the 'core'
contribution was calculated on random concentration
of the energy deposited along the track. If Ty is
the energy required to form a bubble radius ry then
the probability of an energy transfer greater than

Ty occurring in 2r) 1s
0o 12
2

- e dt
I ITK/Z\/ErkE

where E is the mean energy loss per centimetre of
the primary particle. The value of k may be taken
as zero as the contribution for k = 0 is much larger
than for k=1,2,... Thus the number of bubbles due

to this process is
o0

J—'J = e-tz dt
VR TO/ZJEroE (10)

This is the statlstlcal dependence which, if E



is proportional to 1432, approximates to a term
-Cpd
of the form B/pze £,

Comments on Bertanza's theory.

When the above theory is fitted to the results
~of Chapter III the agreement is not good. The delta.
ray contributlion 1is a poor fit to the 1sopentane
result (the only result where the bottom pressure

P, 1s known with sufficlent accuracy) and the

‘core' contribution rises too rapidly with increase
of tempersgture.

The conditions of operation of a bubble chamber
lie within close limits of temperature and pressure;
at a given expansion a range of a few centigrade
degrees 1ls sufficlent to take the number of bubbles
per centlimetre on a glven particle track from zero
to over 100. Thus a check can be mgde on the charge
dependence theory of Glaser, on which Bertanza's
theory 1ls based, which indicates that for different
liquids the quentity o¥3(T) £¥(1)/ (PsPy) at
operating values shoud be approximately constante.
This was in fact found by Glaser, within experimental

error (ref.10). However if alpha particles were used

to inltiate the bolling in such experiments Glaser

N

X



found that, to agree with the theory, an alpha
particle would have to deposit 900 charges of the

same sign in a reglon 2 x 106 centimetres in
diameter, i.e. the operating conditions for the
-detection of alpha partic1es- were such that n

in equation (3) would have to be of the order of

900. Such = high ionisation 1s not attailned by a
stopplng alphe particle, even if the charge separation
were possible, and so the theory is contradicted.

Proposed Theory.

In view of the failure of the theory which
depends on the presence of free ions on the surface
of the bubble the fate of the energy transferred
to the liquid by lonisation mist be considered.

In a time of the order of 10~Y seconds most of the
energy of lonlsation is converted by de-excitatlon
and molecular collision to kinetic enerpy of the
molecules. This local heating constitutes a thermal
"splke' which may contain sufficlent energy in a
sufficienty small region to produce a bubble. The
energy necessary to form a vapour bubble in a

liquid is the sum of the heat required to 1ift the

molecules from the liquld to the vapour phsase,
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together with the surface energy of the bubble
and, if the pressure of the liquild 1s not negligible,
a term representing the work done in creating the
cavity in the 1liquid.

‘Thus the  energy required to form a bubble

radius r In the liquid 1s gilven by

_ ()L 2 +A7 P3P
E = T + 4Tr?c +3 o (11)

where P, 1s the saturated vapour pressure, O 1s the
surface tenslon and L 1s the molecular heat of the
liquid at temperature T, and Po is the pressure in
the 1liquid (ref.ll). It 1s assumed that the rate of
growth of the bubble is so rapid and the thermal
conductivity of the liquid is such that the latent
heat of vapoirisation is not supplied by the ambient
temperature of the liquid.

The radius of a mechanically stable bubble in

the liquid under the above conditlons is given by

T, _20
B - Fo (12)
If a bubble is formed in the liquild of radius 1less
than the eritical radius rc the forces of surface
tension will collapse 1t whereas a bubble of radius

greater than T, will grow until the external

conditions change. Vith r. substituted 1n equation
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(11) the energy E, is the minimum energy which is
required to form a microscopic bubble which will
subsequently grow to visible size. The only
possible source of the dense lonisation necessary
to deposit the energy required in a small region .
would be on the tracks of low energy delta rays
produced by the primery particlee.

E, 1s the miminmum energy required to form a
bubble but in practice the inltiating delta ray
w111 have to have a much larger energy. lMost of
the energy will in fact be converted into the
heat energy of a thermal spike, but nmech of this
energy willl be dissipated by conduction before
the growth of the bubble. An analysis of this effect
has been attempted by Seitz (ref. 12) who finds
that the energy required 1s as much as 10 to 50
times greater than E,. No accurate analysis has
been made owlng to the complexity of the @ oblem
and the lack of accurate iInformation regarding
the physical quantities involved in the calculations.

If a factor o is assumed (o~ 10) the number of
bubbles observed, for particular conditions, should
be equal to the number of delta rays produced by
the primary particle with energiés in excess of‘x:Ec

where Ec is calculsble from the conditions of
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temperature and pressure in the chamber. The
following formula, see equation (4), derived
from Rutherfordls scattering formula, 1s valid
in the region of delta ray energies conslidered
- end pives the number of delta Tays, per unit
. track length, having energies between E and

E 14E as

5 572 dE
n. =153x10° A= =
dng Ap* E? (13)

Thus the number of delta rays of energy

greater than «E, end hence the number of bubbles

observed, 1s given by

d=ng (olEc) :1'53‘]05%;{02%': per cm (14)
No upper 1limit to the energy of these delta rays
need be consldered as the nunber of delta rays
which have sufficient energy to form a bubble
which 1is definitely off the traqk, and therefore
net counted, is small enough to be neglected.

The only experimental results avallable when
both temperature and pressure are simultaneously
known, hence enabling the calculation of E,, are
the results obtained in the clean isopentane
chamber mentioned in Chapter III. Fig. 17 shows

the bubble density given by equation (14)(broken
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Figure 17. Equation (14) fitted to the temperature
dependence of bubble density (fig. 6),

63



line) on the bubble density versus temperature
graph with ra value of d=15.7.

It is seen that there is a cut-off of the
bubbles observed which is not indicated by the
‘above theory. It is evident that this cut-off
occurs in other pesults (e.g. figs. 12,13,

Glaser fig.13, and Bassi's result (ref.13) in
n-pentane ):m .+ ., and is an

important effect which produces a plateau in the
temperature sensitivity of the chamber. It was
observed from the approximste results available
that this cut-off occurs at the same value of r,
(equation (12))for all the propane results.

Nothing has been said about the range of the
delta ray of energykE, which initiates a bubble.
It is obvious that if a delta ray of energy LE,
deposits sufficient energy in such a manner as to
cause a bubble to form, then so also will any delté
ray of energy greater than E., as maxinum energy
loss occurs in the last part of the delta ray path.
The only condltion which may reasonably be requilred
of a delta ray of energy » dE, 1s that the part of
1ts track corresponding to energy o E, should have &

range less than zrc and so confine its energy to the



volume of the bubble.

For delta rays of energy less than 5 KeV
there 1is little experimental informetion on their
practicel range. If the saccepted proportionality
to the square of the Initial energy 1s extrapolated
to these energies a range of only a few molecular
diameters is obtained. Tt would be unreasonable
to assume, when the range is of the order of the
mean free path, that the accepted formula holds.

Another unknown factor will have to be
introduced to link the range and energy for such
low energy delta rays. For the moment the mean
range R of a delta ray of energy E will be written

as ;
R =f (N,Z,E) (15)

where N 1s the number of molecules per cc. of the
liquid and Z is the number of electrons per
molecule.

This range will suffer a statistical
straggling, similar to that suffered by slpha
particles in passing through an absorber, snd will
result in a gaussien distribution of width perhaps
a few percent of the average range. If this range
is of the order of 2rc then a cut-off would occur

when the range of the delts ray of energy o(E,,
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which is & functlon of the tempereture and the
expanded pressure of the liquild,P,, exceeded
£r, and would not therefore be confined to a
sufficiéntly small volume. Thus, to a first
approximation, no bubbles would be  formed at-
temperatures and pressures such that
2r (T,P;) < R, (T,P,) (18)

where R, is given by E = AE, substituted in
equation (15).

The chamber conditions corresponding fo

er, = R, effectively consitute a threshold of

sensitivity which will occur at a certain value
X

of Ec (and of r,) say ﬁc‘ Both of the functlons

2 r, and Ec decrease with increasing temperature
and superheat, but for velues of th;se condltions
lower than the threshold¥§6>i2ré7f§c and for
higher values Ec< 21*05:..1;0 , and of course at the
threshold value Ec - 2rc = ﬁz. If the range of

the delta ray of energy £ E, is in fact accurately
described by a gausslan distribution about the mean

value ﬁc then this threshold is nbt an absoclute

barrier.
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The following cases arise;

1. R << 2r:<-ﬁz (se¢fig. 18).
The gausslan curve indicates the distribution
of the range of the last part of the track (which
deposits energy o(Ec) of the delta-rays of energy
> AL E . In this case the megm range Re of delta-
rays of energ;yo(Ec (which corresponds to the
conditlons defining rc) 1s much less than 2r, and
all delta-rays of energy > ol E, Wlll create bubbles
at the end of their path. ‘-

Thus number of bubbles formed =:Mg(LE,).
See equation (14).
II. R, > 2r.>» R, (fig. 19).
In this case the mean range--ﬁc of delta-reys of
energy olEc is ruch greater than 2rc and no delta-
rays of any energy willl creste bubbles.
IIT. R, = er = ‘ﬁ: (fig. 20 (2), (b) end (c) ).
In this case the mean range -ﬁc of delta-rayé of
-energy XE, lies close to 2r . The number of bubbles
which will be formed 1s equal to the number of
delta-rays which deposit energy o(Ec within the

distance 2rc.

X
-l -
Thus number of bubbles :nS(O(Ec)XJE f_w e
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The function y =n[ e 2" dt (see equation (17)).
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wherex = (2rc - ﬁc)/a anda; (¥2/.6745) x the half
width of the gaussian distribution.
Vhen '-ﬁc< zrg'ﬁg , fig. 20 (a), x is positive;
when Ec- 2r(—3 Ei:, fig. 20 (b), X is zero; and when
_ ._-ﬁc>_ 2rc> Eﬁ,’ . flg. 20 (c),X is negative..
IVe 1In general.

The number of bubhles/cm. = .

T (17)
3 X
ngWE * % |

e'vz?dt
where x = (2r - Ec)/a, a is defined above and
nS(dEc) is given by equation (14).

For 2rc<’<-ﬁ§, i.e. for high temperatures, 2rc
is much greaster than the corresponding Ec’ x 1s
large and positive, and‘ the integral 1s nearly unity,
hence the number of bubbles follows the curve glven
by.equation (14). For 2r>>§§ s 1l.e. for low
temperatures, 2rc is muchcsmaller than the
corresponding Ec’ x 1is lérge' end negatlve, and the
Integral 1s nearly zero, hence no bubbles are formed
at low temperatures. < e

Between these extremes the function y =%:( J-we dt -

(see figure 21) 1s superimposed on the curve of

equation (14).



Comparlson with experiment.

By normalisation to the measurement of bubble
density with varying temperesture in isopentane,
the half width d the distributlon and the threshold
~value §§ can be calculated. .Fig..22 .shows the theory .
(equation (17) ) and the experimental points; this
is given by a half width of 4.2 + .2 X and a

threshold renge of 167.8 ++2 K, that is a spread of
2.5 # 31 per cent in the range.

The theory can be further tested by applying
equation (17), with the same values of o and a, to the
result of measurements of bubble density with
varying bottom pressure and fig. 23 shows equation
(17) plotted on this graph.

Thé only other similar results are those of
Blinov, of Glaser, of Bassi and of Chapter IIT.
Unfortunately Blinov did not publish an accurate
velue of the temperature of operation of the chamber
in which hls measurements were made, and, as 1s
usual with earlier 'dirty' chambers, the pressures
in the other cases were not known. However a good
fit is obtained for these results by assuming likely
velues for temperature and pressure.

Looking now at the foundations of the above

theory, it has been assumed that there is a
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Figure 22. Equation (17) compared with the experimental
results of fig. 6. The dotted line is equation (14) of

fig. 17.
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Figure 23. Equation (17) compared with the experi-
mental results of fig. 7. The dotted lines represent
equation (14).



'threshold' of the chamber sensitivity for a bubble
chamber. This threshold is not an absolute barriler
but there is a proba®ility distribution (gaussian)
operating in the region. It has - seemed reasonable
to attribute the uncertainty to variations in the
range of the delta ray forming the bubble. This is
perhaps the weakest point in the theory as there are
many other ressons that may cause uncertainty in the
initiel stages of formation. However it is only
necessary to accept some uncertainty for the rest

of the theory to follow.

The justification of the above assumptions is
that, after normalisation to one result, the theory
is a good fit to the other avallable experimental
evidence.

Normalising the results to the experimental
evidence required the assumption of the following

S-qum-ranges corresponding to the stated energles.

Range (). - Energy (ev).
167.8 . 2595
183.6 : 2450
147.0 1950
140.0 1720

These results lie on a smooth curve, aepproximately
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R« yE, but cover too small a region for an

equation of the form R - £ (N,Z,E) to be postulated

with any confidence. The range of low energy

electrons in thils foils of aluminium has been

‘measured by Glendenin (ref.l4) and found to.follow.

the law Rd=E2 within experimental error between

the energies 10 KeV and 100 KeV. It would appesar

reasonable to extrapolate this law to lower

energies where direct measurements cennot be made.
The range predicted for, say, a 2600 eV electron

with least straggling is 650. B (compared with about

180 & found above); this is only of the order of a
few times the Intermolecular distance in the medium.
The extrapolation cannot be expected to be valid
when the assumed uniform distributlion of identically
bound electrons becomes untenable.

At such low energies and in suéh complex
molecules as pentene and propsne the electrons
might be expected to interact with many orbiltal
electrons in one molecule and a précise treatment
of the subsequent energy losses would be difficult.
Intuitively thils effect would tend to shorten the

'range' of euch electrons.
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Conclusionse.

In the light of the above theory the unexplalned
characteristics of the bubble density results esasily
fall into place. The 'plateau'’ 1s caused by a fall
. off in sensitivity as the critical diameter approaches .
the mean range of the delta-reys with sufficient
energy to form the bubble. This causes a point of
inflexion iIn the curve in the region where Ec , and hexme‘iik,
(from equation (11)), is a slowly varying function
of temperature lesding to an apparent plateau.

The dependence of the temperature at which
bubbles first appear, as & function of pressure,is
now explained by the fact that for given particles
and liquids the controllling factor is

X
RC ,:21'0.-:2x 20‘

P -Po

Thus to estimate the working temperature and pressure
of a given liquid it is necessary to calculate the
value of Ec for different conditions and to solve
equation (15). Since E, varies very little for
hydrocarbons this condition is approximately
equivalent to Eﬁ = 1808 ,tﬁat.is - Pe = 90 x.
This is valid for isopentane and propane.

Vhen more results are available from liquids

such as methyl iodide, tungsten hexafluoride,
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helium and hydrogen a check ban be made on the
above theory. The necessary physical contants
for liquid hydrogen and helium are not sufficiently

well known for results to be applied.at present.
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Chapter VI. APPLICATION OF THE BUBBILE CHAMBER.

Selectlion of problems.

Having aclikved the object of photographing
bubble chamber tracks and having made a very full
‘inVestiga%iOn‘df'the factors which control the -
nature of these tracks it remains to apply the
technique to suitable problems.

In the introduction the bubble chamber was
compared with other particle detectors and it is
apparent that the most important advantage it has
over the others 1s that it provides a high density
target materlal 1n which the origin of évents may
be observed. This means that the primary fleld of
usefulness of the technlique is in the investigation
of nuclear reactions caused by the bombardment of
the chamber liquid by high energy photons, mesons
or nucleons.

Most of the other uses of the bubble chamber,
for example detection of particles from a target in
a perticle or photon beam, can also be done by one
or more of the other detectors avallable; mainly,

for the same range of energies, by nuclear emulsions



6r crystal scintillators.

The range of energies for which a bubble chamber
is suitable depends on the size of the chamber and
on the nature of the filling 11quid. In general
such processes as proton—proton scatterlng, me son
scattering, meson production and meson decay are
within the scope of the technique.

Photoproduction of mesons.

Since 1935 the most important avehue of research
into the structure of matter has been the lnvestiga-
tion of the structure of the nuclems. By many
scattering experiments the 'size' of the nucleas,
or rather the range of the purely nuclear forces,
has been closely defined. The exchange nature, the
saturation properties and the non-central effects
of the nuclear force have yet to be fully understood.

It is now well established that the 7T ~meson,
and perhaps other mesons, are intlmately connected
with the forces between nucleons. 7C -mesons may
be emitted, scattered or absorbed by nuclei,
and it is by the further investigation of these‘
processes that knowledge can be galned of the structure
of the nucleus.

Since mesons mey be created in a nuclear

resction where there is sufficient energy available,
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their productlon can be studied by the bdmbardment
of nuclei by high energy protons or photons. The
most important targets for this purpose are the
simplest ones, protons, deuterons and hellum
‘nuclel.

The deuteron is a target of especial interest
as 1t represents the simplest interaction of two
nucleomns.

Mesons are the 'quanta' of the nuclear force
field, the observation of thelr creation in =
nucleus might, therefore, be expected to leed to
important results in analogy to the observstion
of spectra from exclted astomic structures. To
excite the nucleus, in a controlled manner, a
nucleus can be given energy by a collision with an
artificially accelerated partlcle or "by absorbing
en artifically produced high energy photon.

This leads to the particular application of
a hydrocarbon filled bubble chamber to the
detection of photoproduced mesons.

The chamber as a target.

The quantities which it is important to measure
+
are, the cross-section of the hV+ nucleon-»7C +nucleon
process, and the energy and angular distribution

of the mesons. To accomplish this the bubble chamber
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may be used in two ways, in the flrst case simply
as a detector observing mesons produced in an
external target in the photon beam or secondly as
both detector snd target. The scope of the second
application is wider for the following reasons..

The cross-section for the photoproduction of
mesons in hydrogen, carbon and similar 'light'
targets 1s low and therefore only in a thick target
will a sufficient number of events occur. The
thickness of a target is usually a compromise
between its total reaction cross-section and its
stopping power for particles produced in it. That
is, any particle emerging from the target has an
uncertalnty in its determined energy at origin
equlvalent to the thickness of the target. This
disadvantage of a thick target 1s not present in
the bubble chamber, in which the target and the
detecting medium are ldentical.

Also the measurement of the angular
distribution is considerably simplified by passing
the incident beam: through the detector. The
chamber provides detection of the particles produced
In a total solid angle close to 4N  steradians

enabling : °°" the complete distribution to be obtained
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without altering the position of the detector.
This has the added advantage, over alternative
methods, that the conditions of the experiment
cannot alter when observetion is made at different
.engles.

The problem of electron background.

Since the collimated Y-rey beam of the
synchrotron will produce a dense core of electrons
in the chamber, the success of any experiment
involving méson or proton detection in the chamber
will depend on the ease of distinctlon of these
particles against the background of electirons. It
ig important therefore to determine the conditions
of operation which give maximum contrast between
the electrons and the heavier particles. The
suppression of electrons by lowering the
sensitivity of the chamber will not in gll cases
be desirable as it is often necessary to observe the
decay electron from_aj/l-meson in order positively
to identify a meson. However as this is such s
characteristic decay process only a faintly
discernible electron track is necessary. Another
important factor which will be dependent on the

sensitivity of the chamber and on the size of the



photographed bubble 1s the degree to which the
‘core is 'transperent'. The density of the core
will determine the lower energy 1limit of partiéles
which may be observed when produced in the beam and
will .also .affect . the range of angles at which . short
tracks may be observed.

The two main parameters over which the operator
has control are bubble density and bubble size.
Varylng either of these can alter the contrast
between, for instance, meson and electron tracks.
Close to maximum contrast 1s obtained when the
bubble diameter, of bubbles formed by the meson,
is equal to the distance between bubble centres;
that 1s the meson track 1s almost a contlnuous row
of bubbles whereas the electron track is apparently
thinner. A change of conditions which increases
the bubble density will bring electron tracks closer
in appearsance to meson tracks, which will be
relatively unaffected. 1In establishing the
optimuim chamber conditions due allowance must be
made for variations in heavy particle energy along
the track and in general the conditions should

sult the particular requirements of the observation.

84



For studying photon induced events in a
hydrocarbon bubble chamber the problem becomes one
of the relative magnitude of the cfoss-sections for
pair production and the cross-sectlon for useful
‘-measurasble events. There-is no upper  limit on the -
size of bubble chamber which would be useful so
it was decided to build a 10" diameter 4" deep
cylindrical bubble chamber which would provide
information on photoproduced mesons between 5 and
35 MeV. The chamber would be propane filled and
would require thin windows for entry and exit of
the J~-ray beam.

The X—ray beam of the 340 }MeV synchrotron has a
maximum intensity of the order of 5 x 10° equivalent
quanta per pulse. If the full beam, approximately
3 cnm in diameter, were allowed to pass through the
propane filled chamber it would produce in the
chamber 500 7\ -mesons between the range of 1 cm and
10 cr1 and about 1.5 x 10% electron pairs between
the ergygies of 10 and 300 MeV. Since even a 10 leV
electron has a range of 6 cm in propane, all of

these electrons would contribute to the background

against which events must be visible. These electrons

are produced 1n a predominantly forward direction
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and form a pencil of tracks along the path of the
beam whereas mesons would heve an approximately
isotropic distribution. Obviously such a flux of
electrons would taex the sensitivity of the chamber.
- Some - reduction ‘in the -beam-is therefore necessary
and if simultaneously the electrons can be confined
to & narrow pencil it might still be possible to
trace to the point of origin particles produced in
the beam. |

The effect which a photon beam produces in a
ligquid hydrogen bubble chamber has been
observed by Gates (ref.15) but no similar
experiments with other liquids have been reported.
This means that the potentisalities of the hydro-
carbon medium and the disadvantages 1t suffers

from increased palr production are largely unknown.
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Chapter VII. A 5-LITRE CHAMBER FOR THE STUDY OF
PHOTOKESON PRODUGT LION .

Chamber Design.

The problems assoclated with designing a large
hydrocarbon bubble chamber centre mainly on the
strength of the parts and the sealing of the vessel
‘egainst high pressure.

For example the glass windows are subjected
to a pressure of 500 pe.s.l. over an area of 10%
diameter and thus have a total force on them of
about 18 tons weight whleh 1s repeatedly released
and applied. The glass, the ring securing it, and
the retalning bolts have to stand this stress with
g margin of safety. The manufacturers of 'Armour- -
plate' recommended and supplied windows 1i" thick
12% diameter to be secured by a ring overlespplng
the glass by 1".

It was decided to manufacture the body of
the charber of brassyand 1t 1s essentlally a
cylinder,outside dlameter 133 ingintergl diameter
10 in.; depth 4 in. (fig.24). Two diametrically
opposite holes of 1 in. diameter are cut in the
casting to provide windows for beam entry and exit.
It was originally Intended to construct these

windowvs of terylene sheet about .015 in. thick



|— HEATING BATH

‘BEAM ENTRY L. BEAM EXIT.
WINDOW WINDOW.
HEATING
ELEMENT
> SSURE .
FPRESSURE __L = = PRESSURE GCAUGE
TRANSOUCER B [
C___
PISTON
1
3- way
VALVE O

figure 24. Diagram of the 5~litre 'dirty' chamber,

showing thin beam entry and exit windows.
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;overing a hole i in diameter. However the
adventage gained in using this material of low
atomic number 1s not sufficiént to warrant the risk
of failure of the thin window. Therefore these
windows vere made from .D1l5 in. .thick copper-beryllium
foll which supports the required pressure over a
window 1" In dlameter.

Expansion of the chamber is effected through a
2 in. diameter pipe which is hard soldered into the
brass casting. The pipe extends 8 in. from the
chamber and 1s threaded for connectlon to the
expansion apparatus. The junction between the
casting and the plpe has to suffer considerable
strain during expansion since it 1s also used to
support the weight of the chamber. This pipe passes
vertically through the floor of the heating box, through
a watertight O - ring seale.

The capacity of the chamber thus designed is
5 litres of propane. An expansion of about 5%
volume change 1s necessary to obtain the correct
superheat — that is a change of volume of 250 cc.
The method chosen to achieve this expansion consists
of a 3% in. diameter pidton moving in a cylinder with
a stroke of 2 in. The cylinder is attached to

the chamber by a connecting pilece which contains a



pressure transducer, provision for the attachment
of the filling apparatus and a static pressure g@gge.

The expansion valve whigh allows rapid exhaust
of the cylinder is g 3-way solenold operated valve
with £ in. diameter ports. Nitrogen gas is supplied
at about 400 poﬁhdé bér-squéfe“ihdhltb ihe'ihiei -
port of this valve and the normal unenergised
positlon of the valve allows this pressure to
compress the chamber. The alternative position of
the valve exhausts the cylinder to atmbsphere.

The chamber 1s heated in a water bath (fig.25)
with 'triplex' glass windows. Special provision is
made to allow the 5-ray beam to pass directly into
the thin window of the bubble chamber. Two 1.5
kilowatt electric elements maintaln the temperature
at a level cdetermined by the appllied voltage which
is controlled by a ;Variac' transformer. The bath
is provided with a gas tight 1id so that any escaped

propane cen be led safely away. Temperatures are

measured in the bath by mercury-in-glass thermoweters: s,

For the purpose of stereo-photography two 35 m.m.
cameras are mounted 10" apart 20" from the front glass
of the chamber (fig.26). The cameras are inclined
slightly so that the centre of the chamber colncides

with the centre of the photograph.
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Figure 25.

The 5-l1litre chamber.



Figure 26,

The 5-litre chamber showing the

position of the two 35mm. cameras.

12



At a lens stop of 11 adequate depth of focus is
obtained. It 1s possible to use both dark field
and bright field illumination. Bright field !
1llumination is obtalned by having a diffusing
~screen behind the chamber vhich is illuminated,.
through condensing lenses, by the lamps . This
method gilves poor contrast but permits measurements
of bubble diameter and accurate positioning of |
bubble centres. In dark fleld 1llumination light is
allowed to fall on the bubbles 1n the chamber
vilthout striking the cemera lenses. Since light
scattered by bubbles is malnly in the forward
direction the angle between the incident light and
the line between bubble and camera is made as

small as pessible.

The latter method 1s preferred because of the
highér contrast obtalnable. Two flash lamps are
placed behind the chamber and the comera views a
black velvet screen behiﬁd the chamber.

The chamber, thus designed, was ready for
preliminary experiments necessary to determine the
characteristics and operating conditions suitable
for this particular chamber, leading to Information

of importance to other experimenters in this fleld.



Testing the -chamber.

The conditions of operation may vary between
chambers depending on the amount of wall bolling
present and the speed of the expansion. Amongst
‘the characteristics of the chamber, which require
to be investigated, 1s the duration of sensitivity;
this is the time during which lonising particles
entering the chamber will produce tracks and occurs
at the time of maximum superheat and lasts for 3
to 15 milliseconds depending again on the wall
boiling and the speed and amount of the expansion.
Also the time taken to cycle the chamber is an
important characterlistic whilch wilill depend on the
conductivity of the chamber wall and on the amunt
of vapour to be recondensed.

A convenlent method of testing a chamber
under conditlons of operation is to observe Compton
electrons produced in the chamber by X—rays from

60 which emits

a radioactive source such as Co
1.3 MeV and 1.1 NeV a-rays. Such a source, of about
106 6Lrays per second, was placed close to the beam
entry window of the chamber. The chamber was

operated end photographs were taken with the

illumination triggered at various times during



and after the sensitive time of the chamber. As
would be expécted later flash times revealed
greater number of bubbles although there was
little variation in bubble size.-l.e. bubble

~ growth was slow. Fig. 27 shows a phbtograph of
bubbles produced by the Compton electrons, taken
5 milliseconds from the beginning of the sensitive
time. The sensitive time was found to last about
25 milllseconds.

Since it is useful to know the lowest pressure
achleved during the expansion, the pressure
transducer used on this chamber was of a design
which mede possible 1ts measurement. The bottom
pressure was observed to be 9.€6. atmospheres when
the saturated vapour pressure was 18.2 atmospheres
and therefore a superheat of 8.6 atmospheres was
obtained. (Subsequent polishing of the chamber
and modifications of the piston made possible
superheats of up to 11 atmospheres).

Operation with the synchrotron.

For operation of the chamber with the 340 lMeV

synchrotron a pulse, 80 milliseconds before the beam,

is delayed about 40 milliseconds before triggering
the chamber expansion which has an inherent

mechanical deley of about 40 milliseconds. The
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Figure 27. Bubbles produced by Compton electrons
initiated in the 5-litre chamber by Y-rays from a
cobalt-60 source. Such photographs were taken to

determine the operating conditions of the chamber.
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same pulse 1s delayed asbout 81 milllseconds to
trigger the lamp flash for the photograph. This
requires two very stable delsy circuits, preferably
stable to within 1 ms in 80 ms for which a
‘modified phantastron circuit is used. The current
for the magnetically operated expansion valve 1s
controlled by an output pentode and a square pulse
generator. The lamps used are two argon filled

LSD 186 tulles and the discharge of SOpF aﬂ 1.5 KV
which operates them 1s triggered by s« suitablé pulse
from the delay circuit.

The sequence of events 1s monitored on two
oscllloscopes enabling accurate control and
measurement of the times involved.

Collination of the Y-ray beam.

N4

To 1limit the core of electrons produced in the

chamber by the synchrotron beam it was decided to
reduce the dlameter of the beam to about 1/8 in.

so that most of the electroﬁ'pairs would be confined
to a narrow pencil in the centre of the chanber.
This was the smallest the beam could be conveniently
made wilthout reducing the cross-sectlon for meson

production to an unworkable value. Vith this



geometry an average of 2 mesons between the energles
of 5 MeV and 35 MeV should be obéerved per picture.
A greater cross-section would of course be desirable
;but the 1/8 in. beam was thought to be suitable for
a preliminary experinment. |

" The 'eray beam: of the synchrotron is
collinated close to the target of the machine by a
lead collimater with a +in. diameter hole, the beam.
then spreadsout in a cone reaching a diameter of
about 1" at the position of the bubble chamber
collimator. This latter collinator, a 1ead cylinder
length 9", effectively absorbs: the beam alldwing
only a narrow 3" diameter y-ray beam to pass into
thé chamber (fig. 28). To reduce the number of
electrons which enter the chamber a magnetic field
of about 10,000 gauss is applied over a distance of
3 ft. between the 3" collinator and the chamber. In
this way electrons already present in the beam and
electrons produced 1n thé.collimator are deflected
out of the beam and are absorbed by lead surrounding
the chamber entry window. It was unnecessary to
provide an air free path for the beam between the
synchrotron target and the chamber since the first
cme. or so of propane has an equivalent cross-section
for pair production.

An lonisation chamber behind the bubble chamber

monitors the beam Intensity.
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Chapter VIIT. A STUDY OF LETHODS FOR THE
N OF BACKGROULND.

Measurement of range.

For an experiment Which-investigates the
properties of photoproduced Tt-mesons, from carbon
~or hydrogen nuclel, the requirements are accurately
measured meson enérgies and accurately defined
directions of the produced mesons so that the
dynamics of the reaction may be reconstructed.

The measurement of energy is the more exacting of
these with regard to tresck quality and thus this
mneasurement sets the criterion for conditions of
operation. The simplest method of measuring the
energy is to make a measurement of the range which
can be related to the renergy through results of
other experimenters. The range is accurately
defined if each end of the meson track is visible
in the chamber by two cameras. It may not always
be possible to distinguish the origin of the track
in the cese of electron pairs esnd there 1s some
inaccuracy 1n assuming the rmaction to have taken
place on the centre line of a Y-ray beam. |

For a precise measurement of the range the core
must be 'transparent'. That is, the electron must
produce tracks of low bubble density so that other

tracks, possibly of mesons of energy as high as

ol



40 MeV, may be observed at thelr origin in the X—ray
beame This proves to be difficult as the meson 1is
almost without exception lightly lonising at its
origin and the electwon tracks are NUmMe TOUS »

Just how mich of an obstacle this situation presents
" 1{s the main reason for the investigations carried
out with the propane bubble chamber.

It is obvious that the ided conditions are met
with the meson track just discernable at its originjg
that is, the conditions of operation must be such
that ionlsing particles produce a relatively low
bubble denslity and the bubbles must be phétographed
when they are gquite smalle. These two conditions may
be varied independently. Vhen the best conditilons
have been determined there will be a maximum
tolerable beam intensity. The number of photographs
which have to be taken to collect the required
.information will depend on this value of tolerable
beam intensitye.

Photographs were taken with the arrangement
described ghove. Variations were made in the
sensitivity of the chamber, affecting bubble density,
in the lamp delay, affecting bubble size, and in

the incldent begam intensity.
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Variation of chamber sensitivitl;

Since the bottom pressure P, 1ls not easily
variable, being determined by the nature of the
expansion mechanism, 1t remained at s constant
value of 9.6 atmospheres for the experiment.

" Bubble dehéity; bf éehéiii&ity,.wéé théfefofé
varied by adjustments to the temperature of the
bath surrounding the chamber.

The effect of temperature on the photograph
can be seen by comparing figs. 29 (a) and (b) which
were taken at temperatures 59.6°C and 61.0°C
respectively. In fig. 29 (a) i1t can be seen that
the electrons, which make up the 'core' of the beam,
heve not formed definite tracks whereas. in filg.29
(b) they are observed as almost continuous lines.
Fig. 29 (a) has a larger ¥-ray flux, by a factor
of about three, than (b) and so has more 'latent'
electron tracks and yet does not appear any denser.
Thls is a good example of the deliberate suppression
of electron paifs while allowlng the deslred meson
events to be clearly seen. (a) shows that =
photoproducedT{:meson has interacted with a carbon
nucleus producing a proton which stopped in the .

chamber. However, this beam is too intense for

the origin of the meson to be distingulshed.
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Figure 29 (a). Tracks produced by the Y-ray beam

at a chamber temperature of 59*6°C.
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Pigure 29 (b). Tracks produced by the Y-ray beam

at a chamber temperature of 61.0 C.



Variation of lamp delay.

By reducing the time delay between the photon

beam, which lasts only a few microseconds, and

the 1émp flash, 1t should be possible to reduce

the observed bubble size to near the 1limit of

photographic resolution. An improvement would

then result in the 'transparency' of the core.

The growth of bubbleshowever, was found to be imitially so

rapld that the bubble size photogrephed in fig.30

(a) is the smallest which is practically possible

before uncertainty in the time of flash (about

+ 500 microseconds) causes photographs to be missed.
To i1llustrate the effect of a longer flash

delay fig.30 (b) was taken with a delsy of 8

milliseconds as compared with the 1 millisecond

of (a). These photographs were takeﬁ under similar

conditions of temperature and of X—ray flux,

showing that a later flash reveals bubbles to be

ruch lerger snd the opaeque reglon of the core more

wildespread. The bolling occas: ioned by roughness

on the chamber walls can be seen to be 1n a more

edvanced state.

Variation of beam intensity
Tne only course remalning was to reduce the

beam intensity until the origin of photoproduced

1UD
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Figure 30 (a). Tracks photographed 1 millisecond

after the passage of the beam.
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Figure 30 (b). Tracks photographed 8 milliseconds

after the passage of the beam.



mesons could be seen 1In the core of electrons.
The'x-ray beam was reduced by 'de-tuning' the
synchrotron and many photographs similar to
flg.31 were taken. It will be noticed in comparison
with fig. 29 (a) that the beam has no shadow regilon,
- that is, there is no dark bend representing a
reglon not penetrated by the 1llumination. In
spilte of the reduction of a factor of four in»
beam intensity compared with fig. 29 (a) the origin
of the meson (a2 similar reaction) is still
indistinguishablé.

The cross-section'fér the photoproduction
of mesons in propane 1s such that the further
reduction of fhe beam would me'e ﬁhe experiment
too demanding of synchrotron tims. The rate of
cycling of the chamber for these investigstlons
averaged about one expansion every 40 seconds, but
was often as rapld as every 10 seconds. Further
reduction of the cycling time by faster recqmpression
of the chanber will require modificatlons to the
chamber. There 1s no reason why 5 cycles per second
should not be achieved. The reduction of the ?{-ray
beam will therefore be possible to such low values
thet the small cross-section for the desired events
will be compensated for by the number of

photographs taken.
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Figure 31 $ Photoproduction of a X -meson which
reacts with a carhon atom ejecting a proton. The
beam intensity is a factor of four 1lower than

that of fig. 29(a). The 'core' of electrons has

no shadow region but is not transparent.

/oq
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Chapter IX. DISCUSSION.

Attenuation of the X-ray besme.

It was first pointed out that attenuation of

the synchrotron x— beam was necessary 1f the chamber

wvas not to be 'saturated' with tracks. The(Xfray flux

vas reduced, for the above investigation, by
collinating the beam from an initial diameter of 1Y
to approximately 3" dlameter. This has resulted in
the dense core of electrons being confined to a
narrow pencll through the centre of the chamber.

It appears, however, that it is still not possible
to position the origin of an event with sufficient
accuracy .

An slternative method of reducing the beam is
simply to reduce the output of the synchrotron and
allow the uncollimated beam to enter the chamber.

By a reduction in intensity the core could be made
sufficiently transparent to permit observations of
the first bubbles in the track of a meson, or proton,
produced by a reasction within the beame. The
reduction of 5-ray flux would be offset by the larger
area of the beam so that there would still be the
required probability of events occurding in the

chambere.



Since much of the troublesome electron back-
ground 1s produced by comparatively low energy
electron pairs formed by photons of energy less
than 150 VMeV, which wi1ll not ceuse the photo-
production of mesons, it would be an advanﬂage to
 reduce ihé.lbw.ehérgy.doﬁténi‘of £h§‘x;réj Beém..
This could be done by the use of absorbers of low
atomic number e.g. CH, or LiH. The cross-section of
these substances is considerably higher below 150
eV than above. If the experliment involved the
determination of the cross-section of elements in
the bubble chamnber,the use of these absorbers
would complicate the calculations, but for the
determination of 7T+ toTberoduction ratios or of
angular distributions, etc., this problem would not
be serious. Many'electron palrs would be produced
in the absorber itself and these would have to bé
removed from the beam by a strong magnetic field(fig-zg).

The necessity for such measures as this to
improve the technique 1s only appareﬁt as. a result
of the experiments described in the previouschapﬁer-

Rapid Cycling.

If = chamber were recompressed within a few

milliseconds of the photograph the complete cycle



of operation could tele 25 little as 40 milliseconds
Thus a compression and expansion system could be
mede to operate the chamber ai 25 cycles per second.
This is comparable with the pulse rate of most
_electron synchrotrons. . Cycling rates of up to 1.
per second have been obtained with the &5 litre
chamber using a modlfied expansion apparstus.

& rapid cycling chamber synchronised with the
pualsed beam of & synchrotron would be freed from
restrictions on cross-sections and even with a small
beam intensity would compete ¥ith counter techniques
for most experiments.

So many photographs would be taken during an
experiment that scenning might be tedious; however
many research workers are develpping and applylng
automatic scenning methods and analysls of the
results by computers.

Targets within the chember.

Most of the advantages of usiﬁg the chamber
ligquld as the target material will apply to a target
which is situated inside the chamber.

A gaseous target nmay be introduced into the
chember by constructing a pipe through the centfe of
the chamber along the axis of the beam. Such a pipe

could be filled with any gas under considerable
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pressure (ideally about 15 atmospheres) and could
heve qulte thin walls. The target thus ppesented
to the beam would have a low cross-section for pair
production and the lowest energy electrons would be

stopped in the pipe wall. Thg foect Qf.the pipe
wall on the energy of mesons entering the chamber from
the beam could be calculated accurately and the
uncertainty of the points of origin would be small
in the gaseous nedium. The most 1nterestihg targets,
hydrogen, deuterium end helium, have low cross-
sections for palr productlon, so this method would
have an advantage over the use as a target of the
hydrogen 1n the hydrocarbon, or of the deuterium in
the deuteriated hydrocarbon.

A solid target may conveniently be placed Inside

the chamber in the form of & polished sphere or
as a thin foll carefully mounted. Suph a target
would not materially increase the 'dirtiness' of
the chamber compared with the already present wall
boiling. The delection of particles from these
targets would. be very efficient glving aceceptance-

over almost 477 steradians.



Conclusion.

The five years since the invention of the
bubble chamber by Glaser 1in 1953 have seen a rapid
advancement of the technique. It has already proved
itself to be of great importance in observing the
.prédﬁdtioh éﬁd'décéj 6f~Heévﬁ ﬁéséné; .Iiﬁs. -
potentially valuable in the solution of many
problems concerning nuclear stiructure and the
"fundamental” particles. The bubble chamber may
only be uéed to its fullest advantage when the
basic processes involved in bubble formation are
understood.

Maeh work has been done with liquid hydrogen
chambers with strong megnetlc flelds éo that the
energy of perticles may be calculated from theilr
momentum. Considerably higher fields have to be
used for hydrocarbon chambers in whiéh particles
suffer more scattering. The development of
1érger chambers and of chambers filled with liqulds
of high atomic number will meke it increasingly
difficult and expensive to obtain uniform fields
of sufflcient intensity in the chamber.

A knowledge of the equations governing the

deposition of bubble forming nucleil along the



tracks of particles will enable velocity
measurements to be made in the absence of
magnetic fields. This method of energy
determination would also be useful for short
ffaéké iﬁ énj bhaﬁbéf.. o

The experimenteal results, and their inter-
pretation, in previous chapters, supply the
basis of knowledge required for this technique.
Further knowledge gained in these experiments
has proved to be valuable in determining the
optimum operating conditions when electron
background is & problem.

The development of o chamber,and a
collimating system through which a f-ray beam
of meson pfoducing energy may be passed,has shown
that this technique has‘a wlde application and
can be versatile in its use of solid, 1iquid or

gaseous targets within the chamber.
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ADDITIONAL PHOTOGRAPHS




Plate (i). The 4cc. ’'clean' chamber.



nate(ii).. 'C.eaocc 'clean' chamWr.



Plate (iii). The 20cc. chamber accepting electons

from the pair spectrometer. The Y-ray beam emerges

from the central tube.



Plate (iv). The 100cc. ’'dirty' chamber without

the heating bath.



Plate (v). The ~00cc. chamber detached from

the expansion apparatus.



plate (vi). The operating controls of the 5-litre

chamber. These are situated remote from the chamber.



flate (vii). A photograph taken at random which
caught a cosmic ray at a late stage of huhhle

growth.



o)

Plate (viii). A photoproduced ¢ -meson, decaying

toy/ then e



Plate (ix). An electron pair produced by a very

low intensity Y-ray beam.



