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Chapter 1.
IVTRODICTION

In recent years, the scintillation counter has been proved
to be of great value in those experiments in which nuclear
particles and electrons ere involved, The counter makes use of
the fact that short bursts of light, or scintillations are observed
whenever a charged particle passes through, or stops in, certain
materials such es for example sctivated sodium iodide crystels,

The smount of light emitted is a function of the energy lost by
the perticle in the scintillating material (or scintillator) which
in turn is a function of its veiocity and charge, It is therefore
possible to use the scintillator to differentiate between similar
particles having different velocities, or different particles
having the same momentum,

In the majority of these applications the light output corres-
| ponds to the dissipation in the scintillator of only a few MeV,
However, there are observed occasionelly large bursts of light
corresponding to a total energy loss of several hundred MeV,

In the experiments to be deseribed later, pulses corresponding to
an energy loss in a plastic scintillator of over 1 GeV have been
recorded but only at a2 frequency of not more than one per 40 hours,
These large pulses can only be due to cosmic rey events, and it has
:'been the aim of this work to study these large pulses, to investi-
gate what type of process could produce them,

As long ago as 1932, Blackett and Occhialini using Celger
counters discovered cosmic ray sWem. They were able to unravel
the nature of the particles in these showers by using a pulse from

the counter system to trigger a cloud chamber, Rossi, 'i:¢:><:>J in 1933 )
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by counting coincidences between three trays of counters,investie-
gated the production of showers in lead., giving the so=called
"Rossi Curve" relating frequency of shower production to thickness
of absorber, Since then, a great variety of arrangements have
been used, with or without the cloud chamber, Those arrangements
described by Rochester (1946) and by Butler et al (1950) are
typical of the many systems in use in cosmic ray investigations
during the past twenty-five years,

There are three distinct types of cosmic ray showers:

(1) = Cascade {or electron) shower,

(41) "Knockeon" showers
and (iii) penetrating showers,

Any or all of these showers may occur as part of lerge
"air showers® covering areas of several hundred squere metaes,

Of greater interest and importance are the penetrating showers,
consisting of relatively small mumbers of light and heavy mesons
produced by the nuclear component of cosmic rays in and near the
apparatus, This nuclear component represents only a small
fraction (EPoA%)of the totel rediation even at an altitude of
75000 £%, and hence penetrating showers occur only infrequently.

In June 1953, an experiment run jointly by two groups, one
from the University of Edinburgh and the other from University
College, london, was set up at 2 mountain station in the Dolomites
at 7,000 ft, to study the heavy mesons, Coincidences from two
trays of Ceiger counters were used to trigger a cloud chamber,

The electronic circuit which in its ultimate state was designed
by Mr. A, Metheringham triggered the chamber on five-fold
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coincidences made up in verious ways i.e. b4=1, 3-2 .., ete.,
two of these alternatives being operated simultaneously, A
deteiled analysis of the cloud chamber photographs gave a 156
detection efficiency for penetrating showers containing three or
more penetrating perticles, produced in single events in or near
the chamber, The majority of the remaining photographs showed
only electron or knock-on showers, The difficulties which are
encountered in the operation of such a2 system can best be trested
by referring to the details of the Marmolade system,

One tray of counters was placed immediately above the
chaniber, the other one below the chamber, Generally, each tray
was covered top and sides with lead of thickness 10 em, the top
layer acting as the target for the fast nucleons striking the
system, Since the interaction length of these particles in en
absorber is about 100 gny'cmz, about two thirds of the paﬂiclea
| would interact in the lead, On account of the geometry of the
. system only a fraction of these events, about 25%, would trigger
| the lower tray of counters, partly because the secondary perticles
may not be travelling vertically and pertly because the smaller
| showers would be unsble to discharge the required mmber of counters
in the tray., If the lower tray is set for n-fold coincidences
where n )2, more than n perticles are required,(on the average,)
to make certain that & coincidence is recorded,

The lower lead shield helps to reduce the number of electron:
showers recorded by the system. These showers are & nuisence and
are extremely difficult to avoid., A fast electron striking the
top lead shield multiplies, producing electrons and photons in a
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| cascade process, These secondary electrons are absorbed in

the lead but unfortunately the photons are not so easily sbsorbed
and some of these may eventually reach the lower tray. One very
striking example of this was taken at Marmolada; a photograph
showing about 20 tvacks of low energy Gompton recoil electrons
was obtained but no other tracks although the hodoscope reading
showed a 10-10 coincidence in the counter trays. |

"Knockeon™ showers are also difficult to avoid, 4 fast
M «meson producing & small knockeon shower can trigger the top
tray, end & second shower in the lower lead shield triggering the
lower tray even although all of the electrons in the first shower
are completely absorbed in the lead shielding, Increasing the
amount of lead makes no difference to the mumber of such showers
due to the éz-eat penetrating power of these mesons,

After dwhile it scemed that there would be no advantege to
be gained by any re-arrvangement of the counter system., Any further
1mpmmnt could only be gained by exploring the possibilities of
using a different type of counter,

In most interactions or "sters"™ involving nucleons, low energy
miclear perticles ("evaporation” perticles) ere emitted in addition
%0 the meson secondaries. Hemce if a detection technique, sensi-
tive only to these slow particles were used in conjunction with
the conventional system, a more efficient system should result,
Interesting and encouraging results had been reported by Salvin j,gf;;)
and Ascoli(lgsz)  using scintillation counters. It was
therefore decided to set up at sea-level a pilot scheme to explore
the best and most efficient way of using these counters, and to
decide whether or not it would be better to use only scintillation
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counters or to use a mixed system,

In the new system, two scintillators were to be used, to
replace the original Ceiger counters, One of these would alse,
in addition, replace the top lead .shield and act as the target
for the incident nucleons, If a high energy star vas'produced
in this scintillator, the evaporation perticles having only small
range would be stopped giving & large light output., The secondary
particles, mstTr =mesons escaping from this ecintillator would be
recorded by the second scintillator, the cham'ber. being triggered by
a2 2~fold coincidence, This second scintillator is necessary
because only sbout 107 of the stars occurring in the top scintil-
lator contain fast meson secondaries, the other 90% being due to

~ the capture of relatively low ensrgy nucleons. The question of

size of scintillator is :meor‘taht. A large seintillator is
sensitive to electron showers of all kinds, giving a total light
output similar to that obteined from a star, This difficulty can |
be avoided by using several small Sodium Todide crystals, each
having its owmn photomultiplier, and arranging that the chamber be
triggered by a 2-fold coincidence between any one of these counters
end the lower counter, This second counter should have a large
area and for this 2 slab of plastic scintillator is ideal,

Since only 2-fold coincidences are required, it is necessery
to have 2 coincidence unit of small resolving time and for this
a resolving time of not more than 20 milliMseec, was eimed at.

This ideal srrangement is not a very practical one to use a= 2
pilot scheme, particularly et sea=level owing to the very low
intensity of the star producing radiation., Accordingly attention
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| wes concentreted on an investigation of the large pulses of light

which were observed using a piece of plastic scintillator, to

make sure in the first place that these were due entirely to cosmie

ray events,

To assist in the interpretation of these observations, an

eutomatic cloud chamber was constructed, Also a new coincidence

. system was constructed, The details of these experiments will be

described in the following chapters, giving first of all infor-

. mation about the cloud chember and followed in later chapters by a

description of the various electronic circuits which have been
constructed avd tested, Finally, a chapter is devoted to pictures

" taken with various counters arrangements, consisting of one and

then twoe scintillation counters and also of & mixed system con=-

| sisting of one scintillation counter and one tray of Geiger

counters,
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Chapter 2.
DESCRIPTION OF CLOUD-CHAMBFR AND ASSOCTATED ELECTRONICS

2414 E&o&mﬂ@_ .

The cloud chamber described here is besed on a design by
E,J, Williems (1939), The original form of the present appsratus
has been described by D,N, Davies, with whom the writer wes working
during his first year of research, The chamber itself will
therefore only be described briefly, '
The modifications made by the writer, including adaptétion
of the chamber to automatic working, and the design and construction
of a new control system to operate it will be described later in
this chapter, Fast recompression of the cloﬁd chamber iz used,
and one to three clearing expensions can be done automatically
after a fast expansion,in order to clean the chamber,
In aﬂditit_m to investigating the improvement in recycling
time produced by the recompression, an automatic chamber was
| desirable so that long runs of photographs could be taken without
attention. This was perticularly necessary for the experiments
using & fast coincidence system for chamber triggering to be
described in Chapter 10 , where fairly fast repetition rates were

used,

2,2, De of chamber,

The main features of the chamber are shown in figure 1,
The working volume, V, has a dlemeter of 13 inches end a depth of
4 inches, consisting of the volume between the plate P, the pyrex
cylinder B, and the chamber window A, The plate P has holes of
diameter % inch drilled in it, at a separation of 1 inch, fThe
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front surface of this plate is covered by a circular piece of
black velveteen stitched to the plate, to provide a suitable
background for photography. The rubber diaphragm D is held to
the back of the plate P, and the movement of this diaphragm
between P, and a moveable perforated plate H determines the
expansion retio of the chamber, The plate H can be moved away
from or towards Py the two plates remaining parsllel, by meams
of three symmetrically placed screws T, projecting from the
back of the chamber, The volume between the diaphregm, the
brass ring C and the chamber back plate F can be pressurised,
forcing the diaphragm forward against the pressure in the working
volune.

Pressure gauges G are comnected to the working volume and the
back volume of the chamber, They are used to measure the pressure
in the working volume, and to ensure that the diaphregm hes been
pumped hard forward against this pressure when the chamber is being
operated,

A hole 1§ inch in diameter is drilled in the centre of the
chamber back plate F, This is normally closed by the expension
valve (see section 2.4.1.) Two Klinger stopecocks are screwed
into the plate F. One is for admitting gas to force the diaphragm

forward, and the other one which commnicates with the atmosphere,
| is for performing slow expansions,

Thin copper pipes are wound round the front window and round
the brass ring C, Cold water circulates through them, sxnd helps
to keep the chamber at an even temperature,
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243 s c el eld.

An electric field is used to remove axy ions from the sensitive
volume which are formed while the chamber is waiting to be expanded.
If these ions were mot removed, drops would be formed on them during
the fast expansion, increasing the background cloud,

The field electrodes E (figure 1 ), originally consisted of
copper gaugze and were cach supported by three bakelite rods threaded
into the plate P, Tor reasons to be mentioned later, the electrodes
were eventually maede from thin copper sheet, in contact with the
' chamber wall B, and held in position by vacuum grease, The
electrical commections to the electrodes ere introduced through
holes in the ring R,, which are sealed at each end by mb'ber. bungs
to sct as pressure seals and to insulate the input leads,

A lead block L, 11% inches x 3% inches x 1 inch is supported
horizontally at the centre of the chamber by means of twe % inch
dismeter threaded rods which are screwed into the plate P,

This acts as the second clearing electrode for each half of the
chamber, as the other electrodes ere both at the same positive

potential, It is alsc used to estimate the energy of particles
forming tracks, as the energy loss in passing through it can be

computed,

Zke The chamber valves and associated mechsnism,

2sb01. The e ion velve.

The expansion valve can be seen in figure 1, The hole in
plate F is sealed by the brass disc S, which has an O=ring
embedded in a groove in its front face, and can be held against the
plate by the electromagnet M, A bras: Fod-R is hard soldered to S,

and has a disc of soft iron X threaded onto it, The electromagnet
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coil is wound with L0 gauge wire and energised by an ex-government
rectifier giving 120V D,C, When the dise X is in contact with the
flat face of the magnet, sufficient holding power is available to
keep the valve closed against the pressure in the back volume of

the chamber, As the back volume pressure may be as great as 25 11:._.
per sq, in, sbove atmospheric, and the area of the valve is 2 sq, in,,
the maximum force needed is 50 1b, wt,

2ehe2s The filling valve,
The front of the chamber can be filled with gas through a

£illing valve, which is comnected to a hole drilled in the side of
the plate P, and cormecting with thefront of the chamber. This
hole con be sealed off fiom the outalde, by means o7 a nesdle valve,
the point of which seats into it, This prevents any plockets of
ges in the filling valve from interfering with the chanmber action,
by introdueing ges inte the front volume at a different temperature
from the rest,

A Klinger stop-cock is connected to the filling valve, to
 which a gas cylinder can be attached, VWhen filling the chamber,
alecohol is put in the valve, and is then carried into the front
wvolume with the gas entering from the cylinder,

2elie3e The slow expansion valve,
In order to introduce cleening expansions into the automatie

cycle, a slow expension velve was required, This is fixed to the
beck of the chamber, and cen be operated magnetically to let out
the gas in the back volum: slowdy,

Figure 2 shows the comstruction of this valve, The hole A,

£ dnch in diameter can be sesled by the rubber bung B, The outlet C
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is comnected to the back volume of the chamber by rubber pressure
tubing, The valve can be kept closed ageinst the beck volume
pressure by means of the spring D which bears against the disc E,
The tension of this spring is adjusted by varying the position
of the valve cap F, which is threaded onto the valve body G,
Holes H in the flat face of F allow gas to escape from the back
volune when the valve is opened,

The shaft J is connected to an electromagnet, which is a
modified version of an ex U,8, Navy bomb release mechanism, The
éoil has been rewound to operate at -120‘V D,C, With a back velume
pressure of 25 1lb, per sq. in,, a force of ebout 3 1lb, wt, is
required to keep the valve shut, In order to open the valve,
the electromagnet is energised, and the valve is then opened

against the spring.
2 Johe The recompression cylinder and valve.

Af'ter each chember expansion (slow or fest) the back volume
- of the chamber needs to be re-compressed, in order to be ready
for the next expansion, This is done by opening a velve and
connecting 2 large pressure reservoir to the back volume of the
chamber, The reservoir is meintained at a pressure of about
25 1b, per sq, in, Vhen the valve is opened, the pressures
equalize at about 22 1b, per sq. in.

The pressure reservoir consists of a modified Calor gas
cylinder and has a volume of about 11/12 cubic ft. The re-
compression valve is mounted directly on the top of the reservoir
cylinder, the base of the valve cssembly screwing into the top of
the cylinder, The lower part of the valve, which is turmed from



12,

a single piece of brass, also carries inlet commections for the
pump and for the pressure control switch, These inlets communi-
cate directly with the reservoir,

The valve is shown in figure 3 . The hole A of diameter
1% inches communicates directly with the reservoir pressure, the
threaded portion of B being screwed into the top of the reservoir,
The valve can be clesed by the moveable pisten C, the O=ring D
making the pressure seal, C is hard soldered to a steel shaft E,;
which passes through & hole in the top part of the valve F, The
pressure seal is made by the Owring G, An O-ring H mekes the
seal between B and F, A tendency for the O-ring in the piston
t0 blow out when the valve opened was corrected by drilling some
small radial holes J, which equelize the pressures et the inside
and outside parts of the O-ring. '

The shaft E then passes through a hole in the centre of the
iron core K of the electromegmet L, A circuler iron disc M is
threaded into the top of the shaft to complete the magnetic circuit,
The position of li can be adjusted to obtain the most efficient
sealing actions The megnet coil N is of 40 gauge copper wire,
wound on an 1nsu1ai;ing former P, The magnet is energized by a
supply of 120V D,C.

The outlet R is connected to the back of the chamber by
pressure tubing of dismeter 1% inches, This tubing, and the ges
passage inside the valve, were mede as lnrge as possible in order
to obtain mexinum speed of recompression,

2.445. The reservoir pressure control system.

The pressure in the reservoir is mainteined approximately
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constant by means of & pump controlled by a pressure switch,
This switch is so arranged that the pump is switched on whenever |
the pressure in the reservoir falls below about 24 lb, per sq. in., 1

|
end is switched off agein when the pressure has risen to 25,5 1b,

per sqs in,

The pressure control is a type K6/TIE/2 merufactured by
Teddington Industrial Equipment I8d, The operating element of
this control comsiste’ of a flexible metallic bellows unit, wh:lch is
connected directly to the reservoir, The mrovement of the bellows
resulting from pressure changes is employed to operate a mercury
tube switch, The bellows movement is opposed by & spring, the
compression of which can te varieﬁ merually to raise or lower the
operating point (10 = 55 1b, per sq. in,) The differential
pressure (the difference in pressure between the point at which
the switeh mekes the circuit on fall of pressure, and the point
&t which it breeks the circuit on rise of pressure) is also |
adjustable and this is used at its minimm value of 1.5 1b, 1n-2-
The switch is set to operate at 2 Ib, in™> and pump to 25.5 b, in™C,
It is ensured that the diaphragm will still be pushed hard forward |

. even if the reservoir pressure is at its lower limit when re=
compression takes place;
2446, Summery of chanmber mechan: details,

The layout of the chamber, and the velves described in the
lagt few sections is shown in figure 4. The volume A represents
the back volume of the chanber; R is the pressure reservoir, V,’
the fast expension val‘?e, '?2 the recompression valve and ?3 the i
slow expansion valve, B is the compressor pump and P the ‘

pressure control,



Vi - Fast Expansion Valve
Vo -Recompression Valve
(w|m_0<<Mxvn3m.03 Valve
P-Pressure Control

R

A ~Back Volume of Chamber
R ~Pressure Reservoir,

B
Pump

Arrangement of the Mechanical Valves for the Cloud Chamber,

Figure 4
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2 ,5., [The to hic _mechani
2 541, The cemeras.
Two cameras have been used with the chamber, The original
plate camera was replaced when the chamber was made automtiec,
as & camera using 35 mm. film was much more convenient. This

can easily be wound on sutomatically after a plcture has been taken,

(a) The originsl camers
The original cemere used with the chanmber wes a2 plate camera

taking plates 3% in x 4% in, Photogrephs were taken in sterecoe

scopic pairs, the camera having two Zeiss lenses, focal length

£ =5cm, and maximm aperture of t' 4.5, The horizontal

separvation of the lens axes was 2 inches, The cemera was mounted

on a wooden platform at such a height that the lire joining the

lens axes was on the same level as, and parallel to, the horizontal

diameter of the cloud=chamber, By inserting a ground gless screen

in the camera, tests could be made to determine the position of

the plane of best focus, The distance between 2 convenient point

on the camera, when in position on its stand, and the centre of the

sensitive volume of the chember was measured, The camera was |

then mounted away from the chamber and focussed on a2 steel rule,

being adjusted until the plane of best focus occurred at the

measured distence, Allowance was made for the shif't of the
apparent position of the object due to the thick front window of

the chamber.

(b) The present camera
This camera uses two Dallmeyer anastigmatic lenses, of

meximum aperture f 3,5 and focal length 35 mm, These lenses
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have been matched by the makers for use as a stereoscopic pair,
The lenses are mounted in the front of the camera with a horie
zontal seperation of their axes of two inches, Photographs are
taken on 35 mm recording film, Ilford Type 5691. The lenses are
placed at such a distance from the film es to ensble the whole
chanber %o be included in a photograph, with the plane of best
focus appmﬁm;:ely at the centre of the illuminated part of the
sensitive volume, This necessitates the camera being considerably
farther from the chamber front window than had been the case with
the plate camera,

The camera is mounted on 2 horizontal wooden platform so that
the line joining the centres of the lenses is horizontel and passes
through the chamber horizontal axis., It is also symmetrical with
respect 'bo the chember, when viewed from above. A shaft in the
bottom of the camera, which operates the wind-on sprocket and
take=up spool in the camera through suitable gearing, passes through
a hole in the wooden platform and engages with a verticel shaft,
This shaf't is coupled, through suitable reduction gearing, to a
small 4,C, motor, which winds on the film, A switch operated by
a cam which is also rotated by the motor, serves to switch it on
for a suitable time ‘to wind on the film & sufficient amount, As
there is a fairly large space between the two photographs in a given
 pair, the next pair is taken with onme photograph between the two
images of the succeeding pair, Thus, the cam is arranged to wind
on lengths of £ilm in the ratio three to one at alternate operations,

The cam operates the motor by pushing down a relay, the motor
circuit being made by the relay contacts, In order to start the
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operation, the relay is brought down by ﬁasing a current ilhrough
its coil, until the cam has rotated far enough to hold it down
mechanicai],y. The relay coil circuit is made by one of the
uniselector contacts (see later), the wind on taking place soon
af'ter the photograph has been taken,

It is possible to load 100 feet of film into the camera at
one time, although the take-up spool can only hold film equi-
valent to 60-80 pictures, At fa st rates of photography,
therefore, development of exposed film must be done fairly often,

2 +5.2, The chamber illumination system.

(2) ZThe photoflash tubes
Two straight photoflash tubes are used to illuminate the

sensitive valume of the chamber, These are Siemens type SF5 and
have an effective length of about 7.5 inches, The tubes are
enclosed in lamphouses made of Tufnol sheet, The power for the
lamps is obtained from photoflash condensers of total capacity

99 P for each lamp, and charged to a potential of about 2,300 volts,
These condensers can be placed across the lamps for a short period
without discharging through them, A small coil of bare copper
wire is wound round each flash tube, ebout 3 inches from the end of
the tube which is et earth potential, The coils from both lamps
are connected to the secondary of a spark ceil, and when the
primaxy is excited, the insulation in the flash tubes bresks down,
The condensers then discharge, dissipating about 260 joules in
each lamp, A general arrangement drawing of the front view of

the cloud chamber showing the lamps is given in figure 5

The condenser circuit is given in section?2,7.2.(g). The camers

shutters are left open while weiting for a photograph.
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17.
(v) The lemp lems system

Originally, two plenowconvex lenses were used to produce an
approximately parallel beam of light from the flash tubes, A
length of 2 inch diameter perspex rod was cut down a diapeter,
one half being fixed to the front of each flash tube, the flat
‘swrface of the lens being in contact with the tube, Together
with stops in front of the lamp, this system worked reasonsbly
well while the plate cavera was in use,

When the present camera was brought into use, the photographic
background was much worse, partly because of the smaller size of
the negatives, The original lenses were removed, and a system
of short-focal length convex lenses substituted, This system
is described in the next chapter (section 3.4.)

2.6, The chamber hut and thermoststic control,

2641+ The chanber hut.
The chamber, and the associated equipment ineluding the pump

and the recompression reserveir, is enclosed in a fibreboard hut,
This serves two purposesi=
() Tt enables the chawber to be kept at 2n even
temperature by means of thermostatting,
(ii) As the hut is light-tight, the camera can be
left with the shutters open for long periods
without fop ing the film,

26,2, The themmostatting errangement.

This consists of a fan and three tubular electric heaters,
The fan is f‘_ixed to the inside wall of the hut and blows air

past a coiled copper pipe through which cold water flows, Its
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function is to circulate cold air throughout the hut., The

three heaters are placed along three walls of the hut, and are
operated by a bimetallic thermostat, An indicator light ocutside
the hut shows when the }kleatera are on, The thermostat temperature
setting is adjusted until the indicator light th that the heaters
are being turned on and off regularly, so that an equilibrium hut
temperature is 'beiné maintained, This temperature is usually
about 65°F, '

2,7. Ihe electronic control system,
2,741 IThe originel system,

The control system used before the chamber was made automatic
will only be described very briefly..

When the charber was triggered, either manually or by a pulse
from a countér system, a thyratron confucted and tripped a relay,.
This opened the expansion valve circuit, shorted out the clearing
Iﬁeld and operated a second relay which changed over the photo-
flash c'endensem from the charging position, to scross the flash
| tubes,
| After a variable delay, produced by charging & condenser
.ﬂ:rw.gh a verisble resistance, a thyratron conducted and operated
a relay which dischargeda condenser through the spark coil primery,
flashing the lamps. A photograph was then taken, The purpose
of the delay was to allow time for the drops to grow to visible
size before being photogrephed, _ .

Before taking another photograph, the electronics had .'bo be
reset, when the photoflash condensers were re-charged, Hence,
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a second photograph could not be taken accidentally on the same
plate if the chamber was left overnight,

2,7.2s Ihe present system,

(2) Control Seguence
The sequence of operations in the automstic cycle is given

below, The nunber of clearing expansions performed can vary
from zero to three, according to the necessity, The stages aret=

(1) Open expansion velve and short clesring field to earti.
W over photoflash condenser relay,

(2) Make varisble photogrephic delay (0.1 = 0,2 sec,)

(3) Trigger flash tubes to teke photograph, and open
recompression valve,

(1) Close recompression valve, wind on camera and meke
delay {about 15 sec,) to allow temperature equilibrium
to be reached,

(5) Open clearing expension valve and meke delay (about
15 sec,) to allow cloud formed in clearing expension
to fall to the foot of the chamber, :

(6) Close clearing expansion velve and recompress,

If more than one clearing e xpansion is done, the stages
L = 6 are repeated each time,

After the final clearing expansion a delay of up to two
‘minutes can be mede to allow the chanber to settle down, During
the whole 'cyole after the chanber is first triggered, the input
is discormected until the cycle has been completed, The clearing
field is put back on after stege 6. -,
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I(h) The uniselector
A mﬁ.selecfor is used to carry out the cycle sequence, This
consists of a'mﬂtiposition switeh, having fixed contacts Med
in banks areund 3 sépieiroular arcs Yoving wiper arms (one for
'each benk) meke contect with each pin of the bank in turn, The
operation is electromagnetic, the aeiector moving round 'bf one
contect when current is pessed through its ceil for a short time,
' The selector used in this case has four benks with separate wiper
arms, These instruments are sometimes arranged so that the banks
| are associated in pairs « one bank for each half of a complete
360° rotation, In this case the selector reaches its initial
position after every 180° rotation,
.. One bank is used to make the connections necessary in order teo
rotate the selector with appropriate delays, The other three banks
| are used either to switch in commections directly, or to operate
| relays, In addition Yo the new functions, the uniselector also
- performs the operations originally done by a seperate timingcircuit
in the noneautomstic chamber,
(c) Zhe wniselector driving circuit.
The uniselector is driven by a cin'mit contalniug. a thyratron
V, (type EN91), The time delays are cbtained by charging a condenser
| connected to the grid from about -80 V to the thyratron striking
' voltage (vetween «2 V end earth). The driving circuit is shown in
figure 6 .
When the selector is stationary, the thyratron is prevented
from conducting by the bias potential of «8) volts on the con=
denser C, cormected to the grid, This biass potential is obtained
from a stabilizer, itype CV449, having a burning voltage of 8 voltis.
The same bias potential is also used to bias off the other thymtrom
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in the control circuits In order to trigger the thyratrom, it is
necessary to remove this bilas voltege,

When the uniselector wiper arm is in contact with pin 1 of
the contact bank, the grid of the thyratron is connected to the
bias v.ultage directly, through a 50.) resistence, This ensureg
that the thyretron remains noneconducting during the charber waiting
period..

The thyratron ¢ anode circuit contains a relay, relay G,
and there is a switch 8 in the anode circuit, The operation is
as follows, With the wiper srm in contect with a pin other than
'pin 1, the condenser C (2 MF) cherges through a resistance R, the
other end of the resistance being commected to the +120V D,C, line,
The condenser then charges towards +120 V at 2 rate determined by
the value of the time constant RC, Vhen the grid reaches about
-‘-ZV to OV with respect to earth, the thyratron conducts, causing
relay G to be energized, A contact on relay G comnects the +120V
supply to the uniselector coil through a suitable dropping resise
tance, causing the selector to move on one contact, A second
contact on relay G discharges condenser C through a 50.Qresistance,
returning the grid potential to «8LV ready for the next operation,
The switch in the thyratron anode circuit is operated when the
uniselector coil is energized, removing the H,T, voltage from the
thyratron, and ensuring that the discharge is extinguished, Vhen
the selecfor has moved on one contact, the H,T. voltege is re-
applied, but conduction is prevented by the grid bias voltage.

The condenser is now re-charged through a different resistance and
the cycle is repcated, The uniselector thus completes a full 180°
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rotation, until the wiper arm comes round hgain to position 1, .
As the seme condenser is used for all the delays, different delay
times are obtained by varying the value of the resistance through
whick it is charged, |

The cycle is initiated by the discharge of a thyratron 71
having a relsy in its anode circuit, The anode of the thyratron
is cormected to about 350 V D.C., supplied by e small metal rectifier
It is connected at the junction of a 1 M. resistor in series with
the rectifier as a current limiter, and a 4 MF condenser connected
between H,T, and earth, When the thyratron is triggered, the
condenser discharges through it, bringing the relay inte operation,
As no relay holding voltage is supplied the relay goes down, and
them comes up-j'égain rapidly as soon as the condenser is discharged.
The D.G. current through the 1 ¥ . O resistor is insufficient to keep
the relay down,

When the relay is triggered it opems the expansion valve circuit,
'causing a fast ewim. In addition to this, a make contact
connected in perallel with contact 2 on relay G (G,) makes the
‘uniselector coil circuit, so thet the selector moves from pin 1 to
II:a:l.n 2, |Thereafter the cycle contimues as already described, It
is necessary that the relay should stey down for the minimum time,
as otherwise the expansion valve would remein open, so that
recompression could not take place, and also the uniselector coil

would remein energized for this periods  Mne circuit is shown
in figure 7.
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(e) Clesring ficld circuit.

Problems in connection with clearing field.

At the pressure of operation of the cloud chamber, considersble
field separation of counter coﬁmlled tracks would teke place unless
the clearirg field was removed very rapidly after the chawmber has
been expanded, The mobility of ergon ions at the pressure used
(about 1 atmosphere above atmospheric) is about 1 cm/sec per
volt/em, The field strength is about 25 volts/cm. Therefore, a
delay of 0,01 sec in switching off the field would lead to motion
of each ion colum (+ and =) through a distance of 2,5 mm, i,e, a
track separation of 5 mm, 'This is 2 meximum value, for tracks
perpendicular to the electrostatic field, Hence the field must
be removed as quickly as possible,
Circuit = See figure 8, i
The positive cleering field is about LOOV D,C,, obtained from %
a small metal rectifier, The same field is applied to both the |
upper and lower electrodes, the earthed lead plate forming the
second electrode for each half of the chamber., A 1 M.(lresistor d
in series with the rectifier is comnnected to the anode of a third i f
thyratron ("2)' When the valve is triggered, its anode potential "
rapidly falls to about 8V, which is the velue when conducting, If
this residual clearing field was left on for too leng, it would be |
| sufficient to cause some field seperation of the tracks, With
this voltage, the field strength is about 0,5 volts/em, giving a
separation in 0,1 sec of 1 mny, It wes thus also necessery to
remove the residusl field rapidly.
In order to do this, a high speed Siemens type relay is used,

This is connected in the anode eircuit of & fourth thyrstron (73),
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2
one end of the relay coil being connected to +120V D,C, Vhen
the thyratron conducts, the relay shorts out the residual veoltage
across the clearing field thyratron, et the same time extinguishing
it, No dropping resistance is commected in series with the relay
coil, so that the rclay operates as quickly as possible, and the
thyratron contimues to conduct when its grid becomes negative again,
The shorting out of the clearing field during the period of the
clearing expansions is taken over by another relay, so that the
relatively high current through the highespeed relay, and conduction
of Vs,take place for the minimum time, A separate thyratron is
used to operate the highespeed relay, so that the ma jority of the
clearing field is removed from the chamber as quickly as possible,
The presence of an inductive relay coil in the thyratron circuit
would reduce the speed at which equilibrium was reached with the

thyratron anode potential st its conducting velue (about 8 volts),

(£) Genersl remarks on foregoing circuits.

The grids of valves ?1, 72 and V, are ell connected together

so that they are all triggered simulteneously by an applied pulse,

 Cuteoff bias is obteined by connecting them to the =84V supply
' through a grid stopper resistence,

(g) Electromic flash circuit.

This unit is mounted on a separate chassis from the rest of
the chember control electronics, A circuit diagram is given in
figure 9 o+ The flash tubes are energized by discharging
condensers with a totel capacity of 99MF, and at a potentisl of

about 2,300 volts through each one, The velve V, is a high

' voltage rectifier, type CV261, and velve V, is & beam tetrode,
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25. .

type CV1374 (807).' The switch 8 is a double bank toggle switeh,
consisting of sections Sa and E‘b’ Sa is in series with the A.C,
mains and the high voltage transformer, and sb is connected scross
the grid blas rgsistor of Vzg VWhen it is required to charge the
condensers, S is closed and § is open. The valve V, is then so |
' biassed that it only conducts about 40 M A, The high voltage relay
is s0 energised that it .cormecta the two condenser banks across the
charging supply. This relay has two separate coils, Vhen one
coil is energised the armature is held in contact with the charging
supply, DPreaking this circuii, and energising the other coil
comnects the condensers across the flash tubes, The holding and
triggering voltage supplies (about 12V each) for this relay are
supplied through a relay on the mein chassis, This relay is
energised by the uniselector as soon after the chamber is triggered
as possible, breaking the holding voltege and making the triggering
voltage supply, The lamps do not flash until they are triggered
by the spark coil, The uniselector actua'be; a relay which dis-

| charges a condenser through the primery efter a suiteble delay

(0.1 = 0,2 sec).,

When the switch S is in the other position, the primary circuit
of the high voltage transformer is broken and the grid bias resistor
for V, is shorted out, The valve then conducts strongly,
discharging the condensers 'I:.!;rngh it.

Power supplies for this chassis are brought in from the main
chassis, using 6ecore shielded cable and comnectors, These supplies
consist of A,C., mains, filament voltages and holding and triggering

voltage supplies for the relay,
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" (n) he cleering-expansigoyole.

The method of operation of the clearing-effatisimcycle can be seen
from figure 10g which shows the pin comnections on benks 2, 3 and.
L of the seclector. The connections on bank {1 have been given in
figure 6 for the selector arive circuit.

It can be seen that relay P which opens the recompression
valve also triggers the flash tubes, This does not matter as
the high voltage relay is returned to its original position
(condenser across charging voliage) immediately after the picture
has been taken, and so the flash tubes cannot be retriggered.

' The only reason for the above arrangement is one of corvenience,
| The delays between recompression and slow expansion (about

15 sec) are obtained by inserting sppropriate resistances in the
‘driving eircuit, no connections being mede to the corresponding

pins on the other contact banks,

The slow expansions are obtained by commecting the +120V D,C,
supply directly to the slow expansion valve coil, thus opening
the valve against the tension of its spring, A suiteble deley
(about 15 sec) before recompression iBYSS atove, A multi-benk
switch (S ) enables onme, two or three clearing expensions to be
‘done, Vhen a clearing expansion is omitted the long delay
corresponding to the wait before recompression i= replaced by a
‘short delay, by charging the resistance valve in the selector drive

circuit with the switch,

(k) Other cireuits.See figurelO(b)
In order to prevent the chamber from being re-triggered by a

pulse coming in while a cycle is in progress, a relay is provided
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| it el A SANRER: Delwatin 0 St seekek il ekl
of 'V1, "!2 and V,, except when the uniselector wiper axm is in
contact with pin 1 of the selector drive contact bank, This
relay is held down by pessing s current through it from the 120V
.H‘T" supply, through a dropping resistor, the relay coil circuit
| being made by the uniselector, Another contact on this relay
'makes the circuit for a 6,3V indicator lamp which shows when the
I chamber is ready to be re-triggered,
A switch is provided which enables the chamber to be re-triggered
| again immediately the cycle is completed, the chamber then myclingr
indefinitely at a preset rate, This is done by arranging that
the grids of V,, V, and V; ere earthed through pin 1 on bank 2 of
the uniselector with the switch in one position. With t;xe switch
' dn the other position, this circuit is broken and the selector ro=-
? tation stops when the wiper arms are in contact with pins 1,
| An electromagnetic counter is used to count the number of
iéycles of the chamber, The counting rate of the counter-control

' system can thus be ascertained without developing the photogrephs,

2.8, Summary,
A description has been given of an automatic chamber, together

with deteils of its mech:nical valves, optical system end electronic
control eystem, Brie’ details have also been given of the original,

non-automatic, chamber system,



The minimum recycling time of & cloud chamber is largely

determined by three factorss=-

(1) The time teken to remove from the sensitive volume any
condensation nuclei’ produced by the previous fast
expension, If this is not done, these mucleii contribute
to the background cloud present in the next fast expansion,
One method of removing them is to do & number of slow
cleaning expensions (see section 3.1.2.),

(1) The time token for the chamber gas to reach thermal equi-
librium with the walls,. During the expansion, the gas is
cooled adiebatically (approx.), and during the recompression
it is heated, Any cleaning expensions will increase the
tenperature difference between the gas and the walls,

(4i1) The time taken for the sensitive volume to become re-
saturated with a]_.cohol.

Since 1949, two methods have been described to reduce the
recycling period, The first one is the technique of overcompression
described by Caerthner and Yeater (1949); the second, that of fast
recompression deseribed by Fmigh (1954), Both methods have since
been used by other workers, overcompression being generally the
more favoured,



29.

In the overcompression cycle, the fast expansion takes place

as usual, The chamber is then recompressed, but the diaphragm
(or piston) is returned to a position more forwerd then the
original, thus overcompressing the gas in the working volume. The
overcompression is normally arrvanged teo take place as soon as
pt;as:l.'ble after the fast expansion.
a ﬁ\e chamber is left in the overcompressed state for a short
time and the diaphragm (or piston) is then returned slowly to the
position before the fast expension, This final stege acts as a
slow cleaning expansion,

The incresse in temperature of the gas due to the overcom-
pression has a tendency to reduce the size of the drops formed
during the fast expansiomn, Thus, to a certain degree, it
increases their mobility sufficiently for the cleaning field to
remove them, During the fast expansion, the temperature of the
ges falls below that of the surroundings, receiving heat from them,
Conversely, during the recompression, the gas temperature rises
above that of the surroundings, losing heat to them, It should
therefore, in principle, be possible to meske the cycle a reversible
one, so that the initial gas temperature is reached when the chamber
returns o its originel weiting position,

Gaerthner and Yeater used a chamber about 5 inches in diameter
and 1} inches deep, They were able to re-cycle it in 5 sees,
with consistently good tracks, and in 2,5 secs, with some
deterioration in quality. ' They used an overcompression ratio
about equal to the expansion retio, The overcompression ratio is
the difference between the normal and overcompressed volumes,

expressed as 2 fraction of the normal volume, ‘The chamber gas
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consisted of equsl parts of helium and argon at atmospheric pressure,
the condensant being an ethyl alcohol - water mixture, For very
fast recycling periods, pure helium was superior to the mixture,
Emigh (see reference) reports that pure helium is unsatisfactory
because its high thermal conductivity mekes it impossible to form
tracks near metel fedls, Caecrthner and Yeater showed that over-
compression wes much superior to comventional operation in the
presence of heavily ionizing radiation,

Coldwasser and Nicolai (1955) using overcompression with a
chamber 12 inches in diameter and 3 inches deep, heve obtained a
recycling period of 6 secs, under normal and 15 secs, under heavily
ionizing conditions, The chamber gas wae helium, Parford and
French (1955) reported a recycling meriod of 30 see for a cylindri-
éalchsmbereﬁcm. in diameter and 15 em, long 204 the same time
for a rectangular chember 30 x 40 x 20 em, The chember gas in
these experiments is not stated, More recently, Walker et a2l (1956)
have described a chamber, 9 inches in dismeter and 2 inches deep
with a recycling time of 10 sec, The chamber gas was argon and

| the condensant an ethyl alcohol-water mixture, These workers also
used the seme chamber with fast recompression (see below). They
concluded that the build-up of background cloud was very much less
for the wemompfassicn case, agreeing with other workers that this
was due to the return from overcompression to the waiting position
providing 2 clearing expansion.

The second technique for increesing the recycling rate was first
described by Fmigh (see reference quoted), This consists of
recompressing the chamber rapidly to its originsl condition as soon
as the photograph has been taken, The chamber described by Fmigh
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wos 14 dnches in dlameter and 2 inches deep., (The chamber
described later in thie chapter is ebout 13 inches in dlemeter and

) inches deep), Twigh comments on the fog produced by the diaphragn
touching the chanber backplate, an effect alaso found by the writer

. and mentioned in & peper by Hazen (1942), This latter author

also found that if the chenmber was worked with a "floating"

| disphragn, clean cperation wes obh:l.nhh,:ln agreenent with the

writer (sec seotion 3.2,1,) Huigh states that if helium is used,
practically mo background fog is obtained,whereces srgon or air ere
both unsstisfactory in this respect, The writer hes mot used
belius, as better quality trecks are obiained in argon, The
charber gas used by Mudigh wes a mixture of ergon snd helium, He
has used a recycling perdiod of 10 sec with this srrangement, |
Fost recompressicn has tws dissdvanteges as compared with |
overcompression, It 1s not possible, even in priw:iple,to operate |
the cherber with a reversible oycle, es the gas gains heat from
the swrroundings durding the first expension and does not lose an

| equivalent amount of heat later in the cycle, Thus the gas

temperature will aluaye be too high after the recompression, The
second dlsadventage is that there is no cleating expension, corres-
ponding to the return from overcompression to waiting conditions,
Fast recompreasicn wes used with the chanber described here, as it
mmmemmthﬁtandstmmadcqmtemycungﬁmfw:
the type of experiment done, Triggering retes greater then sbout |

6 per hour are not nowmally regquired,

The pensitive volume of the chember iz £illed with argon %0 a
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pressure of about 15 1b, per sq, in, above atmospheric pressure,.
The condensant is pure ethyl alcohol,.
'.[_‘o £i11 the chember, argon is let into the sensitive volume
through the f£illing valve, using a high pressure cylinder and e
ireduction valve,, Before commencing to £411, sbeut 10 co..of
alcohol are run into the filling valve, and some is then carried
into the chember with the ges,. 10 cec, are sufficient to ensure
that the chamber gas will be seturated, and that there will be
sufficient liquid in the chamber to make up any losses,. The
needle vaelve in the filling valve is shut off after filling is
completed, The chamber is then left for s period (usually over-
night) to allow temperature equilibrium to be re-esteblished,

If the pressure in the back volume is sufficient to force the
giephragm forward, and the expension velve circuit is then broken,
g rapid expansion of the working volume takes place, tracks being
formed if the expansion ratio is correct. (About 1,16 in this
case),

Af'ter each fast expansion, one or more cleering expansions
are required to remove any re-evaporeation nuclei’ remaining in
the sensitive volume, A clearing expsnsion is mgde by recompressing
the chamber, and then letting the ges in the back volume escape
slowly to the atmosphere, .

3,2. I“xperimentel work to try to discover the reason why clearing

e ions are re d, .

3.2,1. Effects due to the rubber disphreem,

(a) Generel
The original type of rubber used for the chamber diaphragm

wes thin, (3/64 in,) unvulcaniZed rubber of Fnglish origin,. This
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had a somewhat rough surface and was easily stretched, It was
impossible to use the chamber with the diaphragm pushed hard f‘pn-
ward, except by performing about a dozen clearing expansions after
each fast expension, If the chamber was operated with the dise
phragm "floating", ressorable performance could be obtained using
three clearing expansions, which fell to one after the chamber had
been operating for a period, This improvement when the diaphragm
was not allowed to touch the metal plate was in agreement with the
statement by Hazen (loc. cit. section3 .1.1.,) A "floating"
ddaphragn means that it does not touch the ﬁont perforated plate
when the chamber is pumped ready for expansion, and its position is
therefore set by means of the pressure gauges, A chamber worked in
this way is very sensitive to the pressures in fromt and back, as
they now determine the expension ratio,

This disadvantage is not presént when the chamber is operated
with the diaphragm pumped hard forward, as the expansion ratio is
then only determined by the position of the moveable perforated
plate H, and is not dependent on the front and back pressures, The
mmber of cleering expensions required was the disadventage at this
stage,

(n) ect of different of rubber fi

It was now considered established that a large proportion of
the background was due to contact between the diaphragn end the
perforated metal plate, although no reason for this wes known, A
high pressure charber had been successfully operated in Italy, using
Italian rubber, with one or two clearing expansions and with the
diaphragm pumped hard forward., It was therefore decided to try
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diephragus mede from different types of rubber, ngzl';’rpes o
were useds=
(a) Vulcanized yubber of British origin with smooth surfaces
and a thickness of 1/16 inch,

(b) Vulcanized rubber of Italian origin with asmooth surface
and a thickness of 3/64 inch,

With both of these rubbers, good operation could be obteined
with a maximm of three clearing expansions, even when the
diaphragm wes pumped hard forwerd, This fell to one or two after
the chanber had settled down, A recycling period of about five
mimites could be used, The need for some slearing expansions was

still present,

(e) Bffect of rubber coming in contsct with the perforated

braes te.

Various experiments have been done to try to discover the
 reason for the cloud produced by the diaphregm touching the per-
forated plate, They will be described below,

(1) It was thought that the cloud might be due to the front plate
being metel, rather them an insulator, A Tufnol plate of the

same size as the perforated plate and drilled out in the seme way
was made, and fitted between the diasphregm and the metel plete.

Ne noticeable improvement was obtained,

(i1) When the original diaphragm was still in use e piece of
copper geuze vas stitched to the perforsted plate between the plate
and the disphragm to see whether the type of metal had any influence
on the effect, No improvement was obtained, .

(iii) Semples of the originmal rubber and of other rubbers were

put in contect with & brass plate and weights placed on them., The
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original rubber stuck to the brass,wheress the other (vulcanized)

' rubbers did not., This was probably part of the reason why the

vulcanized rubbers are superior,

(iv) It wes thought that the cause of the background might be

of an electrical nature, If the fast separation of the rubber and
the metal generated static charge, ions might be produced which

would be pushed into the front of the chamber when it was recom=

pressed, These should, however, be rapidly removed by the clearing

. field, unless their mass was very great, or large drops had formed
on them,

Using the leakege method, the electrical resistances of
samples of the three kinds of rubber which have been mentioned

- were found, Circular semples were placed between two brass plates
of the same diameter and a 0.1 M F condenser, charged from a 2.vol'l5
accumilator, allowed to leak through them, The turows on a
ballistic galvenameter, produced by the residual charge after a
known time, were compared in each case to the throw when the con-

- denser was discharged immediately, The leakage resistance of the
condenser could be allowed for by letting it leak through its own
resistance, and celculating this in the same way as above, The
resistances of the samples were of the same order of magnitude in
each case, so that no conclusions could be drawn,

It was found that whenever a large sheet of rubber of any of
the types used was lifted from the table in the neighbourhocd of
the galvanometer wiring & large throw was produced on the galvane
ometer, This indicated that considerable static charge was present,
but no perticular conclusions could be reached,

(v) The surface of the diaphragm in contaect with the metal plate
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wos painted with a coating of "Aquadag" colloidal graphite to make

it electrically conducting. No improvement in chamber performance

was produced, and the coating was removed,,

3.2.2, ZIemperature effects.

There was a possibility that some of the background was due

to an uneven temperature distribution at the foot of the chamber
' due to aleohol condensing out there,, The original clearing field
electrodes, which consisted of copper gauze,were replaced by the

' present ones, These consist of pieces of thin copper sheet

12 inches x L inches in contact with the chamber walls and held
in place by vecuum gresse, This provides a layer at the foot of
the chamber which is a good conductor of heat, so that temperature
changes due to alcohol condensing on it should be rapidly spread
over the whole sheet, Some improvement in chamber operation was
produced, but one clearing expension was still required,. The
new electrode arrengement is also more efficient es a clearing field,
there being no spaces between the electrodes and the walls where
the field strength is small,

3.2.3. QOther effec ssi sent.,
(l) ﬂee_;bri,, ,ﬂt

The electrodes were temporarily connected to equal positive and
negative supplies instead of both positive, No effect on per-
formance was observed, The replacement of the original electrcdes
mentioned in section 3.2.2, ensured good clearing field operation,

(b) HMechanicsl.

It was possible that the movement of the centre of the
diaphragm was too rapid, possibly producing cloud between the



37.

@iaphregm and the bress plate, This expansion rate was slowed
down by sticking a disc of rubber of about 6 inches diameter over
the centre part of the perforated plate to cover the holes in this
region,. The effect, if anything, wes to make the chamber operation
worse,

Elumenfeld end Lederman (1954) have reported that improved
operation of a cloud chamber was obtained when a clearing electrode
was placed between the diaphragm and the perforated plate,, They
llxttrﬂmted this improvement to the removal of cloud formed by
overexpansion behind the plate due to resistance to gas motion
through the holes, The holes in the plate of the present chamber
were enlarged from § inch dismeter to % inch diameter st an early
stage, but no eff;ot was observed., A clearing field electrode has
not been tried in this position in the chamber described here owing
to the considerable alterations to the chember which would be

required..
(c) Effect of emount of alcohol in sensitive volume,

It wes thought by the writer at one time that clearing
expansions could be omitted if the chamber was worked in a very
unsaturated condition, with little alcchol in the sensitive volume,
The charmber worked in this way for one period, but this operation
was found to be honereproducible, The tracks produced in
unsaturated conditions are not as good as those under saturated
conditions.

3eJ¢ € T recyc >
343.1s Qriginel recycling time.

The origimal recycling time without recompression was about
three to five mimutes, This was reduced by the recompression,
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It had been hoped that the recompression would dispense with
the need for clearing expansions, Though there was some improve=~
ment, it was insufficient to allow the chamber to be operated for
long periods without cleaning, The cleanest operation was obtained
when the sensitive volume was in an unseturated condition, but
frequent adjustment of the expansion ratio wes then required and the
tracks were inferior in quality to those obtained under saturated
conditions, A recycling time of % to 1 minute could be used in
this condition,but deterioration of quality ocourred after the
first few expensions, due to the development of background cloud.

If the diephragm had been used in the "floeting" position,
clearing expensions would not have been needed, The edditional
complication of the control system to ensure sufficiently accurate
pressures decided sgninst this, Also, smell leakanges of pressure
which do not matier for "hard forward" working would be serious
in this case, .

The chamber was automatically recycled in a saturated condition
for fairly long periods, with a recycling time of about two minutes,
no clearing expensions being used at this stege. The growth of
background cloud was not particulerly repid, but it did not teke
very long te become too serious for photographic purposes, When
the chanber was used to take counter-controlled pictures at a rate
of about 5 per hour, the beckground still become steadily worse,
although the waiting period between expensions was longer,

Clearing e zpensions were introduced into the cycle at this

stage, and pictures could now be taken at the rate of 5 or 6 an

hour, with no deterioration in quality.
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3uke Qpiical problems.

‘Considerable trouble was experienced from scattered light, and
steps were taken to prevent this., All metal or other parts which
could scatter light into the cemera lerises were painted black, A
plywood befile, with a circular hole in the centre the size of the
chamber window was placed between the chamber and the camera, so

| thet only light from the window could enter the camera,

In addition to the plastic lenses on the flssh lemps (section
2 ,5.2 (b)) strips of black paper were attached to the outside of the
pyrex cylinder B in order to restrict the width of the light beam
and prevent light falling on the velveteen at the back of the chamber,

' or the inside of the front window. This system worked satisface
torily with the plate camera,

When the 35 mm, film camera was installed, bad optical backe
ground was at first present, This was cured by removing the plastic
lenses and substituting a new system consisting of four biconvex
lenses of 5 cm, focal length for each lemp, The arrangement is

shown in the dizgrem,

lens

Hflash

(LI L tube

The lenses were placed somewhat farther than 5 cm., from the
flash tubes s0 as to give a convergent beam, Very good background

was then obtained,
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The mm and arrangement of the original l'.lmr coinei-
dence system are deseribed in the following sections, Coinci-
dences were obtained either between two scintillation counters,
or, between a scintillation counter and a tray of Geiger counters.

A block diagram of the aryengement used is shown in figure 11,

4.2, The scintillation counter,
k.24, Theoreticel.
A scin‘hilla'l;im counter consists of a phosphor (organie

or inorgenic) and a photomultiplier tube with its associated
circuitry. Some details of the processes occurring in the
phosphor and a desaripﬁom of the photomultiplier will be given
in the following sections,

(2)

The classical phosphor was Zn 8, which was used ss scintil=-
lator in the early visual scintillation counters. These were
used, among others, by Rutherford (1919) in his discovery of
the artificiel disintegration of nitrogen mucleii bombarded by
o =particles and by Cockeroft and Walton (1932) 4n their studies
of the ms(p, 2) reaction. This latter experiment is also of
interest because a coincidence technique was Iuned to count the
two ol -particles,using two counters and two observers. 2Zn S
has a very high conversion efficiency for the energy expended
in it by incident particles by collision loss of ~ 20%, but its
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very long decay time of /10 Ms renders it unsuitable for modern
coincidence applications,

The most widely used of the inorganic phosphors is Na I,
sctivated with ¢, TIts large cross sections for the photo-
electric, Compton and pair production processes, due to the
presernce of the iodine atoms of high atomic number (Z = 53),
make it especially valusble for the detection of ) -rays, and for
use in scintillation spectrometers, It also has a large density
(3,67 gm per cc), so that the rate of loss of energy of an incident
particle is large, and it can be obtained in large single crystals,
Its emission spectrum consists of a bend in the violet, with e mean
wavelength of 4100 8, while the absorption spectrum is in the far
ultraviolet, with peaks at 2930 R and 2340 X, Hemce it is highly
trensperent to its emitted rediation, The energy srialtn
efficiency is about 8%,

After the passage of an ionizing particle, the photons ere
not all emitted instentanecusly, but the mumber emitted decays
exponentially with time, The time constent of this decay is celled
the emission decey time constant of the phosphor, TFor fast
coincidence work, the decay times of the inorganic phosphors are
too long, and organic crystal and plastic phosphors are used
instead, Some of these have decay times of only a few misj
compared with 250 mMs for Na I (74 ), which has the shortest
decay time of the inorganic phosphors,

One of the most used of the organic crystal phosphors is
anthracene, which has a decay time constant A~ 32 mf-ta and en
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energy conversion efficiency of n L% for fast electrons, Another
one, stilbene,has a decay time constent 6 mMs and en energy
conversion efficiency sbout 60% of that for anthracene, The
plastic phosphors have decey time counstents~ 4 mUs, and their
energy conversion efficiencies are all less than that for anthra-
cene, The majority of these phosphors are highly transparent
to their emitted radieatiom, The plastic phosphor used here (N& 101)
has an efficiency of 557 of that for anthracene and a decay time
of L m /Ls.

For work where very large phosphor volumes are required,
for example in experiments on the detection of extensive air showers,
an organic solution phosphor may be used, These generally have
decay times v 3 m f&s.

(b) Energy loss by charged perticles in the phosphor and
Smission of photomns.

When a charged particle passes through a medium, it
dissipates energy in the ionization, excitation, end possible
dissociation of the molecules of the medium. In a non-luminescent
solid or liquid, the whole of this molecular emergy is eventually
converted into thermal energy, the molecules returning teo the
ground state by radiationless transitions. In a phosphor, part
of the excitation energy is re-emitted as photons, corresponding
to direct energy transitions from an excited electronic level to
the ground state, The emission spectrum is not, in general,
monochrematic, but is spreed over & definite emission bend, The
efficiency of conversion of the incident particle energy into
emitted photons depends upon the phosphor, and veries from
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sbout 8% (Na I (TL£)) to about 3% (plastic phosphor) for useful
phosphors, For particles of low specific ionization (e.g. fast
electrons) the conversion efficiency is independent of energy
loss in the phosphor, so that the mumber of photons produced is
propsritoshl 46 D snergy leos hy solliston,  er partieles of
high specific ionization, this efficiency decreases rapidly with
increase of specific ionization, so that the munber of photons
produced dépends on the nature of the particle as well as on the
energy loss, This problem is further considered in section q.z.!.
This effect is more marked for organic than for inorganic phosphors,
For example, the mumber of photons produced by a 5-MeVol -particle
completely absorbed in an anthracene crystal is only about 10%
- of the mmber produced by an electron of the same energy. On
the other hand, for anol =perticle travelling et such a velocity
 that its specific ionization has its minimum value, the mumber
of photons produced by it per om path length is about four times
the mumber produced by an electron travelling et its minimm
ionization velocity,

As has been mentioned in the previous section, the emission
of photons is mot instantaneous, but is given by

I = Io e-/t°

where *!;o is the time constant of the decay,
We must distinguish here between fluorescence and phosphor-
escence, In fluorescence, the transition from the excited state

of the phogphor molecul®:i$o the ground state is an "allowed"
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transition, In phosphorescence, the excited state is meta-stable;
the direct transition to the ground state being "forbidden",
Emission can only occur from a higher level af'ter the molecule

has received sufficient thermal energy to make the transition.

The decey period for a fluorescence process is usually much
less than that for-a phosphorescence process, and the former is
therefore the major one in materials suitable for scintilletion
counting, Nevertheless, these materials are still generally
referred to as "phosphors®,

As has already been mentioned, the generally used phosphors
ave highly trensparent to their own emitted radiation, and very
little of it is re-sbsorbed, It is desiryble that the maximm
amount of this light should reach the photocathode, Gillette |
(1950) hes caleulated the amount of emitted light which escepes
from each face of a rectangular prism assuming that it is generated
uniformly throughout the volume, and gives v 11% for anthracene
of refrective index 4,59, The NE101 plastic phosphor used here
has 2 refractive index of 1.5k, so that the percentage will be
somewhat higher, ‘ |

Several methods can be used to increase the light emitted
from the foece adjacent to the photocathode of the multiplier tube,
The opposite face can be covered with aluminium foil, so that
light is reflected back into the phosphor, For an E,M.I, tube,
where the photocathode is deposited on the inside of a flat window,
the best method is to cement the phosphor to the window #ith a
thin layer of liquid peraffin or glycerine, The critical angle
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at this surface is then imre#sed,‘being determined by the
refractive index of the phosphor relative to the tube ervelope,
Hence if the other faces of the phosphor are silvered, practically
all the emitted light c;n be collecteds, Instead of §ilvering, a
diffuse coating of megnesium oxide is often used,’

(e) ra end limitations of the photonmultiplier.

Two main types of photomultiplier tube have been used for
scintillation counting. These are the circular electrostatically-
focussed type developed by R,C.A., and the longditudinal, unfocussed
type developed by E.M.JI. It is not proposed to consider the former
type here as they have not been used in the present experiments,
Full deteils of both types can be found in the literature (for
example -~ Birks - Seintillation Counter - Pergamon; Curran -
Iauminescence and the Scintillation Counter - Butterworth; Rodde =
Photoelectric Multipliers - Macdonald).

The E,M,XI, type tube has a semi-transparent Sb-Cs photo=-
cathode deposited on the inside of a flat window, The dynodes
are arranged longditudinally, and each one consists of & muber
of narrow solid activated strips arranged in a Venetisn blind
fashion, The coa ting consists of an 8b Cs mixture, The electrons
from the last dynode are collected by a flat disc snode., Succese
sive dynodes are mainteined at increasingly positive potentiels,
using a potential divider.

Fhotons incident on the photocathede are converted into
photoelectrons with an efficiency of about 5% to 10% for this
type of cathode, The response of the cathode depends on the
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frequency of the photons, and has 2 wide peak at about 4100 X for
B,M,I, tubes, The maximum of the emission spectron of Na I (T1)
occurs at 4100 8, of enthrecene at 4450 R and of the NE101 plastic
phosphor at 4400 8, Hence the response of the cathode to 2ll
these phosphors is good,

Electrons leaving the photocathode will then produce secondary
electrons at the first dynode, These electrons are then multi-
plied by the succeeding dynodes, so that for every one photoelectron
leaving the cathode, 106 - :!.(Z)8 electrons arrive at the anode, the
actual nurber depending on the particular tube,

Limitations, A mwber of factors limit the linearity of the
photomultiplier, If the sensitivity of the photocathode is mnot
uniform over the whole area, the output pulse height for a given
energy loss in the phosphor will depend upon the part of the
cathode upon which the photons are incident, Modern photoeathodes
.are good in this respect, Also, the presemce of magnetic fields may
interfere with the collection of photoelectrons by the first dynode,
; This effect is much more serious for the R,C.A.-type tubes than

for the E,M,I.~type, and the latter can be used in smell magretic
fields (e.g, earth’s field) without megnetic shielding, #n
increased voltege between the cathode and the first dynode is

an advantage,

If the output current at the anode is too large, fatigue
effects in the last few dynodes may occur, resulting in a permenent |
loss of sensitivity. The EM,I, tubes are superior to R,C.A.
ones in this respect,
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The following limitations are in genei'al more serious than
those mentioned above, which can be reduced greatly by suiteble

operating conditions, [These areg=

(1) Photomiltiplier noise,

(2) Statistical fluctuations in electron,
emission in the tube, giving rise to a
decrease in energy resolution,

(3) Transit time spread in the tube, in-
creasing the possible resolving time
obtainable,

(4) Nonelinear response of the tube when
the output current pulses are too large.

(1) The main cause of the noise current, or dark current, is

the random thermal emission of electrons from the photocathode and
from the following dynodes, The electrons emitted by the cathode
will mske the largest contribution, as they are emplified by the
succeeding stagess The effect of this noise may be reduced by
cooling the photocathode, or by using two photomultipliers in
coincidence to view the same phosphor, As the noise is random,
coincidences will only be obtained for gemuine signals, if the
resolving time of the system is sufficiently smell, Except for
the measurement of very small energy losses, the signel to noise
ratio is large, and the noise pulses may be biassed out, For the
experiments described here, noise could therefore be neglected,
(2) The statistical neture of photoelectron end secondary electron
emission gives rise to a distribution of output pulse heights for
a given mumber of photons incident on the photocathode, instead
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of the same pulse height on each occasion, Also, for the seme
nurber of photons emitted, the collection efficiency by the
photocathode may not always be the sawe, owing to the geometry of
the system, The spread in pulse height due to these factors hss
been aralysed by Garlick and Wright (1952) who give an expression
for the halfewidth of the pulse heighte-frequensy distribution
produced by particles which lose equal smounts of energy in the
!p&maphor. Using a neon lemp connected in a "sawtooth" generator,
:they showed that the experimental results were in accord with theory,
|

(3) The effects of trensit time spread on the multiplier output
pulse shape are dealt with in chapter 7 section 7.2.2,, where the
effect of this in limiting the time resolution is comsidered,

(4) The nonelinear response of the E,M,I, type of photomultiplier
(Venetian=blind type of dynode structure) has been investigated by
Raffle and Robbins (1952), They found thet the linearity decressed
with increase of output pulse height, They attributed this effect
%o the buildeup of instentaneous space charge in the comparatively
field~free spaces between the dynode strips of the last few dynodes,
when a pulse of large current density reaches the final stages of
amplification, The effect can be reduced by increasing the
voltages on the last few stages. Also, for good linearity it is
desirable to use the tube at lower overall voltages then those
mentioned by the mekers,in order to decrease the output pulse height,
Additional gein can then be provided by an amplifier., Owing to

the type of dynode construction, spece~charge limitation does not

occur in the R,C.A.~type tubes until much higher current densities.
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This effect is worse for counters using organic phosphors
then for those using inorganic phosphors, The masor#‘or this
is thet; owing to the much shorter fluorescence decay time of the
organic phosphors compared to the inorganic ones; the charge
densities on the pulses produced by them are much greater, Raffle
end Robbins (log, cit.) showed that, with e given tube, spece
charge effects with anthracene occurred with pulses about 100
times .Bmaller than for sodium iodide,

42,2, The large counter.
The counter consists of a block of NE101 plastic phosphor

5 inches in diameter and 2 inches thick, together with a photoe
miltiplier having an effective photocathode diemeter of at leest
4.5 inches, This is an ]lestage E,M.I, type 60998, and has the
cathode deposited on the inside of a plane glass window,

Figure 12 shows the mein features of the counter., The
seintillator fits onto & recess in the circular ebonite base A,
Three ebonite pillars B are fixed to this base and support the
Tufnol disc C which carries the photommltiplier bese D, 'The
photormiltiplier rests on the top of the phosphor, optical contact
between them being made by means of a film of glycerine, Veseline
had been tried for this purpose but glycerine was found to be
superior, Firm contact between the phosphor and the multiplier
is ensured by the springs E.

The dropping resistors for the dynode E,H,T, voltage supply
..eme soldered directly to the pins of the photomiltiplier base D,

Decoupling condensers are connected to the last two dynodes before
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The Large Scintillation Counter Figure 12

(See section 4,2.2.)
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the ocutput to bypess any pulses produced on them, The negative
end of the F,H,T, supply is comnected to the photocathode, so
| that the output is at about earth potential, A seperate H,T.
 positive supply of about 120 volts is connected to the collecting
‘enode, Output pulses are token from the last dynode,
| The counter is enclosed in 2 thin, light-tight, metal box,
electrical connections being brought out to sockets in the lid.
.The cour ter base A is secured to the bottom of the box by three
BCTEWS

Output pulses are teken from the last dynode, as positive
:pulses are then obtained; because of the net loss of electrons
from the dynode, The final anode collects the electrons, so that

.negative pulses are obtained from it,

:h.,2.5. The smell counter,

. This counter employs a 2 inch cube of NE101 phosphor,
together with & 14-stage EM,I. typs 6262 photomultiplier, with
‘2 cathode dismeter of sbout 2 inches, Ths counter is shown in
iﬁsure 13.

; The counter system is assembled on two O B.A, threaded rods
A end B vhich project from each end of the metel box containing it,
l_‘I‘he phosphor is held at one end by the brass support C (see small
@iagrem), The photomiltiplier base is supported by the Tufnol
#ing D. A mecond ring E supports the centre of the tube, . The
distance between C end D is adjusted so that the photocethode

and the phosphor are in optical contact, with a film of glycerine
between them,
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Pie thrssdad rods prejest Guieiih the bottom and 164 of
the conteining box and hold the whole assembly rigidly in position,
The counter can be used with the multiplier either vertical or
horizontal,

Negative E,H.,T, for the dynodes and positive H,T, for the

anode is supplied in the same mamner as for the large counter,

4e3. Ihe cathode follower
The output pulses from each photomiltiplier were fed to a

cathode follower, ‘This was mounted on a separate chassis, The
circuit of the large photomultiplier and cathode follower is given
in figure 14+ The theory of the cathode follower is considered
in section 74243+ The circuit of the small multiplier and

cathode follower is identical, except for the larger mumber

of dynodes,
koles The pulse emplificrs.

The output from each cathode follower went to a pilse
amplifier type 1008A, This consists of two separate stages
containing three valves eachy Each stage is stabilized in gain
by the use of negative feedback, the ratio "feedback gain" to
"unfedbeck gain” béing about 1 : 15, The "fedbeck gain" of the
Pirst stage is 100, and of the second stage 200,

Input pulses first enter a petwork conteining & variable
differen‘!f.iating time constant !‘1 and a I_va_riable integrating time
constant T .

o8
differentiating time constant determines the cut-off frequeney

ﬁwn@utmpeamnebeinggboutlooi. The

at the lower end of the amplifier pass band and the integrating
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time constent that at the copper end, Maximum bandwidth is
obtained when '1"2 is a mindmum and '1‘1 a moximum, The amplifier
wes used in this way with T, = 1500k & and T, = 0.,15M48, To
obtain the optimum signal to noise ratio, the time constents
should be equal, (See Gillespie - Signal, Neise and Resoluticn
in Nuclear Counter Amplifiers - Pergamon Press, p. 63). In the
present case, the gain required is not high (never > 400), and
the time constants chosen give the lesst distortion of the original
pulse shape, Also, as we are not interested in any pulses which
are not considerably larger than the noise level, corresponding to
fairly large energy losses in the phosphor, eny noise pulses can be
' biassed out by the discriminator,

in attenuator system, calibrated in decibels, enables the
amplifier gain to be varied from 200 to about 20,000 in steps of
2 dbe A gain of rv 300 was normally used, The quoted accuracy
of the attenuator is ~/ 5%, so that the gain could be conveniently
varied by a factor known to this accuracy, which was sufficient for
the epplications to be described, These included calibration of

the photomultiplier system for energy loss, (See section 9, '3. ).

45 The discriminstion system.

Output pulses from the amplifier went to a discriminator, This
consisted of either
(2) . Dynatron scaler type 1009B, which morpomtés a
discriminator with a bias level variable from 5 volts
to 50 volts.
(b) A single chamél pulse height anslyser which is
deseribed in Chapter 5,
The discriminators enabled pulse heights corresponding to

e R P T e A et et 1 A
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various amounts of energy loss in the phosphors to be selected,.

4.6, The coipcidence circuit,

Goincidences between the two counters were recorded by ‘a
standard Rossi coincidence circuit, using two E,F, 50 pentodes
ag the coincidence valves. Input pulses to these valves were
supplied by flip-flop circuits triggered by the discriminator
outputs in order to provide large, standard size pulses for each
valve,

The operation of this circuit is as follows. The two
pentodes, which heve a common anode load resistor, are normally
conducting, with the common anode voltage &t a low value, If one
valve is cut off by a negative pulse on the grid, the other con-
timues to conduct and the anode voltage rises slightly., If both
velves are cut off by coincident pulses, the anode voltage rises
to the full H,T, potential and & large positive pulse is obtained,
If one valve is switched out of circuit, large output pulses are
obteined for single input pulses to the other valve,

Output pulses from the coincidence unit were used to operate

a scaler (for counting purposes) or to trigger the cloud chamber,

4.7, Sumery of coincidence arrangements used.

Experiments were done using

(a) The large scintillation counter (Section 4.2.2,)
in coincidence with 2 tray of geiger counters -
see Section10.2.1 .

(b) The lerge counter only - see Section?0.2.2.

(e) The large and small scintillation counters in
coincidence = sce Section 10.2.3 .

The two scintillation counters were also used with the fast



She
|

coincidence system (see Chapter 7).,




5+1. Theoxy of operatiom,
The gnalyser was constructed from a circuit designed by

Park (19%56)., The circuit diagrem is given in figure 15. The
lower level of the diseriminator can be varied from O - €0volts
and the channel width from 0 - 20 volts. Both bias voltages
are nominally read directly on a 0 - 200 ML A meter, although
caelitration was found to be necessary in practice., The discrimine
ator employs germanium diodes instead of thermionic valves,
eliminating the necessity for zero or threshold adjustments,
Only three themionic valves are used in the circuit; two double
triodes in trigger circuits (upper and lower channel limits) and
a third in an anticoincidence arrangement,

Input pulses first enter the discriminator section, The
arrangement of the diodes in this section is shown in figure 16,
The bias voltage across D, can be set to any value between 0 and

1
60, thus determining the lower level, The bias scross D, can be

3
varied from 0 to 20V, determining the channel width,

Pulses from the upper and lower chamnel limite are fed to
flip-flop trigger cireuits (see figure 17): In the quiescent
state, the current velues are as marked on the diagrem, The
pulses are differentiated by the C R circuit before reaching the
grid gy Calculation shows that the 1ising edge of the input
pulse produces a positive pulse at the grid while the trailing

edge produces a negative pulse, The positive pulse is bypassed
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by the diode (Dy or Dg). The amplitude of the negative pulse
is equal to k , RC where RC is the differentiating time constant
and k is the rate of fall of the trailing edge of the input pulse,
The value of RC is 0,2 s and the minisum negative pulse at the
grid for triggering is A/ 10 uV, Hence, kn/ 0,05 Volts/\ s,

This method of triggering ensures that the trigger circuits only
respond to pulses with a fast initial rate of fell,

This negetive pulse on the grid &, produces a positive pulse
on the corresponding anode &y which is fed to the opposite grid &
through the CR coupling circuit, This pulse tends to cut off
the diode (”10 or nﬂ) and the potential of g, rises., As the
circuit is of the long-teiled peir type (See FParley - Elements of
Pulse Circuits = Methuen,pp. 29=31), the potential of anode e,
also rises, so that the action is cumilative and the grid g, is
driven hard positive, until all the available current is flowing
in this side of the velve, and the other side is cut off. The
cathode potential follows the potential of g, a8 in the cathode
follower (see Qeetim 7¢2434), and a positive output pulse can
be obteined from it, This condition persists until the potential
of & has fallen sufficiently, by the cherging of 07 or 08’ for
the other side to start drawing current again, when the circuit
returms to its original condition, The pulse length is thus
determined by the time constant of the enode-grid coupling circuit,
In the sbsence of the confucting diode D10 or D“, the grid €y
would now be driven negative and contimuous oscillations would be
obtained., The negative pulses are bypessed by the diode so that

the quiescent condition is stable,
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Pulses from the cathodes of the trigger circuits are fed
to the anticoincidence valve V3 which is arranged as a long tailed
pair (see Farley - reference cited), In the quiescent condition,
the side connected to the lower level flip-flop is cut off,

A pulse from the lower level flip-flop only will give positive
output pulses at both the integral and differential outputs, If
it occurs in coincidence with a p\ﬂae.fran the upper level flip-
flop the cathode potential will rise, but the anode potentials
will remain slmost constant, although falling slightly. Thus a
positive output pulse is obtained at the integral outpu* end a
small negative pulse at the differentiel output., Hence, positive
output pulses are obtained at integral output for all irput pulses
larger then the lower level of the discriminator, while they are
obtained at the differential output only for pulses lying within
the channel,

524 tructional details.

The analyser is constructed on a stendard chassis 17 in x
12 in 2 3 in with 2 front penel 19 in x 9 in on which the 200MA
meter is mounted, The lower level biss can be set by means of a
four position switch (coarse control) and a potentiometer (fine
control), The channel width is varied by means of a potentiometer,
A switch connected in the meter circuit enables it to be used to
read the lower level bias or the chamnnel width as required, Full
scele deflection is nominally equal to a bias of 60 V or & chennel
width of 20 V, but calibration was necessury in practice,

Electrostatic screening is provided between the three valves
and their circuits, in order to prevent spurious triggering of one

by another,
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5¢3. Calibration of analyser.

543414 Fhe lower level,
Calibration of the lower level bias was carried out by means

| of pulses from a pulse generator type 1074A which gives pulses of

' lengthfvw}l s, and of suitable shape, ‘Befo:re commencing, the
"Set Scale" potentiometer (figure 15) on the analyser was adjusted
so that a fullescale reading on the meter was obteined with switch

8, 2t "set bias", This provided a reproducible voltage distri-

2
| bution on the potentianeter\. - Pulses of various known pulse heights
were now injected, and the lower level bias adjusted so that count-

' ing at the integral output was just prevented., A graph of Meter
| Reading 111 scale ;!iviaions (full scale = 2@) and Bias Voltege was
| plotted, This is a streight line with a fixed threshold at zero

n;eter reading (see figure 18)., The pulses at the output were

counted on a gcaler,

543424 Channel width,

! The channel width wes calibrated in the following mamner,
The "Channel Width" potentiometer was adjusted to give a known

' reading on the meter, Using a fixed pulse height from the same
pulse generator as sbove, the lower level bias was adjusted so that
counting of pulses at both the integral and differentiasl outputs
‘was just prevented, The lower level bias was then equel to the
Ipulae height, This bias was now reduced until counting in the
channel was again stopped, this time because the pulse height was
greater than the upper ('bias level. The difference between the
lower level bisges in the first and second case was then equal to
the ghannel width, the lower level calibration curve being used,
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The channel width was altered and the above repeated, A graph
of meter reading in scaele divisions and chammel width in volts
was then plotted, which was a straight line, A small varistion
in channel width occurred when the lower level bias wes altered,
but this was not appreciable compared to the errors in setting.
The results are shown in figure 19, . :

S5«ie Uses of analyser.
The analyser was used to obtain the Rossi curve for the

counting rate due to cosmic ray showers under a varisble thickness
of lead (see section 9.4 .2.)

It was also used to trigger the cloud chember by using output
pulses from the channel, in an attempt to select events in which
& predetermined energy loss by the primery particle had cccurred,
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6.1, Generel.

Before about 1947, a coincidence system with a resolving time
(see below) of 100 mMs (10-7 gsec) would have been consideved fast,
With the advent of the photomultiplier tube in its present form,
the limit of resolution has fallen to & few times 10°-° sec, The
coincidence system to be described in the next chapter is not as

fost as this, having & reselving time of 20 mMs (2 x 1078 sec,)

6.2, Definition of resolving time of coincidence eircuits.

A coincidence circuit may be defined as a nonlinear circuit,
baving two (or more) inputs and one output, such that a pulse is
obtained at the output only when the inputs have received pulses
within a short time of each other, This short time is the re-
solving time of the coincidence circuit, |

If the two input pulses to the coincidence circuit are both
rectengular, and of the same length U mMs, then an output pulse
will be obtained whenever the two input pulses overlap in time,

i.e, whenever one pulse arrives aﬁ a time :Tnﬂ-a with respect to
the other, The time ‘U can be defined as the resolving time of
the system, and is then equal to the length of time after the
arrival of one pulse during which the srrival of a second pulse

will record a coincidence, It is therefore obvious that the
shorter the pulses with which one can work, the better, |

If the two input pulses to the unit are initially coincident
in time, but & variable delay is then put in series with one of them,
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we should expect the curve of counting rate versus delay time
‘to resemble the full line curve in the diagram, of width 27T,
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In practice, for reasons to be fully discussed in the next
| chapter, such a curve is never obtained, Ve can then define the
resolving time as the half width at half maximum height of the
curve that is obteined in this way. There is some confusion
in the literature concerning the definition of resolving time,
which, sccording to Bell (1954) is often teken es the full width
at half height of the prompt coincidence curve, We shall use the

first definition in the work which follows,

6.3. Applications of fast coincidemce circuits.

There are three mein types- of measurement in which the
shortest possible maolﬁ.ng time is required, These arei=-
(1) Measurement of velocities by the™fime of Flight" Method,
(2) Reduction of the chance coincidence rate for coincidence
measurenents with high individual counting rates,
(3) The measurement of the half life of very ahort-ﬁvea

radicactive elements,
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6.3.1. of % s nts,

The fast coincidence technique can be used to measure the
velocity of a beam of particles, If the beam passes through
the two counters which are separated by a suitable distance, a
delayed coincidence curve can be cbtained, If the measurement
is now repeated with an increased counter separation, a second
curve is obtained, The two curves are normalized to the same
maxinum ordinate, and the separation of the curves in time is then
equal to the time taken for the particles to travel the additional
distance between the counters, This method was applied to
measure the veloeity of ) -rays from 0060 as a test of the fast
coincidence unit constructed (see Chapter 8.) It will be seen
that at a given counter separation and with a given délay in one
charnel with respect {0 the other one, perticles with different
velocities will be counted with different efficiencies owing to
the transit time of the particle between the counters., For
example, if the delay in the channel containing the first counter
is greater than that in the second chamnel, slow particles will be
preferentially selected, the velocity range depending on the delay
and upon the counter separetion. It will also depend, of course,
on the resolving time, the range being narrower as the resolving
time is decreased.

To select particles of relatively high velocity ( /37/ 0.7).
Cerenkov counters can be used, but these carmot be used for
velocities less than the velocity of light in the detection medium,
A fast coincidence system can be used to select slow particles
from an accelerating machine, as the short resolving time ensures
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that the background chance coincidence rate is small, If we
select particles of the same momentum by means of an electro-
magnet, the fast coincidence unit can then be used to select

- velocity, and hence the type of perticle counted. This method
can be used to select, for example, heavy mesons,

6.3.2. Reduction of chance coincidence rate.

The chance coincidence rate N. for two counters having
singlefold comting rates 1'!1 and Nz is given by:-

Nc = 2 N1 N2 Y

. where ‘U is the resolving time of the coincidence circuit,
In a given case, N1 and N2 will be determined by the experimental
conditions, so that it is essentiel to meke U as small es
possible, in order that the ratio of gemuine coincidences to

| chance coincidences shall be large,

6.3.3. Measurement of very short half-lives.

The fast coincidence method can be used for the measurement
of the half-life of a short lived radicactive element, and has
been much employed for this purpose, _

Two separste coincidence curves are needed to use this method
with a given coincidence epparatus, Using an element which emits
two particles or § -rays with a time separstion much less than the
resolving time of the api:amtus, a prompt coincidence curve is
obtained which will be symmetrical about zero relative delay,

0060

~ 10712 ges. This source is then replaced by the one under

cen be used for this purpose, as it emits two § ~rays within

investigation and a second coincidence curve obtained, which will
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| be unsymmetric by an amount depending on the half life being
measured, An analysis of the two curves, due to Newton (1950)

. end other workers, is then used to calculate the half life,

. By this method, half-lives much shorter than the resolving time

of the apparatus can be found, the present limit being ~ 0,1 mMs.

| 6.4 Components of a fast coincidence system.

6ekele General.
The different circuits comprising a fast coincidence system

will now be considered in cutline, As a full description of
the operation of a typlcal system is given in the next chapter,
the details are given there,

The following units are contained in any fast coincidence
system:=

(a) Counters

(b) Amplifiers
(¢) Pulse-shaping circuits

(@) Discriminator and trigger circuits
(e) Coincidence circuits

Some brief details of ecach of these will now be given,

| 6.4.2, Counters,
The primary requirement for a counter to be used with a fast

- coincidence system is that the rise-time of the pulses produced
| by it shall be as short as possible, This requirement precludes
the use of the conventional gas counters; such as the CGeiger or
. proportional counters; which have rise-times in the microsecond
region,

Two types of counter are suitable, those using photormilti-

pliers to detect scintillations in phosphors, or Cererikov radiation;
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and spark counters. _

The scintillation Mter has been used for most of the fast
coincidence work which has been done, The Gerenkov counter has
been used for certain specialized applications, such as veloecity

- measurement for charged particles, or precise timing experiments.

| It has the adventage that the decay time comstent for the Serenmkov

radiation is at lezst an order of magnitude less than that for
the fastest phosphors., The disadvantage is the much smaller
light output for a given collision energy loss.

The operation of the sperk counter depends on the primery
| particle producing Senization between two plates with a large
potential difference between them, They have been described by
' Chang and Roserblum (1945) and used for the detection of cosmie
| rays by Robinson (1953) s but have been very little used for fast
coincidence work owing to the greater convenience of the scintil-
lation counter,

The factors affecting the performence of & scintillation
counter are discussed in Chapter 7 (section 7.2.2,) and in
 Chapter 4 (section 4,2.1,)

6.3, Amplifiers.

Amplifiers used for this work must heve the meximum possible
bandwidth in order to amplify the short pulses involved with the
minimum of distortion, This problem is considered in section
742.5., where the mein methods of increasing the bandwidth of
an awplifier are discussed, |

Wide-band amplifiers have been designed by a large mmber
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of workers, They are of the distributed type, and of the type
using secondary emission pentodes, to which class the circuit
described in the next chapter belongs, TReferences to many designs
are given in lewis and Wells (Millimicrosecond Pulse Techniques =
Pergemom, pp. 141 and 160). |
6.k ks Pulse-shaping circuits.

As the counter pulses have a long exponential decay they
mist be sheped to give short rectangular pulses, This is
. commonly done by 2 delay line pulse-shaping circuit of a type
described by Wells (1952) and employed in the circuit described
- in section 7.2.h.

| 64445,
In order to meke use of the relationship between energy

' loss in the phosphor and output pulse height from the photo-

| miltiplier, a discriminator circuit is used, This ensures that
enly pulses greater than a predetermined height can reach the
coincidence circuit, Henmce, pulses due to noise in various '
parts of the circuit, and to beckground radiation of low energy

can be biassed out, The pulses getting through the discriminator
operate a trigger circuit which gives an output pulse of standard
gize and shape suitable for operating the next s tage of the circuit,
normally the coincidence mixer, The circuit described in section
7.2.6, is typical, and employs a secondary emission pentode,

It is a modification of a circuit described by Moody (1952).

6.‘]-.6. OQiMidBme ﬁ-mg.
Many types of coincidence mixer have been employed by different
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workers, The main types arest=

(a) Series coincidence circuits
(b) Parallel coincidence circuits
(e) Bridge coincidence circuits,

‘A brief deseription of these types will now be given.

(a) Series coincidence circuits
This type of circuit can be described as consisting of two

switches in series comnnected to a power source through a commeon
load resistor. When the two switches are closed simmltanecusly,
a current will flow through the resistor, If either one is closed
‘separately, no current fldws. The double switch consists of a
mltie-grid vacuwum tube,
| The tube normally used is the 6EN6 gated-beam tube, This
‘has two control grids, which are mmlly biassed negative so
that no anode current flows, Simultenecus positive pulses on
the two grids will allow a short burst of current to pass to
the anode, The possibilities of this tube have been investigated
by Fischer and Marshall (1952), They claim a possible resolving
time A~/ 0,3 mMs,
(b) Parellel coincidence circuits

A parallel coincidence circuit may be described as a device
. consisting of two switches in parallel which have a common load,
When one switch is opened, the voltage drop across the load does
not chenge appreciably, but when both are opened simultanecusly
there is a large change of potential in the load circuit,

The original circuit of this ¢ype was due to Rossi using
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' triode or pentode vacuum tubes as the switching devices, The .
use of germanium dicdes for this purpose was first suggested by
Howland et ol, (1947). The circuit described in section 7.3.
is of this latter type. Variations of the parallel coincidense
. circuit have been deseribed by Gerwin (1953) and numerous other
workers,
) Bridge coincidence circuits

In a bridge coincidence circuit, a number of ohmic and non-
linear elements are arranged in the form of a balanced bridge,
| A single pulse applied tc one end of the bridge results in no
- output pulse, while the simultaneous application of a second
pulse to e different point of the bridge produces an unbalance,
and therefore an output pulse, Circuits of this type have been
described by meny workers, smong them Bay (1951) and Strauch (1953),
Such circuits respond to small sigrals and have a fast recovery

| time,

6.5, The complete coincidence system,

In a complete system, the operationt of fast coincidence and
| pulse height selection are often performed by separste channels,
in order to obtain the minimum resolving time, The pulse height
analysis circuits can be relatively slow, The outputs of these
channels and of the fast coincidence circuit can then be fed to 2
. three-fold coincidence circuit to give a final output pulse,

In the unit described in the next chapter, seperate channels
are not used as this simplifies the circuitry., A resclving time
of about 20 mMs is obieined, which is about the limit for the

type of circuits described,



The coincidence unit described below was constructed to a
design by Collinge et agfa‘gd has a resolving time of about twenty
millimicroseconds, The original design was intended for use as
a fourfold coincidence unit, but only twofold has so far been used
in the experiments described here, A fourfold coincidence unit
is one which requires simultancous pulses at four separate inputs
in order to give an output pulse, Similarly, a twofold coincidence
unit requires only two pulses, A larger nmumber of channels may be
used later as same experiments require anticoincidense or Cerenkov

counters in additicn to coincidence scintillation counters,

A block diagram of the two chamnels and the coincidence mixer
unit is shown in figure 20. Bach channel consists of a seintile
lation counter feeding into a cathode follower, a pulse shaping |
circuit, an amplifying stege, a discriminator end a trigger eircuit,
In addition, one channel alse includes a preamplifier which is cone
nected between the counter output and the cathode follower, This
provides additional gain for the large photemultiplier (see below).
The output pulses from the two chamnels are fed into a coincidence
mixer, which gives an output pulse when the two inmput pulses are
coincident in time, The block disgram alse shows the shapes of the
pulses occurring at various stages of the circuit.,
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7.2. Theoretical description of operation of each chamnel,
7.2.1. Genersl,

A circuit diagram of one channel is given in figure 21.
The two channels are identical except that the photonmultiplier
in chennel one is sn EM,I. 14 stage type 6262 with a photocathode
diameter of two inches while that in channel two is an EM,I,
11 stage type 6099B, with a photocathode diameter of five inches,
This second tube requires additiomal gein, which is provided by
the preamplifier, Both counters have already been described in an
earlier chapter, The operation of one channel will now be con-
sidered in detail,

7+2+2, The photomultiplier.
The general principles of the photomultiplier have already

been discussed in Section 4.2,1(c). At this point the shape

of the output current and voltage pulses produced by it are

R% ——

The diagrem above shows the equivalent output circuit of the

of interest,

‘Number
of
Electrens

Time =

photonultiplier, and also the shape of the current pulse produced



A fast multiple coincidence circuit

— + L . =200V
Amplifier, discriminator and trigger circuit
Ri-Re 1 M1 R:y 2250 RV, 10 k) Cys = S0pF
R - 22ki) Koo~ 41 ki RV; ~ 2:5Kk0} Cys =S
K, 33 () R 150 k) Cys = SuF
Ry 41k} R - 1:Rkil Cye = 0-02 uF
Ky 68k Ry 30 k12 €y — 0-001 uF
Ry — 27042 R = 100 k) C: =01 uF
Ry: 41k Ry — 1204} Cy = 1000 pF Fia, & = CV45S
Ry =220 Ry — 224} Ca S uF Vi = CVX2276
Ryy 1 ML (high stability carbon) Ry - 121} Cs = 200 Vi, & = CV45S
Ry 560 k<2 (hieh stability carbon) Ry = 1-B k&) Cs —8n ¥y — EFP60
Rio = 10 k2 Ry = 12000 C; - 100 pF
Ry = 224} Ras I ki) Cy =0-5puF
Ry 10K} wow, Ry — 47T ki) Ca uI-F PM = photomultiplicr
Rio, Rz 1 kL2 Ryr = 1 ki) Cio = 0-25 uF
Rz I k€y Rag 1-8 k() Ci = 0-01 uF
Rz = 68 k(2 Rw = 56k} Cy2 = 1000 pF Ly = 120 €2 line, open end
R 10 ki Cyy - 8uF L3, Ly ~ 120 £} line

Figure 21
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by it when an ionizing particle passes through the phosphor, The
effect on the pulse shape of the transit time spread (see loter)
through the photamultiplier has been neglected, The pulse then
has a sharp rise time, follmd.by an exponential decay, the decay
time constant depending on the phosphor used for the counter,

The photons produced by the passage of the ionizing particle
through the phosphor are emitted with a distribution similar to
that shown in the diagram for the current pulse shape at the
sl Atstior ouiak,  Puios Jhotein Wurel 4o U naltiaMar yhitee
cathode where they are converted into photoelectrons,

- In an actual photemiltiplier, the different electrons formed

by electron multiplication from the seme initiesl photoelectron
do not all reach the collecting electrode at the same time, as
their path lengths are not all identical, This effect is celled
the transit time spread, end its megnitude depends on the type of
photomultiplier in use, In general, the circular electrostatically
. focussed construction used in the R,C,A, type tubes is better in
this reapecf than the longitudinal construction used in the
EJL,I, tubes,

The joint effect of phosphor decay time and transit time
| spread on the shape of the output current pulse is complicated, and
' has been discussed by Lewis and Wells (Millimicrosecond Pulse
Techniques = Pergamon Press = pages 220-223), For s given
phosphor, an increase in the transit time spread leads to a decrease
in the steepness of the current pulse rise time and its maximum
amplitude, For a given photomultiplier, an incresse in the phosphor
decay time has & similar effect, Craphicel results are given in

the reference quoted.
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It follows, therefore, that in order to obtain the minimum
 pulse rise time, the two effects should both have the minimum
possible values, For this reason organic crystel and plastic
phosphors are used where short resolving times are required, as the
inorganic phosphors all have much longer decey times, For NaI(T1)
the decay time constant is 0.25/{ 8, which is shorter then that for
the other inorganic phosphors,

The following values are typical of organic phosphors, For
napthalene, the time constent is 0,06 s; for enthrecene 0,032u s
end for stilbene 0,006 Ls. These values are given by Sharpe
- (Nuclear Radistion Detectors - Methuen = p, 41), For the NE101
plastic phosphor used in the present apparatus, the time constant
is given by the makers as kL mMs, As the emission of photons by
the phosphor is a statistical process dependent upon the decay time,
the time between the passage of the nuclear particle through the
phosphor and the emission of the first few photons, and hence
photoelectrons, decreases with the decay time., For the R.C.A.
type 1P21 photomiltiplier the trensit time spreed is sbout 1,5 mpus.
For the EM.I, 14 stage type 6262, it is about 15 mus, giving a
rise time to full amplitude of sbout 20 mu s, Figures for the
11=stage type 60998 are not available, but it can be expected to
heve & transit time spread of at least 10 mMs, Thus for these
tubes, the effect of the photomultiplier itself is larger than
thet of the phosphor,

The voltege output pulse is produced by the above current
pulse flowing into the stray capecity of the multiplier output G,
shunted by a high resistence R (see earlier disgrem), If there
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were no transit time spread in the multiplier, this voltage pulse
would rise with a time constant equal to thet of the phosphor, and
decay with a time comstant R.C, A calculation for this case has
been given by Swemk(/9SY.If R¢ > 7, (phosphor decay time) the
amplitude is independent of 7 . Transit time spread in the
multiplier will dncrease the rise time of the voltage pulse, If
this spread is greater them ‘U , the former will have the main
effect on the rise time,

The calculation by Swank shows that the amplitude of the
photomultiplier output voltage pulse is not much dependent on the
phosphor decay time for the apperatus described here, Swank

gives the maximum pulse amplitude, asg=

vmx

T
Vopx = constant X |

Syl
where X-W/t Ir Y»] 5 =0 51

In this case, R = 22 K3 0%10}4.}(? and ¥ =4 mMs,

. y. 22210 x10 x 1072

L -
4 x 10

~ 55

This gives ¥ '~Y = 0.93, which is reasonable,

If the amplitude of the voltege pulse is of importence, as
well as the initisl rate of rise of the leading edge, it can be
seen that the minimm order of magnitude of the pulse length that
can be obtained by shaping is about 20 m/{a, if full emplitude is to
be obtained, By shaping is meant the removal of the long tail of
the voltage pulse, te yield a short pulse. Once maximum amplitude
has been reached, the rest of the pulse is not wanted, es short

pulses are required to cbtain minimum resolving time. From the
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figures given above, it will be seen that the minimum resolving
time of a coincidence system using EM,I, multipliers snd including
amplitude discrimination, so that the full amplitude of the voltage
pulse is used, is about 20 mMUes The system used has a nominal
resolving time of this amount,

It is possible to obtain resolving times much less than the
rise time of the output voltage pulse, by using only the first
part of the rising edge. In this case, of course, amplitude
discrimination cammot be used, The stetistical spread in time
between the passage of the par‘ticle through the phosphor and the
emission of the first photoelectron from the multiplier cathode
is now one of the limiting factors, FPost and Schiffjhave
investigated this problem and conclude that resolving times of less
than 1 m s can be obtained by this method, The trensit time
spread introduced by the multiplier will increase the possible
resolving time, and Morton(ysjhas given the minimum value as about
0.25 mj»ls for typical orgenic phosphors and R,C.A, tubes, Pulse
height discrimination can be obtained in this type of circuit by
using separate charmels for it, fed by the same input pulses as the
fast coincidence circuit, A final output pulse then requires
coincident pulses froum the discriminator channels as well as from
the fast coincidence circuit, The discriminator chemmels need mot
be nearly as fast as the coincidence circuit, A system of this
type is described by Bell(qg) following an idea by Bell and Petch,

In the unit described in this thesis, simplicity of circuitry
was considered desirable for first experiments in this field, at
some gacrifice of resolving time, The unit described is much
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simpler than the system mentioned in the previous paragraph; but
the resolving time is greater for the reasons discussed: E NI,
tubes were used because counters employing them were already
aveilsble, end o change to R;C.4; tubes would not have made a very

great difference with the type of circuit used,

7.2,3. The cethode follower:
The output impedance of the photomultiplier is high, end a

step type of output voltage pulse is obteined, the rise time being
determined by the factors already discussed, In order to match
this output impedance to the imput impedence of the pulse shaping
valve; a cathode follower circuit is used, This is effectively a
feedback amplifier with a feedback factor of unity. The operation
is @iscussed in the reference below, Referring to the circuit
diagram, figure 21, the value V,, used is an ECC81, which has a
' mutual condmshmel of 4.8 mi per Volt, The cathode resistor R
'has a value of 41 k., According to theory (sce, for exsmple
Parker - Elecironics p, 272-3), the output resistance of the
cathode follower is givem by
R

R° u‘i-%'p.
where Ro is the output resistance, Rn is the dynamic plate resis=
tance of the valve and M is its amplification factor, This
assumes that the cathode resistor is much larger than the effective
intermel resistance of the valve, as the output impedance is
equivalent to the value given above, in perallel with the cathode
vesistor, If H»?) 1 (57 in this case), R, R 1/35
A8 g = 4.8 mi/volt, B AV 210,
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The reference quoted above gives the voltage amplification
of the cathode follower as

o
1+ 4

A* =
where A' is the smplification and A is the amplification that
would be oblained without feedback, given by
o
Ry + R

a

In this case, M =57, R =41 kR, R =12kn, Henoe

A =

A = L4 The actusl amplification obtained is therefore L4/}45,
which is very nearly unity,
The other quantity of importence is the input impedance of the

device, The same reference (Parkecr,' P. 330) gives this as
R

Ry = gogv

where R1 is the input resistaence and R‘ is the grid leak resistance,

In this case, R_ =22 k.0 end A’ = Lb/45

U.O Ri ‘A/./ 1 m.

This will be sufficiently high to match the photomultiplier
output impedance éatisfactorily,_ as this impedance is equal to the
same resistance as the grid leak, in perallel with the dynede stray
capecity and a large resistance due to the rest of the multiplier,
The yesistive part is therefore 22 Kk.M) . -
A few Wha on impedance matching are relevant here, It
will be evident tiet a smell impedance feeding into a large one
will effect a gdatisfectory match, If R, is the output

1
resistance of the first circuit and R2 the input resistance of

the second, then the amplitude of the veoltage signal developed
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R
| acyoss the second resistance will be _R__:_Z_i_ times that at the

1 * %2
output of the first, If n2'>>n1, this approaches wnity. If

'R, ) R, on the other hand, the match is bad and & very great
loss of amplitude occurss Stray capacities etc, have been
neglected above,

If the cathode follower were not present, distortion would
occur, and also loss of pulse amplitude, The main function of
the cathode follower is thus to act as an impedance transformer,
giving an output of the same shape as the input, but ot a much
lower impedance, Cathode followers are used in seversl other
parts of the circuit the action being, of course, the same as
that described above.

- Te2eke
As cen be seen from the circuit diagrem, the pulse shaping

‘circuit consists of the valve V,, and associeted components, The

1
| anode load résistor is 270 and the cathode resistor 41 kn, If

& positive pulse wes applied to th® grid in the absence ;;f the
‘coaxial cable L, 4n the cathode circuit, the cathode voltage
would follow the grid voltage in a manner similar to th:lat of the
cathode follower. Owing to the presence of the cable, this sction
is somewhat modified,

| The input step function from the cathode follower is fed to
the grid of the valve, The potential at the junction of the

valve cathode and the shaping cable rises by about half this amounmt,
assuming that the input impedance at the cathode is equal to the
ohara;:teristic impedance of the cable, If this is not the case,

the action will be similar but the potential changes will be
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different, At the same time, a voltage step of about half the
input amplitude travels down the cable and is reflected without
change of pchnty at the open circuited end., It then returns
along the cable %o the cathode, raising the pote‘ntial of the cathode
so that the grié~cathods potential becomes the same as it wes beforel
the pulse was applied,

The output pulse from the enode is therefore a negative pulse
of length equal to the time taken for the step function to travel
down the cathode cable and be reflected back to the cathode, If
the cathode input impedance of the valve is equal to the character-
istic impedance of the cable, there will be mo reflection at the
cathode,

A discussion of the reflection of pulses by transmission lines
and the variation of potential at the input end is given in
lewis end Welle (loc, cit.,, peges 33-38). The case a;t)ove is that
of a line heving & termineting impedance of infinity, The diagrsm |
shows the changes in potential which occur in the dif‘férent parts

of the circuit, .i‘m input pulses are shown.

inputErid S7

—— . . S W AR AR S M R M S W M W W W S S S S em e R M e e

cathode " A

output anodeV ,
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For the cable used in this apparatus, the delay per met¥*e is
about 5 mMs, As & pulse length of about 20 mMs was required,
the length of the cable was made about 2 metres., Short pulses are
required, as the length of the pulse determines the resolvi:né time
of the system, Also the long teil of the pulse would tend to
paralyse the circuit at high counting rates, '

7 2.5, The amplifier stage.

The negative output pulses from the snode of ?1.b are amplified
by the circuit cmtam the secondary emission valve V, which is
a Mullard type EFPE0,

Fulse amplifiers employing conventional pentodes suffer from
the fact that the input end ocutput capacities of the valves limit
the minimum pulse rise time which can be hendled by the amplifier,
Consider a pentodelwith anode load R and mutusl conductance g.

The gain at moderate frequencies is then given by the usual formula
for the pentode, C = gR, At high frequencies, the anode load
impedance is reduced by the stray capscity C which shunte the load

R and causes a reduction is gain., This stray cepacity comsists of
the anode to earth capecity of the valve, plus the input capacity

of the following valve, When the impedances of R and C are equel, -
the response is reduced %o %i of that at moderate frequencies,
defining the cut off frequency which :15 teken as the bandwidth,

When this haprens,

% &
R=q

B “fo’#rﬁ s a8 the lower cut-off

frequency is very small,
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The product of gain and bandwidth is thus

©B = R 3w " FwE
and is thus dependent only on the valve and not on the load resise
tence, The value of C will also include any capacity introduced
by the wiring,
| For a typical pentode used in emplifier circuits, type
EF91 (OV138) ) g = 7.5 md/V and (G, + C_ ) = IMMF, giving &
gain bandwidth product of 130 Mc/s, From the equation for this
quantity, it is obvious that its value increases if C decreases
or if g increases, It is not possible to decrease C below certain
limits, but there are two methods by which g can be increased
without a corresponding increase in C,

The first method is to connect & number of valves in parallel
in such a way that their mutual conductances are added without
adding their stray cepecitances, Such an arrangement is known as
a distributed amplifier, and details of this can be found in
mmerous references (see, for example, Farley - Elements of Pulse
Circuits, p. 95, or Bell « Annusl Review of Nuclear Science,

Volume 4, p. 95).

The second method is to employ a secondary emission pentode in
the amplifier stage, This type of tube consists of a normal
pentode with & secondary emitting dynode in place of the ususl
anode, The grid of the pentode controls the electron flow to the
dynode in the ususl way, and an anode collects the secondary electrons
emitted from the dynode, If the secondary emission ratio is four,
this means that the current to the anode is four times that to the
dynode, the net dynode current being a reverse current of three
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times the incident current, Thus if the original pentode had a
mutual conductance g , the secondsry emission pentode has a mutual
conductance of L g for the anode and —3g for thel dynode, with
no appreciable change in stray capaci.t:l.es.- Thus & considerable
improvement in the gain~bandwidth product has been achieved,

For the EFP60, g is given as 25 mA/V end (G, +C_ .) = 15MMPF,
This gives o gainebandwidth product of 260 Mc/s, which is sbout
twice as good as that for the conventional pentode, In the
emplifier described, the snode load resistor is 1 k., giving a gain
of 25 for the emplifier, so that the bandwidth is aebout 10,5 lic/s.

For an amplifier trensmitting frequencies up to f the
approximate minimm rise time, t. is given by Ferley (loc. cit.
pe 87) as

trss—}_

In this cese f = 10,5 Mc/s
RAEE WY 3-} % 3075 sone
~ 30 mMs,
This time is thus of the same order of magnitude as the limitatiom
4n rise time imposed by the transit time spread of the photomulti-
pliers, :

It is, of course, also true that the greater the bandwidth of
an amplifier, the less the distortion of any pulse amplified by it.
Ma the circuit above will transmit short rectengular pulses with
small distortion, This is necessary in the apparatus described
here, To obtein bandwidths greatly in excess of those used here,
in order to amplify pulses 1 mMs long, requires considerably
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more complicated circuits than that described above,

As the mutual conductance of the dynode is negative, this
implies that amplified output pulses can be taken from it which are
in phase with the imput pulses, This fact is used in the preampli-
fier described later,

7.2.6, The discrimimator and trigger ecircuit.
It will be convenient to consider this section as one unit,

The whole circuit is similar in several respects to one which has
been described by Moody, end which is discussed in Lewis and Wells
(loc. cits p. 232«4).

In the circuit described here, positive pulses from the ancde
oftheampli.fﬁ.agnlw‘vz ere fed at low impedance to the cathode
of the germenium diede D,, via the cathode follower 73‘. The
cathode follower V,b applies a negative bias to the grid of the
trigger circult valve V&-, to ensure that it is non-conducting in
the quiescent states As soon as the grid potemtial of V&. rises
. positively, above the value set by v}b’ the diode 132 ceases to
conduct and the grid potential can contimue to rise repialy,

The potentiometer RV, which controls this bies is preset at a
suitable wvalue,

The potential difference across the diode .‘D1, which determines
the height of output pulse from the amplifier which is needed to
operate the trigger circuit, is varied by means of the potentiometer
Wi, if Wz is preset. A pulse which is large enough to overcome
this bias, and the grid bias on the trigger velve, will cause the
latter to start conducting, An amplified pulse in phase with the

input pulse at the grid is then fed back from the dynode via the
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condenser 01 This drives the grid potential still more positive

5
so that the eircuit is regenerative due to this positive feedback,
The current through the valve therefore contimues to rise, a large
proportion of the dynode current being teken by the grid, dependent
on the circult persmeters, In the absence of the delay cable 1.3,
the anode potential would rapidly reech a value determined by the
circuit perameters, and then graduslly rise as the condenser 61 L
connecting dynode and grid charged up owing to the grid current,
When the grid current had fallen to & small value, the dynode
current would begin to fall so that its potential dropred, This
charge being fed to the grid, the velve would be regeneratively
turned off again, The pulse length would ‘be/vi/!(n.

The presence of the delay cable L, modifies this action, The
anode potential rapidly falls to its minimum velue, dependent on
the anode load resistor and other circuit parsmeters; also on
space charge effects in the valve, A negative pulse from the
anode is transmitted via the cable 1.3 and the diode Ds to the

' control grid, Vhen this pulse reaches the grid, it initiates the
mgemrativé cutting off of the valve as mentioned above, In this
case, however, the pulse length is equal to the delay time of the
cable L,. LS is about ) metres long, so that negative pulses
about 20 mMs long are obtained fyom the anode of Vh. The pulse
height with the circuit as used is about 30-35 volts., These
pulses are then fed via the cable 112 to the coincidence mixer,

The diode D, and its associated circuit bypesses any positive

L
components of pulses appearing at the function of D3 and Dh' These
would otherwise tend to cut off D, and prevent it operating with

3
the negative pulses,
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12474 of channel descriptien.
The operation of a single channel of the coincidence system

has been explained, A theoretical discussion of some of the
physical problems associated with such a system has élsﬁ been given,
where relevant;

The original designers gave the gain of the combination of
pulseeshaper, emplifier and diseriminator as seven, They used a
CVX2276 valve instead of an FEFP60 for the emplifier stege, which
had a gainebandwidth product of 280 Me/s and a mutusl conductence
of 19 ma/volt. Thus with the same anode load (1 k.o) as used
here the gain of the amplifier stage was 19, In the absence of
‘the cable L,, the gain of the shaping circuit valve V,, would be
ebout unity, with the anode load used, Owing to the shaping
sction of the circuit (see earlier) this gain is effectively
reduced to ~/ 0.5, giving a value of 9 for the totel amplificetion
of the steges. The rest of the loss of gain occurred by attenuation
in the cathode followers and other coupling components, The total
gain of the circuit described here is about 10,

7.3,

The circuit diagram of the coincidence mixer is given in figure

22 , 'The coincidence circuit used consists of an arrengement of |
biassed diodess Switches are inserted between the diodes D1,' Dz,

Dy‘, Dh end the cable matching resistors R, R,, RB' R&' in order to

select the mumber of coincident input needed to give an output pulse
large enough to operate the succeeding circuits, If the switches

connected to any inputs are open, these inputs are not operative,
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~200Y

Consider the arrengement in the diagrem sbove, In the
quiescent state, current flows through the 10 k.() resistor and
the parallel arrangement of dicdes, If the forward resistance
of o diode is teken as about 3301 (Maker's Data), the potential

2 x 200 L.
at point A will be 'ﬁ% = — o5 velts.

If a negative pulse of sufficient emplitude is supplied to
only one input, the diode on that side is cut off, so that the
potential at the point A changes by about 4,5 V to — 9 volts,

If simmltaneous negative pulses of the same amplitude (in this
case 35 volts) arve applied to the two inputs, the potential at the
point A goes down by 35 volts, the pulse height, A similer result
is obtained if an input pulse is applied to 2 single diode D,, the
switches Sos 83, Sl:- being open,

The cathode of the diode D, has a variable negative bias

>

applied to it via the cathode follower Ym. This bias is varied

by the potentiometer RV1. Using the calculations in the previous
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peragraphs, if the system is set to record doublefold coincidences,
singlefold pulses will fail to get through the diode D5 if the
cathode potential of this diode is more than 9 volts negative,
Dou'bi.efold events will be rejected by a bias of more than about
~35 volts at this point, The bias is normelly set at -25 to

=30 volis, .

Valve ¥, is an amplifying stage which smplifies pulses fed to
it by the cathode follower Vz‘. The positive output pulses are
fedto?,viathecon&emercsandthediodenr

The valves VB and Vh' are arranged as 2 long tailed peir (see
Farley = loc, cits pe 29-31)., In the quiescent state, each valve
is conducting 9 or 10 mA (measured with meter), RV, being adjusted
so that the grid potentials are approximately equal, Referring
to the reference (p.30) a positive (or negative) signel on one
grid in the long teiled peir circuit produces a positive (or
negative) signal respectively on the opposite anode, If a positive
signal is applied to the gr:ld of V,, the anode potential falls and
2 negative pulse is fed to the grid of Yk via the condenser Cg.
This produces a further negative sigrel on the anode of 73 which
.is also fed to the grid of 7&' by the condenser, Thus the action
is cumlative end continues until V, is cut off, The change of

i

potentiel at the anode of Vk is equivalent to a current change of

sbout 9 mA through & resistance of 1.8 k), 'This gives a positive
output pulse of about 16 V at the anode oka. which can be used to

operate the subsequent circuits, The pulse length (ebout 1 sec.
in this case) is determined by the time taken for the grid potene
tial of V, to rise sufficiently to start the valve conducting

L
egain, when the circuit will retwrn to its initial state, The
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diode 139

originelly, and starting continuous oscillation of the circuit,

prevents the grid of YL going further positive than

by shorting positive pulses to earth, via the diode and the

O ,LLF condenser 07.. The circuit therefore returns to its
original current condition, as determined by the setting of R’Fz,:
after one cutput pulse,

Ph4e  Concluding Remarks,.

As no oscilloscope wes available which could show pulses as
short as 20 mds at anything like their true shape or amplitude,
. the action of the circuits desceribed above had largely to be
inferred from the results obtained., As will be seen in the later
chapters cqrrect operation was confirmed,

75 t Deteils end Auxilie »
7541« General,

Fach chennel, end the coincidence mixer unit, is mounted on
2 seperate welded steel chessis 12 in, x 17 in, x 3 in,, with a
front panel 19 in, x 9 in, The input end output leads for the
power supplies consist of three and sixecore screened cable,
cornected to sppropriate coaxial sockets and fitting sppropriate
;coa:d.al plugs on the chassis, The pulse input and output leads
are single core coaxial cable, In addition to the above units,
there are alsn a vo-ltage distribution chassis and a preamplifier

chassis,

?5.2. Yoltege distribution chassis.
This chassis supplies the following voltages to the coincidence
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unit chamnels viz, +500V, +300V, +200V, 4150V end -200V

with respect to earth, The positive voltages are all obtained
from a 500V supply by means of voltage stabilizers and current
limiting resistors,
A stabilized power pack (Solartron type SBS1514) supplies
+500V at a rated peek current of 300 mA; This is fed to the
voltage distribution chassis, the circuit of which is shown in
figare 213, As the voltage drop across a stabilizer remains
almost constant while the current through it varies within certain
limits; this provides a method of obtaining a constant voltage
supply; the value of which does not vary with the current drawn
from ity If dropping vesistors were used, the voltage obtained.
would; of course; very with the currents A typical voltage
stebilizer, the V216, hes a voltage drop across it of about
150V while the current through it varies in the range 5 mA to
40 mA, If s suitable resistence is placed in series with it to
limit the maximum current to 40 mA,up to 35 mA can then be
obtained 2t a potential of 150V, Combinetions of different stabil-
izers can be used to give different voltages. All the positive
| Ivultages are obtained from the 500V supply by this means, The
. negetive supply (-200V) is obtained from s stabilized power pack
(Solartren type AS517) which gives =300V et o maximum curvent -
of 100 mA, This supplies current to two Mullard 4687 stabilizers
in series, together with a current limiting resistor, The burning
voltage of each stabilizer i_n ebout 100V, giving & totel across
both of 200V, 4 circuit diagram of the unit is shown in figure 23,
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75,3, Ereamplifier,
The preamplifier was constructed as it was found that output

pulses of sufficient height were not available from the 5 im,
photomultiplier tube, without rumming it at a very high E,H,T,
voltege, This would lead to non~linearity of operation, due to
space-charge effects in the tube, and would be detrimentel to its
pérfomame .-

An amplifier stage using a single EFPE0 secondery emission
pentode gives sufficient gain (~/20), The circuit for this is
identical to that used in each channel of the coincidences unit,
except that the output pulses are taken from the dynode instead of
the anode, This gives amplification without phese inversionm,
as has already been mentioned in the earlier description of the
chamnel emplifier stage, Pulses are fed to the amplifier valve
by 2 cathode follower;, the circuit of which is the same as that
used in the early experiments with photomultipliers (chapter & ). -
A eircuit disgrem is given in figure 2i,

7 «5eke  Delayoline box,
For most of the experimental work to be described, a variable

time delay in one or other channel was necessary, This consisted
of a variasble length of coaxial cable, of characteristic impedance
122 0 (B,I.C. cable type T3042) and having a solid polythene
dielectric, TFor such a ceble, the velocity of propagation of a

. pulse is independent of the frequency, end is equal to that of a
plane wave in an infinite volume of the dielectrié which fills the
space between the conductors, The time delay per unit length, T,

is therefore given byi=
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T=ffRh = 1% K&u n/(aec/metre
vhere K = € /Eo is the relative permittivity of the medium
and K= f‘"/f)(, is the relative permeability of the medium,
For polythene, K = 2,30 (Kaye end Laby, p., 95) and K can be
teken as 1,00, Hemces-

T = 1% /2430 n/un/metra

= 5,05 mMg/metre,

The cable is stated by the mekers to be suitable for use at
frequencies up to 500 Mc/s with an ettemuation of 0,27 db per
100 feet at a frequency of 1.0 Mc/s, |

The charscteristic impedance of & cable depends on the ratio
of the diameters of the inner and outer conductors, and on the ‘
dielectric used, TFor this cable the inner conductor dismeter is
0,018 in, and the outer conductor diameter is 0,335 in. (approx.)

The ratie 2 kil is thus equal to 22.6. The
insi&e :

charecteristic impedance (zo) of an sir-spaced cable is 138 X
logyq - m (L » For e cable with a dielectric, this value

is nultiplied by ', " which is 2 in this case,
Hence for the given cable, za . 2. logm 22,6 which gives
N2.30

123,50 4 in good agreement with the velue of 122() given by the
makers, allowing for the approximate value of the ratio

r used,
outside/ i nside

The delay line box as constructed consists of ten metres of
cable, composed of ten separate lengths of one metre which can be
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Joined together as r%qmlred. A rotary switch enzbles the output
plug to be atanacted o any one of the junctions between the lengths.
The ends of each separate metre of cable are connected to small
sockets which are fixed to the fromt of the box, The lengths can be
joined together by means of short lengths of wire with a plug on
each end, This enables the length of cable not in use for a given
delay to be discomnected, ss otherwise undesirable reflecticas
would take place from the open circuit end, For example, if
seven metres of cable are in use, the remaining three are discon=
nected,

It can be noted at this p_oclnt that an unknown amount of extra
delay is incorporated in one channel with respect to the other,
owing to the presence of the preamplifier, and to any assymmetry in
the two channels, This is of no importance, as it will be seen
later thet it is only the difference in the two delays which
matters, and this cen be adjusted by means of the variable delay,

7 +5.5. Cenmclusiom,
The construction and theoreticel operation of the fast

coincidence circuit has been given, Descriptions have also been
given of the auxiliary apperatus needed in conjunction with it,

The calibration of the apparatus, its use to determine the velocity
of Y ~rays and the experiments done in conjunction with a Wilson
Cloud Chamber will be described in the following chapters,



Chapter 8.
OF FAST COINCITENCE UNTT

8,1, Determination of resolving time of unit.
84141, Introduction.

Experiments were performed to find the resolving time of the
tmit.. This was done by two separate methods:

(a) . Insertion of a variable delay in one channel, in
order to obtein a delayed coincidence curve from
which the reaolvlhxg time wes measured,

(b) 'The use of a double pulge generator.

Values of the resolving time were obtained which were

self-consistent, and in accord with the design value,

If the outpui puises from both charmmels of the coincidence
unit are rectangular and of length T , the delayed coincidence
curve will be rectangular and of width 2 T, This is fully
explained in Chapter 6(section 6,2,) Delay inserted in one
chamel can be arbitrarily called positive and in the other,
negative,

In a practicel circuit, a truly rectangular shape is never
obtained, The shape of the curves actually obtained is shown below,

Counting Rate

'
W)

elay +
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The mein reason for this difference is that an output pulse
from a chennel is not produced at a fixed time after the input pulse,
but there is a statistical spread in the time due to the chanmel
itself, DPinder (1949) has investigated this problem mathematically,
end he concludes that the shape of the distribution should be that 0;1‘
the Gaussian error curve assuming that the resolving time of the
circuit cen be considered small compared to the statisticel spread
in channel delays, He cmuparés his theory with'aome results
obtained by MacIntyre (1949) for the decay of Na=* by /3 =emission
into Mg™*, which then decays by J ~emission with a half life mich
less than the resolving time of the apparatus, Cood agreement is
obtained, Thet the shapes of the curves obteined are reasonsble

is shown in the following diagrem and discussion,

b
I I
'
1Ak
Counter 2. | I
|
I\
i ! Tifne—)
: |
C ottt i ! Counter1 Delayed with
: : 1 Respect to Counter 2

If the statistical spreads in trensit t:ixﬁ_e for the channels
are indicated approximately by the dottedllims, some coincidences
will be obtained whenever the extremes of the dotted regioms overlap,
In theory, of course, there will still be a chance of a coincidence
when there is no Mrhp, but it will be very small, If the

distributions of pulses in time between the dotted limits are
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Gaussian, and have maxims at the centres of the full~line pulses,
then delayed coincidence curves of the shapes obtained in practice
are to be expected. If the statistical delays are much greater then
the msoliing time, a curve of approximately CGeussian shape will be
obtained, correspondinhg to narrow full-line pulses and wide dotted
regions in the diagram above, If the resolving time is greater than
the statistical delays or of the same order of magnitude, the curve
will have a flat top corresponding to the period when the overlap
between the pulses is large, If the statistical fluctuations in
the two chamnels are different, the same general shape of curve will
be obtained, Curves of these types have been é‘bt.ained in the
experimentﬁ described later,

‘Deviations in trensit time through the chennel arise through e
mmber of factors, The time at which a2 pulse gets through the
discriminator after it starts to rise depends on its amplitude, as
the smaller the pulée, the greater the time taken to rise above
the discriminetor bias, . This is because the rise time is the same

irrespective of anmplitude, as shown in the diagream,

Bias Level.

e > = = =

\.

€5ty <5t
—t— e—=t—ne
Large Pulse Small Pulse
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This will tend to give a larger delay for pulses having longer mean
rise times, Another cause of statistical delay will be an une
certeinty in the triggering time of the channel output trigger
circuit, as this will not always trigger on the same size of imput
.| pulse, Other statistical delays in transit time through the chammel
will also be present, A statisticel rlﬁcﬁuatim in the time of
the output pulse from the coincidence mixer due to variations in
triggering time of the output flipflop will slso contridbute to
the time spread, The actual value of the r.m.s, deviation
| from the mesn time at which the coincidence is recorded will depend
:m' the apparatus used,

If coincidence counts are performed, using peirs of X -reys
‘which are emitted with a time separation much less than the re- ,
'solving time of the epperatus, a curve of the type described above
is obtained, Experiments using co‘f’, vhich emits two ¥ =rays
within a time A/ 1072 sec  of cach other, produced curves of
this spproximate shepe,

A ¥ ~ray pessing through the seintillator cen lose energy by
three processesi= |

(i) Phote-electric absorption,
(41) Compton scattering,
(1i1) Pair production,

60

For the f~rays from Co  , which have energies of approximately

" .2 lﬁw,_ the cross-seciion for Compton scattering is much larger
than those for the other two pwooesaéa. The energy of the Compton
.electmnproducedcanvaryi‘mmmuptoammwk"here

E, is given bys= 31
2 = 3
v 1 + moC'/2E,
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Here E, is the initial eneréy of the { ~ray, end m,cz(= 0.51 Mev)
is the rest energy of the electron, In this case, Ey = 1.2 Nev.
Herce E, A2 1.0 Nev,

If the Compton electron has a smell energy, the scattered phoe
ton may produce 2 second Compton electrom, By this time, the energy
of the photon will be small, and as the cross-section for photo-
eleet_r:lc sbsorption increases with decreasing photon energy, a
photoelectron will probebly be produced, The cross-section for
pair production at an energy of 1,2 Mev is very small and can be
neglected in comparison with the other processes.

The Compton and photowelectrons now lose energy by ionizing
the atoms in the phosphor, If the phosphor is sufficiently large
to ensure that all the electrons produced by a given J =ray ave
then sbsorbed in it, the total energy of the ¥ -ray cen be
absorbed, The phosphors used here are large enough to sa;tisfy
this condition for a large proportion of the incident  -rays.

If a delayed ceoincidence curve is obtained using the pairs of
Y =reys from the 0o
than for a curve cobtained using a single counter, as input to both
chammels, The reason for this is that the statistical spreads in

source, the sides of the curve are less steep

transit time times through the two chennels are now greater; as
genuine coincidences can be obtained between pairs of a' -rays
which lose all their energy in the phosphors (most likely) between
2 a’-ﬂywhichlosea 2 large amount of energy and one which loses a
small amount, end between pairs which both lose a small amount,
The photomultiplier output pulse heights are assumed to be pro-
portional to these energy losses, Hence, owing to the non-zero
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rise time of these pulses, statisticel variations in chamnel tran-
sit time will be produced as explained earlier in this section,

The seme sort of effect will be present when using cosmic rays, and
obtaining coincidences due to single particles passing through both
phosphors in turn, as the energy losses will not be constant, but
will depend on the path lengths in the phosphors,

8143+ ZExperimentel orrangement,

The apperatus wes set up as shown in figure 25 , with the
variable delay line box in channel one, in the positien shown,
The pulses from a single scintillation counter (the one with the
2 inch photomultiplier tube) were fed into both chanmels at the
seme time, The diseriminators (R V,) of both chemnels were
adjusted so that reasoneble counting rates of approximately equal
magnitude were obtained for both when on singlefold count., No
source was present at this stage, and the counter counte& cosmic
rays and background rediation., The singlefold counting rate for
each chamnel was about 1500 per minute, Counting rates at the
output of the coincidence chassis were measured on a scaler,

Readings of the coincidence counting rate as measured by the
scaler were obtained for various values of the delay time in the
delay line box, As the delay wes increased, the coincidence rate
approached zero, showing that the unit wes fumctioning correctly.
Two preliminary curves, teken on succeeding days, are shown in
figure 26, each 5,0 mMs corresponding to 1 metre of cable (see
carlier discussion of the delay line box), ‘The difference in
the maximum counting rates is due to a smwall difference in the
photonultiplier EJH,T, in the two cases. The flat top of the
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curves shows that the circuit is working efficiently, and that the
statistical delays are small compared to the resolving time, |

In order to meesure the resolving time of the circuit, it was
necessary to have the full delayed coincidence curve,, as the
centre of the curve was otherwise undefined and the half-width could
not be measured, The delay line box was therefore removed from
channel one and put in series with channel two instead, in the
corresponding position in that chammel, The lengths of all other
cables on both sides were kept the same, The other part of the
coincidence curve wes then obtained, Some shift of the centre
of the curve with respect to zero deley in the box was present,
but this Iwas only due to different mean delay times in the two
channels, The experiment was repeated a nunber of times, in order
to esnure that the resulte were consistent. A typical example of
one of the curves cbtained is shown in figure 2% The poeition of
the veriable bias contrel, EV, in the coincidence chassis remained
constant throughcut the foregoing measurements.

Owing to the distortion of the circuits and the shape of
the original pulses, the channel output pulses are not rectangular
and therefore not of constant width, being narrower towards the top.
As the pulse heights of this stage are constant, the effective
width of a pulse getting through the blas on diode D5 will decrease
as this bias is increased, The resolving time depends on the
effective widths of the overlapping pulses and this is therefore
decreased also, Hence, it is best to use the unit with this
bias as large as possible, consistent with all the coincidences

being registered when the chamnel delays are equel,
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The bias on RV1 in the coincidence chassis wes raised to this
meximum velue, (about —25 volts) and a new delayed coincidence curve
taken (figure 28), This had its centre at approximately the same
place as previously, but its width was considerably reduced,as
expected, The unit was therefore always used with the bias in
this position for the later experiments,

The resolving time was taken as the halfewidth of the delayed
coincidence curve et half the maximum heights The curve in
figure 27 gave approximately 35 mMs, and the curve in figure 29,
approximately 20 mMs. The difference has already been explained

above,

For this method, a double pulse generator type 1147A was used,
This provides two rectangular output pulses having quoted rise times
of less than 10 mMs, The time seperation between the two pulses
can be varied, and it was possible to read this to 5 mMs on the
 generator scale and to sbout 1 mMs by estimetion, A pulse length
of 1 b s was used, with a pulse height of about 5 volts, The repe-
tition frequency wes 1000 ¢/s for both pulses,

One output pulse ves fed to the input of each coincidence
channel, The discriminator bias (RV1) in one channel was kept
constant while that in the other wes varied, The bias in the
coincidence chassis (Rv,l) was also kept constent, The relative
delpyy between the two pulses wes then varied, and it waes found that
an output was obteined from the coincidence mixer when the relative
delay was varied over a range of about 35 mMs, corresponding to a

resolving time of ebout 18 mpms, The bias on the coincidence
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mixer diode (D5) was —20V, the resolving time varying with

this as already explained, The effect of varying the discriminator
bies in one channel was to alter the delay time in that chamnel,
owing to the chamnel triggering at 2 different time because of the
finite rise time of the pulses, This effect has already been
explained,

As the bias level in the one channel varied, the resoiving
time was found to remein nearly constant, but the delay range which
gave output pulses (about 35 mMs ) occurred in different parts
of the pulse generator diasl, Hence, for the delayed coincidence
curves, the channel blases were not varied during the course of a
run, It was also confirmed that the resolving time was altered in
the expected marnmer by altering the bias level in the coincidence

| mixer,

The pulse generator was also used to obtein anexperimental

 measurement of the delay introduced by the delsy line box. . |
With the same conditions as above, the delay line box was connected
in gseries with one chennel of the unit, Keeping a2ll bissses con-
stant, the delay ranges for coincidence counts for different lengths
of delay cable were found, and the generator scale readings noted.

A teble of results is given in Table 1 . A graphical represen-
tation of the results is given in figure 29, This gives a value

of the delay per metre of 6.7 mMs. I

8.145. Corclusions. |
The resolving time of the unit, as determined by two separate
methods was about 20 mMs. The values obtained by the two methods |

were in good agreement,



Table 1,

Table showing variation of position on Pulse
Generator dial of delay range for coincidence counts
as length of delay cable is varied,

Deley Cable Length Delay Range for Counts
" dn Metres (mus)
0.0 +25 to =25
1.0 +20 to =30
2.0 H2 to =37
3.0 +5 to =45
54,0 0 ¢t =50
S0 L -6 to =55
6,0 -k to -60
7.0 =22 to =6l
8.0 =29 to -68
9.0 36 to =74
10,0 42 to =76




Calibration of the Delay-Line Box, Using a Double-Pulse Generator.
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8.2, Time of flight measurements for gamma-rays from Cobalt 60,
using Coincidence unit,

8¢2+1. Introduction.
One of the important uses of a fast coincidence unit is the

determination of the velocity of particles by the time of flight
method., A typicel example of this is the determination of the
velocity, and hence the energy, of neutrons in a neutron beam.
The neutrons are detected by means of the recoil protems whieh
they produce in an organic crystal or liquid phosphor, The
method can also be used to determine the velocity of a beam of
mesons or other perticles from a machine,

For testing the coincidence unit, it was convenient to use
¥ ~rays, as their velocity is kmown and cen be compered with the
value obtained from the experiment,. )

Determinations of the velocity of § -rays heve been done by
other workers as tests of coincidence eciuipment.- Cleland and
Jastraim (1951) determined the velocity of the 0.5 Mev coincident
{ =rays produced by the annihilation of positroms from cu."'.
They used a coincidence apparatus with a resolving time of 5 mrla
and obtained a value in accord with the sccepted one., Iuckey and
Weil (1952) measured the velocity of 170 Mev bremsstrahlung a/'s
by counting them in delayed coincidence with the electroms producing
them, The § 's were produced by allowing the circulsting besm of
310 Mev electrons in a sychrotron to strike a thin target, The
value of velocity was in agreement with the accepted value, Their
resolving time was about S5 m ,As.

For the experiments described later in this chapter, peirs of
coineident a’ -rays from a small source of Cobalt 60 were used,
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For cobait €0, the chief mode of decay is by the emission of a

312 Kev [ =particle, followed by two ¥ -rays in ces cade, The
energies of these J =rays are 1,17 and 1,33 Mev, and according to
Allen and Egelstaf{, as quoted by Strominger, Hollander and Seaborg
in Tebles of Isotopes = Review of Modern Physics 30, 630, (1958),
the time separation between the Y -rays is sbout 107 2 seg, They
can therefore be considered coincident, as compared with the re-
solving time of the circuit, The A -ray is emitted coincidently
with the first § ~ray. 4s it is of low energy compered to the
¥ 's, and had to pass through the metal boxes containing the coun-
ters before reaching the phosphors, any pulses produced it were
too small to’get through the bias levels used for the ¥ -counts.

A simplified decay scheme is shown in the diagrem

60
CO : 'MeV-
2.60S
117 Mey. |
A\ 4 1-2%3
1-33May.
60
Ne | 2
8.2.2. Experimentsl srvangement.

The apparatus was set up as shown in figure 30, For this
experiment, two separate counters iere required for the two channels,
The small caﬁntér, which was used for the resolving time measure-
ments was fed into chamnnel ones The large counter, in series with
the preamplifier was fed into channel two., In the absence of the
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| preamplifier, insufficient gain was aveilable from the photomulti-
; plier itself, except by running it at en E,H,T, voltsge in excess
| of the recommended meximmm; assuming that the chanmnel bias levels
(=V,) were sufficiently high to cut out any spurious pulses.
iihese spurious pulses were due to pick-up between the two chanmels,
| whton probably cccurred because they shere the same power packs for
the positive and negative voltage lines, The reason for this is
: the marber of different voltage values required, Pick-up does not
!occur as long as the chanml-biaa levels are greater then - 5 volts,
: as measured across RV,. The preamplifier has a gain of about 25,
!which ensbles this condition to be satisfied.
i The two counters were placed on the same horizontal level,
?atadistameapartofthreeanda half metres, When the(bsom
:placed at a point equidistant from both counters, coincidence counts
|could be Obtained from pairs of cascade (f -rays, one of which
!entered one counter and one the other counter, As the time separa-
| tion between the § 's is so smell, they could be considered as
iemtering the two counters at identical times, The coincidence
'counting rate was, of course, a fumction of the geometry of the
Iay:rt:em,, increasing when the counter separation was decreased, The
| b’-ms were counted by means of the processes already described

| in section 8.1.2.
|

8.2,3. Preliminory experiments.

If the delay line box setting was varied, with the source
|
‘equidistant from the counters, a delayed coincidence curve was
.o'btained which wes similar to those obtained in the resolving time

Iexperiments. The maximum of the curve corresponded to equal

' delay times in both channels,

If the source wes placed adjacent to one of the counters and
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the delay setting was agein varied, 2 similar curve was obtained
which should have its maximum displaced along the deley time axis
by an amount equal to the time taken for thex-mya to travel
345 metres, the counter seperation, Flacing the source adjacent
to the other counter, and repeating the experiment gave a third
similar curve, which should be displaced by an equal amount from .
the central curve, but in the opposite direction, The counters
remained fixed in position throughout the experiment., The velocity
of the ¥ ~rays could then be obteined from the curves. In order
to enable the separation of the curves to be found accurately, they
were mormalized, so that their meximum ordinates were the seme, As
the seperation of the two extreme curves should be about 23 m ﬂ.s
(4.5 metres of delay cable), it 15 easily detectable when present.

The first rough results obtained appeared at first sight to
verify this, but they turned out to be nonereproducible. This,
it was later discovered, was largely due to instability of the large
photonulitiplier, which was finally replaced. There wes some
seperation obtsined between the curves with the source in the two
extreme positions, but this was insufficient to be conclusive,

It was at firat suspected that an appreciable fraction of
the recorded coincidences might be due to pick-up between the two
channels, or to some other factor, such as coincidences between a
direct ¥ =ray, and one which had been scattered before reaching
the other counter, thus increasing its path length. Such an effect,
if present, would tend to spread out the delayed coincidence curve,
and make it less sharp.

With the source adjacent to ome counter, lead was placed round

the source and between it and the other counter, in an sttempt to
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stop any  -reys from reaching the counter directly. Any
'coincidences recorded should then haye been due to scattered ) -reys
or pick-up, if the screening wes effectives The coincidence
rate under these conditions was compared with the rate when no
shielding was present. This latter rate was between two end four
times as great as the former, at different times of measurement,

The difference was pertly due to differences in the shielding
efficiency. These results were inconclusive as to the presence

of pickeup, as sufficient J =rays might have reached the second coun=-
ter to give the recorded number of gemuine coincidences, They did
however show that 50% to 80% of the recorded coincidences were
gemine, .

In order to reduce the possibilities of pick-up between the
channels, the two photomultipliers were now given separate H,T.
‘positive supplies (120V), Previously the two anodes had been
connected to a common supply, The EJH,T, supplies had always
been obtained from separate power packs as it was necessary to
have different voltages in each case. Decoupling condensers
across the voltage stabilizers in the voltage distribution chessis
had already been fitted at on earlier stage, as pulses could other-
wise be fed from one charmel to the other through the voltage supplies,

It was now decided to test whether the proximity of walls, or
other large solid cbjects which could scatter the ) ~reys had eny
noticeable effects on the shape and 'poait:lm of the delayed coinci-
dence curves, Accordingly, the small counter wes moved from its
original position near 2 wall, and placed on top of the enclosure

which houses the cloud-chamber, This enclosure being made of

fibre-board, should not have had any appreciable scattering effect,
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The large countier was supported on a2 stend at some distance from
a wall, and the separation of the counters was sbout 3.5 metres as
before, There did not appear to be any eppreciable effect on
the positions and shapes of the curves, It wes noticed at this
stage that the counting rate of the large counter was inclined to
 vary somewhat, but it was not thought to be serious, It was
leter necessary to replace the large photomultiplier before
reproducible results were cbtained,

One faultlwas, however, definitely found and corrected. The
original method of supplying the three chassis with heater current
was to feed the supply into the first chassis from the power pack,
and then into the other two in series, Owing to the voltage drop
in the supply leads, the valves on the coincidence chassis only
had a heater voltage of about 4,5 V instead of the measured 7 V
at the power pack, The heater supply system was re-wired so thet
each chassis received its heater voltages directly from 2 separste
supply, the comnecting leads being made as short as possible, The

 effect of the lowered voltage was not noticed until some of the
valves, especially those in the last ohéasia, had aged through

use and appeared to cease operating properly, After rectifying |
the fault it was found that some of these valves which had been !
removed and replaced were in fact serviceable, One of the effects |
' of the increaese in heater voltage was to make the gain in each
channel greater, showing that the circuits had not been operating
properly before, A large part of the original voltage drop had
taken place in the cable between the power pack and the first chassis,
The output pulse heights from each channel into the coincidence

chassis were also increased and it was possible to work with a
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measured bias in the coincidence chassis of up to - 31.0 volts,
It was necessary also to work with higher biases in each channel
to avoid pickeup,but the increased gain available more than
compensated for this, The expected differential shift of the
two delayed coincidence curves was still not present, It was
checked that the resolving time of the circuit was still the same
as before this charge, Also thet the width and shape of the
delayed coincidensce curves were the same, except for the increesse
in counting rate due to the increasse in chamnel gain, |
It was now decided that it would be a better arrangement if
the beamgof X ~roys incident on the two counters were collimated,
For this purpose, a collimating device was built up from lead
blocks, This consisted of a pile of lead blocks so arrenged
that there was & channel six inches long and about threeequarters of
an inch squere, entirely surrounded by lesd at least two inches
thick, The collimator was placed adjscent to one or other of
the counters, with the chamnel pointing in the direction of the
line joining the counters, The source of 0060,' which consisted
of en irradiated wire embedded in plasticine;was placed imside it,
at the end nearest the adjecent counter, The arrangement is shown
in figure 31, It was now possible to shield one or other counter
from the source fairly effectively by plecing & sufficient thick-
ness (2 or 3 inches) of lead at one end of the collimator channel,
With the source in the chamnel and adjacent to the small
counter, a singlefold counting rate of 2350 counts per min, was
cbtained for the other counter, in the absence of any lead at the
end of the collimetor channel., When three inches of lead were

placed in position, this rate fell to 1580 per min,, showing that



( 2ID35 0} JON)
‘Ie adunbig

Jo3D W0

puited P77 77
sl 77
I

-18.m
pP37] 2|gDACWIDY

Jo3DW [0 pDaT|

‘423uno) abupT U93Uno) ||DW g

¢ NE IV

433unod | pwg Agq 224n0S

B utmoys juawituadx 3 3ybi|4 Jo swil] 4o} JOIDWI|OD Ul 294NOS JO Jud Wabubuy Jo woubbi(



108,

- about 800 counts per min, were due to the source with the given

chennel bias levels, Of these, 2 percentage, dependent on the
- geometry of the system, would give rise to coincidence counts,
The counter seperation was still 3,5 metres, Before trying any
. further experiments to obtain delayed coincidence curves, some
measurements were made to find out how the calculated and
| observed chance coincidence rates agreed,
| 8,2.4, Measurements on the chance goincidence rates for

the ¢ i e .

Messurements were now made to discover whether or not the
true chance coincidence rate as measured wes in accord with that
as calculated theoreticallys For the first measurements, the
small counter was left in chennel 1 and counting the Cobalt €0
source; and single pulses from the 1147A pulse generator were fed
into chammel 2, The chance coincidence counting reste is given by

N

2 NN, T

where N chance coincidence rate

i

) = average no, of pulses from
channel 1 per unit time

, = average no. of pulses from
channel 2 per unit time

U = coincidence resolving time of system
The formula is'quoted by Lewis and Wells - (loc. cit. pege 245).

In the first instence, N, was 1i,}00/minute exnd N, was 10,000/see
T/30
(pulse generator).

Teking ¥ = 30 x 1077

sec (upper limit)
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N ('.T’heor) = 2 x 10,000 x ﬁgzgﬂﬂg)}o % 10-9/860.
7~ (10t O*l)/-mihute,
The actual measured rate was @117)/.9:\1?15 or {16t a)/'mi;':..

The measurement was repeated with N1 = 17,000/min and
Tt 30

N2 = 1,000/sec (pulse generator). In this case

: = g ued
¥ (mmeer) = 2 % 1,000 x(11,f£5) x 30 x 10 “/min

22 (1.0£0:0()/min.
The measured rate was (’]T;t{,c)f[oﬁun.s' = '(1 .'[.to'l/.)/m:in.
AR ST T IR
O T Y- T ST S e
D P N i S P O il
LIS NSO OO D S0
The delay line box was removed from its original position
between the output of channel 1 and the coincidence chassis and
replaced between the small counter and the input to channel 1,
One reason for this was that a certain amount of atteruation tekes
place in the delay line, so that the pulse height into the coinei-
dence chassis was variable, resulting in a slight variation of the
resolving time, This was due to the nonerectangulsr pulse shapes
as previously mentioned, The new arrangement is shown in figure
32 « The sattenuation wes, of course, still present when the
delay cable was in the new position, but it could be arranged (by
ensuring thet the pulse heights were sufficient) that the

attenuation only cut out small pulses which were not of interest.

This was possible because only the pulses corresponding to the
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larger enerpgy losses were of importance, The effect of the delay
cable is shown by the figures given below corresponding to two
different singlefold counting rates.

length of cable in box |———Counting Rotes
1 2
1 metre 40,000/min, | 78,000/min,
*200 T 2g0
10 metres 34,000/min, | 71,000/min,
Z /95 £347

. The pulse generator was now removed and the two counters put
back into coincidence with the small counter counting s source of
RdTh and the large counter a source of Iridium 192, The length
of cable in the delay line box was varied, and values of the chance
coincidence counting rate were teken in each case and compared with
the theoretical value, GCGood agreement was obteined as shown in
Teble 2 o The two singlefold rates were 83,000/min and 1200/min;
whence the theoretical coincidence rate should be given by
(using fornula already given)

-9 83000 1200
N(’I‘hepr‘! = 2x3x10 x%x—éo—xwm.

0y 0:1t0003)f, 2 (1£0:08)fromins.

This wes in good agreecwent with the experimental values, which
varied from 0/10 mins to 3/10 mins '

8.2.5. Successful time of flight measurements.
At this stage, it was decided to replace the large photo-

maltiplier tube by a new tube of the same type,as it had become

unrelisble for long counts, It was decided to fit a M- =metal
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shield to this tube as it is stated by the menufacturers to be
rather sensitive to magnetic fields, A suitsble shield is
manufactured by EM.I, for this purpose., The small counter is
much less sensitive, partly becasuse the separation between the
photocathode and the first dynode is much less than in the case of
the large tube,

Af'ter re-assenbly, some singlefold ccmi:ting rates for the
large counter were taken over & period of time in order to check
the stability of the new errvangement, Shortly a_f-l;&r re-assembly,
the counting rate with the given bias was about % ,500/minute, all
measurements lying within the statisticel limits. On the follow=
ing morning, the rate was about 4,300/minute, which was quite
satiefectory, allowing for a small change owing to the photo-
miltiplier settling down after being fitted.

A repecat measurement of the chance coincidence rate was now
made, using the RATh and Iridium 192 sources as before, The
uing;leroldl counting rates in the two channels were arranged so
that they were both approximately 40,000 counts/min, A set of
readings of the chance rate for different lengths of delay cable
in the delay line box were now made, The results are shown in
Teble 3, The singlefold rates for the large and small counters
were approximately 50,000/min (n-,l 92) and 40,000/min RdTh) as
measured on the scaler,

It can be shown that the true counting rate when ﬁéasured
on a scaler which has a peralysis time of ¥V sec is given by

)
By = TomY



Table 3.

Table showing the agreement between the

ineaaured and calculated chance coincidence rates

as the delay box was varied,

This is a repeat of

Table 2 after the large photomultiplier had been

changed,
Coincidence Rate
iy /10 mins,
(metres) Experimental | Theoretical
1.0 2525 27.0
2,0 - -
3.0 - -
NO 28 £ 4.6 27.0
5.0 28 2 5. 27.0
6.0 2625 27.0
7.0 - -
8.0 20 2 4.5 27.0
9.0 - -
10,0 2%y 27.0
The large counter counted an Ir1 ” source and
the smell counter an Rd Th source, The singlefold
rates weres=
ILerge = 50,000/min
small =  30,000/min
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where

n, = true counting rate

"
T = vparalysis time

measured counting rate

In this cese, U = 400 (ls, Henmce the true singlefold coumting
rates are greater than the measured ones, Substitution in the
formala above gives rates of 75,000/min (measured as 50,000/min) and
54,550 (megsured es 40,000/min), Using the formula alreedy

stated, teking the resolving time of the coincidence unit as

20 m\g; the chance coincidence rate is given by

. -0
§ = 2.%75,000 x3,,55 x 20 x 10 Fooun,
€0 = €0 :
=  2,7/mimite

= 27/10 minutes,

This value is in good sgreement with the experimental values
' (Teble 3 ) vhich are equal to it within statistical limits, and
 have an average value of 26,5/10 mins, for different lengths of
delay cable, |

As the large counter now appeared to be much more stable than
before, some delayed coincidence curves were taken, The 0060
source in the lead collimstor as described earlier, was placed
adjacent to the small scintillator and a delayed coincidence curve
taken, The source and collimator was then placed next to the
large scintillator and the process repeated, It was found on
Flotting the results on & graph (after normslization) that one
curve was displaced with respect to the other by the correct sort

of amount., The results are shown in figure 33.
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It was found that the range of delay available in theldelay
line box was in the wrong pert of the scale, and it was not
possible to include the peaks of both curves, A length of about
5 metres of cable in series with the box was removed and a length
of about 1 metre sudstituted, The effect of this was to allow
readings of the delay which were negative with respect to the
original ones to be taken (up to — L4 metres), This method of
adding or subtracting cable in one channel or the other can
always be used to bring the range of varistion on the box into the
desired working range, Subtraction of cable from one channel is,
of course, equivelent to addition of the same length of cable to
the other side, Omnly relative delays are of interest, A check
on the singlefold counting rates of the two counters wes kept, these
being measured regularly, It could thus be seen whether or not
they were remeining relatively constent,

It was now discovered that reflection of pulses was teking
place at the input to the delay line box; as the cable from the
counter and the cable in the box were of different characteristio
impedance, This was undesirsble, and so the original cable
between the counter and the box was replaced by en equivalent length
of the seme type of cable as that in the box (1201), By viewing
the channel input pulses on the oscilloscope before and after the
change, it could casily be seen that they were much less distoried
afterwards, The top of the pulse had previously shown an oscile
latory waveform, which was due to the presence of reflections.

Reprat meesurements were made for the two delayed coincidence

curves, The positions of the curves were essentially the same as

before, although the actual counting rates were somewhat greater,
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A test was 2ls® made to see whether replacing the delay box in its
original position between the chammel and the coincidence chassis
made any difference to the results, There was no essential
difference, The box ‘was then again replaced between the small
counter and chammel input, I% was found that the coincidence
counting rates were now steble, and could be reproduced after a
fairly long period of time, which was not the case before the
rep]ac@nt of the large photomultiplier, The results are shown
in Figure 34, The relative shif't of one graph with respect to

' the other was about L metres of delay cable, corresponding to 2
‘welocity of (3:02%05)x 16° m/sec, Thig showed that the cojncidence
unit was operdating correctly.

The source was removed and the large counter placed with its
axis verticel, It had previously had its axis horizentel, so
'that the scintillator could cover the largest possible solid angle
las seen from the other counter, The separation waes still #’bou't
3.5 metres,

The singlefold counting retes were 6,200/min, for the large
counter and 690/min, for the small counter, the counters counting

cosmic rays. The theoretical chance coincidence rate was therefore
¢ = 2x30 x10™ x 690 x 6200/hour

~2 0,25 per hour,
One count was observed in e single period of 3 hours, which was
in sccord with the theoretical value, The object of this was
to check the rumbers of chance coincidences which could have been
caused by cosmic reys in the foregoing experiments, This rate
was negligible compared with the true rate,



Normalised Delayed Coincidence Curves for Time of Flight Experiment

140-0F More Accurate Curves
20:04+
* %)
&) 1
10001
'y Source Adjacent to
800t Small Counter,
®
i
)]
)
-
L -
OQ' O £
=
hO
® - +
o
- __
4004 O
= Source Adjacent to ¢
% Large Counter
<) o
o)
20:0¢ &
v
o
I3}
o
0
o-0] ©
L] L} V I I
~520) -4-0 - 20 0-0 +20 +4:0 +6-:0

Delay in Metres of Cable Figure 34



115.

8.3, Delaved coincidence curves, using cosmic rays.

The counters were first placed so that the large one was
vertically above the smell one, at a separation of about 0,35
metres, A delayed coincidence curve was now obtained in the same
mermer as previously using cosmic rays which passed through both
counters in succession: The shape and width of the curve obtained
wes similar to those obtained with the Co™° source; The maxfmm
counting rate was about 45 counts/hour; The curve is given in
figure 3,

The vertical serarstion of the counters wes now increased to
1.0 metre. The maximm coincidence counting rate was now about
11.0 counts/hour, with the same singlefold rates as before
(6,200 per min, for the large counter and 690 per min for the
small one). The vertical separation of the counters wes sgain
increased to 1.8 threa,- when the maximum coimidem{ai;eaa about
5 per hour, The counter E,H,T, voltages were now reduced 8o
that the singlefold counting rates fell to ebout 4,000 per hour
for the small counter end 8,000 per hour for the large one, This
did not have any noticeable effect on the coincidence rate con=
fitmin,gaaa hed been assumed, that the pulses cut out were due to
- small energy losses in the scintillators, and not to fast particles
capeble of passing through both counters to give a true coineidence,

The particles producing coincidences were mostly fast M -mesons,
| For counting rates of 4000/hr., and 8000/hr. the chence

coincidence rate is given by

N = 2:%:10’93%:%/ sec,

= 4.7 /yeer.
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A piece of 120.0) cable 11 metres in length was now made up,
This could be imserted in the side containing the large coumter,
and would thus be equivalent to removing the same amount from
the side containing the smell counter, With this length of cable
' in position, and the delay line box removed from circuit, a coinci-
dence rate of O counts in 187 hours was obtained, As a very slow
' particle would be required %o give 2 true coincidence (/4 ~ 0,1
or 0.2), this showed that there ere very few of these perticles,
as expected. In the above, the delay in the chammel containing
the large counter was about 60 mis greater than that in the other
chammel,

8 oke Sumary,
A description of the method of measuring the resolving time

of the unit, using a varisble delay in one channel, has been given.
The results obiained have been shown to be equal to the expected
value, as determined by the pulse lengths in the unit (about 20
mMs).

4 method of messuring the velocity of atomic particles or
X -rays by the "time of flight" method has been described, This
method hes been applied to find the velocity of the ¢ -reys emitted

| by 0"60: a value of(:?zﬂu"-fo-!gjx 10° metres per second being obtained,
Thig showed that the circvit was wortk ing cotrectly
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Chapter 2.
IHE RESPONSE OF THE PIASTIC FHOSPHOR TO COLLISION
ENERGY 10SS, AND COUNTTNG
¥ITH THE TARGE COUNTER,

9.1 L Inm Mo
This chapter contains a discussion of the linearity of

response of a plastic phosphor when an ionising perticle passes
through it, Celculations for the range and specific energy loss
of protoms, electrons, ol =perticles and M -mesons in the NE101
plastic phosphor are alse given. The counting experiments
performed with the large counter, using cosmic rays and ¥ -rays

are des Gribed.

9.2. Consideration of the phosphor response to particles of

erent energ: nd diff .
9.2.1. Theoretical respomse of phosphor.

A theory of the dependence o.f the specific fluorescence of
a phosphor, dl/dx, on the specific energy loss by collision
d%/ax, was proposed by Birks (1951 »), who gave the eqzatian

& . A dEfex
1 4+ kB @B/ 3y
‘where A, B and k are constents for a given phosphor, He attributed
the non-linearity to the quenching effect of damaged molecules
on the emitted photons,

Boreli and Grimeland (1955) made measurements on a plas tic
phosphor, and obtained a value for kB of 10,5 cm of air per meV,
It will be reasonable to teke the same value for the phosphor
used here, Using the value for the density of the phosphor of
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1.035 gm per cc and that for air at N,T.P, of 0,00129 gm per
cc; we obtain a value of kB for the phosphor of 0,013 cm of
phosphor per Mev,

. In order to apply this theory to the energy losses of differ-
ent types of particle which pass through or stop in the phosphor,
some velues of JE for different energies are required, These

ax
are given in the following section,

9.2,2, Collision loss ﬁ, and yenge of particles in plastis

Scintillator.
- (a) gCellision loss,

Calculations have been carried out to determine the collision

loss and range-energy curves for various particles in the NE101
plastic phosphor, For electrons, a contribution from radiation
loss muet also be taken into account at high energy.

The basic formula upon which the calculations have been
based isie

S NZA3E g AN et |
collirion I*z2*(1-pY) |
in the usual notation (see Heitler - Quantum Theory of Rediationm,
Pe 368), E is kinetic energy.
For NE101 plastic phosphor:
Density = 1,035 gm per cc.
Composition = 91% Carbon and 9% Hydrogen
by weight,

 The formula (1) was re-arranged, and values of NZ}% and
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401} e (%) computed separately for the Carbon and Hydrogen,

The final resulis werei-

S HW ] i * 4 _1
.__ti%! » oozg(;{;l{%{{-_%;)-—ﬂ + H-{% Mo o

e

de :‘; o.,m{;,: [{ﬂ?{(/ B *)*j”ﬂ Y

The totel collision lossad given by

JE| T :_EMM—F(_-E{W
( /m)(dm(@uam dac | colfcnam

Corresponding values of ﬂ, E and _%/wu for JL— Azl
/4 -mesons ere given in Table 4. A graph of and —.___.:/
A Collirim

C
is given in figure 36,

(v) Renge-emergy curves for heavy particles.

where R is the range of a particle of energy E, R is found by

nunberical integration from a graph of E and (ﬁf)- ¢« The range

dx
of a particle of energy Et is the area under the greph between
E=0Qand E=E,, Coms;}andingvalueaofEaﬁdeorﬂ.—msom

t
have been computed., The results are shown graphically in figure 37,
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Table of values of E and % for M -mesons, protons,

o ~particles and electrons for given values of 3

M. ~mesons Protons d =particles

Mev lev | Mev Mev
per om per cm per cm

Electrons
g [2]-B] =[-B]=[-£]: E?
Mev Mev Mew

0,05 |[0.,106 | 269.8 | 0,9417| 269.8 | 3.767 | 1079.2 o.ooosj 190.0
0.10 [0,528 | 91,44 | 4.688 | 91,44 | 18,75 | 365.8 [0.0026| 73.30
0.15 |1.267 |46.87 | 11,26 | 46,87 | 45.04 | 187.5 |0.0056| 38,68
0.20 |2.218 28,85 | 19.70 | 28.85 | 78.80 | 115, [0.0107] 2457
|o.25 |3.485|19.7 | 30.96 | 19.70 |123.8 | 78.8 |o.0169|16.80
0.30 |5.069 | 14.39 | k5,04 | 14.39 | 180.2 | 57.56 [0.0250| 12,36
0.35 |[7.181 | 11,01 | 63.80 | 11,01 | 275.2 | L4.04 [0.0347|9.519
0.40 |9.610 | 8,745 | 85,37 | 8.715 | 341.5 | 34.860 [0.0465| 7.57
1045 12,57 | 7.102 | 191.6 | 7.102 | 446.4 | 28,408 |0,0608| 6,185
0.50 |16.27 | 5.909 | 144.5 | 5.909 | 578.0 | 23.636 |0.0787|5.164
| 0s55 |20.91 | 5,003 | 485.8 | 5,003 | 743.2 | 20,012 (0,101 |4.386
0,60 |26.40 L4301 | 234.5 | 4.301 | 938.0 17.20“0.128 3.776
0.65 |33.37 | 3707 | 2964k | 3.747 | 1186 | 14,988 (0,161 | 3.29%
0,70 [42.35 | 3,303 | 376.2 | 3,503 | 1505 | 13.212|0.,205 |2,906
0.75 |[53.87 | 2,944 |478.6 | 2,964 | 1994 | 11.776 |0.262 | 2,591
0.80 |70.44 | 2,65, |625.8 | 2,654 | 2503 | 10.616 [0.340 [2,.339
| 0.85 |[Sn.8 | 2,422 | 82,6 | 2.422 | 3370 | 9.688 |0.459 [2.1%
0,90 [136.7 | 2.248 | 1214 | 2,248 | 4856 | 8,992 0,661 |1.979
0.96 |[377.1 | 2.445 | 3350 | 2,145 | 13,400 | 8.580 |1.344 |1.884
0,99 |642.8 | 2,259 | 5710 2,259 | 22,84,0| 9,036 [3.111 |1.985

0.995 [95C.0 | 2,357 | @439 | 2,357 | 33,760 9..28 (4,598 |2,084
0.999 |2257 |2.616 | 20,050| 2.616 | 80,200 | 10.464 [10.91 |2.383
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The results for |4 -mesons can easily be axtenied to give e
Range«Energy curves for protons and ol -particles, We note from
equation (1) that for protons, ~%/ax for a given B is the
same as for M -mesons;end for ol =particles, — % is four
times the value for M -mesons

Meo (KB, = (l%‘; ) (KE) 1

(ke = (LgAR2€ } (K2

Hemce, using R = J—%—
(&

R:P = 8.8&;3#}
foragimvaluaofﬁ

Ry = 8,88, R M
Therefore, to obtein corresponding velues (given B ) of R and E
| for protons, we miltiply the values of R by 8,884 and E by 8,884,
To obtain corresponding values for el -particles, we multiply the
values of R by 8,884 and E by 35-5#.. Range-Energy curves for
| protons and ol ~-particles are given in figure 38, Values of A ,E
and — & are given in table 4.

(2) Benge-Energy curves for electroms,

Calculations similar to the above have been performed for
electrons up to an energy of about 10 Mev, The energy loss by
radistion has been taken into account, but is only a small factor
up to the largest energies considered, The Range=-Energy curve
is given in figure 39, where it will be seen that 10 Mev electroms
have a range of the order of 2 inches, so that relatively low-energy
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knock-on electrons produced by heavy particles will be able to enter
the cloud-chamber, Values of ﬁ, E and —% are given in table 4,

942.3, ty of res e of S _to different ene losses.
Using the value of kB from section 9.2,1., we cen write:=

gaé-:_‘m/ix_ﬁ

1+ 0.0‘!,’5&-x

=1 B

' The response of the phosphor will be linear if 0.013 % <X 4.

Reference to table 4 shows that considerable non-linearity will

be present for L -particles and protons of low or moderate energy,

and for //L -mesons of low energy., The response to electrons will

be almost linear except at very low enmergy (less than about 0.5 Mev),
Hence, for electrons of Energy greater than 0,5 Mev, we can

write

L = comstent XX -% small)

and t‘oro(_ -particles of Energy less than about 100 Mev

L = ocomstant X R (-g large)

For fast //l. ~mesons pessing right through the phosphor without
losing an appreciable fraction of their total energy -‘m/dx is

constant and small, so that the light output is given by
[ &E
L = A(d!) I'(

where { 4s the path length in the phosphor.,

This is in agreement with Bowen and Roser (1951, 1952) who
dnvestigated the response of enthracene to cosmic ray M -mesons,
and found a linear response at relativistic velocities, The
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energy loss for | -mesons at minimun ionisstion ( 8 = 0.96)
passing vertically through the phosphor and having a path length
in it of 2 inches is referred to henceforward as In:ln' and is
equal to sbout 10 Mev,

A graph of dl/dx end dB/dx, showing the results obtained using
anthracene crystals by various workers up till 1956 is given by
Brooks (1956). Experimental values for electrons, protons and
ol =particles are shown, A good fit to the theoretical curve
defined by the equation above is obtained, Brooks also gives
curves for L and E obteined from the same results., The curve
for electrons is linear as expected from theory, while those for
the other particles are non-linear and in accord with the
theoretical curves, They have been obtained by numericasl
integration of curves of % % and residual range for each
type of particle.

Curves of L and E can be obtained for the NE101 phosphor by
the method mentioned sbove., Corresponding values of &= and R
can be found by using the range-energy curves, topether with
the values of E and % given in teble 4; to select peirs of
values which apply to the same energy. The curves show thet an
80 Mev proton stopping in the phosphor would give an output
comapondingtoabmx‘tSIEm,whﬂeazoomo{ -particle would
give an output of about 7 Ihin' If the phosphor response was
lineer, outputs of 8 Ind.n and 20 Iu!.n respectively would be
obtained, 'The ranges are both about 5 cm,

From the above results it can be noted that if a star is

produced in the phosphor, a large amount of energy can be



123.

dissipated by secondary perticles stopping in it givingalarge
output pulse,

For inorgenic phosphors the value of kB is much less then
for organic phosphors, Thus for NeI (T{ ), measurements by
Taylor et al (1951) show that the response curves for electrons,
protons and deuterons are all coincident, while only the response
for ol -particles is appreciably non linear,. being about 60% of
that for the other particles at 10 Mev,

9e3. e height- ne stribution curves for

scintillator for a: ~rays and & ~mesons,
D341 Di bution for Th "

A small R4 Th source was contdined in a collimator made of
lead blocks, as used for the 0950 gource (mection 8.2,3,) R4 Th °
emits & X-m with an energy of 2,62 Mev, X ~rays of this energy

incident on the phosphor give rise to:-

(a) Fhotoelectrons of energy 2.62 Mev.
(b) Electron pairs of total kinetic energy 1.6 Mev,
(c) Compton recoil electrons of meximum energy 2.4 Mev,

In addition, any scattered photon which had produced a Compton
recoil could then produce g peir or a photoelectron (or another
Iﬂomp'bon electron), if it hed sufficient energy and the scintillator
was sufficiently large,

In a small phosphor of low atomic number, and with photons
of this energy, the Compton cross section is very much greater
than that for the other two processes, This would give rise to a
broad peask of electron energies near 2,4 Mev, In a large phosphor
each scattered photon is likely to be re-scattered and finslly to
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| produce a photoelectron, so that the total photon energy is
released and the electron energies in this case are pesked about
' the photon energy (2.62 Mev) and there is no Compton edge, The
phosphor used was sufficiently large (5 inches in diameter and
2 inches thick) for those incident photons which are backscattered
%0 lose their total energy in it, At this energy the majority
. of the scattered photons will be backscattered,
The Y -rays were incident along a diameter of the phosphor.,
| The output of the pulse amplifier wes fed to a five~chanmel pulse
 emplitude enalyser, which was used with a channel width of 1 volt,
| The spectrum obteined showed a pesk et 21 volts and it was assumed
| that this peak corresponded to an energy of 2,62 Mev,
| These measurerents were done while the writer was working
‘with Davied(1957), and the pesk obteined is given in his thesis,
‘A simdlar curve wes o'b'bained for ') -rays from Cobalt 60 which is
also givenby Davied. !I!his had a pesk at a voltage about half
' that for the Rd Th curve,

'9.3.2. The Cosmic ray spectrum,
The Rd Th source wes now removed, The axis of the counter

iremimd verticel and the amplifier gain was reduced by a factor

‘of eight (18 db) by meens of the attenuator. A similar curve wes
'now obtained when the source was not present, due to the pessage

|of fast cosmic ray M -mesons through the phosphor, the counting
'rate being much smeller in this case. The spectrum was first
‘obtained using the S-channel enalyser. A repeat measurement was
fmade as a test of the single~chamnel anslyser, & similar curve being
‘obtained with a peak at the same voltage., This curve is given in
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| figure 0, This curve had & pesk at a voltage ( ~10V)
approximately half that for the source., Thus the energy loss for
these mesons was assumed to be equal to 2,62 x 8 x § Mev; = 10,5
Mevy for M -mesons having a path length of 2 inches in the |
phosphor, |
Calculations are given in section 9.2,2, for the energy losses

' P -mesen at minimum fonizetion ( B = 0,96) having a path length

of various charged particles in the plastic phosphor., For a fast

of 2 inches (5 em) in the phosphor, the computed energy loss was
- 10,9 Mev, This was in good agreement with the value of 10,5 Mev
‘ for the cosmic ray peak showing that the light output in the |
phorphor for these mesons is proportional to energy loss; at least
up to 10 Mev, The width of the peak was due to statistical |
fluctuations in the counter system and to /i-msm and other
| particles; meinly electroms having path lengths in the phosphor
| different from 2 inches,
Taking the pulse height at the peak as equivalent to Imi.n
| the energy loss of a M -meson at minfmum ionization passing verti-
| cally through the phosphor; the anslyser bias could then be set to
| eny desired value, The amplifier attenustor could be kept constant,

| or reduced by a known factor to extend the scale.

9., Detection of show lead,

9.&-.1 . ral in duction,
In the previous section, a2 distribution curve is given showing

how the number of pulses in a given range of pulse heights varies
LS
with the magnitude of the pulse, A maximum occurs at 21 volts

due to the fast singly charged cosmic ray particles, mostly
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electrons and H_ -mesons pessing vertically through the seintile-
lator, Confirmation of this has been obtained by counting the

number of 2-fold coincidencées between pulses from the scintillator |

and a tray of CGeiger counters placed beneath., A new curve was
obtained showing 2 maximun at the same pulse height, even when
the CGeiger tray is shielded by several em, of lead, It will be
convenient in what follows to identify this meximum with energy

loss rather than pulse height, A fast M -meson passing verti-

cally through the scintillator will lose, on the average, 10.5 llev.l

This figure for velocities greater tham 0,96 e, is practicaelly
independent of wvelocity if high energy transfers to clectrons
are neglected, Its velue for velccity equel o0 0,96 ¢ is a
minimum and this quantity equal to Imin will be used as a unit
rather than pulse height,

As mentioned previously, the curve tails off gradually on
the high voltage side of the maximum, There are several reasons
| why this is soj (i) strageling (in same cases theL -meson mey
produce an energetic 'knock-on' electron), (41) a fraction of
| the particles pass through the scintillator at an angle to the
: vertical, (4ii) eveporation sters are produced by mucleons and
,lT -mesons end (iv) showers,

At sea=level, the ster rate should be between 1 and 5 per
hour in the scintillator, Of these, about 10% w:l.ll be energetic
sters in which ﬂ/-meaons are produced, The counting rate of
pulses greater than 5 Imis € per hour, of which not more then
half can be due to eveporation stars unassociated with any fast

secondary particles,
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The assumption that an appreciable fraction of these large
pulses are due to cosmic ray showers has been successfully
verified, by measuring the counting rate at 2 fixed discriminator
bias under varying thickness of lead, These results will be
described in the following section,

The first counter experzlmentslon the production of showers
in lead were done by Rossi (1933), using three Geiger counters
in a triangular arrangement,

The curve of shower rate against thickness of lead showed
a maximum at about 1.5 om of lead, thereafter decreasing slowly
with increasing thickness of lead and eventually returning
epproximately to the rate for no leads Such a curve is called

a Rogsi curve, The experiment was repeated by many other workern,'

among them Auger et el (1936), similar curves being obtained,
The results were interpreted by assuming that the cosmic
radiation contains a hard component, capable of penetrating large

thicknesses of matter, and a soft component which is easily absor- |

bed, If the soft component produces numerocus showers in than:
layers of lead, vwhich are then absorbed if the thickmess is
greater, the meximum observed is to be expected, The slow
decrease in shower rate is ascribed to the hard compoment, which
produces fewer showers but which is much more penetrating, The
finite count for zero lead thickness is due to showers produced
above the apparatus,

9+ke2, Experimental Rossi curve.
An experiment was ﬂom,us:tng the large scintillstion counter

instead of a CGeiger coincidence arrangement, to see whether a
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curve similar to those obtsined by Rossi and other workers could

be obtained, Teed of verying thickness was used, from 0 to 18 cm,
The emplifier output went to the single chamnnel analyser, which

was set to a channel width of 4 I, to 6 I, (see sectiong..1.).
Channel output pulses were counted for the various amounts of lead,
the gain of the system remeining comstant throughout, A curve

very similar to that obtained by Rossi, and having a maximum 2% |
1.5 to 2 cm of lead was obtained, As pulses due to single pgarticleﬁ
could be eliminated by a suitable bias, a singlefold system could |
be used, The curve obtained is shown in figure 41, A similar
curve, but with a less well defined maximum, was obtained when a
channel width of 3 = 5 I dn was used, as more non-shower cvents
could now be counted, %

| This curve confirms the view that an appreciasble fraction of
the large pulses sre due to coamic ray showera_, of which there are
'Ia nunber of different types. In an attempt to identify the type

of shower responsible for the large pulses, the scintillator was
mounted above a cloud chamber, Several different arrangements

were used to rtrigger the cloud chamber, namely; (i) scintillation
counter in coincidence with one trey of Geiger counters, (ii)
‘scintillator alone and (4ii) two seintillators in coincidence,
These results are rather difficult to set down, mainly because

at sea=level the showers are not usually of one particular type only
.'bu'l‘. a mixture, 1In the following chapter, the photographs obtained
with each arrangement will be discussed and finally an attempt is

made to sum up the situation a2s a whole,
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Chapter 10,

THE CLOUD-CHAMEER WITH COUNTER-CONTROL,

10,1, General introduction.
Photographs were taken with several different arrangements of

counters,

After considering the results obtained from counting only,
it would seem that the large pulses, greater than 4 I ‘in,could
be accounted for by the following:=

(a) Showers produced initially by high energy photons or
electrons in the material above the counter, These are
known es 'Cascade! or 'Soft" showers, |

(b) Showers produced when & single heavy particle, mostly
M -mesons, transfers sufficient energy to an electron,
These are known as "Kmock-on®™ showers,

(¢) Showers produced by mucleons or 1] -mesons in a single
nucleer interactions The secondary particles in these
penetreting showers sre mostly 1T -mesons.

(a) Tvaporation stars produced by mucleons or ) -mesons, in
which no fast secondary perticles appear, but which contein
only protons and ol =perticles emitted with energies ranging
up to several hunéred Mev, Proton recoils can zlso be
included in this,

(e) Fast single particles trevelling in a direction inclined
to the vertical and possibly accompanied by a small number

of electrons, These are called "side showers",
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These events will be considered in more detail below,

(2) Cescade showers
If a high energy electron or photon is incident on a dense

absorber, & cascade shower can be produced, As the thickness
of the sbsorber is increased, the mumber of shower particles
léaving it at first increases {to & maximum and then decreases
aaﬂin. This is the process producing the peak in the Rossi
curve (see section ¢.4.)

A cascade shower is dependent upon two different processes
for its g'owth These are the production of photons by highe=
energy electrons (Bremostrahlung) snd theereation of electron
pairs by photons, It will be seen, therefore, that the sum of
these two processes cen lead to an electronephoton cascade
process if the energy of the initial electron (or photon) is
sufficiently large. '.’t'heoretical treatments of this process have
been given by mumerous workers, and it will be useful to use some
figures published by Bhabha and Chakyebarty (1948) to find the
muber of emergent electrons produced in a lead plate of given
thickness by an incident electron of a given energy, .

To do this we must know the charseteristic cascade units
for the material concerned, 'These are the characteristic length

E IR which is approximetely equal to the mean free path of a
photon before pair creation takes place; and the critical energy
E,, ot which the energies of the electrons and photons have become
too small, so that no more pair creation can take place, These
units depend on the material concerned, For lead, Heitler

(Quantum Theory of Rediation = 0,U,P, = 3rd Edition, p. 391)
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gives Loa 0,51 mandEe = 14 mz.

The lead plate in the chamber is between 2,0 em and 2,5 em
| in thickness, and can conveniently be taken as having a thickness |
‘equel to 4 (,, Table § shows corresponding values of Ey |

the energy of the primary electron, and N the muber of show.ar

particles produced by it., The probability for the production of
cascade showers in the phosphor, which is mostly carbon of demsity

~ 1 and has a thicknesz < 0,25 4{; 3 can be found from the

i references quoted to be very small (< 1,7 particles for a

primery energy of 30 G.ev.) |

(b) Xnockeon showers
| A heavy particle passing through matter can produce one or
more "lmockeon" electrons, The theoretical results have been
 quoted by Rossi end Greisen (1941) and the following theory is
| taken from thie reference,
Let X (E,B')aE'dx be the probabm{.y for a particle of mass
M o charge 2 1 and energy E, traversing a thickness dx, to
!transferanammt of energy between E' and E' + dE' to a free
‘clectron, The function X is called the differentiel collision
probability, We can measure dx in gm per sq cm,
Classical theory gives the following expression known as the
'Rutherford formula, which is valid for small values of E', i.e,
| small compered with E'm, the maximum energy transferred in a
'head~on collisionz=

X (EE)E = Mo &
pE (=2

Hexe, € =TI N, % ' r‘:'2 where N, is Avogadro's number,



The number of cascade shower eclectrons produced in
the lead plate of thickness 2 cm by 2 primary electron

Table 5.

of energy Eo'
E_lMev N
85 0.52
23k 1.90
603 6.00
1660 15.6
4900 36.8
12,300 76.9
32,400 149
102,000 272
216,000 468

. Computed from figures published by Bhabha
and Chakreberty = Physical Review Vol. Tk,

p. 1361, (1928),
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For particles with a spin of &, (Memesons) Ehabha (1938)
hag givens=-

2C H ) t A 2
™ ™ ' s & " 2 B &
(E'E )dE i -ﬁ?— : (E,)Z [1 /3 i.r; * i-(ﬁ +
where again E‘m is the meximmm trensfersble energy.to the electron
by the incident particles It can be shown thet

E' = 2 f* (_& providing the momentum of
I
the ipcidont particle is <« ﬂ Ac ’ M. and /lo{ ¢ Dbeing

| the vest mass energies of the particle and electron respectively,

For a M -meson, this quantity is equal to 20 Gev/c e As
long as E' << E' » the classical formila gives the seme result
. a3 the quantumemechanical ome, and will be used here,

The mumber of knock-on electrons per unit length having
kinetic energy >E' is given by

N(>CJJ X(e,ee

In most ceses, the upper limit for this integral cen be taken
e E' o 28 defined above,
Some velues of the function N( >E') are given in Table 6,
. referring to fl-mesom passing through leed and through the
| seintillater, Thefourth columm refers to the minimum energy,
E which the /4. -meson must have %o produce a knock-on electron

min
of energy B'., In other words, these probabilities refer only

© ’A ~mesons having W»E Lge
In general, )M. -mes;ms will not normally produce many
electrons in passing through a 2 cm, thick lead plate,



Table 6.

The mumber N( > E') of knocke-on electroms of energy
> B' produced in the phosphor, and in the lead plate,

by a M. -meson of energy large compered with E , .

B (o) TR x 102 | 8> E) x10° | Buin
osphor = 5 cm | Lead Flate=2 em | GeV

10,0 Le3 13.8 0,30
100,0 0.43 1.38 1.0
200,0 0.22 0.69 1
400,0 0,11 0.35 2.0
600,0 0.07 0.23 2.4
1000,0 0,04 0.1k 3.4
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(c) ZRenetrating showers.

Penetrating showers are the result of an interaction between
a high energy mucleon or eﬂ/-meaon and an atomic nmucleus,

Fast secondary particles are produced, mainly ﬂ'j', and /!To
mesons in nearly equal mumbers, In addition, a number of slow
nuclear perticles are also present. The ﬂ'o mesons decay very
rapidly into two photons owing to their very short half lifetime
which is less than 10™ % sec,

The interaction length for shower production is a.bon‘t 100
gn cn™2, but only if the emergy of the incoming particle is at
least several GeV, For energies less than {1 GeV and above
threshold, there is only a smell probability of producing more
than one ?T-mesom. The cross-section for cepture ofﬁ-msons
of encrgy not greater than several hundred Mev is still about
100 gm cmz, the capture resulting in an evaporation star of
low energy mucleayr particles.

At very high energies, other types of mesons may also be
produced,

The showers are difficult to identify in the cloud chamber,
If more than three particles produce back to a common origin
and if they produce no large showers in the lesd plate, it is
assumed that they eare penetrating perticles, However, these
 photographs always show many electron tracks due to the small
electron showers produced by photons resulting from the decay of
the f[TO mesons,

(d8) Sters
In addition to showers of the three types mentioned, large
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signals can glso be produced by stars which are formed in the
' phosphor and which do not have any fast secondary particles with
sufficient energy to leave the phosphor,

According to Page (1950), 1light nuclei such as carbon and
oxygen do not give many stars with more than about six prongs.
Also, a large proportion of the prongs are due to o =-particles,
The Range~energy curve for o{ =perticles (figure39) shows that

' the range of a 200 Mev A -particle in the scintillator is only

about 2 em, so that large amounts of energy can be dissipafed in

the phosphor itself without producing any visible secondary

particles, Also, the range of a 50 Mev proton is agein about

2 em, so that the total energy of protons of this and lower

‘ energies produced in sters will often be abscrbed in the phosphor,

. The output pulse heights produced by these particles, especially

| the A -psrticles, are not proportional to the energy loss because
of the non=linearity of the phosphor, discussed in section 9.2,

| Hence, the output pulse produced by a 200 HevoC-particle stopping

| inthephosplmrwill mtbeaboutZOIMnh:tonlyaboutSIm.

I For a 100 Mev of =particle it will be about 2.5 Imin and for a

fﬁoh(evprotonabwtjlm.

Stars may be induced either by uncharged particles (meinly
neutrons) or by cherged particles (protoms). FPege considers
| that the majority of stars having energies of less than about
200 Mev are produced by meutromns, It is thus reasonable to
assume that a large proportion of sters will produce a signal as
large as 5 I min? o8 this will only be equivalent to about two

protons of energy 50 Mev each,
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The rmamber of stars which will be produced in the phosphor
per hour can be calculated from an expression given by Page,

She gives an expression for the number of stars t!nr formed in the
atoms of the element r per day, in 1 em® of emulsion of thickness
dx. The element r is considered to be one of the constituents
of the emlsion there being N:r atoms per cc, If n, is the totel
flux of stareproducing particles per 2 per day and o’.,- the
cross section for star production, then

én ;

-,-lf = No _ ax.

Making the reasonable assumption that the expression can
be applied to carbon atoms in the phosphor and taking O as
equal to the geometrical cross~section of the carbon nucleus and
n as 28 particles/mz/ dey at sea level as -given by Page; the
nunber of stars per hour in the large phosphor comes to about
5,3/ hour, At e cuunting rate §/hom', corresponding to an
energy loss 5 Imin we can therefore expect that at least some
of the counts are duc to stars of this energy.

In this investigation it appears later that this figure is
too high, unlesls some of these stars are associated with a shower
produced near the apparatus, When the counting rate is set to
5/hour, certainly,at least 40 of the photographs show evidence
of some kind of shower,

(e) Other causes of large scintillations
If we consider the large phosphor, fast perticles travelling

at a2 large angle to the vertical can lose energy of up to about
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2,5 Iinin owing to the increased path length in the phosphor.
If such a particle produces a lnocke-on electron in ael.dit:l.on,
signals as great as 3 I min T2V be produced, The m@ber of
pulses as great as 5 Imin due to such a process will be small
as it will correspond to knock-on electrons of a total energy
of 25 Mev even when the particle is travelling at a large angle
to the vertical,

It can be concluded that the maximum contribution to
signals of about 5 I and greater is made by stars, and by

min
the types of shower already discussed,

10.2, The photographs.

10.2.1+s The large scintillator and geiger counters in
coincidence,

The first counter control system used to trigger the cloud
chamber consisted of the large scintillator immedistely on top
of the cloud chamber, together with a tray of  geiger counters
beneath the chanber, The two outputs were fed to the slow

coincidence unit described in section 4.6,

For all the photographs, the bias at the large scintillator
output was between 5 I - end 6 I i corresponding to a2 singlefold
counting rate of between about 5/hour and 2/hour, The double=-
fold rate was much less, being only about 0.5 hour to 0,2/hour,
The difference was due to the geometry of the system, as meny
showers would not contain any particles pessing through a Geiger
counter, Also, stars in the scintillator with sufficient energy
to produce an output pulese of 5 = 6 I mipn Would not always have
any secondary particles leaving the phosphor,
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The majority of the photographs (sbout 70) were taken
with ebout 4 em of lead above the Ceiger counter tray to prevent
the counters being triggefed by low-energy electrons, Most
of these photographs were taken before the lead plate was
inserted in the chamber, so that it cannot be detern-ﬂ.ned whe ther
or not any of the showers contain penetrating particles, From
the photographs taken with this system after the lead plate wes
fi‘{:ted, penetrating particles are present in some of the showers,
The pmport:lonJof showers in these photographs vatied from ebout
70% to about 907 depending on the singlef‘old counting rate of the
scintillation counter, The 90% yield corresponded to a2 bias
‘of gbout 6 I , and a coincidence rate of sbout 0.3/hour,

. Some photographs were teken with about 4 om of lead
immediately underneath the phosphor, in eddition to the 4 cm
:a‘bov“e the Ceiger counters. Of eight photographs taken
‘consecutively with this arrangement, seven conteined showers,
the average waiting period being about four hours.

- This work wes done while the writer was working with Devies
and the results are more fully described in his thesis (Davies
(1957))s The photographs teken with the counter arrangements
discussed in the later sections of this chapter were taken by
the writer only., As examples of all the types of shower des-
eribed here were obtained later in the other runs, no photographs
of this run will be given,
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10.2.2. @ large scintillator ggu.

It was suspected that a fairly large proportion of the
singlefold counts from the scintillation counter at a counting
rate of 2/hour were due to showers., As the singlefold counting
rate was eight or ten times greater than the coincidence rate
for the experiments on the previous section, a shower yield of
10/ or 157 with the large scintillator only would still be as

good as a shower yield of 100 with the coincidence circuit,
the rate of shower pwo&uct:lm being about the same in each case, |
Fhotographs were now teken with the large scintillator |
immediately above the chember, no lead being present, The
ocutput pulses from the counter-amplifier went to the single
chaxmel pulse height amelyser (see Chapter 5), The pulses to
trigger the cloudechamber were teken from the analyser differen-
tial output. The reason for this was thaet showers of the type
in which we are interested contain only a relatively small
number of particles, Hence, if' the acceptable pulse height is
restricted to a smell range, sayfmhlmtoﬁlm, pulses
due to evenis such as extensive showers produced above the
apparatus will not trigger the cloud chamber, As the chamber was
still nonesutomatic at this stage, only relatively smell numbers

of pictures were taken, Sixty=-one pictures were taken with the

to 6 I min For most of them, The counting rate varied between
about 2/hour end 4/hour, end 21 showers were obteined which was
e yield of ~ 35%., Of these showers, 16 (26%) conteined more

than 5 perticles, The details are given in Table 7,




Table 9 =

Tables

Teble 7 - Statistics for to : obtained us =
scintillator no lead be present.

Number of photographs (excluaing blamks) = 61

Fercentage of showers or events 35%

Counting rate 2 = L/hour

Shower rate 0.6/hour
Table 8 = Statistics for photographs obteined using large

and small scintillators in coincidence with
the slow coincidence system.

Nunber of photographs 25
Percentage of showers or events L%
Counting vate ' 2 = 3/hour
Shower rate 0,5 « 0,7/hour

Statistics for +to hs obtained using large
%E small scin%llators in coincidence with

Ihe fast coincidence system,

Thaiber of photographs 320

Percentage of single penetrating 30
particles

Percentage of other events 7%

Counting rate > 5/hour

Shower rate 0.3 = 0,5 hour

Table 10 = Statistic% for %to%@s obtained using smell
scinti r only, lead above the counter,

Number of photographs - 120

Percentage of single penetrating 10%
particles

Percentage of other events 10%

Counting rate 2/hour

Shower rate 0.3/hour
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Examples of the verious types of shower discuszed in
section 10,1 were obtained in this run, A large number of '
'| photographs showed cascede showers, many of which multiplied
| further in the lead plate, The original cascade showers were |
. largely produced by nuclear interactions in the roof o.f the
| building or higher up in the atwosphere, in which ], mesons '
| were produced and then decoyed to give photons, These photons 9

! then initiated a cascade shower as explained in sectiom 10.1(2).

‘ An example of photograph which includes a cascade shower '
is shown in Flate 1, The shower is locally produced, as the |
| 4recks in the upper pert of the chember project back tc a point |
lying in the phosvhor, The thickness of the phosphor is enly a |
quarter to an eighthof a radiation length, so that the mos¢ ‘
i likely method of production was from a high-gnergy muclear inter= |
| action involving the production of seweral high energy Womm. |
These then decayed, g;iving high energy photons which produced
the cosoade, The core of the shower would then contain the tmcka'
of other penetratin; perticles from the interaction, but it is not |
possible to be sure of this as the shower is too demse, The
photographs alse includes tracks due to low energy electrons, |
' A very high energy photon can produce 2 shower of seversl |
 particles even in 2 thickness of a fraction of a radiation length,
| As cascade showers are often produced by the { -rays resulting
' from the decay of,lTomesons formed in muclear interactions, it is

%o be expected t'at a photograph will often show a cascade shower,



Plate 1.
See text, page 130.
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probably with a secondary interaction in the lead plate and
accompanied by one or more penetrating particles, Such showers
have been cbserved by many workers using srrangements of CGeiger
counters for shower detection, Seversl examples were found in
this run (a‘bdut 25% of the shower yield) which contained at least

one penetrating particle in addition to the electron shower,

An example of one of these showers is shown in Flate 2, in which
the penetrating particle is marked, |
Penetrating showers in which the photographs only showed |
the tracks of a2 small mmber of particles were also obtained,
The photographs of showers of this type obtained in this rumn
were not of good quality, and a photograph is shown in Flate 8
of such a shower obteined in s later run (Section 10.2.3.(b)).
The photograph is discussed in that section, It is likely that
shiviars conteining penetrating perticles and electrons are those
produced near to the chamber, while those with penetrating

particles only are produced higher up, so that the cascade shower
has died out by the time the chamber is reached,

Flate 3 shows a large shower most probably produced by a
higheenergy particle travelling et 2 large sngle to the vertical,
This was incident on the side of the lead plate or on one of the

metal ports of the chamber, The inclination to the vertical

|
of the tracks in the chamber meke it likely that incident particle!

was travelling horizontally or nearly so, and the number of track:s|
indicates that it was of very high energy. '

10.2.3, The large and small counters in coincidence.

Photographs were taken with the two counters in coincidence






Plate 2,
See text page 140,
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Plate 3.

See text,pq ge 140.
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both with the original slow coincidence system and with the

fast coincidence system,

(2) Photographs taken with the origimal slow coimcidence system
For these photogrephs the two scintillators were placed

directly above the cloud chamber with the large one immediately
above the small one, About twenty-five photographs were taken
with this system,of which six showed showers a yield of about

2%, As two of these showers were obtained at one end of the run
and four at the other, with a run of about 15 pictures in between
with no slwwe;rs and very little else, it is suspected that the
true shower counting rate may have been higher than 24% and that
same of the blank photogrephs taken during this period may have
been due to poor photography,or to spurious triggering of the
chambey by electrical picke-up, The discriminator biasses for both

channels were about 2 1

gl in the eabove., The counting rate was

2 = 3 an hour,

Two photographs were obtained with biasaes of 4 I min 204
5Imomthe large counter and 1 Imontlm small counter,
Both of these were showers, It was considered that a coincidence
system of shorter resolving time and having the counters seperated
by 2 much greater distence would probably be more satisfectory,
No photographs from this run are reproduced as better examples
of the same types of showers were obtained elsewhere, Table 8
shows the results
(v) Photographs taken with fast ence syst

The two counters were placed above the cloudechamber for this

run, The small counter wes immediately on top of the chamber,
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The large counter was outside the cloud chamber hut, and vertically
above the small one, the separation being about 1.65 metres,

This large separation ensured that only partioles. travelling
vertically or at a small angle (< 3°) to the vertical could produce
a2 genuine coincidence due to the same partiéle passing through both
counters, Coincidences would also be produced by electrons
associated in showers, different members of the showers passing
through the two counters, Due to the small resolving time the
mmiber of chance coincidences was very small (see section 8.3.)

The bias levels in the two channels were arranged so that all
the single fast particles pessing through the two phosphors would
be able to record eoimidme. In order to ensure this, the
counting rate in chamnnel 1 (=mall counter) was made sbout 4000/
| hour and that in chamnnel 2 (large counter), about 8000/hour,
| As the intensity of the penetrating component of the cosmic radie
. ation is sbout 0,01 parbicles/mafseq/d-ﬂ these will all be
counted when the counting rate of the smell counter (area 26 sq.
om) is greater than 10,000/hour and thet of the large counter
(erea 120 sq em) is greater than 4,500/hour, !l'hin:: was satise
. fied by the values given above, The coincidence counting rate
: at the seperation of 1,65 metres was sbout 5 counts per hour.

About 320 photographs were teken with this arrangement at a
rate of 5/hour, Inspection of the photographs obtained showed
| that & large mumber of them (rv 30%) hed single penetrating
- particles which pessed through the two scintillators end then
through the lead plate in the cloud-chamber, The majority of
these singl;a particles will be [A ~mesons, An electron having
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sufficient energy to penetrate the plate without appreciable
loss of energy as shown by the straightness of the tracks on the
two sides of the plate, would nmormally produce a small cascade
shower (see Table 5), so that the particles are unlikely to be
electrons, A typicél exonple of one of these tracks is shown
in Flate 4.

In addition to the single particles, sbout 7% of the phcto-
graphs showed events of other types including showers and inter=
actions in the lead plate, Some of these are shown in Plates 5 « |
9+ This counting rate for events corresponded to ~ 1 event
per 4 hours, which is of the same order of magnitude as for the
singlefold counting system, although the events selected by the
new system are of a more S.n‘bereéting type.

Plate 5 shows en event in which three intermctions are pro-
duced in the lead plate, probably by electrons, It is believed
that this is part of a penetrating shower produced in the ceiling
ebove the chanmber, '.[here.is evidence of a smell number of pene-
trating particles crossing the chamber having the same general
direction.

Plate 6 shows enother shower, In this cese the tracks extend
throughout the cloud chamber and the shower is a mixed one cone
taining electrons and possibly penetrating particles, The
track marked 1 at the left hand side of the chember is possibly
that of a heavy particle,

The event shown in plate 7 is probably a V" -meson deviated
due to multiple scattering in the lead plate, The track sbove
the plate appears to be somewhat more lightly ionising than the
one beneath the plate, although it is not possible to say whether



S



Plate 4.

See text,page 143.






Plate 5.

See text, page143.






Plate 6.

See text,page 143,






Plate 7.
See text page 143.
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this is in fact the case, or whether the two tracks were differently
i11lumine ted,

Flote 8 shows & small penetrating shower in which one of the
primaxry particles produces a star in the lead plate., The
particle on the left passes straight through the plate, emerging
in its initial direction, | The particle on the right produces
the intersction, in which four associated tracks can be seen,

A shower containing penetrating perticles is shown in Flate 9,
in which the tracks of the penetrating particles are indicated,
These tracks are approximately parallel, which shows that the
| event was produced a2t a considerable height above the apparatus,

A summary of the mumbers of single particles and e.venta
obtained during this run is given in Table 9.

10.2.4. Fhoto s token with the small counter wi
15 cm of lead above the counter.
Some lead was placed above the small counter, with the

couniter immedistely sbove the chamber., It was hoped that second-
eries from interactions in the lead which only covered a smell |
area would be selected by the counter, A small counter should
be better than a large one, as there is then a bias in favour of
events which result in the dissipation of a large amount of energy
in a small volume, rather than events such as extensive esir showers
or other eleetron showers which can dissipate a large amount of
energy in a large volume.

About 120 photographs have been taken with this arrangement

to date, at a counting rate of about 2/hour or about 6 I mine  About

10% show showers or other events and an additional 10% show single
penetrating particles at various angles to the vertical, The






Plate 8
See text, page 144.






Plate 9.

See text,page 144 .
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photographs showing no events sre due to either particles which
pass through the phosphor at such an angle that they do not enter
the chamber, or to stars produced in the phosphor with no fast
secondary particles. |

<lates 1012 show photographs taken with this srrangement,
Flate 10 shows a small penetrating shower containing two nearly
parallel tracks of partic]_.ea which pass through the lead plate.
The quality of this p}mtogrgph is poor, and the two halves of the
chamber have been given aifferent exposures in order to obtain
a reasonable contrast, The reason for the bad quality is that
the chember sensitive volume was suffering from vapour depletion
and required the addition of more alcohol,

Plate 11 shows a penetrating shower which produces an
| interaction in the lead plate, The track indicated is that of a
heavy particle. This photograph was taken during the same overe
' night run es Flate 10, and evidence of vapour depletion can be
seen in the top part of the chanmber,

" The event in Flate 12 is probably a stear produced in the
lead plate by one of the particles seen above the plate, The
other particle and the track beneath the plate are then secondary

| particles from this star,

Table 10 gives a summary of the statistics of this rum,

10,3, Conclusions,

The cloud cher photographs can be said, generally speaking,
to confirm the results described in earlier sections., The results
usinhg the fast coincidence system with bias levels v I nin P
each counter showed that single penetrating particles can then be
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See text)pc:ge 145.
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Plate 12.

See text,page 145,
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selected, most of which are ,u -mesons as they pass through the
lead plate with little loss of energy.

With a discriminator blas of S or 6 I o and a cozmtﬁxg.r.ate
. of about 2 per hour, 25 to LO0% of the photographs teken with the
single scintillator show showers of one kind or another. Com=
pletely blank photographs occur only in about 20% of the cases
and these probably represent eveporation stars in the scintillator,
caused by either low energy protons or neutrons., This is much
smaller than that expected from the results obtained with nuclear
emulsions i,e. about 5/hour, This figure was obtained by
assuming thet 28 nuclear particles per cmz per day in this energy
range fell on the scintillater, Most of these must be neutroms,
It is knovn from work with a randomly controlled chamber that not
more then 4 of these particles cen be protons. In additiom, to
. explain the results here, in only a few cases can a star occur
| in the scintillator which is not associsted with a number o:t; other
charged particles.

Of the other photographs, it can be seid with certainty that
| they all show convincing evidence that the large scintillations are
; connected with some cosmic ray event, . The spurious background |
| must be negligible, Although the linearity of the scintillator
with energy loss cannot at present be tested above 10 Mev, it has
been shovn that as the discrimimetor bias is increased, denser
and denser showers ave obtained, Although sbout 10-15% of the
photographs show tracks of penetrating perticles, not meny pene-
trating showers can be traced back to the scintillator. As
might be expected at eie.c.:.--.'!.ewz‘lJ and in the basemant?%hoae showers
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containing penetrating perticles, end, in fact nearly ell the |
showers of any kind which were obtained, very few single eventa
occur, It cen be imegined thet even if one muclear particle
strikes the building, several interactions will take place and
the tracks in the chamber come not from one single event but |
from several related events, In some of these "untidy" showers,

the penetrating particles have lost the direction of the incident
particle and although produced as /|| ~mesons, meny of them enter |
the chamber as mehvmgmdmthewto ﬂnchmber%

Tt is 4ifficult to assess the efficiensy of this system, A |
simple 4-fold coincidence system using Ceiger counters had
mﬁmlybminmatw. The counting rate of |
this ayatanm.abmm. Not more then 20% of the photoe
graphs taken showed any evidence of penetrating prerticles other
than!u,-mm. The present system compares favourable with -
mamwhmmhmemmumﬁ,andutmwmam!
is present, It should be possible with this system to study suall
showers, |

Pudfe electron showers do not provide mich beckground, The

majority of the electwon showers obeem& on these photographs |
appear t0 be asscoiated with penetrating perticles; either condng |
mmﬂyﬁm’r{o-&mye or "kmockeon's® by ]| or /\&-mm. !
| A small nurber of large air showers were observed; photographs |
showing some hundreds of psrallel tracks with an even larger
mmber of low energy electrons of energy 19;53 than 1 Mev,

At high altitudes, this system should give good results, An |
i efficient arrangement ﬁmld consist of a number of small, dense

. scintillators such as Nal crystals, each covered by its owm
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photomiltiplier, The adventage of using smaller crystals

| say only 2 cm, diameter would erise from the fact that this

should bies in favour of stars, The range of most evapora-
tion particles would be less than the crystal diemeter, On
the other hand, a large pulse could only be given by a rela-
tively dense shower of fast particles, A lerge liquid or
plastic scintillator placed within the chanber, in coincidence
with the Nel scistillators would only be useful if it adequately
covered the whole charmber,
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